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Environmentally friendly and inexpensive olivine-type compound LiFePO, is one of the most
promising cathode materials for lithium-ion batteries. Its poor electrical conductivity, however,
requires introduction of large amounts of conductive carbon additives into LiFePO, - based cathode
materials. The total content of conductive carbon additives and inactive polymeric binders reaches up
to 15-20 wt.% of the mass of the electrode material. Therefore, one of the ways to increase electrode
capacity is to reduce the amount of inactive components, in particular, by replacing them with
conducting polymer. Here, we propose a new LiFePO, - based electrode composition comprising very
high content (99.5 wt.%) of electroactive carbon-coated LiFePO, and a small amount (0.5 wt.%) of
conducting  polymer poly-3,4-ethylenedioxythiophene doped with  polystyrene sulfonate
(PEDOT:PSS), serving as a binder and conducting additive. Gravimetric energy density of these
composite electrodes (147 mAhg™ at 0.2 C) is 15% higher than of conventional LiFePO, - based
electrodes, while the cyclability and C-rate capability remains virtually at the same level.
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1. INTRODUCTION

Lithium iron phosphate LiFePO, (LFP) with the olivine structure is one of the leading
candidates for production of environmentally friendly low-cost cathode materials for lithium-ion
batteries with good performance and high energy and power density [1-3]. It has relatively high
theoretical capacity (170 mAh g'), but low ionic and electronic conductivity is the main drawback of
this material. Recently it was shown that electrochemical performance of LFP can be significantly
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enhanced through the improvement of the conductivity of the material. Different material preparation
approaches, such as reducing the particle size [4-6], carbon coating [7-10], doping with transition
metal ions [11-13], metal powder addition [14-15] were proposed.

The alternative approach to improve electronic conductivity of the active material is surface
coating of LFP with conducting polymers, such as polyaniline, polypyrrole, polythiophene and its
derivatives, showing a positive effect on electrochemical performance of LFP [4]. Among conducting
polymers, poly-3,4-ethylenedioxythiopene (PEDOT) is especially attractive due to high electronic
conductivity, chemical stability, mechanical flexibility, thermal stability and the ability to maintain Li-
ion transport [2, 5-9]. Various methods were employed to prepare LFP/PEDOT composites with
enhanced electrochemical performance [5, 6, 8, 10-12], including three phase interline
electropolymerization of 3,4-ethylenedioxythiopene and LFP particles [19, 26], chemical
polymerization of 3,4-ethylenedioxythiopene in the presence of LFP particles [20], casting of polymer
colloidal suspension on LFP grains [17], casting of dispersion of poly-3,4-ethylenedioxythiopene
doped with polystyrene sulfonate (PEDOT:PSS) onto pre-formed LFP or C-LFP electrode [27],
mechanical mixing of PEDOT:PSS with LFP and non-conducting additives [27, 33].

Recently it was shown, that conducting polyelectrolyte dispersion PEDOT:PSS, which can act
both as electron conducting additive and as a binder, turned out especially attractive, providing
enhanced electrochemical performance of the electrodes [27, 33].

However, in the most cases of proposed LFP/PEDOT or LFP/PEDOT:PSS composites, large
amounts either of carbon additives and inactive binders or conducting polymer were needed to produce
mechanically stable electrodes with good electrochemical performance. Therefore, the values of
capacities of LFP/PEDOT referred to the total weight of the composite electrodes including LFP and
additives are relatively low (75-130 mAh g at 0.1 C) [16-18, 20, 27, 33].

Conventional cathode materials also contain large amounts (15-20 wt.%) of electron-
conducting additives and inactive polymeric binders which do not contribute to the electrode capacity
and thus reduce the energy and power density of the battery. Thus, one of important tasks is to improve
practical storage capacity of the electrodes by minimizing the content of non-electrochemically active
components (carbon and binder).

Attempts of straightforward replacement of traditional PVDF binder with large amount of
conductive PEDOT:PSS blend, combined with elimination of other conductive additives (carbon
black) have been made in [33]. The compositions of different wt.% of LiFePO, (94%, 92%, 84%) as
active electrode material and corresponding wt.% of PEDOT:PSS (6%, 8%, 16%) as a binder material
were tested. The composite electrodes with 8 wt.% PEDOT:PSS content, considered by authors as
optimal ones, showed the best discharge capacities of about 120 mAhg™ at 0.2 C, which is comparable
with traditional PVVDF-bound electrodes [33].

Recently Kim et al. [31] reported a facile and cheap method for production of LiCoO, - based
electrode from LiCoO; and PEDOT:PSS free of additional binders and conductive agents. It was called
by the authors [31] a “monocomponent electrode”. It was demonstrated that in such case very thin
films of polymer are covering active material particles, providing good electrical contact between them
with a very short electron pathway length and thus a low electrode resistance.
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We have extended this approach to produce for the first time C-LFP/PEDOT:PSS composite
cathode material with 99.5 wt.% content of electrochemically active C-LFP. In this paper C-
LFP/PEDOT:PSS composite cathode material with extremely low content of PEDOT:PSS was
proposed and tested. In comparison to the electrodes with large amount of PEDOT:PSS (6-16 wt.%),
proposed by other authors [33] electrodes obtained by us showed better specific capacity, prolonged
cyclability and C-rate capability. In particular, specific discharge capacity of about 147 mAhg™ at 0.2
C was obtained, which outperforms the values for traditional PVDF-bound electrodes and electrodes
with large amounts of PEDOT:PSS [33].

2. EXPERIMENTAL

All reagents were used as received. Poly-3,4-ethylenedioxythiophene-polystyrene sulfonate
(PEDOT:PSS) 1.3 wt.% aqueous dispersion, ethylene carbonate (EC), dimethyl carbonate (DMC),
LiPFs, polyvinylidene fluoride (PVDF) and N-methylpyrrolidone (NMP) were purchased from
Aldrich. Commercial grade «P2» C-LiFePO, (C-LFP) was purchased from Phostech Lithium Inc.
(Canada). Conductive carbon black «Super P» was purchased from Timcal Inc. (Belgium).

The composite cathode material was prepared by mechanical mixing of 99.5 wt.% C-LFP and
0.5 wt.% PEDOT:PSS followed by ultrasonification for 1h. The resulting viscous slurry was cast
uniformly onto aluminium foil that served as a current collector, dried at 80°C under vacuum
conditions and roll-pressed to achieve electrode active layer density 2.6 g cm™. For comparison the
cathode material with conventional composition was prepared by mixing of 84 wt.% C-LFP, 8 wt.%
carbon black and 8 wt.% of PVDF dissolved in NMP.

The morphology and structure of prepared composites were characterized by X-ray diffraction
measurement (XRD, Bruker-AXS D8 DISCOVER using Cu Ka radiation) and scanning electron
microscopy (SEM, SUPRA 40VP Carl Zeiss, Germany). EDX analysis was performed with an energy-
dispersive X-ray spectrometer X-act (Oxford Instruments, United Kingdom).

The electrochemical characterization of the material was conducted in standard two-electrode
coin-type half cells (CR2032). The test cells were assembled in an argon-filled glove box (Unilab,
USA) using Celgard 2325 membrane as separator, 1 mol/L LiPFg in a 1:1 (V:V) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) as an electrolyte. The electrochemical performance
tests were carried out on an automatic galvanostatic charge-discharge battery cell test instrument
(Neware Co., China) in potential range between 2.0 and 4.0 V (vs. Li/Li*) under different current
densities from 0.2 C to 5 C at room temperature (20 + 2°C). Battery charge was performed in constant
current — constant voltage regime with cutoff current of constant voltage step equal to 0.01 C. 1 C
current was calculated according to theoretical capacity of LFP 170 mAh g™. All capacity values,
presented in the paper, were normalized by the total weight of electroactive materials. Electrochemical
impedance spectroscopy (EIS) measurements were performed using an Autolab302 potentiostat—
galvanostat (EcoChemie Instruments, The Netherlands).
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3. RESULTS AND DISCUSSION

3.1. Characterization of C-LFP and C-LFP/PEDOT:PSS

The XRD patterns of C-LFP material, C-LFP/PEDOT:PSS initial composite and C-
LFP/PEDOT:PSS composite after 100 cycles are shown in Fig. 1a,b,c.
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Figure 1. XRD patterns of C-LFP pristine material (a), C-LFP/PEDOT:PSS initial composite (b) and
C-LFP/PEDOT:PSS composite after 100 cycles (c).

All samples showed well-defined characteristic reflections for the orthorhombic olivine-type
structure of LiFePO,. After mixing C-LFP with PEDOT:PSS polymer dispersion, no significant
changes were observed on XRD patterns (Fig. 1b), the obtained data for initial composite confirmed
the maintenance of highly crystalline structure of LFP without any diffraction peaks for PEDOT,
probably due to its low content and amorphous nature (all peaks were indexed according to ICDD card
No. 01-083-2092). Also there were no detectable carbon diffraction peaks due to the small amount of
amorphous carbon in C-LFP. After long-term cycling the composite maintains good crystallinity, as
shown by the sharp diffraction peaks indexed according to ICDD card No. 01-072-3571 (Fig. 1c).
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a

Figure 2. C-LFP/PEDOT:PSS composite layer on the Al foil, a) before and b) after cycling at 1 C rate
for 100 cycles.

SEM images of the C-LFP/PEDOT:PSS electrode layer (Fig. 2) demonstrate the integrity of
active layer structure. Recently [32] it was shown that the binding force of PEDOT:PSS was strong
enough to obtain coatings with 1 wt.% PEDOT:PSS. It can be seen from Fig. 2a, that PEDOT:PSS acts
as a good binder for C-LFP material even at 0.5 wt.% content, forming the compact layer of cathode
material and keeping the mechanical integrity of the composite on Al foil current collector. The
electrode layer remains consistent even after high stress applied to the edge during the cutting
procedure. The SEM image of C-LFP/PEDOT:PSS electrode after 100 charge-discharge cycles at 1 C
rate (Fig. 2b) evidences that the film structure remains dense and uniform.
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Figure 3. Element mapping and high-resolution SEM image of C-LFP/PEDOT:PSS composite; a)
image of an area, analyzed by EDX element mapping; b) distribution of sulfur across the
electrode area; c) distribution of iron across the electrode area; d) high-resolution image of the
electrode surface.

EDX element mapping of the surface of C-LFP/PEDOT:PSS electrode sample was performed
for the area visible in Fig.3a and the mapping data are presented in Figs. 3b and 3c. The almost
uniform distribution of sulfur, which is the characteristic element of PEDOT, over the electrode
surface (Fig. 3b), together with iron from LFP (Fig. 3c) is observed. On the high resolution image (Fig.
3d) it is visible that C-LFP particles are covered with thin PEDOT:PSS layer, which ensures electrical
contact between them. The size of LFP particles varies from 50 to 200 nm.

3.2. Electrochemical characterization
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Figure 4. Charge-discharge profiles of C-LFP/PEDOT:PSS composite electrode (1) and 84:8:8 wt.%
C-LFP/PVDF/C electrode (2). Charge current is 0.2 C and discharge currentis 1 C.
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Fig. 4 demonstrates the charge-discharge curves of the battery cell with C-LFP/PEDOT:PSS
composite electrode, recorded at 0.2 C charge and 1 C discharge rates, in comparison with 84:8:8 wt.%
C-LFP/PVDF/C electrode. The discharge specific capacity increased for about 15% after replacement
of inactive electrode components with conductive polymer, reaching the value of specific capacity 141
mAh g* (at 1 C). The discharge curve of C-LFP/PEDOT:PSS composite electrode exhibits a
characteristic flat plateau at 3.36 V across a large capacity range. The discharge potential plateau of C-
LFP/PVDF/C electrode is located at 3.39 V.

160

100

5C

80

0 10 20 30
Cycle number

1604, b

. 709520000000 samsnc 2

80 +

Q/mAhg'l

40

0 T T T T T T T 1
0 25 50 75 100

Cycle number

Figure 5. a) C-rate capability (charge current 0.2 C, discharge current is presented on the plot) and b)
long-term cyclability (at 1 C charge and discharge) of C-LFP/PEDOT:PSS composite electrode
(1) and 84:8:8 wt.% C-LFP/PVDF/C electrode (2).
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At higher discharge rates, the discharge capacity of C-LFP/PEDOT:PSS electrodes remains
higher than the capacity of C-LFP/PVDF/C electrodes even at 5C. Fig. 5a displays electrode discharge
capacity as a function of cycle number for C-LFP/PVDF/C and C-LFP/PEDOT:PSS composite,
obtained at various current densities from 0.2C to 5C after charging at 0.2 C. For all the current rates
studied, the discharge capacity for C-LFP/PEDOT:PSS composite is enhanced for about 20 mAh g™
compared with C-LFP/PVDF/C composition, especially at high rates. The capacity reached 147 mAh
g ' at 0.2 C and 122 mAh g ' at 5 C. The capacity returns to the initial value (140 mAh g') if the
discharge current rate is set back to 1C after charge/discharge at various rates. Therefore, the capacity
of C-LFP based cathode is greatly improved for discharging at different C-rates with introduction of
PEDOT:PSS instead of traditional binders.

Fig. 5b compares discharge capacity vs. cycle number of the C-LFP/PEDOT:PSS composite
and C-LFP/PVDF/C materials. The data were obtained by charging and discharging the material at
room temperature over 100 cycles at a rate of 1 C. The C-LFP/PEDOT:PSS composite shows higher
capacity and similar cyclability as compared to C-LFP/PVDF/C. The battery cells with C-
LFP/PEDOT:PSS and C-LFP/PVDF/C materials have almost the same slope of capacity loss with
cycle number. Capacity retention was found to be 98% after 100 cycles as compared to the initial value
obtained at 1C. This is similar to the value for conventional composition of C-LFP electrode with
addition of carbon black and PVDF binder. So, the substitution of all inactive components by only
0.5% of conducting polymer PEDOT:PSS improves the specific capacity of material and maintains the
prolonged cycle life.

It is interesting to note that the specific capacitance and rate cyclability of the obtained
electrodes are higher than ones of previously described electrodes with PEDOT:PSS contents of 6
wt.% or more [33].
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Figure 6. EIS spectra of C-LFP/PEDOT:PSS composite (a, ¢) and 84:8:8 wt.% C-LFP/PVDF/C
electrode (b, d), frequency range 100 kHz — 1 Hz. Impedance spectra were recorded in charged
(a, b) and discharged (c, d) states of the battery at different cycle numbers.
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To explain this, we should remember that electronic and ionic conductivity of PEDOT:PSS
polymer is relatively low (comparing with carbon). In this case, high polymer content in the electrode
material can lead to formation of thick PEDOT:PSS layers around LFP particles, which may hinder
electron and ion transport. On the contrary, if only a small amount of PEDOT:PSS is used, it provides
good enough conductive pathway between the particles, but does not block their surface completely, as
can be seen from Fig. 3. To check the conductivity of obtained electrodes, impedance spectroscopy
was used.

Fig. 6 presents EIS spectra in complex plane for the battery cells with C-LFP/PEDOT:PSS
composite (Fig. 6a, ¢) and conventional C-LFP/PVDF/C cathodes (Fig. 6b, d). Impedance spectra were
recorded in charged (Fig. 6a, b) and discharged (Fig. 6c, d) states of the batteries after a series of
charge-discharge cycles performed at 1 C rate. The observed impedance spectra are typical for lithium-
ion battery cells. Z',-Z"" - dependencies are composed of a depressed semicircle in high frequency
region and a straight line that is observed in low frequency region. An intercept of Z',-Z"" curves with
real impedance axis at high frequency limit corresponds to the ohmic resistance of electrolyte.
Diameter of semicircle shows the charge transfer resistance that is related to complex charge transfer
process between electrolyte and active electrode material in the composite electrode. The values of R
for the first discharge cycle are 55 Ohms for C-LFP/PEDOT:PSS composite electrodes and 41 Ohms
for C-LFP/PVDF/C electrode. During further cycling for both types of cells R increases up to 200-
300 Ohms and remains in this range. The values of R obtained from impedance spectra recorded in
the charged state of the battery for the first discharge cycle are 23 Ohms for C-LFP/PEDOT:PSS
composite and 30 Ohms for C-LFP/PVDF/C cathode, then R increases and remains in the range of
50-100 Ohms during all further cycling for both types of cells.

According to the impedance data, C-LFP/PEDOT:PSS composite electrode and conventional
C-LFP/PVDF/C electrode have comparable values of the charge transfer resistances. It can be
observed that the increase of the charge transfer resistance with prolonged cycling depends mostly on
the LFP material itself, and is not affected by the electrode composition.

The goal of our study was to propose the new slurry composition by replacement of traditional
binders and conductive additives, which allowed increasing the content of active components in the
electrode material. As a result, we can conclude that the proposed new slurry composition allows to
obtain cathodes with capacity increased by 15% compared to the traditional ones and preserve other
important parameters such as internal resistance or cyclability on the same level.

It is also worth to compare our findings with the state-of-art researches on the similar topic. In
this case, it is reasonable to compare the capacities of the electrodes referring to the electrode mass
(excluding current collector). At the same time, most authors present their data normalized by the
active mass, i.e. by LiFePO, mass. Therefore, for some cases we had to recalculate given capacity
values of composite electrodes, referring them to the electrode mass. According to the concept of our
study, we have limited our analysis by the papers, discussing new compositions with conductive
polymer PEDOT and PEDOT:PSS additives combined with commercial LFP, and other additives
allowing to reduce the content of non-electroactive components in cathode material. Results of
performed analysis are summarized in the Table 1.
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One can see from the Table 1 that specific capacities of electrodes obtained in this study,
referring to electrode mass, are 10% or higher than reported by different authors. It means that the
proposed approach is one of the most efficient methods of increasing the practical battery capacity,
providing more than 10% energy density gain compared to other known modifications of LFP cathode
material. In addition, it seems that the electrode preparation procedure described here is simple enough
to be scaled for mass production level.

Table 1. Specific capacity values for different electrode compositions

Capacitance at 1 C rate**
Binder Conductive additives discharge at room
LiFePO, temperature, mAh g™
content, Reference
wt.% normalized | normalized
material content, material content, by active by electrode
wt.% wt.%
mass mass
* PEDOT:PSS acts also as a
99.5 PEDOT:PSS 0.5 conducting additive 142 141 this study
84 PVDF 10 carbon black 10 146 123 this study
Carboxymethyl
chitosan/Styrene-
90 butadiene rubber | 8 carbon black 8 141 127
Carboxymethyl
90 cellulose 4 carbon black 6 129 116
80 PVDF 10 carbon black 10 144 115 [34]
* PEDOT:PSS acts also as a
94 PEDOT:PSS 6 conducting additive 103 97
* PEDOT:PSS acts also as a
92 PEDOT:PSS 8 conducting additive 117 108 [33]
* PEDOT:PSS acts also as a
84 PEDOT:PSS 16 conducting additive 75 63
84 PVDF carbon black 10 120 101
85 PVDF carbon black 71 60 [26]
80 PEDOT 20 carbon black 98 78 [26]
85 PVDF 7 carbon black 71 60 [26]
80 PVDF 10 Super P 10 119 95 [35]
80 PMMA 10 Super P 10 111 89 [35]
80 PVDF-HFP 10 Super P 10 126 101 [35]
85
(LFP/C) PVDF 7 carbon black 8 90 77 [27]
85% 0.3mg PEDOT:PSS was cast over electrode with composition
(LFP/C) 85% (LFP/C): 7%PVDF: 4% carbon black 80 68 [27]
75 PTFE 5 carbon black 20 160 120 [36]
75
(LFP+PANI)| PTFE 5 carbon black 20 171 128 [36]
75 PVA 125 Super P 125 149 112 [37]
80 CMC-Li 10 acetylene black 10 139 111 [38]
94 PEDOT no 0 82 77 [33]
92 PEDOT no 0 115 106 [33]
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84 PEDOT 16 no 0 77 65 [33]
84 PVDF 6 carbon black 10 107 90 [33]
33.5 PEDOT 66.5% 160 (0.1C) | 75(0.1C) [19]

PEDOT doped by
p-TSA (p-toluene
75 PTFE 5 sulfonic acid) 20 140 113 [17]

84.5 PVDF 7.5 PEDOT 8 151 128 [21]

* PEDOT:PSS plays a dual role as a binder and conductor
** if not stated otherwise

4. CONCLUSIONS

The effect of replacement of carbon black and PVDF binder by small amount of PEDOT:PSS
polymer dispersion in C-LFP-based cathode was investigated. Composite cathode material C-
LFP/PEDOT:PSS with high content of active C-LFP material (99.5 wt.%) was prepared by
technologically simple mechanical mixing of C-LFP and commercially available PEDOT:PSS
dispersion. It was shown that introduction of small amount of PEDOT:PSS (0.5 wt.%) instead of
conventional content of inactive carbon black and binder allows to reduce significantly the inactive
mass (up to 15%) and increase the specific gravimetric capacity (147 mAhg™ at 0.2 C). Introduction of
PEDOT:PSS also enhances the rate capability of composite electrodes, preserving stable cycle life and
good reversibility of charge-discharge processes. According to our data and literature data, found for
other PEDOT:PSS-bound electrodes with higher polymer contents, the proposed composition
demonstrates the best performance, because the even 0.5 wt.% amount of the conductive polymer
forms enough conductive pathway between particles. The obtained SEM images of the composite
material along with electrochemical experimental data demonstrate that PEDOT:PSS can serve as a
good binder, providing the morphological integrity of material during prolonged charge/discharge
cycling. Comparison of electrochemical performance of conventional C-LFP/PVDF/C electrode and
C-LFP/PEDOT:PSS composite electrode allows to consider the later as a possible cathode material for
lithium ion batteries. Further studies of optimal C-LFP/PEDOT:PSS composite electrodes are in
progress.
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