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investigated. The binding material of the NE, styrene-butadiene rubber (SBR), is partially substituted by
conductive PEDOT-PSS. The soft carbon NE with 1.0 wt% PEDOT-PSS exhibits enhanced capacity retention
of 64% at a current density of 5 C by lowering its electrical and electrochemical charge transfer resistance.
The rate capability increased with increasing amounts of PEDOT-PSS, with no variation in the Li*
diffusivity. This improved electrochemical performance of the NE is also reflected in the LIC full-cell

ﬁiﬁmor;d;n capacitor configuration. An LIC employing a 1.0 wt% PEDOT-PSS NE delivers 6.6 F at a high current density of
Negative electrode 100 C, which is higher than the 6.0 F measured for the LIC with a bare NE. Moreover, the LIC with the
Soft carbon 1.0 wt% PEDOT-PSS NE retains 85% of its initial capacitance even after 5000 cycles. These results are
Conductive polymer mainly attributed to the favourable electrical network formed by the incorporation of PEDOT-PSS into the

NE. Thus, we believe that the incorporation of conductive PEDOT-PSS is a viable approach for obtaining
high-power LICs.
© 2015 Elsevier B.V. All rights reserved.
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portable electronics, electric transportation, and renewable energy
generation [1—4]. Although EDLCs that offer high power capability
and excellent cycle life have already been commercialized, their
energy density is still limited as compared with rechargeable bat-
teries [5—7]. There is therefore keen interest in further increasing
the energy density of EDLCs for extending their application to
transportation or stationary energy storage. A number of hybrid
capacitors have been proposed with this goal in mind, with
asymmetric cell configurations that allow for improved energy
density [8—11]. Lithium ion capacitors (LICs), known as promising
hybrid capacitors, have also attracted much attention because they
can provide approximately three times higher energy density than
conventional EDLCs [8,12—16].

LICs are composed of activated carbon as a positive electrode
(PE) and Lit-inserting materials (e.g. graphite, hard carbon, soft
carbon, and Li4TisO13) as a negative electrode (NE). In contrast to
the symmetric electrochemical behaviour of EDLCs, LICs show
asymmetric charge—discharge profiles that combine a non-
Faradaic reaction (adsorption/desorption of anions) in the PE and
a Faradaic reaction (insertion/extraction of Li*) in the NE close to
0 V vs. Li/Li*. This enables a higher operating voltage up to ~4.2 V,
which is much higher than that of conventional EDLCs (~3.0 V). In
this hybrid configuration, however, the power capability and cycle
performance of LICs are strongly dependent on the material char-
acteristics of the NE because the Li™ insertion/extraction in the NE
is much slower than its counter reaction in the PE. Among the
various NE materials, graphite is considered a promising candidate
as it allows the most extended operating voltage of LICs owing to its
low and flat redox potential of approximately 0 V vs. Li/Li*. How-
ever, graphite suffers from its poor rate capability and cycle per-
formance arising from the sluggish kinetics of Li* mobility in the
highly ordered crystal structure. In contrast, as proposed by Ama-
tucci et al. [8] Li4TisO13 shows great promise as a suitable NE ma-
terial for LICs because of its excellent rate capability and cycle
performance [17—19], but the high redox potential of LizTi501, of
approximately 1.5 V vs. Li/Li* limits the practical operating voltage
of LICs (1.0—-3.2 V).

On the other hand, soft carbon is a suitable choice for ensuring
not only good rate capability and cycle performance but also a
relatively extended operating voltage for LICs. In practice, soft
carbon has numerous intercalation channels of Li*, good structural
stability, and a low reaction voltage profile owing to its low crys-
tallinity, characteristics that are mainly responsible for the good
rate capability and cycle performance [20,21]. Despite such ad-
vantages, it is crucial to enhance the Li" insertion and extraction
characteristics of soft carbon for further improvement of current
LICs. One possible approach is to incorporate electrical conductive
polymers such as polyaniline, polyacetylene, polypyrrole, and pol-
ythiophene into the NE. As confirmed by many studies, conductive
polymers can effectively improve the electrode performance of
batteries or capacitors [22—25] by utilizing additional electric
conduction pathways and minimizing charge transfer resistance
during cycling.

Herein, we propose incorporating poly(3,4-ethylenedioxy-
thiophene)-polystyrene sulfonate (PEDOT-PSS) into a soft carbon
electrode as the NE, and we demonstrate the improved electro-
chemical performance of the NE for practical use in LICs. The
incorporation of PEDOT-PSS enhances the electrical conductivity of
the NE and, by extension, the electrochemical performance of the
LIC because it is highly conductive, mechanically durable, stable in
the oxidized state, and insoluble in common carbonate solvents
(e.g. electrolytes). Accordingly, partial substitution of a conven-
tional polymer binder with the conductive PEDOT-PSS in the NE
allows the formation of an additional electrical network between
the active material particles. It is essential for improving the rate

capability of the NE without cyclic performance fading. The results
show that in comparison with a bare soft carbon NE, incorporating
PEDOT-PSS improves the electrochemical performances of LICs.

2. Experimental
2.1. Preparation of electrodes

The bare NE was prepared with a slurry containing 90 wt% soft
carbon (GS Energy Co., Korea), 5 wt% conducting carbon (Super-P,
TIMCAL Co.), 2.5 wt% carboxymethyl cellulose (CMC), and 2.5 wt%
styrene-butadiene rubber (SBR) in distilled water. Meanwhile, the
SBR was partially substituted with 0.5 wt% and 1.0 wt% PEDOT-PSS
(Sigma—Aldrich Co.) for preparation of the NEs, which were
denoted as PP-0.5 NE and PP-1.0 NE, respectively. The slurries were
applied to a mesh-type Cu current collector using vertical coating
equipment and the loading amount was fixed at 6.5 mg cm ™2 for
each NE. The NEs were dried in a convection oven and roll-pressed
up to density of 0.6 g cm~>. The PE was prepared following the
same procedure as the NEs using Al mesh with 80 wt% activated
carbon (MSP-20, Kansai Coke and Chemicals Co.), 10 wt% con-
ducting carbon (Super-P), and 10 wt% PVdF (polyvinylidene fluo-
ride, Sigma—Aldrich Co.). The PE had a loading amount of
5.2 mg cm 2 and a density of 0.5 g cm~>. The detailed specifications
of the soft carbon NEs are provided in Table S2. The PEDOT-PSS
incorporation into the NEs was confirmed by Fourier transform
infrared spectroscopy (FT-IR, PerkinElmer Co.) and X-ray photo-
electron spectroscopy (XPS, Thermo Scientific Co.). The electrical
conductivity of the as-prepared NEs was measured by the four-
point probe method.

2.2. Electrochemical measurements

Half-cell test — CR2032 coin-type half-cells were assembled in a
dry room by stacking a working electrode, a separator (poly-
ethylene, Asahi Co.), and a metallic Li counter electrode. These
components were immersed together in an electrolyte consisting of
1.3 M LiPFg in ethylene carbonate/dimethyl carbonate (EC/DMC, 3:7
volume ratio, PANAX E-tec Co.). The rate capability was examined in
the voltage range of 0.01—1.5 V (vs. Li/Li*) at current densities from
0.2 C (50 mA g~ 1) to 5 C (1250 mA g~ ') using a battery tester
(MACCOR series 4000). For the electrochemical impedance spec-
troscopy (EIS) measurements, a metallic Li reference electrode was
added to the above mentioned half-cell configuration and the cells
were evaluated within the frequency range of 1.0 MHz—10 mHz.

Full-cell test — Pouch-type LIC full cells 34 x 50 mm in size were
assembled in a dry room using the same electrolyte and separator
as for the half cell. Li* pre-doping into the NE, an essential lithiation
process for proper operation of LICs, was carried out using an
auxiliary Li metal electrode under a constant voltage of 0.01 V (vs.
Li/Li") and the doping level was carefully controlled to be 80% of the
practical capacity of the soft carbon NE (250 mAh g~'). The LICs
were galvanostatically charged and discharged at current densities
from 0.2 C (17 mA g~ !) to 200 C (17 A g~ 1) in the voltage range of
1.5—3.9 V. The cycling performance was tested with a constant
current of 10 C (850 mA g~ ') over 5000 cycles, and EIS was per-
formed under the same conditions as for the half-cell.

3. Results and discussion

The PP-0.5 and PP-1.0 NEs were prepared by partial substitution
of SBR binder with 0.5 and 1.0 wt% of conductive PEDOT-PSS
polymer, respectively, to investigate the effects of PEDOT-PSS
incorporation on the electrochemical performance of soft carbon
NEs. Unlike the insulating SBR binder, it is expected that PEDOT-PSS
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can improve the electrochemical performance of soft carbon NEs by
reducing the electrical and electrochemical charge transfer resis-
tance, particularly during Li* insertion, owing to its high electric
conductivity of 2.22 S cm~ . First of all, the morphological change of
the NEs after PEDOT-PSS incorporation was investigated by using a
field-emission scanning electron microscope (FESEM). As seen in
the FESEM image of the bare NE (Fig. 1a), soft carbon particles
approximately 9—11 pum in size were uniformly coated onto Cu
mesh with a thickness of 108 pum, as evidenced by the cross-
sectional FESEM image (Fig. 1b). After 1.0 wt% of PEDOT-PSS
incorporation, the NE showed a similar morphology and micro-
structure, as shown in Fig. 1c and d, respectively. Thus, we
confirmed that the partial incorporation of PEDOT-PSS does not
induce any morphological change of the NE.

For further structural inspection, we conducted Fourier trans-
form infrared spectroscopy (FT-IR) and X-ray photoelectron spec-
troscopy (XPS) analyses for the as-prepared NEs and the results are
given in Fig. 2. The incorporation of PEDOT-PSS is evident in the FT-
IR spectra (Fig. 2a). All three NEs show a peak arising from aromatic
C=C bonds at 1650 cm ™, which is associated with the turbostratic
carbon of the graphene layer. The S=0 (1350 cm™'), S=0
(1150—1350 cm™!), and S—O—R (800—900 cm™!) peaks are
observed for both the PP-0.5 and the PP-1.0 NEs but not for the bare
NE. These noticeable S signals are mainly attributed to the incor-
porated PEDOT-PSS, and their intensities increase with increasing
PEDOT-PSS concentration. These results are further confirmed by
the XPS analysis, as shown in Fig. 2b. There is no evidence for S in
the S 2p spectrum obtained from the bare NE, whereas two distinct
peaks of PEDOT-PSS are observed for both the PP-0.5 and the PP-1.0
NEs. The peak at the lower binding energy, corresponding to the
PEDOT component, is de-convoluted into spin-split species at
164.5 eV (2p 3/2) and 165.6 eV (2p 1/2), with a binding energy
difference of 1.1 eV [26]. Another peak detected at a higher binding

energy of approximately 169.0 eV, originating from the S atoms in
PSS, has two components, one at 168.7 and 169.9 eV, which are
associated with PSS™-Na* groups, and the other at 170.8 eV, which
is attributed to PSSH [26,27]. The PEDOT-PSS is thereby well-
incorporated in the NEs and would improve the electrical con-
ductivity of the NEs. As expected, the PP-1.0 NE has a higher electric
conductivity (2.22 S cm™!) than the PP-0.5 (1.98 S cm™!) and bare
NEs (1.74 S cm™ 1), as summarized in Table 1. This is because the
well-dispersed PEDOT-PSS provides additional electron conduction
pathways between soft carbon particles and, by extension, at the
interface between the active material and the current collector in
the NEs. Moreover, this increased electric conductivity could facil-
itate Li* mobility by reducing electrical contact resistance in the
NEs. As supposed, the electrical enhancement is more evident
when the amount of PEDOT-PSS increases. However, the incorpo-
ration of PEDOT-PSS would not significantly affect the wettability of
the NEs (Fig. 2¢). In addition, substitution of SBR binder of more
than 1.0 wt% would lead to the degradation of adhesion between
the active material and the current collector (Fig. S2).

The effects of PEDOT-PSS incorporation on the electrochemical
performance of the soft carbon NE were examined. Fig. 3a shows
galvanostatic voltage profiles recorded at a constant current den-
sity of 0.2 C (50 mA g~ 1) in the first cycle. All the NEs delivered
similar charge (Li" insertion) and discharge (Li* extraction) ca-
pacities of approximately 290.2 mAh g~! and 250.1 mAh g,
respectively. The relatively low initial coulombic efficiency of
~86.2% is mainly attributed to the irreversible charge consumption
of the soft carbon NE by forming solid electrolyte interphase (SEI)
films on the surface [28—30]. After the first cycle, all NEs exhibited a
high coulombic efficiency of 98.5% during subsequent cycles
(Table S3). Thus, it should be noted that the PEDOT-PSS incorpo-
ration does not induce any additional irreversible charge con-
sumption during cycling. In addition, the rate capabilities of the NEs

Fig. 1. Surface and cross-sectional FESEM images of (a)—(b) the bare and (c)—(d) the PP-1.0 NEs.
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Fig. 2. Comparison of (a) FI-IR spectra, (b) XPS S 2p spectra, and (c) contact angles collected from the bare, PP-0.5, and PP-1.0 NEs.

Table 1

Surface conductivity of the bare, PP-0.5, and PP-1.0 NEs.
Sample Bare NE PP-0.5 NE PP-1.0 NE
Surface conductivity (S cm™') 1.74 (+0.01) 1.98 (+0.01)  2.22(+0.01)

were also examined (Fig. 3b) at current densities of 0.2 C
(50 mA g, dash lines) and 5 C (1250 mA g, solid lines). At a low
current density of 0.2 C, all NEs showed similar charge and
discharge capacities of approximately 253.8 mAh g~ ! and
250.0 mAh g, respectively, indicating that the incorporated
PEDOT-PSS does not affect the Li* storage capability of the NEs.
The effect of PEDOT-PSS incorporation on the electrochemical
performance of the NEs was more evident at a high current density
of 5 C (1250 mA g~1). The capacity retentions of the PP-0.5 and PP-
1.0 NEs were estimated to be 59.0% and 63.8%, respectively, during
charge (Li" insertion) at a current density of 5 C (Fig. S3), which is
much higher than that of the bare NE (30.1%). In particular, the PP-
1.0 NE exhibited a high charge capacity of 162 mAh g ! with a
coulombic efficiency of 99.9%. The positive effect also reflected in
the electrochemical performance of the NEs during discharge (Li*
extraction). Note that the Li™ storage capability of soft carbon NE
can be more effectively enhanced by PEDOT-PSS incorporation at a
high current density (5 C), whereas the effect is negligible at a low
current density (0.2 C). This can be reasonably explained by a high
overpotential of soft carbon induced by fast Li™ insertion and
extraction at a high current density. The overpotential of the PP-1.0
NE at a current density of 5 C was estimated to be approximately
70 mV, which is comparable to that attained at 0.2 C. In contrast,
the bare NE showed a much higher overpotential (430 mV) at 5 C,
leading to the significant degradation of Li* storage capability
(Fig. S4). These results reveal that the PEDOT-PSS incorporation is
kinetically effective for the improvement of Li* insertion rather
than Li™ extraction. For further comparison of the rate capability,

the cells were charged at various current densities and discharged
at a fixed current density of 0.2 C and the results are given in Fig. 3c.
The PP-0.5 and PP-1.0 NEs exhibited much higher capacity reten-
tion than the bare NE above 1 C (250 mA g~ ). The bare NE retained
only 8.2% of its capacity at 10 C, which is a significantly less than the
34.0% of the PP-0.5 NE and 44.9% of the PP-1.0 NE. For comparison,
the cells were charged at a fixed current density of 0.2 C and dis-
charged at various current densities (Fig. 3d). All NEs showed
similar capacity retentions of approximately 94%, even at a high
current density of 10 C (2500 mA g~!) without significant degra-
dation (Fig. S5). These results also support our claim that the
PEDOT-PSS incorporation is more effective for enhancing the ki-
netics for Li* insertion rather than for Li* extraction.

To get more details, Nyquist plots of the NEs were obtained at a
fully charged state, as shown Fig. 4a. The spectra exhibit depressed
arcs at high frequencies and a straight line inclined at a constant
angle to the real axis at low frequencies. The results were carefully
fitted with an equivalent circuit (inset), which comprises the un-
compensated solution resistance (Rs), the surface film resistance
(Ry), the constant phase element (CPEs) for surface films, the charge
transfer resistance (R¢), the constant phase element (CPEq;) for
double-layer charging/discharging, and the diffusion impedance
(Zq). Note that R decreases with increasing amount of PEDOT-PSS
incorporation, with 35.5, 30.9, and 26.8 Q measured for the bare,
PP-0.5, and PP-1.0 NEs, respectively (Table 2), indicating that the
PEDOT-PSS incorporation is also beneficial for improving Li*
transport kinetics, as evidenced by the smaller values of R.. The
reduction of R of the NEs induced by PEDOT-PSS incorporation
was also evident at OCV (Fig. S6 and Table S4). Moreover, there is no
significant difference in the Li* diffusion coefficient (Dy;) among
these NEs derived from the Warburg impedance, Z,, in the
diffusion-controlled region as a function of w2 for the bare, PP-
0.5, and PP-1.0 NEs (Fig. 4b). The relationships are linear, and
equal Warburg pre-factors (o) are obtained for all the NEs
(¢ = 3.90), expressed as follows [31,32].
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o = Vim(dVoc/dx) /zFA(2Dy;) '/ (1)
where V,,, was calculated to be 26.12 cm?® mol~! based on the mass
(4.985 mg) and the volume (10.85 x 10~3 cm?) of soft carbon. At
100% SOC (assuming that x = 1.0 in practical capacity of
250 mAh g~ 1), the value of dV,/dx was determined to be 1.146. The
surface area (A) of 1.69 m? g~' was obtained from a Bru-
nauer—Emmett—Teller (BET) measurement and the slope of Zj, vs.
w2 was measured to be 3.90. As expected from Eq. (1), these
parameters are equivalent for all the NEs employing the same soft
carbon. Although the diffusion coefficient (Dj;) of soft carbon
cannot be derived accurately owing to its disordered microstruc-
ture, we calculated Eq. (1) by employing the practical capacity
(250 mAh g ') instead of unknown theoretical capacity, and the
same Dy;, ~4.46 x 10~13 cm? s~!, was obtained for all NEs accord-
ingly. Therefore, the electrochemical enhancement at a high cur-
rent density (5 C) mainly originates from the favourable electric
conductivity afforded by PEDOT-PSS rather than from Li* diffusion
characteristics in the bulk. The enhancement of surface kinetics
maximized the rate capability for Li* insertion into the NE, whereas
Dy is more closely related to the bulk reaction of the materials. As
previously reported, the improved electric conductivity of the NE
can reduce the charge-transfer resistance by lowering the activa-
tion energy associated with the Li™ insertion process at the elec-
trode/electrolyte interface [33—38]. As a result, the incorporated

PEDOT-PSS effectively facilitates the charge transfer reactions at
the surface of soft carbon through the interface, leading to the
superior rate capability of the PE-1.0 NE as compared with the bare
NE.

The power characteristics of LICs are generally determined by
the NE because Li* insertion and extraction involved in the NE is
more sluggish than its counter reactions on the surface of the PE. In
this regard, it is important to improve the rate capability of the NE
in advance in order to build a robust and high-performance LIC. To
examine the feasibility of the proposed NE, a LIC full-cell was
assembled with activated carbon PE and PP-1.0 NE, as described in
Table S2. The PP-1.0 NE was pre-lithiated with 80% of the NE ca-
pacity (16.3 mAh) by electrochemical charging to 0.01 V using an
auxiliary metallic Li electrode prior to cell operation. After pre-
lithiation, the cell was galvanostatically charged and discharged
in a voltage range of 1.5-3.9 V at current densities ranging from
0.2 C(17 mA gfl) to 200 C (17 A g~ 1). For comparison, another LIC
full-cell composed of an activated carbon PE and a bare NE was also
tested under the same operating conditions.

At a current density of 0.2 C, the LICs employing the bare NE and
the PP-1.0 NE delivered similar discharge capacitances of approxi-
mately 9.9 F, as shown in Fig. 5a. As the applied current density
increased, however, the LIC with the PP-1.0 NE exhibited a higher
capacitance up to 100 C. These results are mainly attributed to the
improved electrochemical characteristics of the PP-1.0 NE by
incorporation of PEDOT-PSS. As suggested, the PEDOT-PSS
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Table 2

Electrochemical resistance of the bare, PP-0.5, and PP-1.0 NEs.
Sample Rs (Q) Rf (Q) Ret (Q)
Bare NE 1.5 6.7 35.5
PP-0.5 NE 1.5 6.4 30.9
PP-1.0 NE 1.5 6.4 26.8

incorporated in the NE provides additional electron conduction
pathways, which are responsible for facilitating the surface kinetics
and reducing the electrical and charge transfer resistance associ-
ated with electron—Li* reaction in the LIC. As compared with the
bare NE, the improved electric conductivity of the PP-1.0 NE
afforded by PEDOT-PSS incorporation enabled maximal utilization
of the PE in the LIC, with a reduced overpotential during cell
operation (Fig. S7). As a result, the LIC employing the PP-1.0 NE had
a more reduced IR drop, with a capacitance of 6.6 F (66.7% of the
capacitance at 0.2 C) and a 6.1% higher retention than the bare NE
(6.0 F, 60.6% of the capacitance at 0.2 C). The enhancement of the
power characteristic of the LIC induced by PEDOT-PSS incorpora-
tion is also presented in Ragone plots (energy density vs. power
density) in Fig. 5b. The LIC employing the PP-1.0 NE has a slightly
higher energy density than the one with a bare NE for power

4.0
(a) ---- LIC with Bare NE
1 (Dash lines)
A\ D ——LIC with PP-1.0 NE
3.5 (Solid lines)
— 100C,50C,10C,1C,02C
S 3.0 IS I O
[0}
)]
3 N
O 25+ &
> AR
2.0
1.5
0 10
40
(b)
—~ 304
T
e @
g 20_: Conductive Conductorouz
polymer i
> i)
=) i
2 ;
S | ~e-Lcwith Bare NE o
| @ LIC with PP-1.0 NE
10 AL | T TorrTrTTT Rl B
1 10 100 1000 10000

Power density (W L)

Fig. 5. (a) Rate capabilities of LICs employing the bare and PP-1.0 NEs obtained at
various current densities ranging from 0.2 C to 100 C, and corresponding (b) Ragone
plots.

densities ranging from 100 to 4000 W kg~ . This improvement is
attributed to the higher capacitance retention of the LIC employing
the PP-1.0 NE as the power density increases.

Fig. 6a shows the cycle performance of LICs employing bare NE
and PP-1.0 NE during 5000 cycles at a current density of 10 C
(850 mA g ). From around the 2000™ cycle onwards, noticeable
capacity fading of the LIC with the bare NE was observed. After
5000 cycles, only 63.3% of the capacitance was retained in the LIC
with the bare NE. In contrast, the full-cell with PP-1.0 NE showed
more stable cycle performance up to 5000 cycles and the capaci-
tance retention was estimated to be 84.7%. According to previous
works by Takamura et al. and Veeraraghavan et al., the better
conductivity leads to better utilization of the material in electrodes,
resulting in higher capacity retention during repeated cycles
[39,40]. The positive effect of PEDOT-PSS incorporation into the NE
on the cycle performance is also clearly revealed in the impedance
spectra recorded after the 1st, 1000th, and 5000th cycle. After the
1st cycle, similar resistance was found in the LIC with the bare NE
and PP-1.0 NE (Fig. 6b). However, the internal resistance of the LIC
with the bare NE was clearly greater after the 1000™ and 5000
cycles. Since non-Faradaic reactions are mainly involved in the PE,
the obtained semi-circles are closely related to the electrochemical
behaviour of the respective NEs. Thus, we suggest that a high
electric conductivity of PEDOT-PSS induces a reduction of the semi-
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Fig. 6. (a) Capacitance retention of LICs employing bare NE and PP-1.0 NE during 5000
cycles at a constant current density of 10 C in a voltage range from 1.5 to 3.9 V. (b) EIS
result obtained from LICs employing bare NE and PP-1.0 NE at selective cycles (after
1st, 1000th, and 5000th cycle).

circle in the EIS results, responsible for lowering charge transfer
resistance in the NEs [39,41—43]. This could indeed lead to
degraded cycle performance. The favourable electron networks
achieved through the addition of PEDOT-PSS to the NE therefore
secure enhanced electrochemical performance.

4. Conclusion

PEDOT-PSS, a conductive additive, was added to NEs as a part of
the binding material, and its effect on the rate capability of soft
carbon electrodes toward Li* insertion and extraction was inves-
tigated. It was confirmed that the incorporation of PEDOT-PSS was
effective for increasing the electrical conductivity of the NE and
reducing the charge transfer resistance, thereby providing
enhanced rate capability, in particular for Li* insertion during
charging. This positive effect of PEDOT-PSS addition is also reflected
in the electrochemical behaviours of LICs. A noticeable improved
power capability of LICs can be attained by reducing the charge
transfer resistance and improving the exchange current density.
The addition of PEDOT-PSS to NEs thus ensures enhanced energy
and power densities of LICs. In conclusion, the addition of appro-
priate amounts of PEDOT-PSS is beneficial to the electrochemical
performance of LICs.
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