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Abstract In recent years, tremendous research effort has been focused on novel
supercapacitors because of their stable ultra-high power density, cycling life, and
fast charging–discharging rate. These researches aimed at increasing the energy
density of supercapacitors without sacrificing high power capability so that they
reach the levels achieved in batteries and at lowering fabrication costs. For this
purpose, conjugated polymers have been effectively integrated with graphene
nanosheets for supercapacitor applications, which sparked great excitement in
superior performance owing to their synergistic effects on charge absorption and
transportation, and extraordinary characteristic of the reversible oxidation–reduc-
tion activity which enables a high energy density. In this chapter, simple pathways
to tailor polymer/graphene composites architectures for improving supercapacitor
performances were summarized. Further, a theoretical model has been established
to quantify the influences of various factors on the supercapacitor behaviors. On
this basis, challenges and perspectives in this exciting field are also discussed.
These results not only provide fundamental insight into supercapacitors but also
offer an important guideline for future design of advanced next-generation super-
capacitors for industrial and consumer applications.

8.1 Introduction

With the rapid growth of hybrid vehicles and renewable energy systems, there is an
urgent need for developing advanced electric energy storage with high-storage
capacity and fast charge–discharge ability to meet practical application [1]. Among
available energy storage devices, there are three typical traditional energy storage
devices: fuel cells, batteries, and capacitors. Fuel cells have the largest energy
density, while capacitors have the highest power density. The energy and power
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density of lithium batteries are between fuel cells and capacitors. Supercapacitors
were invented in 1970s and quickly became one of the rising stars in the new
century. Supercapacitors are a type of energy storage whose power density is
extremely high compared with traditional batteries [2]. Physical, rather than
chemical, energy storage makes it possible to operate safely and extend the life
cycle. As the superior performance on the rate of charging and discharging,
supercapacitor can be applied in electric vehicles (EV) [3]. From the comparison of
all the devices presented above, the applications of supercapacitors are hindered by
low energy density. Although supercapacitors have a much larger energy density
than traditional capacitors, they have far less energy density than lithium batteries
[4–6]. That is why supercapacitors are always installed with lithium batteries as a
power device. In order to solve this challenge, high-performance supercapacitor
with high energy density is needed to be developed. Graphene is selected as a
promising material for various energy systems such as supercapacitors, solar cells,
and fuel cells because of its reversible oxidation–reduction activity and the good
conductivity of graphene. Hence, graphene materials are always composited with
polymers which can promote the process ability and/or flexibility of graphene
materials [7].

There are two types of supercapacitors according to the different charging–
discharging mechanisms. The first one, performed from a double-layer capacitance,
is called (electric or) electrochemical double-layer capacitor (EDLC). And the other
one is so-called faradic pseudo-capacitor [8]. The definition of the capacitance of
the ELDC is shown as below:

CS ¼ Ae0er
d

; ð8:1Þ

where Cs is the specific capacitance, e0 is the vacuum dielectric constant, and er is
the dielectric constant of electrolyte, A is the effective surface area, and d is the
effective thickness of the electric double layer. This equation guides the direction of
increasing the capacitance of EDLCs. EDLC materials always have a large effective
surface area of the electrodes. Compared with the traditional physical capacitors,
the thickness of the electric double layer (which refers as d in Eq. 8.1) varies within
several nanometers, resulting in a larger specific capacitance.

The basic structure of an EDLC is shown in Fig. 8.1a. The membrane only
allows ions to pass through in order to avoid the short circuit. During the charging
process, the ions move to the opposite charged electrode and attach onto the
electrode via electrostatic attraction. During the discharging process, the electrons
travel through the external circuit, the ions leave the electrodes and consequently
the system goes back to neutral. The structure of EDLC gives it huge power density
because of extremely high-speed absorption/desorption process between thin
electrochemical double layer and consequently resulting in the steady charge and
discharge throughout a wide charge–discharge rate as shown in Fig. 8.1b.

On the other hand, the mechanism of the faradic pseudo-capacitor is more
complicated than EDLC. Besides the huge surface area like that of EDLC, it also
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involves the reversible electrochemical reactions. The definition of the capacitance
of the pseudo-capacitor is shown as below:

ip ¼ an1:5AD0:5Cv0:5 ð8:2Þ

i ¼ ip
nF
RT

ðE � EeqÞ ð8:3Þ

CS ¼
R
idt

DVm
; ð8:4Þ

where ip stands for peak current of electrode when electrochemical reactions occur,
a is a constant number of 2.69 � 105, n is the number of electrons transferred in a
specific electrochemical reaction, A is the effective surface area of electrode, D is
the diffusion coefficient of electrolyte, t is the scan rate, C is the bulk concentration
of electrolyte, t is the scanning time during the test, DV is the voltage difference
between the beginning and of the end of scan, m is the mass of the electrode, i is the
electrode current, F is the Faraday’s constant, R is gas constant, T is thermodynamic
temperature, E is the on-site potential, Eeq is the standard electrode potential for an
electrode/electrolyte combination, and Cs is specific capacitance.

It is easy to realize that the specific capacitance of the pseudo-capacitor is
determined by many variables. The peak value depends on the number of electrons
transferred during the electrochemical reaction and the intrinsic property of the
electrode material. The second most significant factor is the efficient surface area,
and the third one is the diffusion coefficient of ions in the electrolyte. Hence,
increasing the effective surface area, electrolyte concentration, and electrolyte dif-
fusion coefficient is the key direction in enhancing the capacitance of
pseudo-capacitor, after the electrode material is selected. The basic structure and

Fig. 8.1 Typical structure of EDLCs (a); representative cyclic voltagramm of EDLC
(b) (Reproduced from Ref. [2] with kind permission of © 2004 American Chemical Society,
and Ref. [5] with kind permission of © 2010 Springer)
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cyclic voltammetry of pseudo-capacitors are presented in Fig. 8.2. The majority of
difference between the EDLC and the pseudo-capacitor is that the materials of the
pseudo-capacitor which have two or more reversible oxidation states (shown in
Fig. 8.2a). During the charging process, the electrode received the charges from the
ions and transferred to a higher oxidation state. The electric energy is transferred
and stored as chemical energy. During the discharging process, the electrons move
from the negative electrode to the positive one via the external loop, and electrode
loses charges and goes back to the base state.

There are three main methods to determine the capacitance of conducting
polymer materials, namely, constant current charge–discharge, cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS). Theoretically, the
charge–discharge curve for a capacitor should be linear with a slope equal to
the current divided by the capacitance. Without the influence of redox processes,
the cyclic voltammogram of a capacitor would be shaped as rectangular and the
capacitance is equal to half the value of difference in plateau currents divided by the
scan rate. The slope of the EIS data can represent the capacitance of a capacitor.

8.2 Polymer/Graphene Composite

8.2.1 Electrode Material Selection

8.2.1.1 Carbon-Based Materials

Most EDLC is based on the carbon materials which have huge surface areas and
good electrical conductivity. In the ideal EDLCs, the only possible reaction which
can reduce the life cycle of the materials is electrostatic attraction. High rate of
charging–discharging in EDLC also refers to high power density. Hence, the main

Fig. 8.2 Typical structure of pseudo-capacitor (a); representative cyclic votagramm of
pseudo-capacitor (b) (Reproduced from Ref. [4] with kind permission of © 2004 SERDP)
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research about EDLC focuses on improving the energy density and specific
capacitance. In order to improve the capacitance, according to Eq. (8.1), it is
effective to enlarge the effective surface area of electrode materials. Meryl D. Stoller
et al., firstly, used chemically modified graphene (CMG) as the EDLC electrode
material. The surface area measured by Brunauer–Emmett–Teller (BET) method
was 705 m2/g. And the specific capacitance was calculated as 135 and 99 F/g in
aqueous and organic electrolyte, respectively, which are much lower than the
theoretical value, 550 F/G [6]. Yoo et al. applied chemical vapor deposition to
fabricate the ultrathin “planar graphene” and used a perpendicular electrode to
avoid the agglomeration of graphene which commonly happened in the chemically
prepared graphene. As a result, the surface area of planar graphene was significantly
increased as high as 1310 m2/g, and the specific capacitance can reach 247 F/g [9].

Kaner et al. employed laser scribed graphene (LSG) film as the electrode of
supercapacitor. LSG can increase the surface area as 1520 m2/g, and hence the
capacitance can reach 276 F/g [10]. Another research reported by Zhu et al.
increased the effective surface area of graphene up to 3100 m2/g by via the
chemical activation of microwave (or thermally)-exfoliated GO [11]. The recent
trend focuses on PANI/graphene supercapacitor. Xie et al. demonstrated that the
wavy-shaped PANI/graphene-based supercapacitor can reach 261 F/g capacitance
and an energy density of 23.2 Wh/kg at a power density of 399 W/kg for a 0.8 V
voltage window. Based on the above research, the theoretical capacitance of
550 F/g is difficult to achieve because the surface area of single-layer graphene is
not fully used for charge transition at the electrochemical double layer. Although, it
is hard to increase the specific capacitance of carbon-based materials, and the
energy density is readily increased according to the equation:

E ¼ 1
2
CSV2; ð8:5Þ

where E is energy density, Cs is the specific capacitance, and V is the voltage
difference between the beginning and the end of discharging. Graphene is a rela-
tively inert material even at high voltage. As a result, it is easy to increase energy
density by adding the voltage. Water will electrolysis at 1.22 V, and it is easy to
overcome this problem with replacing water by other organic electrolyte.
EMIMBF4 ionic liquid electrolyte can hold 4 V, which brought 16 times incre-
ments compared with water [3, 12]. Other organic systems were also studied, such
as TEABF4/PC, TEABF4/AN [6, 13, 14], NEt4BF4-PC [15, 16], LiClO4/PC [17],
and BMIM BF4/AN [11].

8.2.1.2 Conducting Polymer Materials

On the other hand, there are two main types of pseudo materials: metal oxides and
conjugated polymers. The stored energy in these materials can be also classified
into two types: direct electrostatic attraction and reversible chemical–electrical
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energy conversions. Hence, a pseudo-capacitor can store much more energy and
thus has a larger energy density at same voltage range. During charge–discharge
process, negative ions can diffuse through the crystals of metal oxides and form
metal complexes. Because of the robust structure of the crystal, the metal oxide to
metal complex transition is highly reversible. This could result in long cycling life
close to EDLCs. McKeown et al. used RuO2 as pseudo materials which can make
the specific capacitance reach the theoretical value 720 F/g.

Most recently, conjugated polymers have been investigated as electrode mate-
rials because of their fast kinetics of charge/discharge, high electrical conductivity,
mechanical flexibility, and low cost [18]. Conducting polymers are easily to be
manufactured as self-supporting, flexible thin film. These advantages attracted
researchers as an ideal electrode material for flexible supercapacitor applications.
However, the durability and electrochemical stability must be considered because
of the stresses during charge/discharge process. Polyaniline (PANI), polypyrrole
(PPy), polythiophene (PT), and PEDOT, and composites containing them are
widely considered as electrode materials (Table 8.1).

Table 8.1 Specific capacitances of composite and treated materials [8]

Electrode material Specific
capacitance (F/g)

Electrolyte

PPy-SWNTs 144 Aqueous

PPy-funct-SWNTs 200 Aqueous

PEDOT-on-PPy 230 1 M LiClO4 (aq)

PEDOT-on-PPy 290 1 M KCl (aq)

PPy-Fe2O3 420 LiClO4 (aq)

PPy 78–137 PVDF-HFD gel electrolyte

PEDOT-MoO3 300 Nonaqueous Li+

Nonirradiated HCl-doped PANI 259 Gel polymer electrolyte

Nonirradiated HCl-doped PANI 210 (10,000 cycles) Gel polymer electrolyte

Irradiated HCl-doped PANI 243 Gel polymer electrolyte

Irradiated HCl-doped PANI 220 (10,000 cycles) Gel polymer electrolyte

RuOX-PEDOT-PSS 1409

PPy-fast CV deposited 480 1 M KCl (aq)

ACP-PANI 273 1 M H2SO4

Non-treated PEDOT 72 1 M H2SO4

Ultrasonicated synthesis of
PEDOT

100 1 M H2SO4

MWNT/PANI 20/80 wt% 360

MWNT/PPy 20/80 wt% 190

PANI coated CNF (20 nm) 264

PEDOT/MSP-20 56 (1000 cycles) Et4NBF4 in PC, LiPF6 in
EC/DMC
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Polyaniline

PANI is considered one of the most promising supercapacitor or battery electrode
material because of its low cost, ease of synthesis, high theoretical capacity, flex-
ibility, high conductivity, good redox reversibility, and environmental stability [19–
39]. The theoretical specific capacitance of PANI is 2000 F/g (if PANI is fully
oxidized or reduced in charging–discharging process) [40]. However, a major
constraint of PANI is that it needs a proton to be properly charged and discharged;
as a result, a protic solvent, an acidic solution, or a protic ionic liquid is required
[29]. The specific capacitance is higher for electrodeposited formed PANI than for
chemically formed one. The capacity of PANI is varied from 44 to 270 mAh/g [19].
This variation comes from many factors, including synthetic route used, polymer
morphology, the amount and type of binders and additives, and the thickness of the
electrode. It is a good idea to use the method of design of experiment (DOE) to
figure out the most significant factors.

To maximize capacitive behavior, the morphology of the PANI can be controlled
on the nanoscale by forming nanowire or nanofibers. In the literature, Zhao et al.
reported the highest specific capacitance as 1142 F/g when PANI nanowire was
prepared by electrodeposition on an anodic aluminum oxide (AAO) template [41].
The fibrous PANIs were published owing higher effective surface area than those of
non-fibrous PANI [42, 43]. The specific capacitance of thin nanofibrous PANI was
160 F/g, which is higher than that of thick nanofibrous PANI or that of spherical
(non-fibrous) PANI for 120 and 90 F/g, respectively. The surface area measured by
Brunauer–Emmett–Teller (BET) method was 70 m2/g for the thin PANI nanofibers
which is much larger for thick PANIs or spherical PANIs for 21 or 13 m2/g,
respectively.

Polypyrrole

PPy is another promising supercapacitor electrode material which offers a great
degree offlexibility [44–67]. PPy is typically doped with single-charged anions such
as Cl−, ClO4

−, and SO3. But if doped with multiple-charged anions, e.g., SO4
2−,

physical cross-linking of the polymer occurs [68]. The theoretical specific capaci-
tance of PPy is 620 F/g [69]. The supercapacitors which were assembled by
poly-vinylidene fluoride co-hexafluoropropylene (PVDF-HFP)-based gel elec-
trolytes sandwiched between PPy electrodes showed the specific capacitances about
78–138 F/g [70]. Other researchers demonstrated PPy-Nafion deposited on Pt or
PPy modified composited membranes with good specific capacitance and cyclic
stability for electrochemical applications [71, 72]. PPy/Nafion and PPy/paratoluene
sulfonated, decomposited onto a gold-coated polyvinylidene difluoride (PVDF)
membraned substrate, showed specific capacitances of 380 and 430 F/g, respec-
tively. The PPy/Nafion electrode showed better properties on the cycling life and
energy density than that of the PPy/paratoluene sulfonate electrode. In the CV
curves, the capacitance of PPy/Nafion electrode was conserved up to 70% after 5000
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cycles, whereas the capacitance of PPy/paratoluene sulfonate was only 12%
remaining.

On the other hand, PPy nanospheres were able to be prepared in graphene layers
to form a three-dimensional hierarchical cross-linking structure through simple
hydrothermal method [73]. Gan et al. built a symmetric supercapacitor from the
porous MnO2/PPy nanocomposite yielded a specific capacitance of 142 F/g per
mass of one electrode. The cycling life of this capacitor remained 93.2% capaci-
tance retention after 1000 cycles [74].

Polythiophene

The electrical conductivity and the theoretical capacitance of polythiophene are
estimated to be 300–400 S/cm and 485 F/g, respectively. In the literature, the
specific capacitances of polythiophene derivatives showed as about 220 F/g [75].
Although this capacitance is lower than that of PANI and PPy, poly
(3,4-ethylenedioxy-thiophene) (PEDOT) has advantages due to chemical and
thermal stability in the oxidized form and fast electrochemical switching [76, 77].
PEDOT has many advantages such as good electrical conductivity, flexibility, low
cost, and pseudo-capacitance. PEDOT was used as an active material in superca-
pacitors. In the recent research, the processing temperature of vapor phase poly-
merization (VPP) showed a significant effect on PEDOT morphology, the degree of
orientation, and its electrical properties. By this effect, PEDOT-based composites
show a specific capacitance up to 134 F/g with the polymerization temperature of
110 °C [78]. Zhao et al. used binder-free porous PEDOT electrodes for flexible
capacitors. The specific capacitance, energy density, and coulombic efficiency of
the PEDOT supercapacitor can reach 69 F/g, 24 Wh/kg, and 95% at a current
density of 0.2 A/g, respectively. Also, PEDOT electrodes presented good cycling
performance. The capacitance retention ratio is about *72% after 1500 cycles. The
results of PEDOT film from different current densities and scanning rates show the
supercapacitors have better rate performances [79].

The use of PEDOT nanowires enables assembly of PEDOT mats which can be
assembled into all-textile flexible supercapacitors using carbon cloth as the current
collector. Electrospun polyacrylonitrile (PAN) nanofibrous membranes were used
as the separator. Ionic liquid-impregnated PVDF-co-HFP was used as the solid
electrolyte. The specific capacitance was shown about 20 F/g [80].

8.2.2 Electrolytes

In supercapacitor, the electrolytes are another significant part need to be considered.
In common, the charges of a supercapacitor are carried by ions that travel through
the electrolyte. Thus, the viscosity, ionic conductivity, and boiling points of
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electrolytes are all key factors. Generally, electrolytes can be divided into three
types: aqueous electrolyte, ionic liquid, and solid-state electrolyte.

8.2.2.1 Aqueous-Based Electrolytes

Aqueous-based electrolytes, which have low price, compatibility with most salts,
and high ionic conductivity, are extensively investigated and widely used. The
conductivity of aqueous electrolyte can be calculated in the following equation
[81]:

j ¼
X

CiZiki; ð8:6Þ

where Ci is the concentration of dissolved ion i, Zi is the absolute value of the
charge number of ion i, and ki is the equivalent ionic conductivity of ion i. The
measured value of the ionic conductivity of 1 M HCl at room temperature is about
0.347 S/cm. As the HCl concentration and temperature increased, the conductivity
increases, respectively [82]. The conductivity of Na2SO4 solution is higher than that
of HCL, at 4.24 S/cm in 0.5 M at room temperature [83]. However, the application
of aqueous electrolytes is limited since the water will be decomposed above 1.22 V.
In the literature, the charge–discharge voltage of most aqueous-based supercapac-
itors is about 0.7–0.8 V. In this situation, the potential of electrodes is far from fully
explored [84]. Wagner et al. showed that the equivalent conductivity of various
aqueous-based electrolytes increases linearly as the temperature is increased
between 0 and 100 °C, and the result can be seen in Fig. 8.3 [81]. As the saturated
vapor pressure is relatively high (1 atm at 100 °C), it makes water easy to evaporate
and even boil and consequently constraint the application of aqueous-based
electrolytes.

Fig. 8.3 Conductivity–
temperature dependence of
various aqueous electrolytes
(Reproduced from Ref. [81]
with kind permission of ©
2012 Research Gate)
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8.2.2.2 Ionic Liquid-Based Electrolytes

Ionic liquid is another major type of the electrolytes which attracted a huge amount
of attention for several years. Typically, they kept in the liquid state and ionized
organic salts at ambient temperature which results in showing a high ionic con-
ductivity. The detailed chemical structures of cations and anions are presented in
Fig. 8.4 [85]. Most of the cations are nitrogen-based hexagons and pentagons in a
conjugated structure. As the molecules are stable of the rigid and conjugated
structures, they are more stable in a wide temperature and voltage window,
specifically up to 7 V and from −40 to 200 °C. In order to improve the specific
capacitance, energy density and power density are directly correlated with charge–
discharge voltage, and consequently it is significant to enhance the voltage of the
electrochemical performance in a safe manner.

The low ionic conductivity is the key factor of ionic liquid, and it can be
expressed by the equation [86]:

K ¼ e2NA

kBT
ðDþ þD�Þ; ð8:7Þ

where K is the conductivity at low ion concentration, NA is Avogadro’s number,
e is the charge of one electron, kB is Boltzmann’s constant, and D+ and D− are the
diffusion coefficients of cation and anion, respectively. The correlation between
diffusion coefficient and viscosity is quantified by the Stokes–Einstein equation
[87]:

D ¼ kBT
6pgr

; ð8:8Þ

where η is the viscosity of the ionic liquid and r is the radius of ions. The rela-
tionship between viscosity and temperature can be described by Vogel–Fulcher–
Tamman equation as followed [88]:

g ¼ g0
T

1
2

exp
B

T � T0

� �
; ð8:9Þ

where η0 is a pre-exponential constant proportional to the viscosity coefficient, B is
the pseudo-activation energy for viscous behavior, and T0 is the ideal melting
temperature of ionic liquid. From the equations, it can be seen that ionic liquids
show better features at higher temperature with lower viscosity. On the other hand,
a large ion radius results in a small diffusion coefficient and finally a low con-
ductivity. This results in a smaller power density than that of aqueous electrolyte.
Compared with other electrolytes, ionic liquids have high cost and lack of physical
property and toxicity data which restricting the properly use as process chemicals
and processing aids at current state [89]. In addition, as those ionic liquids are still
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Fig. 8.4 Common ionic liquids: cations (a); anions (b) (Reproduced from Ref. [85] with kind
permission of © 2012 Royal Society of Chemistry)
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free to flow, a good container and good sealing is required when assembling the
products which constrain their applications in flexible supercapacitors.

8.2.2.3 Solid-State Electrolytes

Modern electronics require not only higher and higher energy storage devices, but
also other features, such as flexibility, smaller size, safety, and cheaper price.
Solid-state electrolyte is the most outstanding candidate to meet all of the
requirements. There are mainly two categories of solid-state electrolytes. The first
type is glass and ceramics consist of mixture of lithium salts, such as lithium
nitrides, sulfides, borates, phosphates, etc. [90–93]. However, most lithium salts are
sensitive to moistures and no longer flexible after sintering. Another type of the
solid-state electrolyte is the polymer-based solid-state electrolyte, which is prepared
by doping proton acids or ionic liquids into polymer matrixes. Polyvinylidene
fluoride (PVDF), polyethylene glycol (PEO or PEG), and polyvinyl alcohol
(PVA) are the three most employed matrixes. PVDF matrix is coupled with ionic
liquids and lithium salts by mixing in organic solvents [94]. PEG and PVA can be
coupled with proton acids by dissolving in water making them more commonly
used in both in research and applications. Capiglia et al. found that the ionic
conductivity of the SiO2-doped PEO8–LiClO4 was about 10

−4 S/cm [95]. In Haijun
Yu’s study, the conductivity of KI-doped PVA–KOH can reach 10−2 S/cm [96].
The ionic conductivity of various solid-state electrolytes (and ionic liquids as well)
is summarized in the Fig. 8.5 [97]. From the figure, it can be found that the ionic
conductivity of PEO–LiClO4 and LiPF6/PVDF-HFP systems is only about
10−3 S/cm at room temperature. Although they can continuously increase as the
increase of the temperature, respectively, their highest values are still only about
10−2 S/cm at 100 °C which is onefold lower than that of ionic liquid LiBF4/
EMIBF4 (up to 10−1 S/cm), and twofolds lower than that of aqueous electrolytes.
Hence, much lower power density could be expected according to P = U/(4ESR2).
In this situation, low ionic conductivity is the major contributor of ESR.

Although the solid-state electrolytes are widely applied in electronics, the
highest ionic conductivity is still lower than that of medium value in proton acids’
aqueous electrolyte. Since there is no universal model to describe the conducting
mechanism of solid-state electrolytes, the conducting behaviors of solid-state
electrolytes can be approximately described by basic semiconductor equations as
follows:

r ¼ qnl: ð8:10Þ

This is a universal equation to describe the conductivity of doped semicon-
ductor, where r is the conductivity, q is the charge of a carrier which is equal to Z*
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1.602 � 10−19 C (when carrier is not electron), n is the carrier concentration, and l
is the carrier mobility. The carrier concentration and mobility have different for-
mations depending on different materials.

In organic semiconductors, carrier mobility follows Langevin theory [98]:

l ¼ eD
kBT

: ð8:11Þ

And the carrier concentration can be calculated by following equation [99]:

nþ =� ¼ NA

1þ g� exp ððEA � EFÞ kTÞ ; ð8:12Þ

where NA is the nominal concentration of dopant, EA is the ionization energy, EF is
the Fermi energy, g is the degeneracy factor for acceptor levels, and a value of 4 is
commonly assigned to g.

It can be seen that the major variable affecting the carrier mobility is the diffusion
coefficient. However, Eq. (8.8) is not applicable in the solid. Increasing the dopant
concentration is the most direct approach to increase the carrier concentration.

Fig. 8.5 Ionic conductivities of various solid state electrolytes (Reproduced from Ref. [97] with
kind permission of © 2011 Macmillan Publishers Ltd)
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8.3 Preparation of PANI Nanowires/Graphene
Composites

In this chapter, three novel, facile, and scalable approaches are presented to control
the geometries and structures of the graphene interlinked aligned PANI nanofibers
to achieve optimal supercapacitive performance. By carefully selecting the syn-
thesis approaches and parameters, PANI nanofibers with uniform alignment and
narrow size distribution are realized. Also, a theoretical model has been established
to quantify the electrode structures and performance relationship and to provide the
guideline for the future fabrication and optimization. Thus, this chapter provided
both experimental and theoretical approaches for constructing high energy density
and high power density supercapacitors.

8.3.1 Melamine-Assisted Synthesis of PANI/Graphene
Composites

Due to the strong p–p conjugation between the PANI hexagon ring and graphene, it
is hard for the PANI to nucleate directly on graphene. Another problem is that
graphene sheets and PANI nanowires are usually randomly dispersed and lacked of
ordering and porous structure in the hybrids, which can significantly affect the
performance of their supercapacitors. Thus, template-assisted nucleation is urgently
needed for producing tailored PANI nanowire morphology to meet specified
characteristics, such as orientation, size, and distribution. However, it is very
challenging to apply a template to various graphene nanosheets randomly dispersed
in the colloidal suspension.

In Wang’s work [100], a small molecule is reported to generate heterogeneous
nucleation of PANI on the graphene sheets to reduce the thickness of the PANI
coating. Melamine is a conjugated small molecule, and its molecular structure is
shown in Fig. 8.6. Because of the strong p–p conjugate between hexagonal rings, it
can be strongly absorbed onto graphene by non-covalent interactions serving as
nucleation sites for PANI nanowires. Along with the APS added, the amino groups
are dissociated in the acidic solution and initialized the polymerization of PANI.
The dilute ANI monomers are used to ensure the subsequent growth of PANI

Fig. 8.6 Structure of
melamine
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nanowires is vertically aligned. The relevant growth mechanism of PANI nanowires
is described below (Fig. 8.7).

Simultaneously, melamine is further employed to tune the diameter and area
density of PANI nanowires on both sides of graphene sheets by adjusting the
concentrations of melamine and ANI. The smallest diameter and largest area
density can be achieved when the concentration of melamine is 0.06 mM and ANI
is 3 mM. The ordered porous network in the graphene/PANI nanowire hybrids can
facilitate the ion diffusion, transportation, and exchange. These results suggest that
melamine is promising to design and synthesize tunable nanostructures to meet the
various needs.

8.3.2 Graphene Film Cross-Linked Ordered PANI

In Sect. 8.3.1, a soft template directed PANI/graphene hybrid is fabricated in the
colloid. Despite its easy preparation and high yield, a lack of processibility is the
major challenge in the electrode applications. Also, additional conductive and
adhesive materials have to be used to bind the PANI/graphene powders, which will
reduce conductivity. To solve these problems, in situ synthesis of a PANI nano-
wires array on the conductive substrate is more attractive due to the low contact
resistance between electrode and current collector. Moreover, the desired structure
can be very stable (Fig. 8.8).

In this situation, a multilayered vertically aligned PANI nanowire arrays were
prepared by using graphene film as an interlayer [101]. Specifically, the

Fig. 8.7 Proposed
mechanism of PANI
nanowires: growth without
melamine and heterogeneous
nucleation and growth in bulk
solution (Reproduced from
Ref. [100] with kind
permission of © 2013 Informa
Group plc)
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self-assemble molecule-induced dilute solution method was used for PANI arrays
synthesis, then graphene paper was transferred onto it and a further PANI layer was
also introduced on to graphene. In the process of synthesis, several different acids
(HCl and HClO4) were chosen as dopants. It turned out that using HClO4 can help
to achieve more favorable porous morphology and led to better electrochemical
properties, which is owing to the dependence of PANI nanowire morphology on the
size of dopants. At the beginning of synthesis, 4-ATP molecules were absorbed
onto the gold foil and formed a soft template for ANI monomers to nucleate [102].
Subsequently, ANI monomers were in situ protonated, and the acidic radicals doped
into the N atoms. Under such circumstances, the further growth can be approxi-
mately described by the dilute surfactant microcells mechanism proposed by Xia
et al. [103]. Because ClO4− is much larger than Cl− in size, it may generate greater
steric hindrance, and thus lead to thinner nanowires. Obviously, the choice of acid
in the synthesis process plays a critical role in the morphology of 3D network
structures.

Fig. 8.8 SEM images of first layer of PANI array synthesized using different dopant: 1 M HCl
(a); 2 M HCl (b); 1 M HClO4 (c); and 2 M HClO4 (Reproduced from Ref. [101] with kind
permission of © 2013 Elsevier)
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8.3.3 Monolayer Graphene Cross-Linked Ordered PANI

In the last synthesis method, a graphene film interconnected multilayered vertically
aligned PANI nanowire array was studied. It was easy to tune the nanowire
alignment and diameter to enhance the electrochemical performances by changing
the dopants and their concentrations. However, two issues deteriorated their elec-
trochemical performance more or less. First, the self-assembly small molecules
between current collector and PANI hinder the charge transferring efficiency.
Second, it was difficult to prepare a thin graphene interlayer by simply filtering.
Hence, the densely packed graphene film significantly lowered the specific
capacitance.

In the literature [104], the electrochemical deposition was employed to introduce
monolayer graphene onto a PANI nanowire arrays with larger bonding strength for
better charge transferring between PANI and current collector. The monolayer
graphene can serve as both interlayer supporting skeleton and charge transferring
media. Also, a two-step electrochemical method was used to fabricate a better
aligned PANI nanowire array, in which HClO4 was the dopant in the first step and
HCl was the dopant in the second step. The role of the HClO4 had been demon-
strated to allow the PANI nucleation previously. As for HCl-doped PANI nano-
wires, monolayer GO can easily assembled onto the PANI nanowire array, which
was proved in Fig. 8.9a, b. The whole process consists a series of intermediate
reactions. First, the Cl+ was attacked by acyl groups of carboxyl groups, and the
resulted structure was an electron-defect compounds. This structure tended to bond
with benzenoid amines by carbon side. Consequently, one electron was transferred
from carbonyl group to acyl group, and the hypochlorite was removed from
structure. Finally, the carbonyl group gave one proton away and the whole structure
forms a stable amide bonding between PANI and GO.

Fig. 8.9 Surface of PANI array after graphene oxide was electrochemically deposited. PANI
array doped by HClO4 (a); PANI array doped by HCl (b). Graphene oxide was deposited under
1.2 V, 5 lA for 0.5 h in both samples (Reproduced from Ref. [104] with kind permission of ©
2013 Elsevier)
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Therefore, a combined method was developed to produce well-aligned PANI
nanowire array for readily assembly of monolayer GO. To be special, the synthesis
was firstly carried out in the 1 M HClO4 for 6 h, and then in 1 M HCl for another
1 h. Obviously, all the PANI nanowires were vertically aligned and diameter dis-
tribution was uniform, and a high coverage and continuous coating of GO was
obtained and displayed in Fig. 8.10.

PANI nanowires with controlled diameter and length were vertically grown onto
the GO surface while GO was in-situ reduced by an electrochemical method [105,
106]. The alternative growth of PANI nanowire array and assembly of monolayer
GO was carried out for hierarchical 3D nanostructures, and the corresponding SEM
results are shown in Fig. 8.11. This rationally designed architecture will be
advantageous in boosting an optimal performance.

8.4 Electrochemical Performance of Polymer/Graphene
Composites as Battery Electrodes

Several factors significantly affect the electrochemical performances of superca-
pacitor electrodes as summarized by Pandolfo and Hollenkamp in their review, such
as structure of electroactive materials, electrical conductivity of electroactive
materials, and the interface between electrode and electrolyte. In this chapter,
hierarchical nanostructured materials consisting of stacked polymer nanowires
forests interconnected by graphene sheets obtained through three synthetic methods
mentioned in Sect. 8.2. After gradually improving synthetic parameter, growth of

Fig. 8.10 SEM results of PANI nanowire array grown stepwise in 1 M HClO4 for 1 h and 1 M
HCl for 6 h at 2 lA/cm2 current density, respectively. a Top view and b side view (Reproduced
from Ref. [104] with kind permission of © 2013 Elsevier)
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PANI nanowire in HClO4 and HCl stepwise is the best method for both good
alignment and capability to be assembled with graphene. This structure not only can
combine the high stability, high surface area, and conductivity of graphene with
high capacitance of PANI. As a result, the synergistic effect between two compo-
nents resulted in much superior performance. The highest specific capacitance in
aqueous electrolyte was measured as 1443 F/g. Also, high energy and power
density can be achieved simultaneously, specifically 100 Wh/kg at 63,534 W/kg
[104].

The unique layer-dependent electrochemical performance was further investi-
gated as shown in Fig. 8.6. For the cyclic voltammetry scanning, obvious oxidation
and reduction were observed, indicating pseudo-capacitive behavior. The polarizing
current increased linearly with the number of layers of the arrays. The equivalent
series resistance (ESR) was less than 1.0 Ω and the shape of the curve clearly
indicated finite-length porous electrodes. Proton (H+) in acid solution could sig-
nificantly dope PANI and make the PANI highly conductive, thus the charge
transfer happened very quickly and electrochemical behavior was primarily
dependent on the diffusion process. The diffusion resistance can be approximately
calculated as 0.75 Ω by using equation:

RR ¼ 3 ðRi � ESRÞ ð8:13Þ

where RP is diffusion resistance and Ri is the intersection between high and low
frequency. With the increasing number of PANI arrays, the diffusion would be
more difficult because of the vertically diffusion path was blocked by GO, and thus
the specific capacitance decreases slightly (Fig. 8.12).

Fig. 8.11 a SEM image of two-stack 3D nanostructure; b three-stack 3D nanostructure
(Reproduced from Ref. [104] with kind permission of © 2013 Elsevier)
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8.5 Influence of Electrolyte on Performance

Apart from advanced electrode materials, electrolyte is also a major parameter that
is important in determining high-performance supercapacitors.

8.5.1 Organic Electrolytes

All the previous measurements (in Sect. 8.3) were carried out in aqueous solution.
To further investigate the effect of organic electrolyte on the electrochemical
behavior, the PANI/graphene composites were tested in TBAPF6/acetonitrile
electrolyte. There was no proton doping in the organic electrolyte and PANI was
much less conductive, and thus charge transfer process dominates the whole
electrochemical process. As shown in Fig. 8.13, the equivalent series resistance was
as high as 28.1 Ω, indicating higher resistance of system. The original H+ doping
state in first PANI nanowire array was low, conductivity was low, and thus leads to
low charge transfer rate. As GO was assembled and in situ reduced, the band gap of
3D nanostructured materials was lowered, and charge carriers density was
increased. With more graphene layers were introduced into the 3D nanostructures,
charge transfer capability was improved. The charge transfer resistance calculated
as 2, 1.7, and 0.26 Ω for one-, two- and three-layer 3D nanostructured electrodes
derived from the slope of low frequency region. This also agreed well with Wang’s
theoretical [107].

Fig. 8.12 Cyclic voltammetry of multilayered nanostructures scanned at 50 mV/s (a). Impedance
test of 3D structured electrode in aqueous solutions (b) (Reproduced from Ref. [104] with kind
permission of © 2013 Elsevier)
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8.5.2 Solid Electrolytes

Safety and relatively short cycling life are other two issues related to liquid elec-
trolytes. Therefore, various solid-state electrolytes are suggested as promising
alternatives because of their chemical and physical stability, leakage and mainte-
nance requirements, and flexibility. Therefore, multilayered structured polyaniline
(PANI) nanowire arrays linked by graphene, and then incorporated them into
H3PO4–Nafion/PVA to form hybrid composites, which serve as solid-state super-
capacitors. The relevant schematic can be seen in Fig. 8.14.

The specific capacitance was measured to be 83 F/g at 0.1 A/g, and it showed
very less dependence on the current density. The hybrid composites also showed
superior stability on the energy density in a big range of power density. When

Fig. 8.13 Impedance test of 3D structured electrode in TBAPF6/acetonitrile solutions
(Reproduced from Ref. [107] with kind permission of © 2012 American Chemical Society)

Fig. 8.14 Illustration of fabricating multiphase composites as solid-state supercapacitors.
Graphene/PANI hybrid nanostructures were impregnated with PVA and assembled together to
form ordered symmetrical solid-state supercapacitors (Reproduced from Ref. [108] with kind
permission of © 2015 Elsevier)
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power density ranged from 70 to 3600 W/kg, the energy density remained at
26.5 Wh/kg. The as-produced solid-state supercapacitors also demonstrated stable
capacitance on both low frequency and high frequency, which may be due to the
improved charge transporting of the solid-state electrolyte. The specific capacitance
became quite stable after 13% drop in the first 400 cycles. These results indicated
delicate PANI nanostructure and excellent charge transportation of the electrolyte
play a critical role in the high-performance solid-state supercapacitors [108].

In order to obtain an insightful understanding of the relation between structure,
electrolyte, and electrochemical performances, the electrochemical behavior was
further theoretically investigated. In aqueous system, the diffusion was the domi-
nating process since the electrochemical process was determined by the slowest
step. Their electrochemical behavior can be described by the following equations
[109]:

ip ¼ an1:5AD0:5Cv0:5 ð8:14Þ

i ¼ ip
nF
RT

ðE � EeqÞ ð8:15Þ

CS ¼
R
it

DVm
; ð8:16Þ

where ip stands for peak current, a is constant, 2.69 � 105, n is number of electrons
transferred, A is surface area of electrode, D is diffusion coefficient of electrolyte, t
is scan rate, C is bulk concentration of electrolyte, i is electrode current, F is
Faraday constant, R is gas constant, T is thermodynamic temperature, E is electrode
potential, Eeq is equilibrium potential, Cs is specific capacitance, t is scanning time,
ΔV is the voltage difference between beginning and ending scan, and m is the mass
of the PANI on the electrode. Combining them together results in a new equation as
follows:

CS ¼ an1:5AD0:5Cv0:5F
R ðE � EeqÞ dt

RTDvm
: ð8:17Þ

Obviously, the specific capacitance was a function of sophisticated competition
among number of electrons transferred; electrode surface area and electrode mass.
Since PANI was in the highest doping state in aqueous solution, the number of
transferred electrons versus mass would not further increased in multiple-layered
electrodes. In fact, it decreased because of the forming of big nanowires. The
specific electrode surface area was deteriorated as well. As a result, the specific
capacitance decreased as there were more PANI nanowire arrays. On the other
hand, in organic system the original H+ doping state was low and the charge
transfer was the dominated step. The GO coating played a big role in the charge
transferring after its deposition and in situ reduction. Reduced GO sheets inter-
connected with the neighbored PANI nanowire arrays and could also tune the PANI
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carries concentration, and thus increased the number of transferred electrons with
increasing the layer number of 3D structures. Therefore, the electrode behaves
entirely different in organic electrolyte system.

8.6 Conclusions

In summary, this chapter summarized the high efficiency approaches and the new
point of view on increasing both energy density and power density by tailoring the
polymer/graphene electrode architecture. Also, a theoretical model has been
established to quantify the electrode structures and performance relationship and to
provide the guideline for the future fabrication and optimization. Thus, it provided
both experimental and theoretical approaches for constructing high energy density
and high power density supercapacitors based on polymer/graphene.
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