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In this work, we report the fabrication of a robust, flexible and free-standing composite film electrode
for Li-lon batteries (LIBs) using a simple bar coating technique. The electrode consists of a conductive
composite matrix of poly(3,4-ethylene-dioxythiophene)-poly(styrene sulfonate) (PEDOT-PSS):
poly(acrylic acid) (PAA) loaded with Graphene nanoplatelets (GNPs). The successful coating of
PEDOT-PSS: PAA on GNPs reduces the surface resistance and protects the electron channels on the
GNPs surface from the pulverization effect during charging & discharging cycles. This PEDOT-PSS:
PAA: GNPs composite electrode shows excellent cyclability with an initial reversible capacity of 1325
mAhg? at a current density of 200 mAg™. The electrode also displays excellent capacity retention of
~83% with a coulombic efficiency of 99% after 1000 cycles. This composite structure with a porous
network induces physical strains in the structure during the Lithium (Li) intake- release process,
thereby increasing the interfacial contact area with organic electrolyte. Consequently, the PEDOT-
PSS: PAA: GNPs composite electrodes demonstrate improved capability without capacity fading. The
composite film shows an improved Young’s modulus of 2.4+0.18 GPa to 4.6+ 0.18 GPa and Tensile
strength of 55+2.5 MPa to 78+2.5 MPa in comparison to pure PEDOT-PSS films. Benefiting from
excellent conductivity, superior electrochemical performances, and mechanical flexibility, these hybrid
systems could be potential materials towards the fabrication of flexible LIBs in wearable electronics.
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1. INTRODUCTION

Stretchable, flexible, and robust solid-state batteries with relatively large power densities,
modest energy densities are considered to be promising sources of power supply in stretchable and
wearable electronic devices. The rapid growth of wearable electronic devices has created a paradigm
shift towards the development of emerging stretchable electronics that opened a new range of
applications in modern electronic and energy systems. In the last few years microelectronics have
experienced a tremendous advancement following the Moore’s law, changing every aspect of
electronics that we use in our day-to-day life. However, the conventional electronic and energy storage
systems designed using brittle and hard Silicon (Si) materials are no longer viable for the modern-day
applications due to limited mechanical flexibility. Recent advancement and development of flexible
electronics in the last few years, witnessed a wide range of modern functional devices such as flexible
transistors, smart sensors, integrated circuits, artificial/smart skin, and rolled-up display devices [1-5].
Apart from flexibility, the flexible electronics have the advantage of a low manufacturing cost for large
area production due to the usage of inexpensive plastic substrates [6]. To enable electronic devices
with reliable mechanical stretchability and flexibility, the modern energy storage devices like
supercapacitors and batteries must be featured with light weight, incredibly compact dimensions, and
improved energy/power densities with a better charge-discharge rate and long cyclic stabilities [7, 8].

Highly conductive polymers (CPs) that can store energy via redox reactions are emerging as
potential materials for flexible battery applications with superior conductivity [9], light weight, and
low cost fabrication [10, 11]. However, the long-time stability (longevity) of the device performance
was severely affected due to the degradation of polymer structures upon cycling as a result of
conformational changes in the polymer chains during the doping and de-doping processes. One of the
important strategies to effectively enhance the performance of CPs is to form hybrid composite
structures with mechanically robust substrates such as carbon materials which include carbon black,
porous carbon, CNT’s, carbon spheres, graphene, and graphene oxides [12-20]. Graphene, a well-
known material consisting of a 2D arrangement of carbon atoms with superior electrical conduction,
better aspect ratio in terms of surface area, excellent chemical and thermal stability, [21, 22] is known
to be a promising material for energy storage and conversion applications [23]. However, carbon reacts
with LiO2 to form LiCOsz when charged at high voltages and facilitates the decomposition of the
electrolyte charging-discharging process [24-27]. The carbon surface modification in recent past
emerged as a promising strategy towards preventing the carbon instability in Li-ion battery electrodes
without significant capacity reduction [28]. Stable conducting polymer coatings on a carbon surface
will likely suppress the side reactions by limiting the direct interactions with electrolyte or LiOo.
Hence, the electrodes of carbon coated with conducting polymer are expected to exhibit superior cyclic
performance in comparison to bare carbon whilst also possessing better capacity than carbon free
electrodes. Polyvinylidene fluoride (PVDF), one of the most extensively used binders in the
preparation of electrodes, suffers severe volume expansions due to relatively bond strength [29]. N-
methyl-2-pyrrolidene (NMP), another commonly used binder with a high boiling point, is found to be
toxic which is not suitable for industrial production and a safe environment [29]. PEO, another
commonly used binder, was found to reduce the porosity of composite electrodes, which are harmful
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for electrode immersion. PAA, which is used as a binder in sulphur cathodes for Li-S batteries [29], is
water soluble and is known to swell electrolytes [29]. A large number of binders have been extensively
investigated in the past, yet it is difficult to meet expected outcomes using a single binder.
Alternatively, using a combination of binders could be a useful strategy towards improving the
electrochemical performance of Li-ion batteries.

Poly(3,4-ethylenedioxythiphene) : poly(styrene-sulfonate) (PEDOT-PSS) in the recent past
emerged as promising material for organic electronics because of its excellent electronic conductivity,
environmental stability, and mechanical flexibility with an ability to form composites with other
materials [30, 31]. Furthermore, PEDOT-PSS exhibits excellent electrochemical redox properties in
Li-air cells [32], plays an active role in redox reaction as a matrix, as well as coating material to
suppress electrochemical side reactions. In addition, due to its superior adhesion properties, PEDOT-
PSS can also be used as a conductive binder in the fabrication of electrodes. The higher concentration
of PEDOT-PSS in a composite structure is expected to provide multiple functionalities such as high
conductivity, stable coating over filler particles, a redox reaction matrix, and a conductive binder. The
coating layers of conductive polymers such as PEDOT-PSS results in a higher charge rate transfer and
facilitates enhanced electrochemical performance with better cyclability in battery devices.

The combination of conducting polymers (CPs) and graphene is able to effectively improve the
energy storage performance of nanocomposites. These hybrid polymer nanocomposites not only
possess the great advantage of individual components, but also the synergetic interaction between the
individual components provides extra benefit towards tailoring the electrochemical properties.
PEDOT-PSS based composites have been recently used for the preparation of Li-ion batteries, but the
studies on mechanically flexible and robust batteries with low cost and high performance is need of the
hour in wearable electronic devices.

In this study, we propose an effective strategy to fabricate highly robust and flexible anode
materials based on conductive PEDOT-PSS: PAA: GNPs composites for rechargeable Li-ion batteries
achieved through a successful surface coating technique. In this design, the hierarchical structures of
GNPs were coated by highly conductive PEDOT-PSS to obtain the flexible nanocomposites via
secondary doping of PAA. The surface morphology and structural features of the prepared composites
were studied through various analytical techniques such as SEM, TEM, TGA and FTIR. The electronic
properties of the flexible composites were studied through conductivity studies. The electrochemical
performance of the prepared nanocomposites was analyzed as an anode material for flexible Li-ion
batteries. The composite electrode investigated in this work exhibits i) improved electrochemical
performances ii) excellent mechanical properties and iii) stable electrochemical performances up to
1000 cycles of operation in comparison to PEDOT-PSS: Graphene composites investigated so far.

2. EXPERIMENTAL

Graphene nanoplatelets (size < 2 um, surface area 300 m?/g), conductive PEDOT-PSS (0.5
wt% of PEDOT: 0.8 wt% PSS aqueous dispersion), poly(acrylic acid) (PAA) [Molecular weight, My =
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450,000], ethylene carbonate (EC), diethyl carbonate (DEC), LiPFs, hydrophilic PVDF substrates,

micron filter syringes were procured from Sigma Aldrich, India and used as received.
2.1 Preparation of PEDOT-PSS: PAA-GNPs composite electrode:

PEDOT-PSS aqueous dispersion (used as received from Sigma-Aldrich) was filtered through
0.2 um syringe and sonicated for 2 hours. Poly(acrylic acid) (PAA) (10 vol%) was added to this
aqueous dispersion of PEDOT-PSS to obtain a composite binder, which was further sonicated for an
hour to obtain uniform dispersions of PEDOT-PSS and PAA. The aqueous dispersion of GNPs (in DI
water) were sonicated for 30 minutes to get well dispersed GNPs and further cooled in an ice bath.
These dispersions of GNPs and PEDOT-PSS: PAA (2:3 w/w ratios) were used to prepare
nanocomposite solutions. These nanocomposite solutions of PEDOT-PSS: PAA with GNPs were
further homogenized by sonication for 2 hour. To improve the hydrophilicity of as received PVDF
substrates, they were soaked in H20. for 30 minutes, followed by washing with DI water and blowing
nitrogen vapor. PVDF substrates with dimensions 5 cm x 5 cm were properly cut and used to prepare
the free standing electrode films. Uniform and flexible thin films were obtained by bar coating bare
PEDOT-PSS, PAA treated PEDOT-PSS and PEDOT-PSS: PAA-GNPs composite onto PVDF
substrate. These films were allowed to dry in an air oven for 12 hours and annealed at 120 °C to
eliminate the moisture content. Finally the films were peeled off from PVDF substrates to obtain the
free standing and mechanically flexible thin films of thickness 176 £ 5 pm.

2.2 Material characterizations of the films:

The structural and morphological features of bare PEDOT-PSS and PEDOT-PSS:PAA-GNPs
nanocomposite films were analyzed through various techniques. Surface morphology of the bare
PEDOT-PSS and PEDOT-PSS: PAA-GNPs nanocomposites were investigated through SEM (Zeiss
Ultra-60-Poland) and TEM (FEI Tecnai G2 F30). The transmittance- FTIR spectra of bare PEDOT-
PSS and PEDOT-PSS/PAA-GNPs were recorded (in the range 500-4000 cm™) using FTIR
spectrophotometer (Perkin Elmer Frontier-USA) in KBr medium and Nitrogen atmosphere.

2.3 Electrical conductivity of the films at room temperature:

Four probe techniques were employed to evaluate the room temperature sheet resistance (Rs) of
bare PEDOT-PSS, PEDOT-PSS treated with PAA and PEDOT-PSS: PAA-GNPs composites with
gold electrodes deposited on top of them. Keithley current and voltage sources (2410 source meter,
London) were used to obtain the sheet resistance of the films at room temperature at 405 %RH as
described in our previous work (33).
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2.4 Electrochemical characterizations of the electrode films:

The electrochemical performances of the samples were performed using half coin cells (CR-
2032) assembled in a high purity glove box filled with argon (MBraun, Unilab). The bare PEDOT-PSS
and PEDOT-PSS: PAA-GNPs composite free standing films peeled off from PVDF substrates were
cut into circular coin shapes discs and are punched into CR-2032 assembly, and were used as anodes.
Lithium foil is used as counter and reference electrode with Celgard-2400 micro porous film as a
lithium battery separator. The electrolyte dispersion was prepared by mixing 1M LiPFs with a mixture
containing diethyl carbonate and ethylene carbonate (v/v ratio 1:1). The electrochemical rate tests and
cycling performance were investigated on a multichannel battery tester (Neware BTS-610). The C-V
characteristics of the electrode samples were investigated on an electrochemical workstation (Chenhua
CHI-660C). All the electrochemical tests were performed at room temperature under ambient
conditions.

2.5 Mechanical testing of flexible films:

Tensile tests were performed on the bare and composite films as per ASTM D638 standards.
An Instron-5567 universal testing machine with a crosshead speed of 0.5 mm/min was used to study
the uniaxial tensile tests of the rectangular samples (30mm x 15mm x 1.5mm), at least three samples
were tested for each film. The mechanical tests such as stress-strain behavior, Young’s modulus and
Tensile strength were conducted at room temperature under ambient conditions.

3. RESULTS AND DISCUSSION

3.1 SEM and TEM analysis

The SEM micrographs of bare PEDOT-PSS: PAA, GNPs and PEDOT-PSS: PAA-GNPs
nanocomposites were depicted in figure-1 (a-c). The SEM micrograph of PEDOT-PSS: PAA (Figure-
1a) shows that, the PEDOT-PSS treated with PAA results into a homogeneous surface with the
formation of micro-grains due to post-curing of polymer film. The SEM micrograph of GNPs (Figure-
1b) shows a flaky sheet like morphology for GNPs. The SEM micrograph of PEDOT-PSS: PAA with
GNPs (Figure-1c) shows the presence of well dispersed GNPs with a formation of macro-pores in the
polymer matrix. The composite micrograph shows that, the PEDOT-PSS: PAA completely covers the
GNPs. The GNPs re-stacking was prevented due to the presence of PEDOT-PSS and PAA in the
nanocomposite which facilitates better electrochemical reactions due to large surface area available for
interactions. The formation of a conductive network and increased pore density of the nanocomposite
significantly enhances the conductivity and plays an important role in improving the electrochemical
performances of the composite electrode. The TEM image reveals the presence of micro-grains in
PAA treated PEDOT-PSS (Figure-2a) and a magnified TEM image of GNPs shows crumpled
morphology (Figure-2b). The TEM image of nanocomposite film (Figure-2c) shows that, GNPs were
completely enveloped by PEDOT-PSS: PAA with a formation of network like structure.
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Figure 1. SEM micrographs of (a) bare PEDOT-PSS (b) bare GNPs (c) PEDOT-PSS: PAA-GNPs
composite

100 nm

Figure 2. TEM micrographs of (a) bare PEDOT-PSS (b) bare GNPs (c) PEDOT-PSS: PAA-GNPs
composite
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3.2 FTIR analysis:

The structural features of bare PEDOT-PSS, GNPs and PEDOT-PSS: PAA-GNPs composites
were depicted in FTIR spectra (Figure-3). The spectra of bare PEDOT-PSS exhibits characteristic
bands associated with thiophene ring of PEDOT at 3500 cm1, 1620 cm™ and 1380 cm resulting from
O-H , C-C and C=C stretching [34], the band due to sulphur groups of PSS appears at 1110 cm™ [34].
The characteristic stretching bands of GNPs can be observed at 3490 cm (assigned to hydroxyl group
O-H stretching), 1610 cm™ (C=0 related to carboxylic acid and carbonyl functional groups), 1380 cm-
! (C-H deformation of aromatic rings) [35]. The FTIR spectra of the PEDOT-PSS: PAA-GNPs film
indicates retention of important characteristic peaks of PEDOT-PSS and GNPs in composite spectra. A
slight red-shift in the characteristics peaks of PEDOT-PSS and GNPs in the composite is due to
delocalization of electrons arising from strong m-m interactions occurring between GNPs and the
aromatic ring of PEDOT-PSS and GNPs. The band associated with stretching of C=C of quinoid ring
shifts from 1620 to 1612 cm™ in the composite spectra. It is worthwhile to notice that, PAA treatment
transforms the benzoid structure of PEDOT-PSS matrix into quinoid structure suggests the possible
conformation change of the polymer backbone chain from coil to linear structure. This effectively
results in the delocalization of w-electrons contributing to highly conducting PEDOT-PSS: PAA-GNPs
film with improved charge carrier mobility.
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Figure 3. FTIR spectra of (a) bare PEDOT-PSS (b) bare GNPs (c) PEDOT-PSS: PAA-GNPs
composite
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3.3 Electrical conductivity:

Four probe methods were used to investigate the sheet resistance (Rs) and the temperature
dependent electrical conductivity (o4c) of the samples. In our previous reports, we have demonstrated
an effective strategy of secondary doping in PEDOT-PSS films using polar organic polar solvents of
high boiling point to improve the conductivity of aqueous PEDOT-PSS dispersions [33, 36-38]. Room
temperature conductivity of PEDOT-PSS, PEDOT-PSS treated with PAA and PEDOT-PSS: PAA-
GNPs composite is represented in figure-4. The room temperature conductivity of pure PEDOT-PSS
enhance from 2 Scm™ to 912 Scm™ in case of PAA treated PEDOT-PSS-GNPs composite films.

The secondary doping of PAA and GNPs presence in PEDOT-PSS matrix significantly
improves the conductivity of composite film. The room temperature conductivity of the PEDOT-PSS-
GNPs composites treated with PAA shows highest conductivity reported so far in these systems. The
secondary doping of PAA in PEDOT-PSS leads to the segregation of phases between conducting rich
PEDOT domains and insulating PSS domains, it also helps in partial removal of PSS phase from the
polymer matrix. Hence, the PAA doping facilitates the strong interactions between conducting rich
PEDOT domains, leads to improved conductivity of the composite films.
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Figure 4. Comparison of conductivities for PEDOT-PSS, PEDOT-PSS: PAA and PEDOT-PSS: PAA-
GNPs composite at room temperature (inset: Conductivity of flexible film with bending angles)

Also, the GNPs presence in PEDOT-PSS facilitates - interaction and modifies conjugation in
the polymer chains which help the creation of de-localized electrons which can easily hop between
conducting sites. The combined effect of PAA treatment as well as GNPs presence and their synergetic
interactions with PEDOT-PSS enhances the conductivity of composites films. The conductivity
enhancement in these hybrid structures of nanocomposite systems can also be attributed to the
formation of conducting networks due to the presence of GNPs in PEDOT-PSS matrix. To understand
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the flexible nature of these composites for practical applications, electrical conductivity of the
composite film is tested at various bending angles, as represented in figure-4 (inset). The PEDOT-PSS:
PAA-GNPs composite was subjected to bending angles from 0°-360°. It is interesting to note that the
conductivity of the composite films remains almost stable with marginal decrease in their values
during the complete cycles of bending (0°-360°). The marginal decrease in conductivity with
increasing bending angles may be attributed to reduced strains/tightening up of grain boundaries at the
interface, which hinders the charge carrier motion among the polymer chains.

3.4 Electrochemical properties:

The electrochemical properties of the composite electrodes (anodes) were tested using half-cell
configurations described in experimental section. Figure-5 shows the C-V characteristics of PEDOT-
PSS: PAA-GNPs composite obtained in the potential window of 0 to 3.0 V v/s Li*/Li at the scan rate
of 0.1 mVs?, The C-V curves exhibits two reduction peaks at 1.5 and 1.9 V and an oxidation peak at
2.35 V during its cyclic performance. The two reduction peaks observed in the C-V curves are due to
long and short chains of Li> respectively [39]. The oxidative peak at 2.35 V corresponds to progressive
litigation of active material in the presence of electrolyte [40]. The characteristic C-V curves in all the
cycles indicate multiple solid-liquid-solid interactions occur between active material and Li. In
comparison to 1% cycle of C-V curve, the subsequent 2", 3, and 4" curves shows much stronger and
sharper reduction peaks with a small redox potential gap which indicates the initiation of the activation
process of electrodes [41]. After 1% cycle, the curves maintained remarkable repeatable shapes
indicating high degree of reversibility during lithiation- delithiation reaction mechanisms. Well
overlapping of repeated C-V characteristic peaks shows excellent cycling stability and reversibility of
the electrodes. Galvanostatic charge-discharge curves of PEDOT-PSS: PAA-GNPs composites at a
constant current density of 200 mAg™ for different cycles are indicated in figure-6. The PEDOT-PSS:
PAA-GNPs composite exhibits initial discharging and charging capacity of ~1280 mAhg™ and ~1300
mAhg™ respectively at a constant current density of 200 mAg™2. The contours of all the curves at
different cycles exhibit similar behavior with a formation of potential plateaus between 1.75-2.2V for
charging and 1-1.4V for discharging corresponds to extraction and insertion of Li* ions respectively.
However, the discharge-charge profile declines with repeated cycles which may be due to the
fragmentation of anode during cycling, and the formation of a passive solid electrolyte interface (SEI)
layer on the fragmented anode surface during the lithiation process [42].
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Figure 5. (a) CV curves of PEDOT-PSS: PAA-GNPs composite at different cycles
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Figure 6. Galvanostatic charge-discharge profiles of PEDOT-PSS: PAA-GNPs composite at different
cycles (at a constant current density of 200 mAg™)

The electrochemical performance interms of specific capacitance of pristine PEDOT-PSS and
PEDOT-PSS: PAA-GNPs composites anodes were tested. The dependence of specific capacitance on
the GNPs content in PEDOT-PSS treated with PAA is represented in figure-7. The specific
capacitance of pristine PEDOT-PSS increased from 796 mAhg? to 1325 mAhg? for PEDOT-PSS:
PAA-GNPs composite. The observed behavior may be attributed to the formation of excellent
conductive channels due to GNPs presence in composite structure that facilitates the electrochemical
reaction with the electrolyte in contact. The other reason being increased surface area for the reaction
to occur in composite due to addition of GNPs in PEDOT-PSS.
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Figure 7. Comparison of specific capacities for PEDOT-PSS, PEDOT-PSS: PAA and PEDOT-PSS:
PAA-GNPs composites

The rate performance of bare PEDOT-PSS as well as PEDOT-PSS: PAA-GNPs composite
were investigated by cycling at various current densities. As seen in figure-8, the PEDOT-PSS: PAA-
GNPs composite exhibit excellent cycle stability for each current density in comparison to bare
PEDOT-PSS. The specific capacity of both bare and composite electrodes declines slightly with the
increase in rate. However, after testing at the highest current density of 1600 mAg?, the capacity of the
electrode recovers when the current density was reversed to its initial value of 200 mAg™. These
results clearly indicate an excellent high reversibility of the composite anodes. Moreover, the
composite anodes shows significant enhancement in the specific capacity in comparison to the bare
PEDOT-PSS for different cycles of current densities. The enhanced performance of the composite
anodes in comparison to bare PEDOT-PSS may be due to increased porosity in the composite
structure. Such porous surface as observed through SEM micrographs is highly advantageous in order
to enhance the solid-electrolyte contact. The porous surface with presence of GNPs provides large
aspect ratio that provides active sites for absorbing Li ions and facilitates faster electron transfer
between electrode-electrolyte interfaces.
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Figure 9. Cyclic performance and the corresponding Coulombic efficiency of bare PEDOT-PSS and
PEDOT-PSS: PAA-GNPs composite @ current density 200 mAg™

We have further investigated the cyclability of bare PEDOT-PSS as well as PEDOT-PSS:
PAA-GNPs (10 wt %) composite anodes up to 1000 cycles at a current density of 200 mAg™* and the
results are depicted in figure-9. It is observed that, PEDOT-PSS: PAA-GNPs composite anodes
delivers initial high capacity (1325 mAhg™) with a small drop in their capacity values up to 350 cycles
of operation and becomes almost stable. At the end of 1000 cycles these composite anodes exhibit
excellent capacity retention of ~83% with specific capacity of 1102 mAhg? which are better in
comparison to previous reports on PEDOT-PSS based composite anodes [28, 32, 40,43-49] as
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indicated in table-1. On the other hand, capacity of bare PEDOT-PSS reduces from 796 mAhg™ to 640
mAhg* after 1000 cycles of operation. The composite anodes show an initial coulombic efficiency of
92% which increases gradually with cycles and maintains almost 100% at the end of 1000 cycles of
operation.

The kinetics of charge transport in terms of electrons and ions facilitated by bare PEDOT-PSS
and PEDOT-PSS: PAA-GNPs composite anodes were investigated through electrochemical impedance
spectroscopy (EIS) on the samples after 300 cycles of operation. The EIS in terms of Nyquist plots
(figure-10) shows two important characteristic features, in the higher frequency region it comprises of
depressed semi-circles followed by inclined straight lines in lower frequency regime. The change in
diameters of the semicircles indicates a change in charge transfer resistance (Rct) and an inclined
straight line represents a mass transfer process in the electrodes [47]. The R of the bare PEDOT-PSS
without PAA & GNPs is very high, which is found to decrease with PAA and GNPs inclusion in
PEDOT-PSS. The reduction in diameter and area under the curve represents increased conductivity for
the composite anodes with content of GNPs in PEDOT-PSS. Also, the inclined line becomes more
prominent with the GNPs content in PEDOT-PSS, suggesting the formation of solid-electrolyte-
interface due to initiation of activation process in anodes. The charge transfer impedance of bare
PEDOT-PSS after 300 cycles of operation is found to be 6680 Q, which decreases to 4980 Q for PAA
treated PEDOT-PSS/Graphene nanocomposites. This indicates that the surface modification of
conductive PEDOT-PSS using PAA and Graphene improves the electronic conductivity of the
composite electrode and reduces its interface and charge transfer impedance.
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Figure 10. Electrochemical Impedance Spectroscopy (EIS) of bare PEDOT-PSS and PEDOT-PSS:
PAA-GNPs composites after 300 cycles of operation @ current density 200 mAg™
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3.5. Effect of PAA and GNPs content on Mechanical properties of PEDOT-PSS

Mechanical properties of the bare PEDOT-PSS, PVA treated PEDOT-PSS and PEDOT-PSS:
PAA-GNPs composite films in terms of stress-strain behavior, Young’s modulus and tensile strength
were investigated. Figure-11 shows the variation of stress-strain curves for the three samples, which
demonstrates improved mechanical properties due to PAA treatment and GNPs addition in PEDOT-
PSS. The PAA treatment followed by GNPs addition in PEDOT-PSS has resulted into large strains in
the composite samples. Figure-12 represents the effect of PAA treatment and GNPs addition on
Young’s modulus as well as Tensile strength of PEDOT-PSS films. It is interesting to see that, both
the Young’s modulus as well as tensile strength of the bare PEDOT-PSS increases from 2.4+0.2 GPa
to 3.7+0.2 GPa and 55+2.5 MPa to 67+2.5 MPa respectively, upon PAA treatment. Further, both
Young’s modulus as well as tensile strength of the composite films enhances to 4.6+0.2 GPa and
78+2.5 GPa respectively upon addition of GNPs in PAA treated PEDOT-PSS. The improved
mechanical properties of the composites are due to good dispersion of PAA and GNPs in PEDOT-PSS.
The hydrogen bonding between reinforced PAA and PEDOT-PSS matrix could be one of the factors
for the improved mechanical properties of PAA: PEDOT-PSS films. The plate-like-morphologies of
GNPs could be another interesting structural feature that further enhances the Young’s modulus and
tensile strength of the composites. Hence, presence of PAA and GNPs results into hybrid chemical
cross-links and hydrogen bonding interactions in PEDOT-PSS networks endow PEDOT-PSS: PAA-
GNPs composites with excellent mechanical properties.

[44]
(3]

~—BE—PEDOT-PSS
—@—PEDOT-PSS:PAA
PEDOT-PSS :PAA: GNPs Composite

[.]
o
1

f-8
[4,]
L

40 4 1
o g—
35- g
& 30-
E o
. 261 .
@ 20- —"
? 45 /
104
5
042
LI

AL N LA NN LA NN NELAN NNLANN NELAN NN NELAN NN NELEN
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Strain (%)

Figure 11. Stress-Strain variation for PEDOT-PSS, PEDOT-PSS: PAA and PEDOT-PSS: PAA-GNPs
composite
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Figure 12. Young’s modulus and tensile strength tests for PEDOT-PSS, PEDOT-PSS: PAA and
PEDOT-PSS: PAA-GNPs composite

Table 1. PEDOT-PSS based composite active anode materials, synthesis method and electrochemical

performances
Active material used Synthesis Conductivity Mechanical Electrochemical Electrochemical Reference
as a composite method S/lem Properties properties initial properties Cycles
(Young’s specific capacity (Capacity
modulus, tensile  (mAhg?) retention)
strength)
PEDOT-PSS-Graphene Surface coating  Not reported Not reported 1000 200 (1000 mAhg- 28
1
)
MoS,/ PEDOT:PSS Dip coating Not reported Not reported 712 100 (81%) 32
PEDOT-PSS-Ge Vapor Not reported Not reported 1800 200 (50%) 40
Deposition
PEDOT-PSS/Ge/CuO Spin Coating Not reported Not reported 980 1000 (90%) 43
NaCa,Si;Os(OH)/PEDOT:PSS One step Not reported Not reported 300 50 (100 mAhg™) 44
hydrothermal
method
MnO,/PEDOT-PSS Sonication Not reported Not reported 800 200 (1450 mAhg- 45
1
nano-Sn/PEDOT:PSS/PVA CSHC In-situ Not reported Not reported 800 200 (72%) 46
polymerization
PEDOT:PSS SnO,/reduced graphene  In-situ Not reported Not reported 1759 100 (851 mAhg?t) 47
oxide polymerization
PEDOT:PSS@Ge Solution Not reported Not reported 1450 200 (57.4%) 48
impregnation
method
Si/PEDOT:PSS In-situ Not reported Not reported 1096 200 (60.58%) 49
polymerization
PEDOT-PSS/Graphene Bar coating 912 4.6 GPa, 78 GPa 1325 1000 (1100 Present
Nanoplatelets treated with PAA mAhg?) work

In this work, PEDOT-PSS: PAA-GNPs composites were prepared by simple bar coating
technique, which is cost-effective, flexible, and suitable for large scale production of electrodes. The
improved electrochemical performance of these composite systems resulting due to unique
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microstructure, large surface area, porosity, and conductive networks facilitate the lithium reactions.
Due to excellent conductivity, electrochemical performance, and mechanical flexibility, these
nanocomposite anodes are potential materials for future generation flexible LIBs for wearable
electronic devices.

4. CONCLUSIONS

We have successfully fabricated and tested a free-standing, flexible, and robust composite film
as an anode for Li-lon batteries (LIBs) using simple strategies. Utilizing the advantages of higher
theoretical capacity of GNPs, excellent electrical conductivity and mechanical flexibility of PEDOT-
PSS, we have developed an efficient strategy to fabricate PEDOT-PSS: PAA- GNPs composites anode
with enhanced electrochemical performance as an electrode in LIBs. The GNPs presence in PEDOT-
PSS significantly enhances the conductivity from 2 Scm™ to 912 Scm™ for PEDOT-PSS: PAA-GNPs
composite. The representative anodes of PEDOT-PSS: PAA-GNPs composite shows improved rate
performance and excellent cyclic stability. It renders a specific capacity of 1102 mAhg? after 1000
cycles at a constant current density of 200 mAg™. Moreover, the composite anode shows a capacity
retention of ~83% and coulombic efficiency of ~99% after 1000 cycles. The composite film with
ultimate electrochemical performance shows an improved Young’s modulus of 2.4+0.18 GPa to 4.6+
0.18 GPa and Tensile strength of 55+2.5 MPa to 78+2.5 MPa in comparison to pure PEDOT-PSS
films. We anticipate that this simple and scalable approach to fabricate electrodes for LIBs will
provide platform for the development of low cost graphene based flexible, robust electrodes with
excellent electrochemical performance.
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