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1. Introduction
Supercapacitors, which are also named as electrochemical capacitors (EC), have
drawn a lot of attention in recent years. [1] The rapid growth of portable electronics and
hybrid electric vehicles in the modern society calls for energy suppliers with not only
high energy density but also high power density. As is commonly known, the
conventional dielectric capacitors own high power density but low energy density;
while the batteries and fuel cells own high energy density but low power density. Some
researchers reported that supercapacitors can bridge the power/energy gap between the
conventional dielectric capacitors and the batteries. [2-4] Moreover, supercapacitors
have long cycle life and are promising safe and environment-friendly energy storage
devices. [5, 6] A typical supercapacitor usually consists of two electrodes (an anode and
a cathode), electrolyte, a separator, and a current collector. Among these components,
the electrodes are the most crucial parts. [7]
Up to now, many active materials have been developed to be supercapacitor
electrodes. [8, 9] Depending on the type of active materials and the corresponding
charge storage and release mechanisms, ECs can be divided into electrical double-layer
capacitors (EDLCs) and pseudocapacitors. EDLCs are usually based on carbonaceous
materials with high specific surface area, such as mesoporous carbon, carbon nanotubes,
graphite, graphene, etc. [10, 11] EDLCs charge and discharge by rapid ions adsorption
and desorption. [12, 13] Due to this mechanism, EDLCs own high power density and
long-term cycle stability, but suffer from low energy density. Pseudocapacitors
commonly function through rapid and reversible redox reactions of faradic materials
(transition metal oxides or conducting polymers). [14, 15] This battery-like behavior
endows pseudocapacitors with much higher specific capacitances and energy densities
compared to EDLCs. Polyaniline (PANI) is considered to be one of the most
competitive faradic materials due to its cost-effectiveness, facile synthesis, and large
theoretical specific pseudocapacitance. [16-18] However, similar to other conducting
polymers, the low power density and poor stability during the charge/discharge cycle
obstruct the development of PANI for commercial supercapacitor electrode. [19] In
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order to alleviate these shortcomings of PANI, some researchers turned to develop
carbon-based PANI composites. [12, 20, 21]
It has been reported that PANI/carbonaceous material composites can combine the
electrical

double-layer

capacitance

of

the

carbonaceous

material

and

the

pseudocapacitance of PANI. [22, 23] Moreover, the carbonaceous material can offer a
transportation complex for electron and a structural support for the PANI, thus
increasing the overall conductivity and stability of composites. [24] Among various
carbonaceous materials, graphene has attracted tremendous attention due to its
intriguing two-dimensional structure and high theoretical specific surface area. [25, 26]
Recently,

Memon

et

al.

developed

flexible

supercapacitor

electrodes

by

electrodepositing PANI on macroporous graphene thin films. The obtained hybridized
electrode exhibits excellent specific capacitance and long-term cycle stability. [27]
However, the high cost of producing monolayer graphene obstacles the large-scale
production PANI/graphene composites for supercapacitor purpose.
In my study, graphite nanoplates (GNP), which is composed by multiple layers of
graphene, and reduced graphite oxide (rGO) were used as alternatives to the monolayer
graphene. GNP and rGO also own large specific surface area, high mechanical strength,
and good electrical conductivity; and their production methods are mature and costeffective. GNP is usually derived from low-cost natural graphite; and rGO can be
produced by various oxidation-reduction methods. [28-30] In order to obtain a positive
synthetic effect between the PANI and the GNP or rGO, and to enhance the overall
electrochemical properties of the composites, this research not only investigated the
effect of certain synthesis parameters, but also proposed two green methods of premodification of GNP or rGO.
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2. Aim of this work
Composites of PANI and carbonaceous materials can combine the virtues of
pseudocapacitor and EDLC, namely the high capacitance and energy density of PANI
and the excellent conductivity, stability and power density of the carbonaceous
component. Graphene is extensively considered as the most promising carbonaceous
filler, but the production of graphene is expensive and difficult. With the aim to develop
PANI-related composites with not only good electrochemical performance but also low
cost, this research used low-cost graphite (graphite nanoplates, GNP or reduced graphite
oxide, rGO) as alternatives to graphene. The electrochemical performances of
PANI/GNP and PANI/rGO composites were studied, and methods of modification were
proposed in order to enhance the electrochemical performance.
Considering the cost and technical feasibility for future large-scale manufacturing,
the synthesis method of in-situ polymerization of aniline in the presence of
carbonaceous materials was used throughout this work. Even though using PANIrelated composites as supercapacitor electrodes have been extensively reported, the
relationship between the synthesis parameters and the electrochemical performance of
the obtained composites has been scarcely investigated. Therefore, in the first section of
this research the influence of certain synthesis parameters on the electrochemical
properties of PANI/GNP composites was systematically investigated. The weight ratio
of PANI to GNP was set as 1 to 0.1 or 1 to 1. These PANI/GNP composites were
synthesized with or without dopant, with different kinds of oxidants, and with various
contents of oxidant. Then the cyclic voltammetric behavior, conductivities, and
morphologies of the PANI/GNP composites were studied. Besides, the specific
capacitances of all the investigated PANI/GNP composites were calculated based on the
cyclic voltammograms in order to evaluate their energy storage abilities.
There are some obstacles to produce graphite (GNP or rGO)-based PANI
composites with good electrochemical performance. For the GNP-based PANI
composites: (1) GNP layers tend to cluster together, thus decrease the overall specific
surface area, conductivity and capacitance of the composites; (2) the interaction
between GNP and PANI is week, which has negative effect on the distribution PANI
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and weakens the synergic effect of components. Using rGO as the graphite component
also suffer from the restacking of rGO layers but can achieve better interaction with
PANI; an additional drawback of rGO-based PANI composite is the toxicity of the
commonly used reducing agents of graphite oxide (GO). In order to overcome these
drawbacks of rGO and GNP, in the second and third sections of the research two green
chemicals, namely polydopamine and tannic acid, were used to pre-modify rGO or GNP.
The oxidative process of polymerizing dopamine into polydopamine was expected
to reduce graphite oxide and to increase the interaction between the graphite (GO-PDA
in this section) and the PANI component. Moreover, the PDA coated on GO-PDA was
expected to interact with PANI, thus promote a homogeneous dispersion of PANI in the
composites. The composites of GO-PDA and PANI were prepared by two different
routes. Reducing GO by the polymerization of dopamine in the first step, followed by
in-situ polymerization of aniline in the presence of the obtained GO-PDA resulted in
PANI/(GO-PDA) composites. Otherwise, in-situ polymerization of PANI/GO
composite in the first step followed by reducing this composite by polymerization of
dopamine produced PANI/GO-PDA composites. The structure of the GO-PDAs were
characterized; and then the electrochemical properties of PANI/(GO-PDA) and
PANI/GO-PDA composites and some related influencing factors, such as specific
surface area, morphology, and conductivity of composites have been investigated.
The environmental friendly tannic acid (TA) was used to develop the
electrochemical properties of both PANI/rGO and PANI/GNP composites. TA was
expected to reduce GO and suppress the restacking of rGO-TA and GNP-TA. The
reduction effect of TA on GO was studied by various structural characterization
techniques. Then PANI/(rGO-TA) and PANI/(GNP-TA) composites were produced by
in-situ polymerization of aniline in the presence of rGO-TA and GNP-TA, respectively.
The electrochemical properties, morphologies, conductivities and surface areas of the
PANI/(rGO-TA) and PANI/(GNP-TA) composites were investigated and compared
with those of PANI/(rGO-HH), in which hydrazine hydrate (HH) has been used as
reduceing agent, and PANI/GNP composites, respectively. Moreover, the corresponding
solid-state two-electrode supercapacitor devices have been assembled in order to test
their electrochemical performance in practical use.

9

In a word, this work is aimed to develop a green and cost-effective way to produce
composites of PANI and carbonaceous material with good electrochemical properties.
For this purpose, low-cost rGO and GNP were used as the carbonaceous components,
and chemical oxidative polymerization was used as synthesis method. The effect of
certain synthesis parameters on the electrochemical performance of composites was
investigated. Pre-modification of rGO or GNP by polydopamine or tannic acid were
proposed in order to replace the commonly used toxic reducing agents for rGO, retard
the restacking of rGO and GNP, and simultaneously enhance the interaction between
graphite component (rGO or GNP) and PANI.
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3. Theoretical background
3.1. Supercapacitor
3.1.1. Fundamental
Electrochemical energy conversion/storage devices can be divided into three main
types: batteries, fuel cells, and supercapacitor. [31, 32] The operation of batteries and
fuel cells are supported by coupling two chemical reactions at the anode and cathode as
illustrated in Fig. 3.1 (a) and (b). Batteries are closed system; while fuel cells are open
system, namely the active materials for redox reactions are supplied from the outside of
cell. Both of battery and fuel cell own high energy density, but suffer from low power
density. It is because the chemical reactions are time-consuming, and the transfer of
charges is heterogeneous. On the other hand, supercapacitors operate more like
charge/discharge devices, which simply involve ionic movement at the electrode surface.
[33] Therefore, compared to secondary batteries and fuel cells, supercapacitors show
higher power density (exceeding 1 kW kg-1), longer cycle life (more than 100 times
higher than batteries) and shorter charge/discharge time (within seconds). [34] As
shown in Fig. 3.1 (c), supercapacitors, which include double layer capacitors and
pseudocapacitors, fill the power/energy gap between the batteries and conventional
dielectric capacitors. [35] In another word, supercapacitors show high energy density
without sacrificing the power density.

(a)

(b)

2H2

O2
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(c)

Fig. 3.1 Schematic illustration of (a) a battery (Daniell cell) and (b) a fuel cell, adapted with
permission from American Chemical Society [31]; (c) plot of specific power against specific
energy (Ragone plot) for various electrical energy conversion and storage devices. Reused with
permission from Materials Research Society. [35]

A typical structure of supercapacitor is illustrated in Fig. 3.2. [36] Obviously, a
supercapacitor is usually composed of two electrically isolated electrodes, an ion
permeable separator, electrolyte and two current collectors. The interfaces between
electrodes and electrolyte exhibit as dielectric capacitors, thus the entire cell are similar
to two dielectric capacitors in series. [37-39] The relationship between the overall
capacitance (Ccell) and the capacitances of positive (Cp) and negative electrode (Cn) is
shown in Equation 3.1.

1
1
1


Ccell C p Cn

(3.1)

The energy (E) and power (P) of supercapacitors can be calculated by

1
E  CcellV 2
2

(3.2)

V2
P
4 Rs

(3.3)

Obviously, the overall capacitance is dominated by the electrode with lower capacitance.
And the electrochemical performance of a supercapacitor rely on the equivalent series
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resistance (Rs), Ccell, and especially the cell voltage (V), since both of E and P are
proportional to the square of V.

Fig. 3.2 Schematic representation of a supercapacitor cell. Reused with permission from
John Wiley and Sons. [36]

The cell voltage of a supercapacitor largely depends on the voltage stability window
of the electrolyte. Aqueous electrolytes, such as sulphuric acid (H2SO4), potassium
hydroxide (KOH), sodium sulphate (Na2SO4), etc., show relatively lower decomposition
voltage (about 1.23 V) than the non-aqueous electrolytes (up to 3.5-4 V), such as
acetonitrile, propylene carbonate, tetraethylammonium tetrafluoroborate, etc. [40]
Therefore,

non-aqueous

electrolytes

have

been

used

in

many

commercial

supercapacitors, even though the aqueous electrolytes own lower cost, lower internal
resistance, and higher speciﬁc capacitance due to the intrinsic higher dielectric constant.
[34] Recently, lots of efforts have been devoted to develop ionic liquids as electrolytes
in energy storage devices. Ionic liquid is known as melted salt, whose salt lattice energy
is counterbalanced by the outside heat. They are solvent free, and their voltage stability
window relies only on the electrochemical stability of ions. Therefore, they show wide
voltage stability windows (even higher than 4 V). Chen et al. developed a full-cell
supercapacitor

using

polyaniline

(PANI)

as

electrode

and

ionic

liquid

(1-ethyl-3-methylimidazolium tetrafluoroborate) as electrolyte. The energy density and
power density of this supercapacitor can reach remarkable 84 Wh kg-1 and 182 kW kg-1,
respectively. [41] However, the ionic conductivity of ionic liquid decreases with the
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temperature decreasing and shows just a few millisiemens per centimetre at ambient
temperature. In order to overcome this drawback, Brandt et al. proposed using the
mixture of ionic liquids and organic solvents as the electrolyte of supercapacitor. [42]
Moreover, aiming to extend the application field of supercapacitor, many researchers
have studied solid electrolyte such as hydrogel electrolyte based on poly(ethylene oxide)
or polyvinyl alcohol. [43] The solid electrolyte can act as both the electrolyte and
separator, which means excess separator is not necessary. Compared to aqueous
electrolyte, solid electrolyte own wider potential window, easy to assemble and might
has positive effect on the cycle stability of supercapacitor. [44] On the other hand, the
electrolyte concentration should be set at a reasonable value: too low will retard the
building-up of ionic double-layer; too high will reduce the ion activity due to less water
hydration, and result in decrease of speciﬁc capacitance and energy density. [45]
The equivalent series resistance (Rs) in Equation 3.3 is comprised of the interfacial
resistance between the electrode and the current collector, the diffusion resistance of
ions moving through electrode and separator, electronic resistance of the electrode, and
electrolyte resistance. [46] In order to decrease the Rs, not only the electrode and
electrolyte should be optimized, but also the contact impedance between the active
materials and current collector should be controlled to a low value. [47] In the study of
Chmiola et al., properly increasing the size of micropores (diameter<2 nm) in the
carbon electrode decreased the Rs of the supercapacitor, thus increased the specific
capacitance. [48] Recently, many efforts have been devoted to develop binder-free
supercapacitors and even free-standing supercapacitors, in which not only the inactive
binder but also current collector is not necessary. [49, 50] Jiang et al. reported a binderfree electrode, which was produced by directly grow cobalt-manganese composite oxide
nanostructures on a three-dimensional nickel foam. The obtained electrode exhibited a
high specific capacitance of 840.2 F g-1 at a current density of 10 A g-1 and excellent
cycle stability (retained 102 % capacitance after 7000 cycles). [51] Xiao et al. prepared
freestanding mesoporous vanadium nitride/carbon nanotube hybrid electrodes and then
assembled it into all-solid-state supercapacitors by using phosphoric acid-polyvinyl
alcohol (H3PO4-PVA) gel as electrolyte. The obtained supercapacitor showed a specific
volume capacitance of 7.9 F cm-3 at a current density of 0.025 A cm-3; and the Rs of it
was measured to be as small as 22 cm2. [52]
14

Electrochemical performances of active materials are usually evaluated by three
testing methods, namely cyclic voltammetric (CV) test, galvanostatic charge and
discharge (GCD), and electrochemical impedance spectroscopy (EIS). Additionally,
testing systems can be divided into two-electrode cells and three-electrode cells
according to their geometry. Compared to a two-electrode system, which contains a
working electrode and a counter electrode, a three-electrode system contains an
additional reference electrode. In a three-electrode system, the current flow between the
working electrode and counter electrode, and the voltage on working electrode can be
accurately measured based on the potential of the reference electrode. In comparison,
the two-electrode system is more common in practical use, and three-electrode system is
more accurate for the research work.

3.1.2. Mechanism
According to the charge storage mechanisms of different electrode materials,
supercapacitors can be divided into electrochemical double-layer capacitors (EDLCs)
and pseudocapacitors. EDLCs are usually made up by carbonaceous electrode and store
charge through physical ionic adsorption. Pseudocapacitors commonly use transition
metal oxides or conducting polymers as the electrode, and charge is stored and released
through rapid redox reactions. [1, 22] Fig. 3.2 illustrated a typical EDLC: during the
charging process, the external electrical field drives electrons moving from the negative
electrode to the positive electrode. Then spontaneous electrolyte ions with the counter
charge are attracted around the responsible electrode. The interface between the active
material and the electrolyte behaves as a conventional dielectric capacitor, but with
much higher capacitance (C) due to the atomic range of the charge separation distance
(d) and larger accessible surface area (A).

C

A
4 d

(3.4)

This mechanism of EDLCs, i.e. simple ion adsorption/desorption at the electrode
surfaces, endows them with high power density and long-term cycle stability. Moreover,
the pore size, pore size distribution and the surface wettability of electrode materials,
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which are related to the accessible surface area, are important for the capacitance of an
EDLC.
Pseudocapacitors, also named as redox capacitors, are another kind of
supercapacitors. Energy is stored via fast and reversible electrochemical reactions
between electrodes and electrolyte. Fig. 3.3 clearly illustrates the faradaic
charge/discharge processes of a pseudocapacitor. The redox couple (Op/Rp) at the
positive electrode is oxidized in the charge process and reduced in the discharge process;
while the redox couple (On/Rn) at the negative electrode is reduced in the charge process,
and oxidized in the discharge process. [53] The faradaic processes occurring between
the electrode and electrolyte rely on the material of electrode. The faradaic processes
can be reversible adsorption (such as adsorption of hydrogen on the surface of platinum
or gold), redox reactions of transition metal oxides (for example, ruthenium oxide,
manganese dioxide, nickel oxide, iron oxide, or cobalt oxide), or reversible
electrochemical doping/dedoping in conducting polymers (such as PANI, polypyrrole,
or polythiophene) or heteroatom (nitrogen, boron, oxygen and sulfur) doped materials.
[54] The battery-like redox reactions make pseudocapacitors exhibiting much higher
specific capacitance and energy density than the EDLCs. Conway et al. reported that the
capacitance of a pseudocapacitor can be 10-100 times higher than the electrostatic
capacitance of an EDLC. [55] However, similar to batteries, pseudocapacitors often
suffer from lower power density and bad stability during charge/discharge cycle. The
former disadvantage is attributed to the longer time needed for faradaic processes
compared to non-faradaic processes; and the latter disadvantage is due to volumetric
changes of the electrode materials caused by the insertion and removal of ions during
charging and discharging.
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Fig. 3.3 Microscopic charge/discharge processes of a pseudocapacitor. Reused with the
permission of Creative Commons CC BY. Copyright belong to Springer Nature 2015. [53]

Producing hybrid supercapacitor is an attractive way to combine a capacitive EDLC
(power source) with a faradic pseudocapacitor (energy source). [33] An appropriate
combination can not only achieve synergic effect, but also extend the voltage stability
window. According to the configuration of electrode, hybrid supercapacitors can be
divided into composite hybrids, asymmetric hybrids and battery-like hybrid
supercapacitors. [56]
Composite hybrid supercapacitors usually use composites of faradic materials
(conducting polymer or transition metal oxide) and carbonaceous materials (activated
carbon, carbon nanotube, graphite, etc.) as electrodes. Composite hybrid supercapacitors
show higher capacitance than EDLC due to the contribution of pseudocapacitance and
higher power density than pseudocapacitance due to the carbonaceous component.
Besides, the carbonaceous materials can increase the accessible surface area, supply a
conductive channel for pseudocapacitive materials, and limit the ion diffusion-induced
volume changes of faradic materials. Therefore, composite hybrid supercapacitors
illustrate better cycle stability than the corresponding pseudocapacitors. [57, 58]
In asymmetric hybrid supercapacitors, one electrode is a capacitive carbonaceous
material and the other electrode is a faradaic material. This strategy can also combine
the high energy and power density of pseudocapacitors and the cyclic stability of
EDLCs. Moreover, the asymmetric design can increase the cell voltage window,
therefore further enhance the energy and power densities. Additionally, since
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conducting polymers in the negatively doped state show worse stability than those in the
positively doped state, they are usually used as the positive electrode in an asymmetric
hybrid capacitor. For the design of asymmetric capacitors, the positive and negative
electrode materials should exhibit comparable rate performance. In an asymmetric
device, even though the speciﬁc capacitance values of the positive and negative
electrodes (Cp and Cn, respectively) are different, the stored amount of charge in the
positive and negative electrode should be balanced:
Cn  mn  Vn

C p  mp  Vp

(3.5)

where mn and mp are the masses of the active electrode materials, V is working voltage
window, and Cn and Cp represent the speciﬁc capacitances of negative electrode and
positive electrode, respectively. Brousse et al. have assembled an asymmetric
supercapacitor cell using activated carbon as positive electrode and manganese oxide as
negative electrode. This cell showed a specific energy density of 10 Wh kg-1, a specific
power density of 16 kW kg-1, a Rs of lower than 1.3 cm2, and good cycle stability
with only 12.5 % capacitance loss after 195000 cycles. [59] Salinas-Torres et al.
prepared an asymmetric capacitor using activated carbon as negative electrode and
activated carbon fiber/PANI composite as positive electrode. This capacitor showed an
energy density of 20 Wh kg-1, a power density of 2.1 kW kg-1, and excellent cycle
stability with 90 % retention over 1000 cycles. [60]
A battery-like hybrid supercapacitor usually consists of a supercapacitive positive
electrode, a lithium ion battery-type negative electrode, and a Li salt-contained organic
electrolyte as shown in Fig. 3.4. This type of supercapacitor can combine high
capacitance and energy density of battery-type electrode, fast power density of
supercapacitive electrode, and the wide voltage window of the organic electrolyte.
Amatucci et al. proposed an activated carbon//Li4Ti5O12 (positive//negative) asymmetric
supercapacitor. This hybrid supercapacitor showed a high energy density of 20 Wh kg-1
and good cycle stability with only 10-15 % capacitance loss after 5000 cycles. [61]
Zhang et al. assembled a battery-type hybrid supercapacitor by using iron
oxide/graphene nanocomposite as negative electrode and three-dimensional graphene as
positive electrode. The final cell exhibited a high energy density of 147 Wh kg-1 under a
power density of 150 W kg-1. [62]
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Fig. 3.4 Schematic drawing of a battery-type asymmetric supercapacitor. Open access,
copyright belong to Taylor and Francis Group, LLC. [63]

3.2. Polyaniline
3.2.1. Structure and properties
Intrinsically conducting polymers have been extensively investigated since the
discovery of polyacetylene (PA) in 1977. The most commonly used conducting
polymers contain PA, polyaniline (PANI), polypyrrole (PPy), and polythiophene (PTh)
and its derivatives such as poly(3,4-ethylenedioxythiophene) (PEDOT). It can be seen
from the molecular structures illustrated in Fig. 3.5 that conducting polymers own
highly -conjugated polymeric molecular chains. [64, 65] The usual band gap between
the highest occupied molecular orbitals and the lowest unoccupied molecular orbitals of
polymers is about 10 eV, but the -conjugation can reduce the band gap of conducting
polymer to 1-3 eV; therefore they show conductivity. For practical application, the
pristine states of conducting polymers usually need to be doped by oxidation or
reduction, which results in positively charged polymer (p-doped) and negatively
charged polymer (n-doped), respectively. It is worth noting that PANI, PPy and some
other conducting polymers can only be p-doped, because the potentials required for
n-doping is too negative compared to the reduction potential limit of electrolytes. PTh
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and its derivatives are promising materials for n-doping. After doping, the conductivity
of conducting polymers can increase by several orders of magnitude. [65] Besides
conductivity and plastic properties, conducting polymers also show highly reversible
redox behavior. Therefore, they are used in various practical fields, such as electric,
electronic, sensor, supercapacitor, electromagnetic device, etc.

Fig. 3.5 Chemical structure of polyacetylene (PA), polyaniline (PANI), polypyrrole (PPy),
polythiophene (PTh) and poly(3,4-ethylenedioxythiophene) (PEDOT).

Among the conducting polymers, PANI is the most attractive one due to its low cost,
easy to synthesis, promising electrochemical behavior and thermal stability. The
monomer (aniline) is inexpensive and can be produced from benzene or extracted from
oil and coal. [66] Moreover, compared to other conducting polymers, PANI own unique
redox states and doping mechanisms. The states of PANI change with the ratio of
quinoid to benzenoid units in the molecular structure, namely y to 1-y in the PANI
structure shown in Fig. 3.5. The redox reactions between different state of PANI, i.e.
fully reduced state (leucoemeraldine), partly oxidized states (protoemeraldine,
emeraldine and nigraniline), and fully oxidized state (pernigraniline), were illustrated in
Fig. 3.6 (a). [67, 68] Fig. 3.6 (b) shows the protic doping and dedoping between the
insulating emeraldine base and conductive emeraldine salt. The pH value of the solution
decides not only the extent of redox reaction but also the conductivity of PANI.
Additionally, the color of PANI at different states is different. Leucoemeraldine is
transparent; undoped emeraldine is blue; doped emeraldine is green; and pernigraniline
is dark violet. Therefore, PANI can also be used for electrochromic devices and displays.
[69]
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(a)

(b)

Fig. 3.6 Structures of different states of PANI. Reuse with permission from Royal Society
of Chemistry. [66]

3.2.2. Synthesis
PANI can be produced by various methods, such as chemical oxidative
polymerization, [70] electrochemical synthesis, [71] interfacial polymerization, [72]
ultrasonic irradiation polymerization, [73] emulsion polymerization, [74] etc. Among
them, chemical oxidative polymerization is the most extensively used method and is
suitable for mass production of PANI. Fig. 3.7 illustrates the polymerization of aniline
with ammonium peroxydisulfate (APS) as oxidant in an acidic aqueous media. This
polymerization resulted in protonated emeraldine salt and some by-products (sulfuric
acid and ammonium sulfate). The most commonly used protic acid is volatile
hydrochloric acid (HCl), since the excess acid can be removed under vacuum. After
polymerization, the obtained emeraldine salt can be deprotonated by alkalis into
emeraldine base and then treated by excess dopant. Colak et al. examined copper
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chloride (CuCl2), aluminium chloride (AlCl3), and various organic and protonic acids as
dopant for PANI by re-doping the PANI salt, which has been prepared by chemical
oxidative polymerization of aniline in HCl solution followed by dedoping using
ammonium hydroxide (NH4OH). [75] Moreover, the electrochemical property and
morphology of PANI depend on the nature of aniline and the polymerization conditions,
i.e. the presence of additives (such as surfactants and colloidal stabilizers), templates,
chemical nature of oxidant, the ratio of monomer to dopant, the concentration of dopant,
and reaction temperature. [68] Carswell et al. have synthesized PANI with controllable
nanostructure, from spheres to wires to flat films, by using adsorbed surfactants as
templates. [76] Wang et al. successfully produced PANI nanostructures with different
morphologies, such as fibers, micro-mats and disks, by changing the synthesis
parameters. [77] Fig. 3.8 illustrates the schematic of three different morphologies of
PANI. The granular morphology is usually formed by precipitation polymerization with
strong oxidant, high aniline concentration and high pH value. The nanofiber
morphology is a one-dimensional structure with a diameter of around tens of
nanometres. The nanotube morphology also owns a one-dimensional structure, but a
template is necessary during the polymerization in order to form the internal cavity. [78]
Compared to the granular morphology, nanofiber and nanotube morphologies endow
PANI with higher specific surface area. Additionally, some researchers added
previously synthesized PANI as the seed in the polymerization of aniline, which is
called as seeding polymerization. The final morphology of the obtained PANI nanofiber
depends on the acid, the amount of aniline, type of seed, and the solvent. [79]

Fig. 3.7 Oxidative polymerization of PANI using APS as oxidant in an acidic medium.
Reprinted with the permission from American Chemical Society. [80]
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Fig. 3.8 Schematic illustration of the formation of PANI with different morphologies. Reuse
with the permission from Elsevier. [78]

Electrochemical synthesis of PANI is an attractive environmental friendly method.
Oxidant is not necessary in this method, thus the PANI produced by electrochemical
synthesis usually own higher purity than the PANI obtained by the chemical oxidative
polymerization. Moreover, electrochemical polymerization can produce PANI directly
on the substrate, which means it is suitable for the fabrication of binder-free
supercapacitor electrodes. [81, 82] Electrochemical synthesis can be realized by various
ways, such as cyclic voltammetry, galvanostatic electrolysis and potentiostatic
electrolysis, etc. Both of cyclic voltammetry and galvanostatic electrolysis require
accurate control of potential, thus usually use three-electrode cells. Potentiostatic
electrolysis can use either three-electrode cells or two-electrode cells. For all methods,
the synthesized PANI is deposited on the working electrode (anode, usually an inert
electrode using metal, conducting glass, or carbonaceous material) in an aqueous protic
acid electrolyte. PANI produced by cyclic voltammetry own more disordered chains
compared to the PANI produced by galvanostatic and potentiostatic electrolysis.
Additionally, PANI produced by potentiostatic or galvanostatic electrolysis is usually in
the conducting doped state. Whereas, the PANI obtained by cyclic voltammetry might
be in the insulating base state, since the deposited PANI changes between the insulating
base state and conductive doped state during cyclic voltammetry. Besides the cell
structure and type of electrochemical method, synthesis parameters, such as dopant,
template, temperature, reaction time, pH value of electrolyte, monomer concentration,
current density, and potential can also influence the properties of produced PANI. Zhou
et al. found that the addition of methanol in electrochemical synthesis of PANI favored
the formation fibrillar morphology. [83] Kan et al. reported that adding ethanol
increased the reaction rate and enhanced the redox reaction of the electrochemical
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polymerization of aniline. [84] Additionally, the dilute polymerization uses lower
concentration of aniline than the conventional chemical polymerization. Chiou et al.
successfully produced PANI nanofibers by the dilute polymerization without any
specific templates, such as surfactants, organic solvents, oligomers, etc. [85]
Interfacial polymerization is a simple and effective method to produce PANI with
fibrillar morphology. The obtained PANI nanofibers can own an average diameter of
smaller than 100 nm. In this method, the oxidative polymerization of PANI only occurs
in the interface between two immiscible solvents. In the case of an organic
solvent/aqueous solvent immiscible reaction system, aniline is in the organic solvent,
and dopant and oxidant are in the aqueous solvent. Additionally, different to the
chemical oxidative polymerization and electrochemical polymerization, the dopants
used in interfacial polymerization are organic dopants. Fig. 3.9 compares the PANI
synthesis process in a chemical polymerization and in an interfacial polymerization. In
the interfacial polymerization, the newly produced hydrophilic PANI nanofibers tend to
move away from the interface, thus further growth of PANI can be prevented. However,
in a conventional chemical polymerization, the PANI nanofibers produced in the early
stage will subsequently grow into agglomerated PANI particles, since they are still
exposed to aniline and oxidant. Besides PANI nanofibers, interfacial polymerization can
also obtain PANI with other morphologies. Chen et al. have produced PANI with fine
nanorod-, particle- and bud-like structures under different ratio of dopant (salicylic acid)
to aniline. [86]

(A)

(B)

Fig. 3.9 Schematic diagrams of PANI produced by (A) conventional chemical polymerization
method and (B) interfacial polymerization method. The solid and open circles represent aniline
and oxidant, respectively. Reuse with the permission from John Wiley and Sons. [87]
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(a)

support

(b)

Fig. 3.10 Schematic diagrams of PANI synthesis by two kinds of self-assembling
polymerization methods: (a) using ITO as substrate; [88] (b) using a polymeric substrate. [89]
Reuse with permissions from Elsevier.

Some other synthesis methods of PANI have also been reported. In a direct
emulsion polymerization process, PANI is polymerized in an emulsion of water and a
nonpolar or weakly polar organic solvent (such as xylene, chloroform, or toluene) with
the presence of oxidant and protic acid. In an inverse emulsion polymerization, aniline
aqueous solution is emulsified in a nonpolar organic solvent. Then the polymerization is
initiated by an oil-soluble initiator, for example the ammonium persulfate or benzoyl
peroxide. [70] Some researchers have synthesized PANI by microemulsion method,
which is done in a micro-heterogeneous system with large interfacial area. [90, 91] The
direct and inverse emulsion polymerization methods are easy to be controlled and can
achieve high reaction rate and PANI product with high molecular weight. [92] Zhou et
al. prepared PANI with controlled morphology and crystallinity by varying the water
content in the reverse microemulsion. [93] Another synthesis method of PANI is
ultrasonic irradiation polymerization. The polymerization effect of ultrasound
irradiation is derived from acoustic cavitation, namely the formation, growth, and
implosive collapse of bubbles in the liquid. Lu et al. found that this method can produce
PANI nanotubes and nanofibers by using common mineral acids or organic acids and
without the addition of dopant and template. [94] Fig. 3.10 illustrates two kinds of self25

assembling polymerization of PANI. In Fig. 3.10 (a), indium tin oxide (ITO) was used
as a substrate; PANI film was assembled on the ITO with addition of oxidant (APS) in
an aqueous solution. [88] In Fig. 3.10 (b), aniline was in the vapor phase and assembled
into PANI thin films on the polymeric substrate, which contained oxidant (iron
chloride), camphorsulfonic acid, and Fe (p-toluene sulfonate)3. [89]

3.2.3. Supercapacitor application
Due to the multiple redox states and high capacitance value, PANI is a promising
electrode material for supercapacitor. When PANI changes its state, a large surface
charge potential can be created. Fig. 3.11 shows a typical cyclic voltammogram and a
discharge curve of a supercapacitor using PANI as electrodes. Obviously, there are three
pairs of redox reactions in the cyclic voltammogram. With the potential increasing,
PANI changes from insulating leucoemeraldine to conductive protonated emeraldine,
and then to pernigraniline. It is noteworthy that the electrochemical performance of a
faradic material in practical testing is dominated by pseudocapacitive behavior but also
shows EDLC behavior. As shown in Fig. 3.11, the regions marked by purple curves are
attributed to the contribution of EDLC, and the green regions are due to the
pseudocapacitive behavior. Furthermore, when PANI is used as supercapacitor
electrode, the electrolyte should be able to supply sufficient protons in order to enable a
long-term electrochemical cycle. Additionally, the potential range for a cyclic
voltammogram of PANI electrode in an aqueous electrolyte is usually set at 0.8-1.0 V.
A potential window of lower than 0.6 V has no practical interest. [17]

Fig. 3.11 (a) Typical cyclic voltammogram and (b) discharge profile of a PANI electrode. Reuse
with the permission of Elsevier. [17]

26

(a)

(b)

Fig. 3.12 SEM images of (a) PANI nanofibers, reuse with permission from Elsevier [95]; and
(b) PANI nanobelts, reuse with the permission from American Chemical Society [96].

The main influencing factors for the capacitive performance of a PANI electrode
contain the synthetic route and method, morphology of PANI, the amount and type of
binder, and the thickness of electrode. [65] Bian et al. reported that some dopants were
covalently attached to PANI chains and cannot be electrochemically removed, therefore
blocked the capacity of PANI. [97] Kuang et al. found that polymerization temperature
changed the morphology of the produced PANI and affected the specific capacitance
and cycle stability. [98] The morphology of PANI is tightly connected with the
accessible surface area for charging and discharging. Therefore, PANI with various
nanostructured morphology have been developed and used as supercapacitor electrode,
such as PANI nanofibers, PANI nanoribbons, PANI nanotubes, PANI nanobelts, PANI
nanosheets, PANI nanorice, PANI nanocapsules, PANI nanobrushes, etc. Zhou et al.
reported that compared to granular or flake-like PANI, nanofibrous PANI has larger
accessible surface area and better electronic and ionic conductivity, thus own higher
capacitance. Mi et al. have synthesized PANI nanofibers by a template method, in
which ferric chloride and ammonium persulfate (APS) were used as oxidant, and methyl
orange/ferric chloride was used as seed template. [95] Fig 3.12 (a) shows the SEM
image of the obtained PANI nanofibers. The PANI presented a high specific
capacitance of 428 F g-1 at a current density of 2 mA cm-2, high rate capability (a
capacitance retention of 83 % at 5 mA cm-2) and good electrochemical reversibility. Li
et al. successfully prepared PANI nanobelts, whose SEM image is shown in Fig 3.12 (b),
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by electrochemical polymerization. This PANI showed a high specific capacitance of
873 F g-1 at 10 mV s-1 and good stability over 1000 cycles. [96]

(b)

(a)

(c)

(d)

Fig. 3.13 (a) The synthesis illustration and (b) SEM image of PANI nanotube, reuse with
permission from Royal Society of Chemistry [99]; (c) SEM and (d) TEM images of PANI
nanocapsules, reuse with permission from Elsevier [100].

The practical specific capacitance of PANI nanofibers is much lower than the
theoretical specific capacitance (1200 F g-1). It is because some surface is inaccessible
in

the

timescale

of

the

charge/discharge

process.

[66]

Preparing

a

mesoporous/microporous structure can not only increase surface area, but also facilitate
transfer of ions, thus enhances the capacitance and rate capability. Liu et al. have
synthesized porous PANI by in-situ oxidative polymerization of aniline using APS as
oxidant in the presence of an anionic surfactant (sodium dodecyl sulfate). [101] This
porous PANI owned much higher supercapacitance than the non-porous PANI. Among
the nanostructured PANIs, PANI nanotube and PANI nanocapsule own porous
structures. Fig. 3.13 (a) and (b) show the synthesis route of PANI nanotubes via a zinc
oxide (ZnO) nanorod template-directed electrochemical method, and the SEM of the
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obtained PANI nanotubes, respectively. [99] The nanotube structure enhanced the
transport ability of electroactive ions; therefore the PANI exhibited an outstanding cycle
stability and a good rate capability (specific capacitance decayed only about 21.2 wt.%
when the scan rate increase from 5 mV s-1 to 50 mV s-1). Yang et al. reported a facile
template-directed interfacial polymerization method and prepared hollow PANI
nanocapsules with holes on the wall. The SEM and TEM of the obtained PANI
nanocapsules are illustrated in Fig. 3.13 (c) and (d), respectively. [100] The PANI
nanocapsules exhibited a high specific capacitance of 502 F g-1 at a current density of 5
mA cm-2 and excellent cycle stability.
Some researchers have combined PANI with transition metal oxides in order to
develop the electrochemical performance. Transition metal oxides have high theoretical
specific capacitance, but suffer from many drawbacks. Ruthenium oxide (RuO2) is the
most promising transition metal oxide since it can store charge reversibly, but it is too
expensive to commercialize. There are some cheap alternatives for RuO2, such as
manganese oxide (MnO2), iron oxide (Fe3O4), stannic oxide (SnO2), etc. But their
electrical conductivities are low. Deshmukh et al. prepared PANI/RuO2 composite thin
films by a chemical bath deposition method. This composite showed specific
capacitances of 830 F g-1 at 5 mV s-1 and 255 F g-1 at 100 mV s-1, and good cycle
stability (the specific capacitance at 100 mV s-1 decreased by 15 % after 5000 CV
cycles). [102] Li et al. produced RuO2/PANI composites by electrochemically
depositing PANI on a tantalum substrate and then electrodepositing RuO2 on the PANI.
This RuO2/PANI composite owned a specific capacitance of 474 F g-1 at a scan rate of
50 mV s-1 and decayed only 12 % after 1000 CV cycles. [103] Hu et al. prepared a
PANI/SnO2 nanocomposite, in which the SnO2 nanoparticles were embedded within the
netlike PANI. This composite had a specific capacitance of 305.3 F g-1 at a current
density of 5 mA cm-2 and decayed only 4.5 % capacitance after 500 cycles. [104] Jiang
et al. produced PANI/MnO2 coaxial nanofibers composites. The MnO2 floccules
supplied high specific surface area, and the PANI nanofibers served as backbone and
conductive pathway. The optimal PANI/MnO2 in their study showed a high specific
capacitance of 383 F g-1 at 0.5 A g-1 and good cycle stability with 75.5 % capacitance
retention over 2000 cycles. [105]
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Composites of PANI and other conducting polymers have also been studied for the
application in supercapacitor electrode. Poly(3,4-ethylenedioxythiophene) (PEDOT) is
an attractive conducting polymer since it is highly conductive, environment friendly,
and chemically stable. Polystyreneslufonate (PSS) is often used to increase the waterdispersion of PEDOT, but the addition of PSS sacrifices the electrical conductivity of
PEDOT. Dipali et al. used silver nanowire (AgNW) to improve the conductivity of
PEDOT:PSS and developed AgNW-PEDOT:PSS/PANI hybrid nanostructures. They
deposited a thin layer of AgNW-PEDOT:PSS firstly on a stainless steel substrate by a
dip coating technique and then electrodeposited PANI on the pre-coated substrate. The
obtained AgNW-PEDOT:PSS/PANI nanostructure showed a large specific capacitance
of 643 F g-1 at 10 mV s-1 and still retained 85.87 % capacitance after 1000 cycles. [106]
Polypyrrole (PPy) is another commonly used conducting polymer. PANI-based
electrodes usually work in acidic electrolytes, while PPy-based electrodes are usually
used with neutral electrolytes. Therefore, the combination of PANI and PPy can extend
the pH range of electrolyte. Mi et al. prepared core-shell PPy/PANI composites by insitu chemical polymerization of aniline on the surface of PPy nanotubes. The resulting
PANI/PPy composite presented a specific capacitance of 416 F g-1 in sulphuric acid
(H2SO4) and a specific capacitance of 291 F g-1 in potassium chloride (KCl). [107]
More recently, Lei et al. developed a new one-step triple-phase interfacial synthesis
method to produce PANI-coated PPy composite, which showed a high specific
capacitance of 348.5 F g-1 but bad cycle stability with a 48.6 % loss of capacitance after
100 cycles. [108]
Besides the binary nanocomposites, trinary nanocomposites have also been
investigated to develop the electrochemical performance of PANI. Xia et al. reported a
two-step method to producing nanostructured graphene/Fe2O3/PANI composite. The
obtained ternary composite showed a high specific capacitance of 638 F g-1 at a scan
rate of 1 mV s-1, which is much higher than the 58 F g-1 of the pristine PANI, and
excellent electrochemical stability with 92 % retention of specific capacitance after
5000 cycles. [109] Li et al. developed an interesting and efficient strategy to grow
cobalt oxide (Co3O4) on the graphene by employing PANI as coupling linker. The
synthesis procedure is illustrated in Fig. 3.14 (a) and (b). The as-prepared ternary
nanocomposites have well-defined two-dimensional morphologies and outstanding
30

electrochemical performance (in Fig. 3.14 (c)). [110] Han et al. produced 70 % MnO2
nanorods intercalated graphene oxide/PANI ternary composites, which showed a high
specific capacitance of 512 F g-1 at a current density of 0.25 A g-1 and outstanding cycle
stability with 97 % capacitance retention after 5000 cycles. [111]

Fig. 3.14 Schematic illustration of (a) the synthesis of graphene/PANI/Co3O4 nanocomposite
and (b) detailed growth of PANI/Co3O4 particles; (c) the specific capacitance of the obtained
nanocomposites. Reuse with the permission from John Wiley and Sons. [110]

Similar to other conducting polymers, PANI suffers from bad electrochemical
stability due to the volume change during charge/discharge cycling. In order to
overcome this drawback, some researchers proposed chemical modification of PANI.
Sivakkumar et al. successfully modified PANI into poly(N-methylaniline) (PNMA), in
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which the proton exchange sites were blocked by the methyl groups. The PNMA owned
higher redox activity and lower risk of degradation compared to PANI. [112] Another
effective strategy to improve the cycle stability of PANI is producing carbon-based
PANI composite. This composition can combine the outstanding conductivity and
stability of carbonaceous materials with the high faradaic-capacitance of PANI. [66]
The researches about the development of carbon-based PANI composites for
supercapacitor electrode will be discussed in the section 3.3.
Another strategy to improve the electrochemical stability of PANI is designing
asymmetric supercapacitors using PANI as the positive electrode. [113] The negative
electrode can be carbonaceous materials or transition metal oxides. Mak et al. reported
an asymmetric supercapacitor using PANI nanofibers as positive electrode, and
vanadium pentoxide (V2O5) nanofibers as negative electrode. The PANI//V2O5
asymmetric device showed a specific capacitance of 58 F g-1 at 0.2 A g-1, which was
higher than the 39 F g-1 of a V2O5//V2O5 symmetric supercapacitor. And the
PANI//V2O5 supercapacitor had long cycle life with around 73 % capacitance retention
after 2000 cycles. [114] Heydari et al. synthesized PANI on the carbon cloth (CC)
substrate and assembled an all-solid flexible asymmetric supercapacitor. PANI-CC and
activated carbon were used as positive and negative electrodes, respectively; and
H2SO4-PVA gel was used as electrolyte. This asymmetric supercapacitor performed a
good capacitance of 261 F g-1 at 1 A g-1 and great cycle stability (18 % decay after 5000
cycles). [115] Bavio et al. assembled PANI/carbon nanotube symmetric and asymmetric
flexible supercapacitors as shown in Fig. 3.15. The PANI/carbon symmetric
supercapacitor and the asymmetric supercapacitor using PANI/carbon nanotube as
positive electrode and carbon black as negative electrode both showed good cycle
stabilities, but the specific capacitance of the asymmetric supercapacitor (1566 F g-1 at
0.25 A g-1) was higher than that of the symmetric supercapacitor (1275 F g-1 at 0.25
A g-1). [116]
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Fig. 3.15 Schematics of a flexible supercapacitor cell. Reuse with the permission from Elsevier.
[116]

3.3. Carbon-based PANI composite
3.3.1. Preparation methods and electrochemical performance
Using carbon-based PANI composites as supercapacitor electrode is aimed to obtain
synergistic effects, i.e. combine the high conductivity, large specific surface area, good
mechanical stability and high power density of carbonaceous materials with the high
energy density of PANI. Moreover, the carbonaceous materials can serve as a structural
support for the PANI and allow room for the swelling and shrinking of PANI, therefore
enhance the electrochemical cycle stability. [126] Various carbonaceous materials have
been used to produce carbon-based PANI composites. Among them, activated carbon,
carbon nanotube (CNT), and graphene have been most extensively investigated.
Activated carbon own high specific surface area and moderate cost. CNT has excellent
electrical conductivity and chemical stability, but is expensive, hard to purify, and own
lower surface area than graphene. Graphene own unique two-dimensional sp2hybridized carbonaceous nanostructure, therefore show larger specific surface area than
most carbonaceous materials, high conductivity, excellent mechanical property, and a
broad electrochemical window. [117] Graphene itself can be produced by various
methods, such as mechanical exfoliation, epitaxial growth by chemical vapor deposition,
oxidizing graphite followed by reduction, unzipping CNT, etc. Among them, the
oxidation-reduction is the most commonly used method, since it is simple and suitable
for mass production. Up to now, many synthesis methods of carbon-based PANI
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composites have been reported. Here, the most commonly used four methods, namely
in-situ polymerization, vacuum filtration, electrodeposition and chemical vapor
deposition, are discussed in following text.
In-situ

polymerization

is

the

most

widely

used

method

to

produce

PANI/carbonaceous material composites. The main drawback of this method is the poor
dispersion of carbonaceous materials in aqueous solution. In order to solve this problem,
many strategies have been reported such as sonication, surface modification, preparing
composites of graphite oxide (GO) and PANI followed by reducing into reduced
graphite oxide (rGO)/PANI composites, and using rGO instead of graphene since some
residual function groups of rGO are beneficial for its dispersion in aqueous media. [118]
Mao et al. produced a series of surfactant-stabilized graphene/PANI composites by insitu polymerization of aniline in the presence of surfactant (tetrabutylammonium
hydroxide or sodium dodecyl benzenesulfonate)-stabilized graphene in acidic condition.
The obtained composites showed high specific capacitance and good cycle stability.
[119] Additionally, the carbon-based PANI composites produced by in-situ
polymerization are usually powder-like; therefore, the active products need to be mixed
with a binder, such as PVDF and PTFE, before the assembling of supercapacitor
devices. In most cases, a conductive additive (e.g. carbon black) is also necessary to
enhance the electrical conductivity in the electrode and at the interface between the
electrode and substrate. [120] However, binders are non-conductive, and both of binder
and conductive additive are usually electrochemically inactive. Khosrozadeh et al.
prepared acid-treated carbon particles (TCPs) firstly, and then synthesized TCP/PANI
composites by in-situ polymerization of aniline in the presence of TCP and phytic acid.
The pheytic acid acted as not only dopant but also crosslinker for PANI. They obtained
free-standing composite films and assembled a lightweight, thin and flexible solid-state
supercapacitor with a high specific capacitance of 272.6 F g-1 at 0.63 A g-1 and good
cycle stability (95.7 % capacitance retention after 501 cycles). [44]
Vacuum filtration of the colloidal dispersions of CNT, graphene, graphene oxide
(GO), etc. can assemble corresponding free-standing paper-like sheets. [121] This
method has also been used to prepare free-standing carbon-based PANI composite films.
The drawback of using as-prepared film for supercapacitor electrode is the low
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accessible surface area. Yan et al. produced rGO paper by vacuum filtration of rGO
aqueous dispersion and then prepared rGO/PANI hybrid paper by in-situ polymerization
of aniline. The obtained paper-like rGO/PANI hybrid was thin, lightweight, flexible,
and owned better electrochemical performance (specific capacitance of 489 F g-1 at 0.4
A g-1 and 96 % retention after 500 cycles) than the rGO paper. [122] Wu et al. mixed
graphene colloid and PANI nanofibers aqueous dispersion, and vacuum filtered the
mixture into composite film. The obtained film has a graphene-PANI-graphene
sandwiched layer structure, showed good mechanical stability, high flexibility, excellent
conductivity, and a good specific capacitance of 210 F g-1 at a current density of 0.3
A g-1. [123]
Electrodeposition is a facile and straightforward method to produce carbon-based
PANI composites. Moreover, the thickness of the synthesized films and the
polymerization rate can be controlled by varying the synthesis parameters, such as
current density, potential, content of monomer, etc. [117] Gao et al. have prepared
reduced graphene oxide sheets/polyaniline (GNS/PANI) composites by this method. As
illustrated in Fig. 3.16, the preparation process contains three main steps: synthesis of
GNS; deposition of GNS on stainless steel substrate; and electrodeposition of PANI
nanofibers on the GNS. The resulted GNS/PANI composites showed higher capacitance
(5.16 F cm-2 at 10 mA cm-2), better rate capability, and longer cycle life (93 %
capacitance retention after 1000 charge/discharge cycles) than the pristine GNS and
pristine PANI. [124] Ge et al. proposed a method of combining the vacuum filtration
and electrodeposition together. They prepared single-walled carbon nanotube (SWCNT)
film by vacuum filtration firstly, and then electrochemically deposited PANI on the
obtained SWCNT film. They assembled the SWCNT/PANI film into a transparent
flexible supercapacitor, which exhibited a specific capacitance of 55 F g-1 at a current
density of 2.6 A g-1. [125]
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Fig. 3.16 Schematic of the preparation of GNS/PANI composites. Reuse with the permission
from Elsevier. [124]

Chemical vapor deposition (CVD) can produce defect-free, fine and even graphene
sheets, which do not have inter-sheet junction resistance and show high conductivity.
However, a substrate is necessary to deposit the graphene sheets. The deposition is
carried out at a very high temperature, and the initial graphene is in a vapor form along
the targeted substrate. Dong et al. firstly synthesized three-dimensional (3D) graphene
foams by CVD method using 3D nickel foam as template, and then in-situ polymerized
aniline in the presence of the 3D graphene foam. The obtained graphene foam/PANI
hybrid electrode exhibited a high specific capacitance of 346 F g-1 at a current density of
4 A g-1 but moderate cycle stability with 30 % loss of capacitance after 120 cycles. [126]

3.3.2. Strategies to improve the electrochemical properties
Up to now, many strategies have been developed to enhance the electrochemical
performance of carbon-based PANI composites. Some of them are listed as follows.
Doping heteroatom, such as nitrogen (N), boron, and sulfur, etc. in the carbonaceous
materials can introduce an additional pseudocapacitance. N-doping is the most
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commonly used doping. It can enhance the conductivity of the carbonaceous materials
and facilitate a uniform and abundant loading of PANI via serving as nucleation and
anchoring sites. Yu et al. prepared a novel N-doped porous carbon/PANI composite, in
which the N-doped porous carbon was produced using low-cost, environmental friendly
and renewable wood waste. The obtained composite exhibited a high specific
capacitance of 347 F g-1 at 2 A g-1 and retained 76% capacitance after 1000 cycles.

Fig. 3.17 Structural schematic and SEM images of the 3D graphene network-PANI nanocone
arrays. Reuse with the permission from Elsevier. [127]

Producing PANI arrays vertical to the surface of carbonaceous materials can
increase the surface area, and the obtained 3D structure of composite can increase the
access sites for electron transfer and improves the rate capability. [128] Liu et al.
fabricated 3D arrays of PANI/graphene composites by in-situ chemical oxidative
polymerization of aniline in the presence of amino-functionalized graphene (AMG).
The polymerization was initiated by the amino groups of AMG, and fully oriented
arrays of PANI nanorods were produced at a suitable content of AMG. The prepared
PANI/AMG composite showed high specific capacitance (1295 A g-1 at 1 A g-1), low
electrical resistance and excellent cycle stability (88 % capacitance retention after 1500
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cyclic voltammetric cycles). [129] Yu et al. prepared 3D graphene network by
depositing graphene on nickel foam, and then electrodeposited PANI nanocone arrays
on the 3D graphene network. The morphologies of obtained materials are illustrated in
Fig. 3.17. The free-standing electrode possessed specific capacitance of 751.3 F g-1 at 1
A g-1, high rate capacitance (the capacitance at 10 A g-1 is 88.5 % of that at 1 A g-1), and
good cycle stability with 93.2 % capacitance retention over 1000 cycles of
charge/discharge. [127]
Producing porous structure is another effective strategy to increase the specific
surface areas and ion channels inside electrode materials. According to the size of pore,
pores can be divided into micropores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm). [57] Theoretically, the specific surface area of a porous material increases
with the decrease of pore size. But, in practical, pores smaller than 0.5 nm are not
accessible to hydrated ions; and pores smaller than 1 nm are not accessible to the
solvated ions in organic electrolytes. It has been reported that the pore size for a
practical supercapacitor electrode material should be in the range of 2 to 5 nm, in order
to gain sufficient ion diffusion and high specific surface area. [7] Yu et al. prepared
nanocomposites of hierarchically porous N-doped carbon (HPC) and PANI nanowire
array by in-situ polymerization of aniline in the presence of HPC. The N-doping of the
HPC enhanced the surface wettability and was beneficial to the growth of PANI on the
internal and outer surface of the hierarchical porous HPC. The obtained HPC/PANI
composite owned large accessible surface area and short ion diffusion pathway due to
the interconnected meso/micropores in the 3D structure, and exhibited an excellent
specific capacitance of 1080 F g-1 at 1 A g-1 in a three-electrode testing cell. The
asymmetric supercapacitor, which used HPC/PANI and HPC as positive and negative
electrodes, respectively, showed a high specific capacitance of 134 F g-1 at 1 A g-1 and
good cycle stability with 91.6 % capacitance retention after 5000 cycles. [130] Recently,
Wu et al. proposed a two-step self-assembling method to produce 3D porous PANI/rGO
composite gels. PANI with controlled thickness was coated on GO sheets firstly by insitu polymerization, and then the PANI/rGO was produced by reduction-assembly (Fig.
3.18 (B)). This method can avoid the pores of the composite gel being blocked by PANI
as shown in Fig. 3.18 (A). The resulted PANI/rGO porous composite exhibited a high
specific capacitance of 808 F g-1 at a current density of 53.33 A g-1. [131] Fan et al.
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produced a novel PANI hollow spheres/rGO hybrid with core-shell structure. Besides
pores, the core-shell structure can also enlarge the specific surface area and shorten ion
diffusion pathway. The rGO wrapped on the hollow PANI spheres can offer mechanical
support for PANI and bridge the conductive pathway for individual PANI spheres. The
as-prepared PANI/rGO hybrid showed a high specific capacitance of 614 F g-1 at 1 A g-1,
and retained 90 % capacitance after 500 cycles. [132]

Fig. 3.18 Schematic illustration of producing PANI/rGO porous composite by (A) traditional
way and (B) the method proposed by Wu et al. Reuse with the permission from Royal Society
of Chemistry. [131]

In recent years, lots of efforts have been devoted to develop lightweight, flexible
and foldable supercapacitor for portable and even wearable electronics.[120] Zang et al.
prepared graphene/PANI woven fabric composite films by electrochemically depositing
PANI on the graphene woven fabric (GWF) film. The GWF had good dimensional
stability and conductivity, and its unique structure supplied additional active surface for
the electrolyte ions. Then a solid-state flexible symmetric supercapacitor with a whole
thickness of smaller than 1 mm was assembled by using the graphene/PANI composite
as electrodes. The supercapacitor showed a high specific area capacitance of 23 mF cm-2
at a constant current of 0.1 mA cm-2, excellent cycle stability with about 100 %
capacitance retention after 2000 cycles, and superior flexibility with improved specific
area capacitance to 118 % after deformation. [133] Miao et al. prepared a free-standing
carbon nanofibers/CNT/PANI ternary composite film with a specific capacitance of 315
F g-1 at 1 A g-1 s in a three-electrode testing cell. The corresponding solid-state
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symmetric supercapacitor showed a specific capacitance of around 48 F g-1 at 2 A g-1
and remarkable cycle stability with 92 % capacitance retention after 10000
charge/discharge cycles. Additionally, current collector is not necessary for the
assembling of supercapacitor, since the nanofiber/CNT films own excellent
conductivity. [134]
Some researchers have studied the electrochemical properties of flexible
supercapacitors in rolled and folded states. Zeng et al. prepared CNT/PANI composites
via electrochemical re-expansion of CNT film into CNT hydrogel followed by
electrodeposition of PANI on the obtained CNT hydrogel. The symmetric
supercapacitor using CNT/PANI composites as electrodes exhibited a high specific area
capacitance of 184.6 mF cm-1 at 1 mA cm-2, and maintained the high capacitance in the
rolled state. [135] Yu et al. synthesized sandwich structural rGO/PANI/carbon fiber
composites by coating the composite of PANI nanowire arrays-wrapped N-doped
carbon fiber cloth (PANI/CFC) by rGO. The rGO coating accommodated volume
change and mechanical deformation of PANI during charge/discharge, and bridged the
electronic connection of every PANI/CFC units. The charge transfer resistance in the
composites was low due to the interactions between the components, namely conjugation, hydrogen bonding and hydrogen bonding. The symmetric two-electrode
rGO/PANI/CFC supercapacitor using 1 M H2SO4 as electrolyte and encapsulated by
PET film showed a high specific capacitance of 1145 F g-1 at 1 A g-1 and retained 94 %
capacitance after 5000 cycles. Bending of this supercapacitor had only a slight influence
on its specific capacitance as illustrated in Fig. 3.19. [136] Ge et al. designed an
interesting foldable supercapacitor using triple networks of macroporous cellulose fibers,
SWCNT and PANI nanoribbons as electrodes. The electrodes were prepared by dipadsorption of SWCNT on Kimwipes tissue followed by in-situ polymerization of aniline.
The obtained hybrid exhibited a good specific volume capacitance of 40.5 F cm-3 and a
specific area capacitance of 0.33 F cm-2 at a current density of 0.2 mA cm-2, and could
be folded back and forth up to 1000 times without loss of capacitance or mechanical
failure. [137]
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(a)

(b)

(c)

Fig. 3.19 (a) Procedure of producing rGO/PANI/CFC composites; (b) interactions among CFC,
PANI, and rGO; (c) schematic of the flexible supercapacitor. Reuse with the permission from
American Chemical Society. [136]

Recently, wire-shaped supercapacitors and micro-supercapacitors using carbonbased PANI composites as electrodes have been reported. Liu et al. prepared a flexible
wire-shaped asymmetric supercapacitor, in which MnO2/PPy/carbon fiber composite
and V2O5/PANI/carbon fiber composite were used as the positive and negative
electrodes, respectively (Fig. 3.20). The large difference between the work functions of
MnO2 and V2O5 increased the potential window to 2.0 V. The wire-shaped
supercapacitor exhibited high specific capacitance (0.613 F cm-2 at a current density of
1.5 mA cm-2) and excellent stability, and maintained the high capacitance under bending
condition. [138] Xue et al. reported a novel method for the preparation of all-solid-state
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flexible micro-supercapacitors (Fig. 3.21). GO patterns were fabricated by
micromolding in capillary (MIMIC) and then reduced into rGO patterns; subsequently,
PANI nanorods were in-situ electrodeposited on the rGO patterns. The symmetric twoelectrode micro-supercapacitor using the as-prepared PANI/rGO hybrid as electrodes
showed a high specific capacitance of 970 F g-1 at 2.5 A g-1 and good cycle stability
with 90 % capacitance retention after 1700 cycles. [139]

Fig. 3.20 Fabrication process of wire-shaped asymmetric supercapacitor using
MnO2/PPy/carbon fiber composite and V2O5/PANI/carbon fiber composite as composites.
Reuse with the permission from Royal Society of Chemistry. [138]

Fig. 3.21 Fabrication process of PANI/rGO microelectrodes. Reuse with the permission from
John Wiley and Sons. [139]

In summary, carbon-based PANI composites are promising materials for
supercapacitor electrode. Up to now, plenty of methods have been proposed to optimize
the morphological structures and the surface properties (functional groups and
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accessible surface area) of the carbonaceous component and PANI in order to enhance
the conductivity, electrochemical and mechanical stability, and capacitive performance
of the composites. Supercapacitor electrodes with new shapes and structures have been
developed to meet the requirements of practical application. However, these
developments of electrode materials with excellent electrochemical performance or new
shapes usually suffer from high cost. In practical manufacturing, cost and environmental
friendliness should be considered. Therefore, this report used the cost-effective rGO and
GNP as the carbonaceous components and investigated two green ways of modification,
in order to gain composites with not only good electrochemical properties but also low
cost.
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4. Experimental part
4.1. Materials
Aniline (99.8 wt.%) used for the preparation PANI/GNP composites (chapter 5.1)
was purchased from Acros Organics; aniline used for the preparation of PANI/rGO
composites (chapter 5.2 and 5.3) was purchased from Sigma Aldrich. Before use,
aniline has been distilled under vacuum. Expanded graphite (EG) was supplied by SGL
Carbon GmbH and has been dried in vacuum oven at 80 °C overnight before the
experiment. Hydrochloric acid solution (HCl, 37 wt.% in water) was purchased from
Merck. Sulfuric acid (H2SO4, 95-98 %), 4-dodecylbenzenesulfonic acid solution (DBSA,
70 wt.% in isopropanol), iron chloride (FeCl3, 97 %), ammonium persulfate (APS, 98
wt.%), dopamine hydrochloride, tris (hydroxymethyl) aminomethane, tannic acid (TA),
hydrogen peroxide (H2O2), phosphoric acid solution (H3PO4, 85 wt.% in water),
hydrazine monohydrate (HH, 98 wt.%), polytetrafluoroethylene dispersion (PTFE, 60
wt.% in water), and polyvinyl alcohol (PVA, Mowiol 18-88) were purchased from
Sigma Aldrich. Potassium permanganate (KMnO4) was obtained from Acros Organics.
All chemicals are of reagent grade. Carbon black super-P and stainless-steel mesh (SS
mesh, type 304, 500 mesh) were purchased from Alfa Aesar. The SS mesh has been
thoroughly washed by ethanol and then air-dried before use. Distilled water was used
for the experiments related to chapter 5.1, and Millipore water was used throughout the
experiment corresponding to chapters 5.2 and 5.3.

4.2. Sample Preparation
4.2.1. Synthesis of PANI/GNP composites
PANI/GNP composites were prepared by in-situ oxidative polymerization of aniline
in the presence of GNP. Firstly, aniline, EG, and DBSA were added successively into a
three-necked bottle with 150 mL, 1 M HCl solution and then stirred. The probe of an
ultrasonic processor Hielscher (model UP400S, US finger S7) was placed into this
bottle to sonicate under an amplitude of 55 for 2 h, aiming to exfoliate the EG into
graphite nanoplates (GNP). Under vigorously stirring, the oxidant (FeCl3 or APS)
dissolved in 50 mL of 1 M HCl solution was subsequently added dropwise. The
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polymerization process was performed in an ice bath (0-4 °C) for 4 h and then at room
temperature for 20 h. The obtained green precipitate was collected by a glass frit G4,
and then washed by distilled water, ethanol, acetone, and diethyl ether in sequence.
Finally, the product was dried overnight at 100 °C under vacuum. The obtained
PANI/GNP using FeCl3 as oxidant were named as PANI/GNP-(mass ratio
GNP:aniline)-(molar ratio FeCl3:aniline)-(mass ratio DBSA:aniline). The composites
prepared by using APS as oxidant were named as PANI/GNP-(mass ratio GNP:aniline)(molar ratio APS:aniline)-(mass ratio DBSA:aniline)-APS. For example, the composite
named as PANI/GNP-0.1-2-0-APS was prepared with a GNP to aniline weight ratio of
1 to 10 (0.1), an oxidant to aniline molar ratio of 2 to 1 (2), without the addition of
dopant DBSA (0), and using APS instead of FeCl3 as the oxidant (APS).
4.2.2. Synthesis of PANI/(GO-PDA) and PANI/GO-PDA composites
Synthesis of graphite oxide (GO): EG was chemically oxidized into GO according to
the improved oxidation method developed by Marcano [140]. A concentrated
H2SO4/H3PO4 (120 mL: 15 mL) solution was added to a mixture of 1 g EG and 6 g
KMnO4. Under vigorous stirring at 50 °C for 21 h, the mixture became paste with
brownish grey color. After cooling down to room temperature, the paste was poured
into a beaker containing approximately 200 mL ice, then 15 mL H2O2 was added. The
final golden product was washed in succession with plenty of dilute hydrochloric acid
solution (10 % in volume) and Millipore water with the aid of high speed centrifugation
(Sigma 3-30KS, 10000 rpm, 20 min) until a pH value about 6 was reached. Then the
GO solution was dialyzed in distilled water for one week.
Synthesis of polydopamine modified graphite oxide (GO-PDA): GO was reduced
into GO-PDA0.5, GO-PDA0.8 and GO-PDA1.1 with a GO to PDA weight ratio of
1:0.5, 1:0.8 and 1:1.1, respectively. For the synthesis of GO-PDA0.5, 10.57 mL of 9.46
mg mL-1 GO solution was firstly mixed with 200 mL of 20 mM Tris-HCl buffer
solution (mixture of tris (hydroxymethyl) aminomethane and HCl, pH=8.5) and
sonicated in water bath for 30 min. Subsequently, 50 mg dopamine hydrochloride was
added into the GO dispersion. After reaction under magnetic stirring at 60 oC for 24 h,
the product was precipitated from acetone by centrifugation at 10000 rpm for three
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times. The precipitate was dialyzed in distilled water for 3 days, filtered, and vacuum
dried at room temperature overnight.
Preparation of PANI, PANI/GO and PANI/(GO-PDA) composites: Pure PANI and
PANI/GO and PANI/(GO-PDA) (1:0.1 wt./wt.) composites were synthesized by in-situ
chemical oxidative polymerization of aniline. Firstly, 1 g (10.7 mmol) aniline and
certain amounts of GO or GO-PDA were mixed in 150 mL of 1 M HCl solution, and
sonicated in water bath at ambient temperature for 30 min. Then 50 mL of 1 M HCl
solution containing 2.45 g (10.7 mmol) APS was dropwise added into the mixed
solution. After reaction in ice bath for 4 h and then at ambient temperature for 20 h
under vigorous stirring, the resulting green precipitate (PANI/GO or PANI/(GO-PDA)
composites) were filtered, washed with plenty of Millipore water and ethanol, and then
dried in a vacuum oven at 100 °C overnight. Pure PANI was produced by the same
method, without the addition of GO or GO-PDA.
Synthesis of PANI/GO-PDA composites: The PANI/GO (1:0.1) composite was
further processed into PANI/GO-PDA composites containing different amount of PDA.
For example, PANI/GO-PDA (1/0.1-0.5) composite was synthesized by immersing 1 g
PANI/GO (1:0.1) composite into 200 mL of 20 mM Tris-HCl buffer solution (pH=8.5)
and sonicating in water bath for 30 min. Then 50 mg dopamine hydrochloride was
added into the mixture and reacted under magnetic stirring at 60 oC for 24 h. The final
product was filtered, washed by Millipore water, dialyzed in distilled water for 3 days,
filtered again and dried in a vacuum oven at 60 oC overnight. The difference between
the synthesis processes of PANI/(GO-PDA) and PANI/GO-PDA is shown in Fig. 4.2.1.

Fig. 4.2.1 Schematic diagram of the synthesis process of PANI/(GO-PDA) and PANI/GO-PDA.
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4.2.3. Synthesis of PANI/(rGO-TA), PANI/(rGO-HH), and PANI/GNP composites
Reduction of GO by tannic acid or hydrazine hydrate: 220 mg tannic acid (TA) was
added into 3 mL of 7.38 mg mL-1 as-prepared GO solution. Then the mixture was
heated to 95 °C under magnetic stirring for 2 h, 12 h or 24 h. After reduction, the
products were collected by vacuum filtration and washed 10 times by plenty of
Millipore water. The final rGO solutions were labelled as rGO-TA-2h, rGO-TA-12h,
and rGO-TA-24h. Subsequently, half amount of the obtained rGO-TA-24h was further
washed by ethanol for 10 times to remove TA; the product is named as rGO-TA-24hEOH. For comparison, rGO reduced with hydrazine hydrate (HH) was synthesized and
labelled as rGO-HH. The GO and HH solutions with a GO: HH weight ratio of 10:7
were mixed and then reacted at 95 °C under stirring for 24 h. The final product were
collected by vacuum filtration and washed successively by plenty of Millipore water
and ethanol.
Preparation of graphite nanoplates (GNP): 1 g EG was immersed in an ethanol
solution (70 % ethanol in volume) for 14 h and then sonicated with or without TA (0.5 g)
in a Bandelin Sonorex ultrasonic bath (RK 102H, 140 W) for 10 h. The obtained GNPs
with and without TA were labelled as GNP-TA and GNP, respectively. Fig. 4.2.2
illustrates the process of synthesizing rGOs and GNPs based on EG.

rGO-TA-2h

rGO-TA-12h
Oxidation

GO

Reduction
rGO-TA-24h

EG

Ethanol
wash

rGO-TA24h-EOH

rGO-HH
Sonication exfoliation

GNP-TA
GNP

Fig. 4.2.2 Diagram of producing rGOs and GNPs from EG.
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Synthesis of PANI/(rGO-TA), PANI/(rGO-HH) and PANI/GNP composites: 50 mL
of 1 M HCl solution with 2.45 g APS was dropwise added into 150 mL of 1 M HCl
solution containing 1 g aniline and certain amounts of rGO or GNP. The polymerization
process was performed in ice bath for 4 h and then at room temperature for 20 h under
vigorous stirring. The resulting green precipitate was filtered, successively washed with
plenty of Millipore water and ethanol, and then dried in a vacuum oven at 100 °C
overnight.

4.3. Instruments and Characterization methods
Ultraviolet-visible (UV-vis) spectra of PANI, PANI/GNP composites, GO, and GOPDA were studied by a SPECORD 210 Plus spectrophotometer (Analytic Jena,
Germany) at ambient temperature. The ethanol solution with tiny amount of the PANI
or PANI/GNP samples, or the diluted GO solution was placed in 1.5 mL semi-micro
cuvettes of PMMA for the UV-vis test. Fourier-transform infrared attenuated total
reflectance (FTIR/ATR) spectra of powder-like solid-state samples were recorded by a
Tensor 27 spectrometer (Bruker, USA) in a wavenumber range from 4000 cm-1 to 550
cm-1. X-ray photoelectron spectroscopy (XPS) analysis was performed on an AXIS
ULTRA instrument with a monochromatic Al K1,2 X-ray source (Kratos Analytical,
England). The powder-like solid-state sample was fixed on an electrically nonconductive double-sided adhesive tape. X-ray diffraction (XRD) spectra were recorded
using a two-circle diffractometer XRD 3003 TT (GE Sensing&Inspection Technology
GmbH, Germany) with a Cu-K  radiation (= 0.1542 nm). The fine powder-like GO
and rGO samples were tested in quartz glass capillary tubes, and the platelet-like EG
sample was tested in aluminum (Al) foil. Raman spectra were measured using a
confocal Raman microscope alpha 300R (WITec GmbH, Germany) with a laser line at
532 nm. The measurements were performed using a ×20 microscope and with a laser
power of 10 mW. Thermogravimetric analysis (TGA) was tested by the TGA Q5000
(TA Instruments, USA). The powder-like samples with weights of about 5 mg were
added into the testing glass tubes, and then heated from ambient temperature to 800 °C
with a linear heating rate of 10 K min-1 under nitrogen atmosphere.
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The Brunauer-Emmett-Teller (BET) specific surface areas were measured by an
Autosorb-1 from Quantachrome (USA) using nitrogen as adsorbent at 77 K. Scanning
electron microscopy (SEM) images were obtained using a Zeiss Ultra Plus field
emission scanning electron microscope (FE-SEM, Carl Zeiss Microscopy GmbH,
Germany). Few milligrams of the sample were dispersed in acetone and then a drop of
the dispersion was placed on a cleaned wafer and dried in hot air oven at 50 °C for 2
hours. The sample was sputter coated with platinum before test. The energy dispersive
X-ray spectrometry (EDX) was tested on an EDS Spectrometer XFlash 5060FQ (Bruker,
USA), in order to analyse the distribution of PANI in PANI/GNP composites. An inhouse built device together with the TestpointTM software was employed to measure
conductivity. [141] Powder-like samples were tested in a poly(methyl methacrylate)
(PMMA) cylinder with a cavity diameter of 5 mm. As shown in Fig. 4.3.1, the goldplated plunger compressed the samples into defined pressures (30 MPa), aiming to
assure good contact between the particles. And the DMM 2001 multimeter (Keithley
Instruments) recorded the distance and the resistivity between the plunger and the goldplated base. Then the conductivity of sample was calculated according to the resistance
values and the geometry of the system. The weight of each sample was around 50 mg.

Fig. 4.3.1 Photographs of the in-house built device for powder conductivity testing.
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voltammetric tests of materials performed in a conventional three-electrode system with
were a potential range of -0.9 V to 0.55 V (chapter 5.1) or a range of -1.0V to 0.6V
(chapter 5.2 and 5.3). As illustrated in Fig. 4.3.2 (a) and (c), the testing system was
made up by working electrode (WE), reference electrode (RE), counter electrode (CE,
Pt coil) and electrolyte (1 M Hg2SO4). The Hg/Hg2SO4 reference electrode has a
potential of 0.613 V versus the normal hydrogen electrode. For the preparation of WE,
the active materials, carbon black super-P, and PTFE with a weight ratio of 8:1:1 were
firstly dispersed in Millipore water. Then the dispersion was sonicated in a water bath
for 30 min and dried in a vacuum oven at 80 °C overnight. Subsequently, the dried
mixture was mixed with some ethanol and then kneaded into a paste by an agate mortar
and pestle. The final paste-like product was pressed on a circular stainless steel mesh
with a diameter of 10 mm (current collector) under a pressure of 100 kN for 3 min. The
weight of active material in the electrode varied between 3 mg and 10 mg. Based on the
cyclic voltammetric results, the specific capacitances (c, F g-1) of the active materials
under certain potential scan rates (, V s-1) were calculated by the equation:

c

 I V   dV
2m  V 

(4.3.1)

where I(V) (A) represents the magnitude of current at a potential of V (V), V represents
the potential window, and m (g) is the mass of active material in the WE. Some of the
investigated

composites,

namely

PANI/(rGO-TA-24h),

PANI/(rGO-HH),

PANI/(GNP-TA), and PANI/GNP have been further assembled into two-electrode
solid-state symmetric supercapacitor devices (see Fig. 4.3.2 (b) and (d)). Electrode
sheets were prepared by the same method as for the three-electrode electrochemical
testing. H2SO4-PVA gel was used as both solid-state electrolyte and separator. Firstly,
two electrode sheets with same weight and same shape were pressed on stainless steel
mesh (current collector) under 200 kN for 3 min. H2SO4-PVA gel was prepared by
mixing 3 g PVA with 30 mL of 1 M H2SO4 at 85 °C under stirring for 1 h. After it
cooled down, the stainless steel meshes, which had been coated with the electrode
material, were immersed into H2SO4-PVA gel for 5 min, and then the system was
solidified at ambient temperature for 3 h. Finally, the two stainless steel meshes were
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assembled into symmetric supercapacitors. Glass slides (top and bottom) and scotch
tape were used to fix the supercapacitors. The cyclic voltammetric behavior of the asprepared symmetric supercapacitor devices were tested in the voltage range of -0.9 V to
0.55 V. The galvanostatic charge/discharge performances of the devices were
investigated between 0 V to 0.5 V.

(a)

(c)

(b)

WE RE CE

(d)
Glass slide
Current collector
Anode
Electrolyt
eCathode
Current collector
Glass slide

Fig. 4.3.2 (a) and (c) photograph and schematic of the three-electrode electrochemical testing
setup; (b) and (d) photograph and schematic of two-electrode supercapacitor device.
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5. Result and Discussions
5.1. PANI/GNP composites with different oxidant and dopant loading
Note: The results presented in chapter 5.1 are published in my paper “Effect of
dopant and oxidant on the electrochemical properties of polyaniline/graphite nanoplate
composites” (Polymer International, 2018. 67(10): p. 1429-1437) with the co-authors
Olga Grätz and Jürgen Pionteck.
5.1.1. Introduction
Carbon-based PANI composites can be produced by numerous methods, such as
electrodeposition or spraying of PANI onto carbonaceous materials, [127, 142]
interfacial polymerization, [143] and the in-situ chemical-oxidative polymerization.
[144, 145] Among them, the in-situ chemical polymerization of PANI on carbon fillers
is easy, fruitful, and suitable for large-scale manufacturing. Many researchers have
devoted their efforts to improve the properties of in-situ polymerized carbon-based
PANI composites. For example, Li et al. fabricated orientated arrays of PANI nanorods
on expanded graphite nanosheets. [146] Mao et al. used surfactants to increase the
dispersibility of graphene. [119] Zhang et al. investigated the effect of mass ratio of
components. [147] Some synthesis parameters, such as the dopant and oxidant, were
reported to be critical to the electrochemical performance of pure PANI. [148, 149]
However, the influence of these parameters on performance of the in-situ polymerized
PANI/GNP composites has been scarcely reported. Therefore, in the first section of my
study, the effect of dopant and oxidant on the electrochemical properties of carbonbased PANI composites was investigated. Graphite nanoplates (GNP), composed by
multiple layers of graphene, were used as the carbon filler in this part. GNP has been
extensively treated as an attractive alternative to the monolayer graphene. Compared to
the monolayer graphene, which is difficult to produce in large scale, GNP is a costeffective since it can be derived from natural graphite, and also has high mechanical
strength, large specific surface area, and good electrical conductivity. [28, 150]
In this chapter, the conductivity, morphology and cyclic voltammetric behavior of
the PANI/GNP (1:1) and (1:0.1) composites, prepared by using iron chloride (FeCl3, in
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varying amounts) or ammonium persulfate (APS) as oxidant, with or without addition
of 4-dodecylbenzenesulfonic acid (DBSA) as dopant, have been investigated. [151] The
PANI/GNP composites prepared using FeCl3 and APS as oxidant are named as
PANI/GNP-(mass

ratio

GNP:aniline)-(molar

ratio

FeCl3:aniline)-(mass

ratio

DBSA:aniline) and PANI/GNP-(mass ratio GNP:aniline)-(molar ratio APS:aniline)(mass ratio DBSA:aniline)-APS, respectively. For example, PANI/GNP-0.1-2-0-APS is
a PANI/GNP (1:0.1) composite produced with an oxidant (APS) to aniline molar ratio
of 2 to 1 and without the addition of DBSA.
5.1.2. Structural characterization of PANI/GNP composites
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Fig. 5.1.1 (a) SEM image of EG, (b) SEM images of GNP, and (c) SEM image and EDX
analysis of the PANI/GNP-1-2.3-0 composite. [151]

The morphologies of expanded graphite (EG) and GNP were illustrated in Fig. 5.1.1
(a) and (b), respectively. Obviously, in this study EG was successfully exfoliated into
GNP by sonication. The thicknesses of the GNP layers shown in Fig. 5.1.1 (b) were
measured to be between 10 nm and 100 nm. For example, the two GNP layers in the
enlarged images own thicknesses of 62 nm and 67 nm. Fig. 5.1.1 (c) shows SEM image
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of PANI/GNP-1-2.3-0 composite. The corresponding EDX analysis indicates that the
carbon and nitrogen were homogeneously distributed in the composite, which means
that the GNP was evenly coated with in-situ polymerized PANI.
The structures of pure PANI and PANI/GNP composites were characterized by the
UV-vis, FTIR/ATR, and XPS measurements. Fig. 5.1.2 (a) shows the result of UV-vis
test. The spectrum of pure PANI (PANI-0-2.3-0) owns a peak at 374 nm, corresponding
to- transition absorbance. [152] The UV-vis spectra of PANI/GNP-1-2.3-0 and
PANI/GNP-0.1-2.3-0 composites also show this characteristic peak, but the position
moves to 389 nm and 382 nm, respectively. These red shifts indicate that  conjugation
existed between the PANI chains and GNP. In Fig. 5.1.2 (b), the FTIR/ATR spectrum
of pure PANI shows peaks at 1561 cm-1 and 1484 cm-1, corresponding to the C=C
stretching vibrations of quinoid ring and benzene ring, respectively. The FTIR/ATR
spectra of both composites display similar bands as the spectrum of pure PANI, which
demonstrates the existence of PANI in the composites. [153, 154] The both peaks of
composites slightly shift to larger wavenumbers compared to the pure PANI. This
phenomenon implies that the interaction between PANI and GNP is not only the 
conjugation. In order to further understand the interaction between PANI and GNP, the
N 1s XPS spectra of pure PANI and PANI/GNP (1:1) composites were studied (Fig.
5.1.3). The spectrum of PANI shows four characteristic peaks at 397.9 eV, 399.5 eV,
400.5 eV, and 401.5 eV, respect to the quinoid imine (=N-), benzenoid amine (-NH-),
positively charged imine (=N+) and amine (-N+), respectively. [145] In the N 1s XPS
spectrum of PANI/GNP-1-2.3-0 composite, the intensities of the peaks related to =Nand =N+ are increased, and the intensities of the peaks related to -NH- and -N+ become
weaker. This phenomenon means the ratio of benzeoid structures to quinoid structures
in the PANI was decreased. In another word, the presence of GNP changed the electron
distribution in PANI.
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Fig. 5.1.2 (a) UV-vis and (b) FTIR/ATR spectra of pure PANI (PANI-0-2.3-0) and
PANI/GNP-1-2.3-0 and PANI/GNP-0.1-2.3-0 composites. [151]
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Fig. 5.1.3 N 1s XPS spectra of pure PANI (PANI-0-2.3-0) and PANI/GNP-1-2.3-0 composite.
[151]

Thermogravimetric analysis was used to roughly evaluate the actual content of
PANI (xi) and GNP (yi) in the obtained PANI/GNP (1:1) and (1:0.1) composites.
Assuming that PANI and GNP components in the composites perform the same weight
loss at 800 °C as the pure PANI and EG. In Equation 5.1.1 xf and yf present the
percentage of PANI and GNP in the composite, and px, py, and p represent the residue
weight of PANI, GNP and composites after TG test.
x f  y f  p  xi  yi   xi   p y  p 

 p  px   yi

(5.1.1)

Since the sum of the percentage content of PANI and GNP in the composites is 100
(wt.%), therefore,
xi  yi  yi   py  p 

 p  px   1  100  yi  100  py  p   p  px   1

(5.1.2)

Exemplary, Fig. 5.1.4 (a) shows the thermogravimetric curves of EG, pure PANI
(PANI-0-2.3-0), and PANI/GNP-1-2.3-0 and PANI/GNP-0.1-2.3-0 composites. EG
owns a very stable thermogravimetric property. It lost only 0.7 % weight after being
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heated to 800 °C. The thermogravimetric curves of pure PANI and PANI/GNP
composites exhibit weight loss of up to 3 % below 150 °C, which is attributed to
evaporation of moisture. Then the curves show significantly weight loss at around
280 °C to 320 °C, due to the decomposition. In this degradation step, the
thermogravimetric curve of pure PANI illustrates about 50 wt.% weight loss, followed
by other two mild weight loss before 800 °C. Based on the Equation 5.1.1 and Equation
5.1.2, the contents of PANI in the PANI/GNP-0.1-2.3-0 and PANI/GNP-1-2.3-0
composites were estimated to be 82.8 wt.% and 18.4 wt.%, respectively.
The calculated contents of PANI in all the PANI/GNP (1:1) and (1:0.1) composites
are shown in Fig. 5.1.4 (b). Theoretically, the PANI content in a PANI/GNP (1:1)
composite should be 50 wt.%, and that in a PANI/GNP (1:0.1) composites should be 91
wt.%. However, the calculated PANI contents for the PANI/GNP composites using
FeCl3 as oxidant are much lower than these values (50 wt.% and 91 wt.%). When FeCl3
was added in a sub-stoichiometric amount (FeCl3: aniline=1:1), the yield of PANI is
further reduced, since one aniline-aniline coupling needs 2 Fe (III) ions. Contrarily, the
calculated contents of PANI in the PANI/GNP-APS (1:1) and (1:0.1) composites are
almost equal to 50 wt.% and 91 wt.%, respectively. This phenomenon indicates using
APS as oxidant is beneficial to a complete conversion of aniline to PANI compared to
using FeCl3. Additionally, adding DBSA has no influence on the yield of PANI in the
PANI/GNP composites.
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Fig. 5.1.4 (a) Thermogravimetric analysis of EG, pure PANI (PANI-0-2.3-0), and
PANI/GNP-1-2.3-0 and PANI/GNP-0.1-2.3-0 composites; (b) histogram of the calculated
content of PANI in the PANI/GNP composites. [151]

5.1.3. Effect of dopant and oxidant amount on electrochemical behavior
Cyclic voltammetric (CV) behavior of the PANI/GNP composites were investigated
to evaluate their capacitive performance and to characterize their electrochemical
properties. The CV plots of PANI/GNP (1:1) composites using different content of
FeCl3 as oxidant with and without dopant (DBSA) are shown in Fig. 5.1.5. All the CV
plots illustrate reversible redox behavior. There are two pairs of typical redox peaks in
the CV plots, i.e. A1/C1 and A2/C2 in Fig. 5.1.5. As the potential increasing, the state of
PANI transfers from leucoemeraldine to emeraldine, and then to pernigraniline. [155]
With the increase of potential scan rate, the magnitude of current increases steadily,
indicating the good rate capability of PANI/GNP (1:1) composites. [156] Moreover, the
anodic peaks (A1 and A2) and the cathodic peaks (C1 and C2) in the CV plots shift
positively and negatively, respectively, with the potential scan rate increasing. The
shifts of redox peaks are due to the internal resistance of the electrode.

58

-1

-5
C2
C1

-0.9

-0.6

-0.3

PANI/GNP-1-2.3-0.97

-1

A1

0

-10

Current density (A g )

5

10

A2

PANI/GNP-1-2.3-0

-1

Current density (A g )

10

0.0

20 mV s
-1
40 mV s
-1
60 mV s
-1
80 mV s
-1
100 mV s

0.3

5
A1

-1

-0.3

0.0

0.3

0.6

0
-1

20 mV s
-1
40 mV s
-1
60 mV s
-1
80 mV s
-1
100 mV s

-5

-0.6

-0.3

PANI/GNP-1-2-0.97

-1

5

-0.9

Current density (A g )

-1

Current density (A g )

PANI/GNP-1-2-0

0.0

0.3

5
0
-1

20 mV s
-1
40 mV s
-1
60 mV s
-1
80 mV s
-1
100 mV s

-5
-10

0.6

-0.9

-0.6

-0.3

0.0

0.3

0.6

Potential vs Hg/Hg2SO4 (V)

10

0

-1

20 mV s
-1
40 mV s
-1
60 mV s
-1
80 mV s
-1
100 mV s

-5

-0.6

-0.3

PANI/GNP-1-1-0.97

-1

5

-0.9

Current density (A g )

10
PANI/GNP-1-1-0

-1

-0.6

C2

10

Potential vs Hg/Hg2SO4 (V)

Current density (A g )

-0.9

C3

20 mV s
-1
40 mV s
-1
60 mV s
-1
80 mV s
-1
100 mV s

Potential vs Hg/Hg2SO4 (V)

10

-10

C1

-5

Potential vs Hg/Hg2SO4 (V)

-10

A2

0

-10

0.6

A3

0.0

0.3

Potential vs Hg/Hg2SO4 (V)

0.6

5
0
-1

20 mV s
-1
40 mV s
-1
60 mV s
-1
80 mV s
-1
100 mV s

-5
-10

-0.9

-0.6

-0.3

0.0

0.3

0.6

Potential vs Hg/Hg2SO4 (V)

Fig. 5.1.5 Cyclic voltammograms of PANI/GNP (1:1) composites using FeCl3 as oxidant at
different scan rates. [151]

Comparing the CV plots of PANI/GNP (1:1) composites with DBSA (Fig. 5.1.5,
right) and those without DBSA (Fig. 5.1.5, left), it is obvious that the CV plots of
PANI/GNP (1:1) composites with DBSA own an additional pair of redox peaks (A3/C3).
As reported by Pruneanu et al., this middle pair of redox peaks is due to the degradation
of PANI or the presence of ortho-coupled polymers. [157] Moreover, the addition of
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DBSA reduces the integral area of the CV loops, which means the capacitive ability of
PANI/GNP (1:1) composites decreased. According to the conductivities of PANI/GNP
(1:1) composites with and without DBSA shown in Table 5.1.1, adding DBSA
increased the conductivity of composites. In a word, the interaction between the alkyl
chains of dopant (DBSA) and the PANI backbone had positive effect on the
conductivity, [158, 159] but meanwhile impeded the capacitance of PANI/GNP (1:1)
composites. Similar phenomenon has been reported by other researchers. Bian et al.
found that the de-doping process can improve the electrochemical capacitance and rate
capability of PANI nanofibers. [160] Misoon et al. has reported that the activated
carbon/DBSA-doped PANI composite prepared with 0.06 M DBSA own lower
capacitance than the composite prepared with 0.045 M DBSA. [161]
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Fig. 5.1.6 Cyclic voltammograms of PANI/GNP (1:1) composites at a scan rate of 20 mV s-1.
[151]

Fig. 5.1.6 compares the CV plots of PANI/GNP (1:1) composites at a scan rate of
20 mV s-1. With the molar ratio of FeCl3 to aniline increase from 1 to 2 and then to 2.3,
the magnitude of current density and the integral area of CV loops for both of the
PANI/GNP (1:1)-DBSA composites and the PANI/GNP (1:1) composites without
DBSA increase firstly, and then decrease slightly. The slight decrease of the capacitive

60

behavior of PANI/GNP composites with the increase of FeCl3 to aniline molar ratio
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Fig. 5.1.7 Cyclic voltammograms of PANI/GNP (1:0.1) composites using FeCl3 as oxidant.
[151]

The cyclic voltammetric behavior of PANI/GNP (1:0.1) composites were also
investigated (Fig. 5.1.7). Similar to the CV plots of PANI/GNP (1:1) composites shown
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in Fig. 5.1.5, the CV plots of all the PANI/GNP (1:0.1) composites also show reversible
redox response. With the potential scan rate increasing, the oxidation peaks and
reduction peaks also shift positively and negatively, respectively. But the increasing
rates of the magnitude of CV plots with the potential scan rate are no longer as steady as
in the case of PANI/GNP (1:1) composites, especially for the PANI/GNP (1:0.1)-DBSA
composites. This phenomenon indicates the rate capability of PANI/GNP (1:0.1)
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composites is worse than that of the PANI/GNP (1:1) composites.
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Fig. 5.1.8 Cyclic voltammograms of PANI/GNP (1:0.1) composites at a scan rate of 20 mV s-1.
[151]

Fig. 5.1.8 compares the CV plots of all the obtained PANI/GNP (1:0.1) composites
at a potential scan rate of 20 mV s-1. Inconsistent with the negative effect of DBSA on
the capacitive ability of PANI/GNP (1:1) composites (Fig. 5.1.6), adding DBSA slightly
increases the integral area of the CV loop of PANI/GNP-0.1-2 and PANI/GNP-0.1-2.3
composites. The opposite effect of DBSA on the cyclic voltammetric behavior of
PANI/GNP (1:0.1) and PANI/GNP (1:1) composites might be attributed to different
conductivities of the composites. As illustrated in Table 5.1.1, for the PANI/GNP
composites without DBSA, the composites with a PANI to GNP weight ratio of 1:0.1
show lower conductivities than the corresponding composites with a PANI to GNP
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weight ratio of 1:1. This result is due to the higher conductivity of GNP compared to
PANI. When the DBSA is added into the composites, the conductivities of PANI/GNP
(1:0.1) composite increase three to four orders of magnitude; while the conductivities of
PANI/GNP (1:1) composites only increase less than or around one order of magnitude.
It is well-known that the electrochemical properties are tightly connected to the
conductivity. Therefore, the positive effect of DBSA on the overall capacitive behavior
of PANI/GNP (1:0.1) composites might be attributed to the dramatically increase of
conductivity, which offset the negative effect of DBSA on the capacitance of PANI
component. Additionally, both of PANI/GNP (1:0.1)-DBSA composites and
PANI/GNP (1:0.1) composites without DBSA illustrate the largest integral area of CV
loop at a FeCl3 to aniline molar ratio of 2, which is similar to the
PANI/GNP (1:1)-DBSA composites and PANI/GNP (1:1) composites.
The specific capacitance of PANI/GNP (1:1) and (1:0.1) composites were calculated
according to their cyclic voltammograms by the Equation 4.3.1 and shown in Table
5.1.1. Fig. 5.1.9 illustrates the plot of specific capacitance of PANI/GNP (1:1) and
(1:0.1) composites to the scan rate. Obviously, the specific capacitances of PANI/GNP
(1:0.1) composites are higher than those of PANI/GNP (1:1) composites. Conway et al.
has reported that the capacitance of a pseudocapacitor could be 10 to 100 times higher
than the electrostatic capacitance of an EDLC. [55] The much better capacitive ability
of PANI/GNP (1:0.1) composites compared to PANI/GNP (1:1) composites indicates
that the PANI, which showed pseudocapacitance, contributed more than the GNP,
which exhibited EDLC, to the overall capacitance of composites. However, the rate
capabilities of PANI/GNP (1:0.1) composites were worse than those of PANI/GNP (1:1)
composites. As shown in Fig. 5.1.9, the specific capacitances of PANI/GNP (1:0.1)
composites decrease with the increase of the potential scan rate. Contrarily, the specific
capacitances of PANI/GNP (1:1) composites keep stable or even increase slightly with
scan rate increasing. The extraordinary slight increase in the specific capacitance of
some PANI/GNP (1:1) composites with the scan rate might be caused by experimental
error. The better rate capabilities of PANI/GNP (1:1) composites compared to the
PANI/GNP (1:0.1) composites are due to the higher amount of GNP. It has been
reported that the carbonaceous materials can not only offer a pathway for electron
transfer, but also supply a structural support for the PANI. [146] Furthermore, adding
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dopant (DBSA) decreased the specific capacitances of PANI/GNP (1:1) composites but
increased those of certain PANI/GNP (1:0.1) composites. This result further
demonstrates that the effect of DBSA on the electrochemical properties of PANI/GNP
composites relies on the composition ratio of composites.

Table 5.1.1 Conductivities and capacitive performances of PANI/GNP (1:1) and (1:0.1)
composites with FeCl3 as oxidant.
Samples

Conductivity at 30

Specific

Retention of specific

MPa (S cm-1)

capacitance at

capacitance at 100

20 mV s-1 (F g-1)

mV s-1 (%)

PANI/GNP-1-2.3-0

0.49±0.02

31.6

113.0

PANI/GNP-1-2-0

0.58±0.04

33.8

110.4

PANI/GNP-1-1-0

2.26±0.05

19.8

113.3

PANI/GNP-1-2.3-0.97

7.72±0.15

8.7

238.7

PANI/GNP-1-2-0.97

8.12±0.18

9.9

219.3

PANI/GNP-1-1-0.97

10.74±0.40

6.6

272.7

PANI/GNP-0.1-2.3-0

0.002±0.00005

78.8

91.1

PANI/GNP-0.1-2-0

0.003±0.0002

110.9

60.4

PANI/GNP-0.1-1-0

0.03±0.001

94.6

85.6

PANI/GNP-0.1-2.3-0.97

8.26±0.13

100.0

50.3

PANI/GNP-0.1-2-0.97

6.16±0.24

120.7

71.9

PANI/GNP-0.1-1-0.97

5.04±0.10

92.0

73.4
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Fig. 5.1.9 Specific capacitance of PANI/GNP (1:1) and PANI/GNP (1:0.1) composites as a
function of scan rate (solid symbols: without DBSA; open symbols: with DBSA). [151]

5.1.4. Effect of oxidant nature on electrochemical behavior
In this study, the electrochemical properties of PANI/GNP-APS composites, in
which APS were used as oxidant, were also investigated. The cyclic voltammetric
performance of PANI/GNP-APS (1:1) and (1:0.1) prepared with a aniline to oxidant
molar

ratio

of

1:1

and

without

dopant

(PANI/GNP-1-1-0-APS

and

PANI/GNP-0.1-1-0-APS) were tested and compared to that of the corresponding
PANI/GNP composites, which used FeCl3 as oxidant. In the Fig. 5.1.10 (a) and (b), the
cyclic voltammograms of both PANI/GNP-1-1-0-APS and PANI/GNP-0.1-1-0-APS
composites exhibit two pairs of characteristic redox peaks, which are related to the
faradaic transformation of different PANI states. The anodic peaks and cathodic peak
shift positively and negatively, respectively, with the increase of scan rate. The
emeraldine/pernigraniline anodic peaks of PANI/GNP-APS (1:0.1) composite, marked
as A2 in Fig. 5.1.10 (b), shift beyond the potential range at scan rates of 80 mV s-1 and
100 mV s-1. In comparison, the CV plots of PANI/GNP-APS (1:1) composite are
symmetric, but those of PANI/GNP-APS (1:0.1) composite are asymmetric at high
potential scan rate. With the scan rate increasing, the CV loop area of PANI/GNP-APS
(1:1) steadily enlarges, but the increase rate of the CV integral area for PANI/GNP-APS
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(1:0.1) composite is not steady. In a word, PANI/GNP-APS (1:1) showed better rate
capability than the PANI/GNP-APS (1:0.1) composite.
The CV plots of PANI/GNP-APS composites at a scan rate of 20 mV s-1 are
compared to those of the corresponding PANI/GNP prepared using FeCl3 as oxidant in
Fig. 5.1.10 (c). It can be seen that cyclic voltammograms of PANI/GNP-APS
composites show larger magnitude of current density and integral area than those of
PANI/GNP composites using FeCl3 as oxidant. The larger specific capacitances of
PANI/GNP-APS composites compared to those of PANI/GNP composites illustrated in
Fig. 5.1.10 (d) and Table 5.1.2 further demonstrates that using APS as oxidant is better
than using FeCl3 composites for the electrochemical performance of PANI/GNP (1:1)
and (1:0.1) composites. This phenomenon can be attributed to the dependence of
conductivity of PANI/GNP composites on the type of oxidant. As shown in Table 5.1.2,
the conductivities of PANI/GNP-APS (1:1) and (1:0.1) composites are much higher
than those of PANI/GNP (1:1) and (1:0.1) composites using FeCl3 as oxidant (Table
5.1.1). Fig. 5.1.11 shows that the PANI in PANI/GNP-APS composites exhibit microfibrillar networks, but the PANI in the PANI/GNP using FeCl3 as oxidant own drop-like
structure. Basavaraja et al. has reported similar changes of the PANI morphologies with
the type of oxidant [162]. It is obvious that compared to a drop-like morphology, a
micro-fibrillar network own larger surface area and faster electron transfer, which can
realize higher conductivity and better electrochemical properties. Another reason for the
better capacitive behavior of PANI/GNP-APS composites than the PANI/GNP
composites using FeCl3 is the higher actual content of PANI in the composites as shown
in Fig. 5.1.4 (b).
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Fig. 5.1.10 (a, b) Cyclic voltammograms of PANI/GNP composites with APS as oxidant at
different scan rates; (c) cyclic voltammograms of selected PANI/GNP composites with FeCl3 or
APS as oxidant at a scan rate of 20 mV s-1; (d) specific capacitance of PANI/GNP composites
with FeCl3 or APS as oxidant as a function of scan rate. [151]

Table 5.1.2 Conductivities and capacitive performances of PANI/GNP (1:1) and (1:0.1)
composites with APS as oxidant.
Sample

Conductivity at
-1

30 MPa (S cm )

Specific

Retention of specific

capacitance at 20
-1

-1

capacitance at 100

mV s (F g )

mV s-1 (%)

PANI/GNP-1-1-0-APS

12.85±1.59

180.5

76.6

PANI/GNP-0.1-1-0-APS

1.95±0.30

296.6

41.0

In Fig. 5.1.10 (c), PANI/GNP-APS (1:0.1) composite shows larger magnitude of
current density and integral areas of the CV plots at a scan rate of 20 mV s-1 than the
PANI/GNP-APS (1:1) composite. According to Fig. 5.1.10 (d) and Table 5.1.2, the
PANI/GNP-APS (1:0.1) composite exhibits larger specific capacitance than
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PANI/GNP-APS (1:1) composite at low scan rates (20 mV s-1 and 40 mV s-1), but
shows worse rate capability. At a high scan rate of 100 mV s-1, the specific capacitance
of PANI/GNP-APS (1:1) composite becomes higher than that of PANI/GNP-APS (1:0.1)
composite. The result is due to the essential role of GNP for the electrochemical
stability of the PANI/GNP composites. Among the PANI/GNP and PANI/GNP-APS
composites investigated in this chapter, the PANI/GNP-1-1-0-APS, which own a PANI
to GNP ratio of 1 to 0.1 and use APS as oxidant, shows the best combination of high
specific capacitance and good rate capability. It owns a specific capacitance of 180.5
F g-1 at a scan rate of 20 mV s-1 and still retains 76.6 % of the specific capacitance at
100 mV s-1.

(a)

(b)

(c)

(d)

Fig. 5.1.11 SEM images of (a) PANI/GNP-1-1-0, (b) PANI/GNP-0.1-1-0, (c)
PANI/GNP-1-1-0-APS and (d) PANI/GNP-0.1-1-0-APS composites. The scale bar in the
figures is 200 nm. [151]
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5.1.5. Summary
For the polyaniline/graphite nanoplates (PANI/GNP) composites prepared by in-situ
polymerization of aniline in the presence of GNP, their electrochemical properties rely
on the preparation parameters, such as oxidant, dopant and composition ratio. The
relationship between the addition of dopant DBSA and the capacitance of PANI/GNP
composites depends on the composition ratio, since DBSA increased the conductivities
of composites on the one hand but impeded the capacitive performance of PANI on the
other hand. Compared to the droplet-like morphology of PANI/GNP composites using
FeCl3 as oxidant, the PANI/GNP-APS composites with fibrillar morphology own higher
conductivity. Moreover, using APS instead of FeCl3 was beneficial to transfer of aniline
into PANI, thus the obtained PANI/GNP-APS composite owned higher content of
PANI and

showed

higher

capacitance.

For

a

PANI/GNP

composite,

the

pseudocapacitance of PANI contributed more than the electrochemical double layer
capacitance of GNP to the overall capacitance of composites. But the GNP largely
enhanced the conductivity and rate capability of PANI/GNP composites. The
PANI/GNP-0.1-1-0-APS composite, which owned a low weight ratio of GNP to aniline
(0.1:1), without DBSA, and used APS as oxidant, exhibited the highest specific
capacitance of 296.6 F g-1 at a low scan rate of 20 mV s-1 but presented low rate
capability. The PANI/GNP-1-1-0-APS, which prepared with a GNP to aniline weight
ratio of 1:1, is suitable to be used as supercapacitor electrodes, since it showed a
combination of high specific capacitance (180.5 F g-1 at 20 mV s-1) and good rate
capability.
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5.2. PANI/(GO-PDA) and PANI/GO-PDA composites
5.2.1. Introduction
In the previous section of research (chapter 5.1), the effect of synthesis parameters
on the electrochemical behavior of PANI/GNP composites was investigated. The
interaction between the carbon filler (GNP) and PANI is mainly the weak 
conjugation. It has been reported that besides the structural instability of PANI, the poor
attachment of PANI on the carbon filler also weakens the electrochemical stability of
carbon-based PANI composites. [163] Herein, the graphite oxide (GO) was chosen as
the carbon filler, since functional groups and structural defects on the GO were expected
to show stronger interaction with PANI compared to the  conjugation. Moreover, the
polydopamine (PDA) was used to functionalize and reduce the GO, aiming to further
enhance the interaction between PANI and GO and increase the conductivity of GO.
PDA is an eco-friendly polymer mimicking the adhesive protein in the pads of mussels.
[164, 165] It can be easily synthesized via self-polymerization of dopamine in a weak
alkaline solution. Interestingly, some researchers reported that the polymerization
process of PDA could simultaneously reduce GO into reduced graphite oxide (rGO).
The schematic diagram of the reduction process is shown in Fig. 5.2.1 (a). The
reduction mechanism is the release of electrons during the oxidative polymerization of
dopamine [166] and the covalent grafting between active sites of GO and molecules of
dopamine. [167] Besides, the PDA coated on rGO can prevent the agglomeration of
rGO. [168, 169] However, the reduction effect of PDA on GO is controversial. Some
studies indicate that PDA cannot or could only partly reduce GO into rGO. [167, 170]
Qu et al. carbonized GO-PDA hybrids by high temperature reduction method. [171]
Thangavalu et al. reduced GO/PDA composite into rGO/PDA composite by
electrochemical reduction method. [172] On the other hand, the catechol functional
groups in PDA are expected to interact with the amine functional groups in PANI. [173]
A possible interaction between PDA and PANI is illustrated in Fig. 5.2.1 (b). Wang and
Lee [163] have reported that the modification effect of PDA can improve the
electrochemical cycle stability of PANI/single wall carbon nanotube composites.
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PDA-functionalized GO
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Fig. 5.2.1 Schematic illustrations of (a) the synthesis of PDA-functionalized GO (GO-PDA); (b)
possible interaction between GO-PDA and PANI.

In this chapter, the reduction effect of PDA on GO and the influence of PDA on the
morphology and electrochemical properties of PANI/GO composite were investigated.
Considering the result of last section, PANI/GO (1:0.1) composites without dopant and
using APS as oxidant were chosen for the investigations in this section. The
PANI/PDA-functionalized GO composites were prepared by two different routes. The
composites named as PANI/(GO-PDA) were prepared by producing GO-PDAs (the GO
partly reduced during the polymerization of dopamine) in the first step and then in-situ
polymerising aniline. The composites named as PANI/GO-PDA were produced by insitu polymerization of aniline in GO solution firstly, and then the PANI/GO composites
were functionalized by PDA.
5.2.2. Structural characterization of PDA-functionalized GO
GO used in this research was chemically oxidized from EG by an improved
oxidation method. Then the GO was functionalized with PDA during the process of
in-situ polymerization of dopamine. In the latter reaction, GO to dopamine mass ratios
of 1: 0.5, 1:0.8, and 1:1.1 were selected, and the corresponding products were labelled
as GO-PDA0.5, GO-PDA0.8 and GO-PDA1.1, respectively. Fig. 5.2.2 (a) shows the Xray diffraction (XRD) spectra of EG, GO, and GO-PDAs. The fine powder-like GO and
GO-PDAs samples were tested in quartz glass capillary tubes. While the platelet-like

71

EG sample was tested in aluminium (Al) foils, which resulted in an additional Al
diffraction peak at 38.4°. The XRD pattern of EG presents peaks at 2 = 26.6° and
44.6°, corresponding to (002) and (101) planes, respectively. When the EG oxidized
into GO, the peak at 26.6°, which corresponds to an interlayer distance of d=0.34 nm,
disappears and a characteristic (001) peak at =10.7° (d=0.83 nm) occurs. After the
functionalization of GO by PDA, the intensity of the (001) diffraction peak of GO
becomes much weaker. The position of this peak in the XRD pattern of GO-PDA0.5,
which is marked by an arrow in the Fig. 5.2.2 (a), moved to smaller 2value compared
to that of GO. With the increase of PDA amount, the 2value of this weak peak
decrease continuously, indicating the interlayer distance increases. This change might
attribute to intercalation of PDA. Except for the movement of this weak peak, the XRD
patterns of GO-PDA0.5, GO-PDA0.8 and GO-PDA1.1 are similar. They all present a
very broad diffraction peak around =23.4°, assigned to an interlayer distance of
d=0.38 nm. The appearance of this peak and the dramatically weakened GO typical
peak both mean the GO has been partly reduced by PDA. But the reduction degree does
not increase with increasing the PDA content in this study. The thermal stability of EG,
GO, and GO-PDAs under nitrogen atmosphere with temperature increasing from
ambient temperature to 800 °C with a rate of 10 °C min-1 was investigated. The
thermogravimetric (TG) curves of GNP, GO and GO-PDAs are illustrated in Fig. 5.2.2
(b). The graphite nanoplates (GNP) is exfoliated from EG by ultra-sonication method as
described in the chapter 4.2.1. Therefore, the TG behavior of EG is as same as that of
GNP, which is thermally stable below 800 °C as shown in Fig. 5.2.2 (b). The TG curve
of GO shows a slight weight loss below 130 °C and an obvious weight loss at around
200 °C, which are corresponding to the evaporation of physically adsorbed water and
the decomposition of labile oxygen functional groups, respectively. [164] The GOPDA0.5 shows similar thermal decomposition temperature as the GO, but exhibits much
lower weight loss. The total weight losses of GO and GO-PDA0.5 below 800 °C are
65.4 % and 41.4 %, respectively. On the other hand, the TG curves of GO-PDA0.5,
GO-PDA0.8, and GO-PDA1.1 almost overlap. The weight losses of GO-PDA0.8 and
GO-PDA1.1 below 800 °C are 41.3 % and 40.1 %, respectively.
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Fig. 5.2.2 XRD patterns (a) and thermogravimetric analysis (b) of EG, GO, and GO-PDAs.

Fourier-transform infrared attenuated total reflectance spectroscopy (FTIR/ATR)
and ultraviolet-visible spectroscopy (UV-vis) were employed to further investigate the
structure of GO and GO-PDAs. As shown in Fig. 5.2.3 (a), the FTIR/ATR spectrum of
GO exhibits typical peaks of oxygen-containing functional groups. The peaks at 3196
cm-1, 1730 cm-1, 1617 cm-1, and 1040 cm-1 are assigned to the stretching of OH
vibration, stretching of C=O vibration, asymmetric stretching of -COO vibration, and
stretching of C-O vibration, respectively. [164] After the modification with PDA, the
FTIR/ATR spectrum of GO-PDA0.5 does not show the broad peak at 3250 cm-1 and the
peak at 1617 cm-1, and the typical peaks of GO at 1730 cm-1 and 1040 cm-1 also largely
diminished. These changes demonstrate the GO has been partly reduced by PDA.
Additionally, in the FTIR/ATR spectrum of GO-PDA0.5, a new peak at 1568 cm-1
appeares which can be attributed to the N-H bond in the PDA. [174, 175] On the other
hand, the change of PDA content has a negligible influence on the FTIR/ATR behavior
of GO-PDAs. The UV-vis spectra of GO and GO-PDAs are illustrated in Fig. 5.2.3 (b).
The GO sample was tested in Millipore water, and GO-PDAs were tested in
N-Methyl-2-pyrrolidone (NMP) solvent. The UV-vis spectrum of GO shows a
maximum absorption at around 220 nm, which is corresponding to the -* transition of
aromatic C=C. After the functionalization with PDA, the adsorption peaks shift to 264
nm, 266 nm, and 263 nm in the spectra of GO-PDA0.5, GO-PDA0.8 and GO-PDA1.1,
respectively. These shifts are attributed to the restoration of the -conjugation network
and reflect the partial reduction of GO-PDAs. [176]
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Fig. 5.2.3 FTIR/ATR (a) and UV-vis (b) spectra of GO and GO-PDAs.

It is commonly known that with the reduction of graphite oxide into rGO, it
becomes conductive, and the conductivity increases with reduction degree. In terms of
the electrochemical property of the carbon-based PANI composite, the conductive rGO
is beneficial to the electron transformation compared to the insulating GO. Therefore, in
this study, the conductivities of the powder-like GO-PDA products were tested under a
pressure of 30 MPa by an in-house built device. It is interesting to see in Table 5.2.1
that even though the reduction effect of PDA endows GO-PDAs with conductivity, the
conductivity of GO-PDAs decrease with the content of PDA. Moreover, the
conductivities of GO-PDAs are significantly lower (five to six orders of magnitude)
than the conductivity of EG. This phenomenon can be attributed to the negative effect
of non-conductive PDA on the overall conductivity of GO-PDAs and the low reduction
degree of GO-PDAs.

Table 5.2.1 Conductivities of GO and GO-PDAs.
Sample
EG
GO
GO-PDA0.5
GO-PDA0.8
GO-PDA1.1

Conductivity at 30 MPa (S cm-1)
17.6
not conductive
3.0E-4
1.1E-4
3.5E-5
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5.2.3. Electrochemical properties and morphology of PANI/GO-PDA composites
The PANI/GO-PDA composites were synthesized by in-situ polymerization of
PANI in the GO solution followed by modification of the PANI/GO (1:0.1) composites
by different content of PDA. In the second step, the mass ratios of GO to PDA were set
at 0.5, 0.8, and 1.1, and the final composites were labelled as PANI/GO-PDA
(1/0.1-0.5), PANI/GO-PDA (1/0.1-0.8), and PANI/GO-PDA (1/0.1-1.1), respectively.
Standard cyclic voltammetric (CV) test was applied to understand the electrochemical
redox behavior of PANI/GO-PDA composites. Fig. 5.2.4 shows the cyclic
voltammograms of pure PANI, PANI/GO composite, and PANI/GO-PDA composites.
The cyclic voltammogram of PANI at 20 mV s-1 shows two pairs of redox peaks. The
anodic peak A1 and cathodic peak C1 are corresponding to the reaction between the
fully-reduced PANI state (leucoemeraldine) and partly-oxidized PANI state
(emeraldine). The anodic peak A2 and cathodic peak C2 are related to the transition
between emeraldine and fully-oxidized state PANI (pernigraniline). In the CV curves of
PANI at scan rates of 40 mV s-1, 60 mV s-1, 80 mV s-1, and 100 mV s-1 only one pair of
redox peaks (A1/C1) can be observed. The absent of the redox peaks A2/C2 is because
the current density of A2/C2 is usually much lower than that of A1/C1. But it does not
mean that there is no reaction between the emeraldine and pernigraniline. [163]
Moreover, the current density increases with the scan rate increasing from 20 mV s-1 to
100 mV s-1, which can be attributed to the internal resistance of electrode.
The cyclic voltammograms of PANI/GO (1:0.1) and PANI/GO-PDA (1:0.1)
composites show similar shape as the CV curves of pure PANI, since the PANI is the
major part in the composites. The magnitude of CV plots of PANI/GO (1:0.1)
composite is lower than the magnitude of the CV plots of pure PANI at the same
potential scan rates. Adding PDA with a GO to PDA mass ratio of 1 to 0.8 significantly
increases the CV magnitude of PANI/GO (1:0.1) composite. But the magnitude of CV
plot decrease with further increase of the GO to PDA mass ratio from 1 to 1.1. In order
to intuitively compare the magnitude of CV plots, Fig. 5.2.5 (a) shows the cyclic
voltammograms of PANI, PANI/GO (1:0.1) composite, and PANI/GO-PDA (1:0.1)
composites at a scan rate of 20 mV s-1. And Fig. 5.2.5 (b) presents the plots of specific
capacitance of PANI, PANI/GO (1:0.1) composite and PANI/GO-PDA (1:0.1)
composites, which were calculated based on the CV results according to Equation 4.3.1,
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as a function of the potential scan rate. The magnitude of CV plots at 20 mV s-1 in Fig.
5.2.5 (a) and the specific capacitance value in Fig. 5.2.5 (b) are following the same
sequence: PANI/GO-PDA (1/0.1-0.5) < PANI/GO (1:0.1) < PANI/GO-PDA (1/0.1-1.1)
< PANI < PANI/GO-PDA (1/0.1-0.8).
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Fig. 5.2.4 Cyclic voltammograms of pure PANI and PANI/GO-PDA (1:0.1) composites at
different scan rates.

76

10

(b) 200

PANI
PANI/GO (1:0.1)
PANI/GO-PDA (1/0.1-0.5)
PANI/GO-PDA (1/0.1-0.8)
PANI/GO-PDA (1/0.1-1.1)

Specific capacitance (F g-1)

Current density (A g-1)

(a) 15
5
0
-5
-10
-1.2

-0.8

-0.4

0.0

0.4

0.8

PANI
PANI/GO (1:0.1)
PANI/GO-PDA (1/0.1-0.5)
PANI/GO-PDA (1/0.1-0.8)
PANI/GO-PDA (1/0.1-1.1)

150

100

50

0

20

40

Potential vs Hg/Hg2SO4 (V)

60

80

100

-1

Scan rate (mV s )
-1

Fig. 5.2.5 (a) Cyclic voltammograms at a scan rate of 20 mV s and (b) the specific capacitance
of PANI and PANI/GO-PDA (1:0.1) composites as a function of scan rate.

The electrochemical property of a material is tightly related to its morphology,
conductivity, and specific surface area. Therefore, the morphology of PANI, PANI/GO
(1:0.1), and PANI/GO-PDA (1:0.1) composites were investigated by scanning electron
microscopy (SEM). As shown in Fig. 5.2.6, the pure PANI presents fibrillar network
morphology. In comparison, the PANI phase in the PANI/GO (1:0.1) composites shows
much different morphology. The PANI nanowire arrays are vertical to the GO sheets
and form coated layers on the surface of GO sheets. Xu et al. has also reported this kind
of morphology of PANI/GO composites. [177] They explained that the oxygen
functional groups of GO and - interaction between phenyl of aniline and basal planes
of GO were beneficial to the nucleation and growth of PANI nanowire arrays,
respectively. On the other hand, the morphologies of PANI/GO-PDA (1:0.1) composites
are similar to the morphology of PANI/GO (1:0.1) composite.
The conductivity and Brunauer-Emmett-Teller (BET) specific surface area of
PANI/GO-PDA (1:0.1) composites were detected by an in-house built device and a
Tensor 27 spectrometer, respectively. The results are illustrated in Fig. 5.2.10. With the
mass ratio of GO to PDA increase from 0.5 to 0.8 and then to 1.1, the BET specific
surface area of PANI/GO-PDA (1:0.1) composites increases firstly and then slightly
decreases. However, all the PANI/GO-PDA (1:0.1) composites are not conductive. In
summary, the method of synthesizing PANI/GO followed by reduction of GO
component by dopamine polymerization can realize vertically growth of PANI arrays
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on the GO-PDA surface, but the conductivity of PANI/GO-PDA composite was
obstructed due to the functionalization of the insulating PDA. The order of specific
capacitance of PANI/GO-PDA composites is in consistence with the order of specific
surface

area

shown

in

Figure

5.2.10,

i.e.

PANI/GO-PDA

(1/0.1-0.5)

<

PANI/GO-PDA (1/0.1-1.1) < PANI/GO-PDA (1/0.1-0.8).

(a)

(b)

(c)

(d)

(e)

Fig. 5.2.6 SEM images of (a) PANI, (b) PANI/GO (1:0.1), (c) PANI/GO-PDA (1/0.1-0.5), (d)
PANI/GO-PDA (1/0.1-0.8), and (e) PANI/GO-PDA (1/0.1-1.1) composites. The scale bar in all
images is 200 nm.
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5.2.4. Electrochemical properties and morphology of PANI/(GO-PDA) composites
PANI/(GO-PDA) composites were produced by modifying GO by PDA in the first
step and then synthesizing the composites of PANI and the GO-PDA. Fig. 5.2.7 shows
the cyclic voltammograms of PANI/(GO-PDA) composites. The CV curves present
similar shapes as the CV plots of PANI and PANI/GO-PDA composites as illustrated in
Fig. 5.2.4. The redox peaks A1/C1 and A2/C2 can be observed in the CV plots of
PANI/(GO-PDA) composites at low potential scan rate. The scale ranges of X and Y
axis of the three plots in Fig. 5.2.7 are the same. With the increase of PDA to GO mass
ratio from 0.5 to 0.8 and then to 1.1, the CV plot at the same scan rate shows gradually
declined integral area.
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Fig. 5.2.7 Cyclic voltammograms of PANI/(GO-PDA) (1:0.1) composites at different scan rates.
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Fig. 5.2.8 (a) Cyclic voltammograms at a scan rate of 20 mV s-1 and (b) the specific capacitance
of PANI/(GO-PDA) (1:0.1) composites as a function of scan rate.

Table 5.2.2 Capacitive performances of PANI, PANI/GO, and PANI/GO-PDA and
PANI/(GO-PDA) composites.
Sample
PANI
PANI/GO (1:0.1)
PANI/GO-PDA (1/0.1-0.5)
PANI/GO-PDA (1/0.1-0.8)
PANI/GO-PDA (1/0.1-1.1)
PANI/(GO-PDA0.5) (1:0.1)
PANI/(GO-PDA0.8) (1:0.1)
PANI/(GO-PDA1.1) (1:0.1)

Specific
capacitance at 20
mV s-1 (F g-1)
160.3
105.8
101.0
212.3
126.1
230.7
199.8
190.1

Retention of specific
capacitance at 100 mV s-1 (%)
21.8
24.0
14.1
32.2
24.8
33.5
34.2
22.9

The cyclic voltammograms of PANI/(GO-PDA) composites at a potential scan rate
of 20 mV s-1 are compared in Fig. 5.2.8 (a). The specific capacitance of
PANI/(GO-PDA) composites at different potential scan rates were calculated according
to the CV plots by Equation 4.3.1. Since the specific capacitance was calculated based
on the CV plot, the integral area of CV plots shown in Fig. 5.2.8 (a) and the value of
specific capacitance at 20 mV s-1 illustrated in Fig. 5.2.8 (b) and Table 5.2.2 follow the
same sequence, i.e. PANI < PANI/(GO-PDA1.1) (1:0.1) < PANI/(GO-PDA0.8) (1:0.1)
< PANI/(GO-PDA0.5) (1:0.1). Moreover, the specific capacitances at other scan rates
illustrated in Fig. 5.2.8 (b) also follow this order. The specific capacitance of
PANI/(GO-PDA0.5) (1:0.1) is 230.7 F g-1 at 20 mV s-1 and retains 33.5 % of the
specific capacitance at the scan rate of 100 mV s-1. In comparison, the PANI/GO-PDA
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(1/0.1-0.8) composite, which shows the highest specific capacitance in Fig. 5.2.5 (b),
owns a lower specific capacitance at 20 mV s-1 (212.3 F g-1) and a similar rate capability
(retains 32.2 % of specific capacitance at 100 mV s-1).

(a)

(b)

(c)

Fig. 5.2.9 SEM images of (a) PANI/(GO-PDA0.5) (1:0.1), (b) PANI/(GO-PDA0.8) (1:0.1), and
(c) PANI/(GO-PDA1.1) (1:0.1) composites. The scale bar in all images is 200 nm.

The morphology of PANI/(GO-PDA0.5) (1:0.1), PANI/(GO-PDA0.8) (1:0.1), and
PANI/(GO-PDA1.1) (1:0.1) composites were studied by SEM. Their morphologies
shown in Fig. 5.2.9 are much different from the morphologies of PANI/GO-PDA
composites shown in Fig. 5.2.6. The overwhelming majority of PANI in the
PANI/(GO-PDA) composites are fibrillar networks. As marked by the red rectangles in
Fig. 5.2.9, there are only few parts of PANI showing a similar morphology as the PANI
in PANI/GO and PANI/GO-PDA composites, i.e. nanowire arrays vertically grown on
the surface of GO-PDA sheets. The different PANI morphologies in PANI/(GO-PDA)
and PANI/GO-PDA composites can be attributed to different surface properties of
GO-PDA and GO. After the modification of PDA, lots of oxygen functional groups
have been reduced. Therefore, in the polymerization process of aniline, most active
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nucleation sites were generated in the bulky solution instead of on the surface of
GO-PDA. This phenomenon is in consistence with the study of Xu et al. [177] They
reported that even for the PANI/GO composites, when the content of aniline is high
enough, random connected PANI nanowire were produced by homogeneous nucleation.
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Fig. 5.2.10 Specific surface areas and powder conductivities measured at 30 MPa of
PANI/GO-PDA and PANI/(GO-PDA) composites.

Fig. 5.2.10 shows the conductivity measured at 30 MPa and BET specific surface
area of all the investigated PANI/(GO-PDA) and PANI/GO-PDA composites. It can be
found that except of PANI/GO-PDA (1/0.1-0.5), the PANI/GO-PDA composites show
higher specific surface area than the corresponding PANI/(GO-PDA) composites with
the same PDA content. The PANI/(GO-PDA) composites show various conductivities;
while all the PANI/GO-PDA (1:0.1) composites, which prepared by polymerization of
dopamine in the presence of PANI/GO (1:0.1) composite, are not conductive. Among
the PANI/(GO-PDA) composites, the PANI/(GO-PDA0.5) (1:0.1) composite exhibits
the highest conductivity and the largest specific surface area. These advantages can
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explain why the PANI/(GO-PDA0.5) (1:0.1) composite shows the highest specific
capacitance

in

Fig.

5.2.8.

However,

the

lower

specific

capacitance

of

PANI/(GO-PDA1.1) (1:0.1) composite compared to PANI/(GO-PDA0.8) (1:0.1)
composite cannot be explained from the aspect of specific surface area and conductivity.
One possible reason for the higher specific surface area and conductivity but lower
specific capacitance of PANI/(GO-PDA1.1) (1:0.1) composite might be some chemical
interaction occurring between the excess PDA and PANI. Further investigations are still
needed to explain this phenomenon.

5.2.5. Summary
The eco-friendly polydopamine (PDA) was used in this chapter in order to improve
the electrochemical property of polyaniline/graphite oxide (PANI/GO 1/0.1) composite.
The structural characterization of GO and GO-PDAs by X-ray diffraction,
thermogravimetric analysis, Fourier-transform infrared spectroscopy, and ultravioletvisible spectroscopy indicated that GO has been partly reduced during the synthesis of
PDA. Therefore, GO-PDA was conductive, but its conductivity decreased with the
increase of dopamine content due to the electrical non-conductivity of PDA. The
PANI/GO composites were synthesized by different methods. PANI/GO-PDA
composites were produced by functionalizing PANI/GO (1:0.1) composites with
different contents of PDA. Their morphologies were similar to PANI/GO composites,
i.e. the PANI nanowire array were grown vertically on the GO sheets. Consequently, the
specific surface area was large, but they showed non-conductive behavior.
PANI/(GO-PDA) composites were synthesized by functionalizing GO by PDA in the
first step, and then synthesizing PANI. The PANI in the obtained composites mainly
presented fibrillar network morphology. All the PANI/(GO-PDA) composites were
conductive. In comparison, the latter synthesis method was more beneficial to the
electrochemical property of composites. PANI/(GO-PDA0.5) (1:0.1) composite showed
the highest specific capacitance (230.7 F g-1 at a scan rate of 20 mV s-1) in this study.
Additionally, different from expectation, the addition of PDA could not increase the
electrochemical stability of PANI/GO (1:0.1) composites.
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5.3. PANI/TA-doped rGO and PANI/TA-doped GNP composites
Note: The work described in chapter 5.3 has been submitted for publication:
“Green and Facile Synthesis of Polyaniline/Tannic Acid-rGO Composites for
Supercapacitor Purpose” with Minoj Gnanaseelan, Dieter Jehnichen and Jürgen
Pionteck as co-authors.
5.3.1. Introduction
Pure PANI supercapacitor electrodes usually show weak long-term cycle stability
because of swelling and shrinking caused by the insertion and removal of ions. Adding
carbon filler can offer a mechanical support for PANI, promote the internal charge
transport and perform an additional EDLC. [178, 179] However, some carbon fillers
such as rGO and graphite nanoplates (GNP) tend to agglomerate or restack. [180]
Therefore, they cannot uniformly disperse in the composites. Surface modification and
adding surfactant are commonly used effective strategies to solve this problem. [28, 181]
Coskun et al. [182] sulfonated rGO before the synthesis of PANI/rGO composite. Cho
et al. [183] prepared nanocomposites of poly(4-styrenesulfonic acid) (PSS)-doped
PANI and PSS-coated rGO. The PSS acted as dopant for the PANI and as dispersion
stabilizer for the rGO. Cai et al. [184] used different surfactants to modify rGO and
compared the electrochemical properties of final rGO/PANI composites. Tannic acid
(TA) is a natural hydrolysable polyphenol which can be extracted from oak, walnut,
mahogany and others. TA has been recently demonstrated to be a dispersion stabilizer
for graphite. Moreover, it is an effective environmental friendly reducing agent for GO.
[176] Yoo et al. produced TA-reduced graphene oxide and the as-prepared rGO could
be used to detect ammonia gas. [185] Luo et al. synthesized three-dimensional TAreduced rGOs and used them as adsorbents in water purification. [186] However, as far
as we know, using TA to prepare PANI/rGO composites for supercapacitor purpose has
not been reported.
Besides the advantages of TA mentioned above, the abundant phenolic hydroxyl in
tannic acid molecules is expected to present electrostatic interaction with the amine
groups of PANI, [187] thereby enhancing the interaction between graphite and PANI
(Fig. 5.3.1). In this study, GO reduced by TA (rGO-TA) with different reduction time
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and GNP-TA using TA as dispersion stabilizer were synthesized. Their structures were
studied by thermogravimetric analysis, X-ray diffraction, and Raman spectroscopy, and
compared to structures of rGO-HH (GO reduced by hydrazine hydrate) and GNP. The
corresponding PANI/(rGO-TA) (1:0.1 wt./wt.) and PANI/GNP (1:0.1 wt./wt.)
composites were produced by in-situ polymerization of aniline in the presence of rGOTA or GNP. The electrochemical properties and some related influencing factors such
as conductivity, specific surface area, and morphology of the obtained PANI/(rGO-TA)
and PANI/GNP composites were investigated.

Fig. 5.3.1 Schematic diagram of a possible interaction between PANI and rGO-TA.

5.3.2. Structural characterization of TA-doped rGO and GNP
The rGO-TAs reduced by TA with a time of 2 h, 12 h, and 24 h, and rGO-HH using
hydrazine hydrate as reducing agent were synthesized before the production of
PANI/rGO composites. Fig. 5.3.2 illustrates the digital photographs of rGO aqueous
dispersions, which have stood at ambient temperature for four days. It is obvious that
rGO-TA-2h, rGO-TA-12h, and rGO-TA-24h still maintained the homogeneous
dispersion in water; while the photographs of rGO-HH and rGO-TA-24h-EOH aqueous
dispersions, in which no TA exist, show that rGO-HH and rGO-TA-24h-EOH
precipitated out after four days. This phenomenon demonstrates that TA stabilized the
aqueous dispersion of rGO. Because dispersion stability of rGO also relies on its
reduction degree, here the stabilities of GNP-TA and GNP aqueous dispersions were
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investigated. The difference between the photographs of GNP-TA and GNP aqueous
dispersions in Fig. 5.3.2 indicates that TA stabilized aqueous dispersion of GNP; this
also demonstrates the role of TA as dispersion stabilizer for the rGO.

Fig. 5.3.2 Digital photographs of rGOs and GNPs aqueous dispersions after staying four days.

The effects of TA on structural properties of rGO were investigated by different
methods. Fig. 5.3.3 (a) illustrates the XRD patterns of EG, GO, and rGOs. An
aluminium diffraction peak at 38.4° presents in the XRD spectrum of EG, since EG was
tested in an aluminium foil, while other powder-like samples were tested in quartz glass
capillary tubes. Besides the Al peak, the XRD pattern of EG shows a sharp peak at 2 =
26.6° and a small peak at 44.6°, which are corresponding to (002) and (101) planes,
respectively. After oxidation, the (002) diffraction peak disappears and the XRD pattern
of GO exhibits a broad (001) peak at =10.7°, assigned to an interlayer distance (d) of
0.83 nm. After modifying GO by TA for 2h, the obtained rGO-TA-2h still owns this
(001) diffraction peak but slightly moves to ~10°, which is corresponding to an
interlayer distance of 0.88 nm. This phenomenon indicates that GO has not been
reduced by TA after 2 h, and the increase of interlayer distance can be explained by the
intercalation of TA. In the XRD spectrum of rGO-TA-12h, the peak at around 10° is
moved to around 6° and the intensity of peak strongly decreased. Simultaneously, a very
broad peak at .2° (d=0.34 nm) appeared, which is similar to carbon black, indicates
the loss of the former layered structures. The broadness is indicative for non-uniform
layer distance. This broad peak is more intense in the case of rGO-TA-24h, which
indicates that the uniformity is increased when the reduction degree is enhanced.
Similar broad diffraction peaks at around 26.2° are also shown in the XRD patterns of
rGO-HH and rGO-TA-24h-EOH. In addition, the XRD curves of rGO-TA-2h, rGO-TA86

12h, and rGO-TA-24h own sharp reflections at 2 = 28.3°, 25.1°, 20.6°, 17.4°, 13.5°,
12.2°, 9.6°, and few smaller peaks, and the intensity of these reflections raise with
reduction time increasing. These reflections disappear in the XRD patterns of rGO-TA24h-EOH and rGO-HH. These peaks might be attributed to some crystalline impurities
in TA. It can be seen in Fig. 5.3.3 (a) that except for a characteristic wide diffraction
peak at 2 = 25.4°, the XRD pattern of amorphous TA contains crystalline peaks at 2 =
27.8° and 16.3°. Another possible reason for those sharp peaks in the XRD patterns of
rGO-TAs might be conversion products of TA and the residue manganese ions in the
synthesized GO . Li et al. reported similar XRD crystalline diffraction peaks of metalTA nanocomplexes. [188]
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Fig. 5.3.3 (a) XRD patterns, (b) thermogravimetric analysis and (c) Raman spectra of EG, GO,
and rGOs.

The thermogravimetric (TG) curves of GNP, GO, rGOs, and TA are shown in Fig.
5.3.3 (b). The TG curve of GO owns a sharp weight loss at around 210 °C. This weight

87

loss is also shown in the TG plots of rGO-TAs, but the intensity decreases steadily with
the increase of reduction time. Moreover, the TG curves of rGO-TAs (except for
rGO-TA-24h-EOH) present various degrees of weight loss at around 300 °C, consistent
to the weight loss temperature of TA. On the other hand, the TG curves of GO,
rGO-TA-24h, and rGO-TA-24h-EOH show weight residues of 34.6 %, 43.2 %, and
55.3 %, respectively, at 800 °C. This phenomenon not only indicates the reduction
effect of TA, but also demonstrates that TA and some impurities formed during
reduction process have been removed by washing with ethanol. The weight residue at
800 °C shown in the TG plot of rGO-HH is 76.5 %, indicating some oxygen-containing
functional groups still remain, and the reduction degree of rGO-HH is higher than that
of rGO-TA-24h. Raman spectroscopy was used to evaluate the carbonaceous structure.
Fig. 5.3.3 (c) illustrates the Raman spectra of EG, GO, and rGOs. The Raman spectra
show three characteristic peaks. D band appeared at around 1340 cm-1 is related to the
sp3 defects due to the existence of hydroxyl and epoxide groups. G band at around 1587
cm-1 is associated with the in-plane vibration of sp2 carbon atoms. And the 2D band at
around 2710 cm-1 is a second-order overtone caused by second scattering. [189] The
intensity ratio of D band to G band (ID/IG) can reflect the extent of structural defects.
When the EG was oxidized into GO, the ID/IG ratio increased from 0.02 to 0.99 due to
the oxidation-induced defects. After GO was reduced into rGO, the ID/IG ratio further
increased to 1.02, 1.05 and 1.15 for rGO-TA-12h, rGO-TA-24h, and rGO-HH,
respectively. After washing away the TA in the rGO-TA-24h by ethanol, the ID/IG ratio
of rGO-TA-24h-EOH slightly increased to 1.06. Compared with GO, the increase of
ID/IG ratio of rGOs can be attributed to the decrease of average size of sp2 domains and
the increase of graphene edges. [190, 191] Moreover, the ID/IG ratio of rGO-TA was
lower than that of rGO-HH, which means using TA caused less structural destruction
compared to using HH.
Fig. 5.3.4 illustrates the FTIR/ATR spectra of TA, GO, rGO-TA-24h, rGO-HH, and
rGO-TA-24h-EOH. In the FTIR/ATR spectrum of GO, a broad peak at 3250 cm-1 is
corresponding to the stretching of OH vibration; the peaks at 1730 cm-1, 1184 cm-1, and
1040 cm-1 are caused by the C=O, C-OH, and C-O stretching, respectively. [192] After
reduced by TA for 24h, the C=O and C-O peaks weakened and the OH adsorption peak
in of disappeared in the FTIR/ATR spectrum of rGO-TA-24h. This result demonstrated
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the effective reducing effect of TA on GO. Additionally, the increased intensity of
C-OH stretching vibration peak at around 1184 cm-1 can be explained by the presence of
TA in the rGO-TA-24h. Besides, the -C-Caromatic stretching vibration peak at 1442 cm-1
and distortion vibration of C=C in benzene rings at 750 cm-1 also attributed to the
existence of TA. [193, 194] In the FTIR/ATR spectrum of rGO-TA-24h-EOH, the C=O,
C-OH, and C-O peaks further weakened, and the peaks at 1442 cm-1 and 750 cm-1
totally or almost disappeared. This phenomenon was because ethanol has been washed
away the TA in rGO-TA-24h. When using HH as reducer, all the oxygenous grouprelated peaks in the spectrum of GO became weaker or even disappeared, indicating
strong reduction effect of HH.
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Fig. 5.3.4 FTIR/ATR spectra of TA, GO, rGO-TA-24h, rGO-HH, and rGO-TA-24h-EOH.

5.3.3. Electrochemical properties and morphology of PANI/rGO
Standard cyclic voltammograms of PANI/rGO (1:0.1) composites were recorded in
a potential window of -1.0 to 0.6 V versus Hg/Hg2SO4 reference electrode, in order to
evaluate their electrochemical properties and their potential of being used as
supercapacitor electrode. It can be seen in Fig. 5.3.5 that the cyclic voltammograms of
most PANI/rGO composites at a potential scan rate of 10 mV s-1 present two anodic
peaks (A1 and A2) and one cathodic peak. These redox peaks are corresponding to the
faradaic transformations between different redox states of PANIs (the fully-reduced
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leucoemeraldine, the fully-oxidized pernigraniline, and the middle-state emeraldine). As
the scan rate gradually increases to 100 mV s-1, the magnitude of current density
increases steadily because of internal resistance. In comparison, the magnitude of cyclic
voltammograms of PANI/(rGO-TA-2h) and PANI/(rGO-TA-24h) are the lowest and
highest, respectively.
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Fig. 5.3.5 Cyclic voltammograms of PANI/(rGO-TA) (1:0.1), PANI/(rGO-HH) (1:0.1), and
PANI/(rGO-TA-24h-EOH) (1:0.1) composites at different scan rates.
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The CV plots of PANI/rGO (1:0.1) composites at the scan rate of 20 mV s-1 are
intuitively compared in Fig. 5.3.6 (a). Obviously, the cyclic voltammograms of
PANI/(rGO-TA-24h) composite shows the highest magnitude and the most obvious
redox peaks. The specific capacitances of the PANI/rGO composites at different scan
rates according to the CV results were calculated by the Equation 4.3.1. The plots of ascalculated specific capacitance of the PANI/rGO (1:0.1) composites against the
potential scan rate are shown in Fig. 5.3.6 (b). The magnitude of specific capacitance of
PANI/(rGO-TA) composites increases with the reduction time of TA. At a scan rate of
10 mV s-1, the specific capacitance of PANI/(rGO-TA-24h-EOH) composite, in which
TA has been washed away by ethanol before the synthesis of composite, is higher than
those of PANI/(rGO-TA-2h) and PANI/(rGO-TA-12h) composites. However,
PANI/(rGO-TA-24h-EOH) composite no longer shows this advantage at high scan rates.
Compared to the PANI/(rGO-HH) composite, whose CV plot showed a specific
capacitance of 215.1 F g-1 at 10 mV s-1 but only 11.5 % retention (24.7 F g-1) at 100
mV s-1, the PANI/(rGO-TA-24h) composite owned a higher specific capacitance (268.1
F g-1 at 10 mV s-1) and better rate capability with a 31.1 % retention (83.5 F g-1) at 100
mV s-1. This difference indicated that using TA as reducing agent not only gained a
higher specific capacitance, but also a relatively better rate capability than using HH.
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scan rates of PANI/(rGO-TA) (1:0.1), PANI/(rGO-HH) (1:0.1), and PANI/(rGO-TA-24h-EOH)
(1:0.1) composites.
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It is commonly known that the electrochemical performance of a material is related
to the conductivity and specific surface area. Therefore, the conductivity of the
PANI/rGO composites under a pressure of 30 MPa and their specific surface area were
investigated, aiming to analysis their electrochemical performance. For the test of
specific surface area, even though the testing tube was sealed with a cotton ball, the
light fine powder-like samples still tend to fly out. Therefore, the tested values of
specific surface area shown in Fig. 5.3.7 are lower than the real surface areas due to the
experimental error. As can be seen in the histogram of Fig. 5.3.7, with the reduction
time increasing from 2 h to 12 h and then to 24 h, the conductivities of PANI/(rGO-TA)
composites gradually increased. While the specific surface area of PANI/(rGO-TA)
composites firstly slightly increased and then sharply decreased. Among all the
composites, the PANI/(rGO-HH) composite showed the lowest specific surface area,
followed by PANI/(rGO-TA-24h-EOH) composite. This result is due to the restacking
and bad dispersion of rGO-HH and rGO-TA-24h-EOH. And the worse dispersion of
rGO-TA-24h-EOH compared with rGO-TA-24h can also explain the lower conductivity
of PANI/(rGO-TA-24h-EOH) composite compared with that of the PANI/(rGO-TA-24h)
composite. Interestingly, the conductivity of PANI/(rGO-HH) composite was not
affected by the bad dispersion of rGO-HH; it even presented the highest conductivity
among the PANI/rGO composites. This phenomenon can be attributed to the higher
reduction degree of rGO-HH compared to that of the rGO-TAs. Based on the results
shown in Fig. 5.3.7, the combination of a medium magnitude of specific surface area
and a relatively high conductivity of PANI/(rGO-TA-24h) could explain its highest
specific capacitance illustrated in Fig. 5.3.6 (b).
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Fig. 5.3.7 Specific surface areas and powder conductivities measured under 30 MPa of
PANI/rGO (in black color) and PANI/GNP (in blue color) composites.

The morphologies of the PANI/rGO (1:0.1) composites and pure PANI are
illustrated in Fig. 5.3.8. Obviously, the PANI components in PANI/(rGO-TA-12h),
PANI/(rGO-TA-24h), PANI/(rGO-HH), and PANI/(rGO-TA-24h-EOH) composites
showed microfibrillar networks, which is similar to the morphology of pure PANI. In
comparison, the fibrillar PANI in PANI/(rGO-TA-12h) composite owned much higher
aspect ratio than the PANI in other composites. This phenomenon might be the reason
for the largest specific surface area of PANI/(rGO-TA-12h) composite shown in Fig.
5.3.7. Compared to the PANI in PANI/(rGO-HH) and PANI/(rGO-TA-24h-EOH)
composites, the PANI microfibers in the PANI/(rGO-TA-12h) and PANI/(rGO-TA-24h)
composites showed more homogenous distributions on the surface of rGO. Otherwise,
the PANI components in PANI/(rGO-TA-2h) composite illustrated drop-like
morphologies and clustered together. As has been reported in some literatures, the
morphology of PANI produced by in-situ polymerization could be influenced by aniline
concentration, solution acidity, reaction temperature, mole ratio of oxidant to aniline,
and so on. [33, 34] In this study, the pure PANI and all the composites were produced
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under the same aniline concentration, temperature, and with same content of oxidant.
Therefore, the different morphologies of PANI in the PANI/rGO (1:0.1) composites
might be attributed to the different surface functionality of the rGOs and the different
acidity, which was caused by the residue conversion products and impurities formed
during the reduction of GO.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5.3.8 SEM images of (a) PANI/(rGO-TA-2h), (b) PANI/(rGO-TA-12h), (c)
PANI/(rGO-TA-24h), (d) PANI/(rGO-HH), (e) PANI/(rGO-TA-24h-EOH) composites, and (f)
pure PANI. The scale bar in all images is 200 nm.
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5.3.4. Electrochemical properties and morphology of PANI/GNP
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Fig. 5.3.9 (a, b) Cyclic voltammograms of PANI/GNP (1:0.1) composites with and without TA
under different scan rates; (c) cyclic voltammograms at a scan rate of 20 mV s-1 and (d) the
specific capacitance of PANI/(rGO-TA-24h) (1:0.1), PANI/(GNP-TA) (1:0.1), and PANI/GNP
(1:0.1) composites.

The effect of TA on the electrochemical properties of PANI/GNP composites was
also investigated in this study. Fig. 5.3.9 (a) and (b) show the cyclic voltammetric
behavior of PANI/(GNP-TA) and PANI/GNP composites, respectively. The shape of
these CV plots is similar to the CV plots of PANI/rGO composites illustrated in Fig.
5.3.5. However, it is clear that the magnitude of the CV plots of PANI/GNP composites
is much higher than that of PANI/rGO composites. This result is further demonstrated
in Fig. 5.3.9 (c), where the cyclic voltammograms of PANI/GNP composites at a scan
rate of 20 mV s-1 are compared with that of PANI/(rGO-TA-24h) composite. Based on
the CV plots, the specific capacitance of PANI/(GNP-TA) and PANI/GNP composites
at different scan rate were calculated. As can be seen in Fig. 5.3.9 (d) and Table 5.3.1,
both of PANI/(GNP-TA) and PANI/GNP composites exhibited higher specific
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capacitances than PANI/(rGO-TA-24h) composite. Moreover, the specific capacitances
of PANI/(GNP-TA) at all the tested scan rates were higher than those of PANI/GNP
composite, which demonstrated the addition of TA during the sonication-exfoliation
process of GNP was beneficial to the electrochemical property of PANI/GNP
composites.

Table 5.3.1 Capacitive performances of PANI/(rGO-TA) and PANI/GNP composites.
Sample

Specific
capacitance at
20 mV s-1 (F g-1)

Retention of specific
capacitance at 100 mV s-1 (%)

PANI/(rGO-TA-2h)

130.7

35.8

PANI/(rGO-TA-12h)

182.9

29.5

PANI/(rGO-TA-24h)

268.1

31.1

PANI/(rGO-HH)

215.1

11.5

PANI/(rGO-TA-24h-EOH)

215.3

17.7

PANI/(GNP-TA)

351.2

36.2

PANI/GNP

286.6

30.2

The data of specific surface area and conductivity of the different PANI/GNP (1:0.1)
composites are shown in Fig. 5.3.7 in blue color, and compared with those of
PANI/rGO (1:0.1) composites (in black color). The specific surface areas of PANI/GNP
composites were smaller than those of the PANI/(rGO-TA) composites, but the
conductivities of PANI/GNP composites were significantly higher than those of all the
PANI/rGO composites. This largely enhanced conductivity can be attributed to the
higher conductivity of GNP compared to the rGO, since the carbonaceous structure of
rGO has been defected to some degree during the oxidation and reduction process. On
the other hand, the presence of TA in the GNP enlarged the specific capacitance and
increased the conductivity of the PANI/GNP composite. Here, the morphologies of
PANI/(GNP-TA) and PANI/GNP composites were also investigated. As shown in Fig.
5.3.10 (a) and (c), PANI was relatively homogeneously distributed on the surface of
TA-modified GNP in the PANI/(GNP-TA) composite, but clustered together in the
PANI/GNP composite. It can be inferred that TA could interact with aniline due to its
plenty of catechol and pyrogallol units, and then promote a homogeneous distribution of
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PANI on the surface of GNP-TA. Furthermore, it is obvious in the enlarged SEM
images (Fig. 5.3.10 (b) and (d)) that the PANI in both of PANI/(GNP-TA) and
PANI/GNP composites show fibrillar networks, indicating the morphology of PANI
component has not been influenced by the TA. Therefore, the drop-like morphological
PANI in some PANI/rGO composites illustrated in Fig. 5.3.8 was more likely caused by
some impurities in the rGO solution rather than by the existence of TA.

(a)

(b)
(b)

(c)

(d)
(d)

Fig. 5.3.10 SEM images of (a, b) PANI/(GNP-TA) and (c, d) PANI/GNP composites. The scale
bars are 1 m in (a) and (c), and 200 nm in (b) and (d).

5.3.5. Solid-state symmetric supercapacitor device
The results in the sections 5.3.3 and 5.3.4 indicate that TA showed positive effect on
the electrochemical properties of PANI/rGO and PANI/GNP composites. In order to
further

test

the

electrochemical

performance

of

the

PANI/(rGO-TA)

and

PANI/(GNP-TA) in practical use, solid-state supercapacitor devices were assembled by
using PANI/(rGO-TA) or PANI/(GNP-TA) as the electrodes. The photograph and
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structural schematic of the device are shown in Fig. 4.3.2. The supercapacitor has a
symmetric structure, namely, the anode and cathode electrode were the same material
with similar weight and shape. Electrodes were prepared by the same method as for the
electrodes for the three-electrode electrochemical tests, but with a rectangle shape. 1 M
H2SO4-PVA gel was used as electrolyte, and the current collectors were rectangle
stainless steel mesh with a length of 4 cm and a width of around 1 cm. Besides
PANI/(rGO-TA) and PANI/(GNP-TA), PANI/(rGO-HH) and PANI/GNP were also
assembled into this kind of supercapacitor device. Fig. 5.3.11 illustrates the CV plots of
the supercapacitor devices using the four different composites as electrode. The weight
and area of each electrode in the symmetric supercapacitor devices were controlled to
be similar. Weights (m) of PANI/(rGO-TA), PANI/(GNP-TA), PANI/(rGO-HH) and
PANI/GNP electrode were 9 mg, 9 mg, 10 mg, and 9 mg, respectively; and the areas (S)
were 1.235 cm2, 1.523 cm2, 1.43 cm2, and 1.3 cm2, respectively. Noting different Y-axis
scale ranges between the former two plots and the latter two plots in Fig. 5.3.11, it is
obvious that PANI/(GNP-TA) and (PANI/GNP) supercapacitors exhibit larger CV
integral area than the PANI/rGO supercapacitors. Moreover, the CV integral area of the
PANI/(rGO-TA-24h) supercapacitor is larger than that of the PANI/(rGO-HH)
supercapacitor, and the CV integral area of PANI/(GNP-TA) supercapacitor is larger
than that of PANI/GNP supercapacitors.
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Fig. 5.3.11 Cyclic voltammograms of the symmetric supercapacitor devices.

The mass (CM, F g-1) and area specific capacitance (CS, F cm-2) of the supercapacitor
devices were calculated based on the CV results shown in Fig. 5.3.11 by the following
equations:

CM 

CS 

 I V   dV

(5.1.3)

 I V   dV

(5.1.4)

M  V 

S  V 

where the M represent the total mass weight of anode and cathode, equal to two fold of
m. And the S is the area of the electrode. The calculated CM and CS at different scan
rates are shown in Fig. 5.3.12 (a) and (b). Obviously, both of the cell mass specific
capacitance and the area specific capacitance follow the same sequence, i.e.
PANI/(GNP-TA) > (PANI/GNP) > PANI/(rGO-TA-24h) > PANI/(rGO-HH). The
PANI/(rGO-TA-24h) symmetric supercapacitor showed a specific mass capacitance of
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121.3 F g-1 and a specific area capacitance of 1.8 F cm-2. The PANI/(GNP-TA)
symmetric supercapacitor exhibited specific capacitances of 158.1 F g-1 and 2.2 F cm-2.
Moreover, the cycle stabilities of the symmetric supercapacitor devices at a scan rate of
100 mV s-1 were also investigated. Fig. 5.3.12 (c) compares the 1st CV plots and the
190th CV plots of the four supercapacitor devices. The CV plots of all the four
supercapacitors show a decrease in the integral area after 190 times CV cycles. The plot
of specific mass capacitance to the CV cycle time is shown in Fig. 5.3.12 (d). Obviously,
the PANI/(GNP-TA) supercapacitor owned the highest specific capacitance at all the
CV cycles. The magnitudes of specific capacitance of PANI/GNP supercapacitors were
higher than those of the PANI/rGO supercapacitor. And the addition of TA had positive
effect on the capacitance of both PANI/GNP and PANI/rGO supercapacitors. Fig.
5.3.12 (d) also reflects the cycle stability of the four supercapacitor devices. At the
beginning, PANI/(GNP-TA) and PANI/(rGO-HH) supercapacitors showed the highest
and the lowest decrease rate of specific capacitance, respectively. After ~50 CV cycles
the decrease rates of the four supercapacitors became similar. The retentions of specific
capacitance after 190 times of CV cycles of PANI/(rGO-TA-24h), PANI/(rGO-HH),
PANI/(GNP-TA), and PANI/GNP supercapacitors were 76.6%, 88.2%, 72.9%, and
76.9%, respectively. Additionally, the initial specific capacitances shown in Fig. 5.3.12
(d) (scan rate was 100 mV s-1) were a bit smaller than the specific capacitances at the
scan rate of 100 mV s-1 shown in Fig. 5.3.12 (a). It is because the cycle stability tests
(Fig. 5.3.12 (d)) were done after the CV tests at different scan rates (Fig. 5.3.12 (a)) and
the galvanostatic charge/discharge tests (Fig. 5.3.13), and each test was accompanied
with some extent of decline in the capacitive ability of the electrode material.
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Fig. 5.3.12 Specific mass (a) and area capacitance (b) at different scan rates and (c) the CV plots
at a scan rate of 100 mV s-1 of the 1st and 190th cycles and (d) the specific mass capacitance
during CV cycle of the symmetric supercapacitor devices.

The galvanostatic charging-discharging (GCD) behavior of the supercapacitor
devices using PANI/(rGO-TA-24h), PANI/(rGO-HH), PANI/(GNP-TA), or PANI/GNP
as electrodes are shown in Fig. 5.3.13 (a). The current density was set at 0.5 A g-1,
namely, 9 mA for the test of PANI/(rGO-TA-24h), PANI/(rGO-HH), and PANI/GNP
supercapacitors, and 10 mA for the GCD test of PANI/(GNP-TA) supercapacitor. The
energy density (E, Wh kg-1) and power density (P, W kg-1) of the supercapacitor devices
were calculated using the equations:

Ccell 
E

I t
Vmax

2
1 103  Ccell Vmax

2
3.6  M

(5.1.5)
(5.1.6)
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P

3600  E
t

(5.1.7)

The Ccell is the capacitance of the supercapacitor calculated according to the GCD plots.
Vmax is the maximum voltage for discharging after the IR drop. The plot of the
calculated energy density to the power density (Ragone plot) of the supercapacitor
devices are illustrated in Fig. 5.3.13 (b). The supercapacitors with PANI/GNP
composites as electrodes showed higher energy and power densities than those using
PANI/rGO composite as electrodes. Moreover, using TA for the preparation of
composites enhanced the energy and power density of the supercapacitors, especially
for the PANI/rGO composites. The PANI/(GNP-TA) symmetric supercapacitor device
owned an high energy density of 2.3 Wh kg-1 and a power density of 119 W kg-1; and
PANI/(rGO-TA-24h) supercapacitor presented an good energy density and a power
density of 1.7 Wh kg-1 and 115.3 W kg-1, respectively.
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Fig. 5.3.13 (a) Galvanostatic charge/discharge diagram and (b) the Ragone plot of the
symmetric supercapacitor devices.

5.3.6. Summary
Environment-friendly tannic acid (TA) was used to develop the electrochemical
properties of PANI/rGO (1:0.1) and PANI/GNP (1:0.1) composites. With a reduction
time of 24h, GO was effectively reduced by tannic acid into rGO-TA-24h. Compared
with rGO-HH, which was reduced by hydrazine hydrate, rGO-TA-24h showed a lower
reduction degree but higher dispersion stability. Besides, TA also played a role of
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dispersion stabilizer for rGO-TA and GNP, and its interaction with aniline is beneficial
to a homogeneous distribution of PANI on the surface of rGO-TA. As a result,
PANI/(rGO-TA-24h) (1:0.1) composite showed a little bit lower conductivity but much
larger specific surface area and higher specific capacitance than the PANI/(rGO-HH)
(1:0.1) composite. Furthermore, PANI/(GNP-TA) (1:0.1) composite presents higher
conductivity, larger specific surface area, and higher specific capacitance than
PANI/GNP (1:0.1) composite. TA-modified PANI/rGO and PANI/GNP composites
exhibited a specific capacitance of 268.1 F g-1 and 351.2 F g-1 at 10 mV s-1, respectively.
The assembled two-electrode solid-state supercapacitor device using TA-modified
PANI/rGO or PANI/GNP composites as electrodes showed high energy densities of 1.7
Wh kg-1 and 2.3 Wh kg-1, respectively.
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6. Conclusions
Composites of polyaniline (PANI) and carbonaceous material are promising to be
used as supercapacitor electrode. Among the carbonaceous materials, graphene has
attracted lots of attention due to its high specific surface area and excellent conductivity.
However, the difficulty and high cost of producing monolayer graphene are hard to
meet the requirement of large-scale manufacturing. Therefore, cost-effective reduced
graphite oxide (rGO) and graphite nanoplates (GNP) were used as the carbonaceous
fillers in this study. With the aim to optimize the overall electrochemical performance of
PANI/rGO and PANI/GNP composites, the interactions between certain synthesis
parameters and the electrochemical behavior of the obtained PANI/graphite composites
were investigated; and then two green chemicals (polydopamine, PDA and tannic acid,
TA) were used to pre-modify the rGO or GNP.
Firstly, the effects of synthesis parameters on the actual composition ratio,
electrochemical properties, conductivities, and morphologies of PANI/GNP (1:0.1
wt./wt.) and (1:1 wt./wt.) composites have been systematically studies. The PANI/GNP
composites were produced by in-situ oxidative polymerization in an acidic aqueous
solution with or without dopant (4-dodecylbenzenesulfonic acid, DBSA). SEM image
and the corresponding EDX analysis indicated that PANI/GNP composite has been
successfully produced. Structural characterizations, namely UV-vis, FTIR/ATR, and
N 1s XPS, indicated that PANI and GNP components interacted with each other by conjugation. And the presence of GNP changed the electron distribution of PANI, thus
the quinoid/benzenoid ratio in PANI molecular decreased. The morphologies and yield
of PANI in the composites varied with the type of oxidant. When FeCl3 was used as
oxidant, the PANI component showed a drop-like morphology; when ammonium
persulfate (APS) was used as oxidant, PANI formed a micro-fibrillar network in the
composite. According to the actual composition ratio calculated from thermogravimetric
behavior of pure PANI, GNP, and the PANI/GNP composites, aniline only partly
transferred into PANI when using FeCl3 as oxidant but almost fully polymerized into
PANI when using APS as oxidant. Moreover, the conductivity of PANI/GNP-APS was
higher than that of the corresponding PANI/GNP composites produced with FeCl3 as
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oxidant. These differences resulted in a higher specific capacitance of PANI/GNP-APS
compared to the PANI/GNP using FeCl3. Additionally, too much content of oxidant
might cause over-oxidation of PANI, therefore sacrificed the electrochemical property
of PANI/GNP composites.
The effect of DBSA on the electrochemical properties of PANI/GNP composites
varied with the component ratio. The interaction between the PANI backbone and the
alkyl chains of DBSA was beneficial to the conductivity, which was important for the
overall electrochemical property, but impeded the capacitance of PANI component. For
the PANI-dominated PANI/GNP (1:0.1) composites, whose conductivity was rather low,
adding DBSA increased the conductivities and thus largely increased the overall
specific capacitance of the composite. For the PANI/GNP composite with a weight ratio
of 1 to 1, the conductivity was dominated by GNP. Therefore, adding DBSA could not
obviously increase the conductivity and showed negative effect on the electrochemical
property of composites. Additionally, the different conductivities and specific
capacitances of PANI/GNP (1:0.1) and (1:1) composites indicated that faradaic PANI
contributed more to the overall capacitance of composites than the capacitive GNP. But
GNP was important for the rate capability of composites, since it can enhance the
stability of PANI component and increase electron transfer.
In the second and third parts of research, two chemicals were used to enhance the
electrochemical properties of PANI/graphite composite. Based on the results of the first
research part, the synthesis parameters used in the second and third parts were set as
follows: a PANI to graphite weight ratio of 1:0.1, use of APS as oxidant, and without
the addition of DBSA. In the second part, the polymerization of dopamine was used to
reduce and functionalize graphite oxide (GO). The catechol functional groups of PDA
were expected to prevent the restacking of the obtained GO-PDA and enhanced the
interaction between GO-PDA and PANI. Two synthesis routes were used in this section.
The composites named as PANI/(GO-PDA) were obtained by polymerization of aniline
in the presence of GO-PDA; the composites named as PANI/GO-PDA were produced
by polymerizing dopamine in the presence of PANI/GO composite. In the third part, TA
has been used to modify the rGO and GNP before the synthesis of composites. The
PANI/(rGO-HH) composite, in which hydrazine hydrate (HH) was used as reducing
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agent, and PANI/GNP composite were also synthesized as comparison for the
PANI/(rGO-TA) and PANI/GNP composites, respectively. Fig. 6.1 summarised the
differences among the four different PANI/rGO composites investigated in the second
and third research parts, i.e. PANI/GO-PDA, PANI/(GO-PDA), PANI/(rGO-TA) and
PANI/(rGO-HH), with the aspects of the synthesis procedures and the structure of final
products.

Fig. 6.1 Schematic illustration of the synthesis of PANI/GO-PDA, PANI/(GO-PDA),
PANI/(rGO-TA) and PANI/(rGO-HH). The different shades of black represent the different
reduction degrees of the GO-PDAs, rGO-TA, and rGO-HH.
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The XRD, TGA, FTIR/ATR, and UV-vis results showed that GO has been only
partly reduced during the polymerization of dopamine, and the reduction degree of the
GO-PDA product did not increase with the increase of dopamine content. In Fig. 6.1,
the GO-PDAs were marked with lighter black compared to rGO-TA and rGO-HH,
representing the lower reduction degree of GO-PDAs. Moreover, different synthesis
routes resulted in composites with different morphologies and properties. Similar to the
PANI/GO composite, the PANIs (green color in Fig. 6.1) in the PANI/GO-PDA
composites were short nanowire arrays grown vertically on the surface of GO. On the
contrary, the morphologies of PANIs in the PANI/(GO-PDA) composites were mainly
fibrillar networks. The main drawback of using dopamine in the preparation of
composites for supercapacitor purpose was the non-conductivity of PDA. The
conductivity of the obtained GO-PDA was much lower than the conductivity of GNP
and decreased with the increase of dopamine content. All the PANI/GO-PDA
composites were non-conductive, since the non-conductive PDA (blue color in Fig. 6.1)
has coated on the composites. Therefore, even though the PANI showed a homogenous
distribution in the PANI/GO-PDA composites, and most of PANI/GO-PDA composites
have higher specific surface areas than the corresponding PANI/(GO-PDA) composites,
the PANI/GO-PDA composites still showed worse electrochemical properties. On the
other hand, the conductivities of PANI/(GO-PDA) composites were low, due to the low
reduction degree of GO-PDA and the non-conductivity of PDA. As a result, the rate
capabilities of PANI/(GO-PDA) composites were similar to that of pure PANI.
For TA, the structural characterizations (XRD, Raman spectra, and FTIR/ATR)
demonstrated that it effectively reduced GO into rGO-TA. The carbonaceous structure
of the obtained rGO-TA had fewer defects than that of the rGO-HH. TA also acts as
dispersion stabilizer for rGO and GNP. Therefore, rGO-TA (shown in Fig. 6.1) and
GNP-TA could keep a homogeneous dispersion in the aqueous acid solution during the
in-situ polymerization of aniline. Additionally, the phenolic hydroxyl in TA could
interact with the amine groups of PANI, thus promoted a homogeneous distribution of
PANI on the surface of rGO or GNP. Among the PANI/rGO composites shown in Fig.
6.1, the PANI/(rGO-TA-24h) composites showed the highest specific capacitance
(268.1 F g-1 at 20 mV s-1). The PANI/(GNP-TA) composite also showed higher specific
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capacitance than the PANI/GNP composites. In comparison, PANI/(GNP-TA)
composite exhibited better electrochemical performance than the PANI/(rGO-TA-24h)
composite in the three-electrode testing system as well as in the two-electrode
supercapacitor device. This result can be attributed to the higher conductivity and a
carbonaceous structure with fewer defects in the case of GNP-TA compared to the
rGO-TA. Based on this part of research, the environmental friendly TA is an attractive
and effective material to be used for the purpose of developing the electrochemical
properties of PANI/rGO and PANI/GNP composites.
In summary, combination of PANI and the cost-effective graphite can obtain
composites with good electrochemical performance. For the synthesis method of in-situ
polymerization of aniline in presence of GNP, the type and content of oxidant can affect
the electrochemical properties of PANI/GNP composites. Besides, the addition of
excess dopant can influence the electrochemical properties of a PANI-dominated system.
The two eco-friendly reduction ways, namely polymerization of dopamine and adding
TA, both produced graphite with good dispersion stability and enhanced interaction
with PANI. But the reduction effect of dopamine polymerization was weak, and the
non-conductivity of PDA has negative effect on the electrochemical performance of the
composites. Using the environmental friendly TA is an effective and facile way to
produce cost-effective

PANI/graphite composites

for supercapacitor purpose.

Comparing the two types of graphite, rGO showed lower conductivity and more defects
in the carbonaceous structure compared to GNP. In my study, the PANI/(GNP-TA)
(1:0.1) composites, which was prepared by using APS as oxidant and without dopant,
exhibited the highest capacitive ability. In a three-electrode testing system, the
PANI/(GNP-TA) composite showed a high specific capacitance of 351.2 F g-1 at 10
mV s-1. The corresponding two-electrode solid-state supercapacitor device exhibited a
promising energy density of 2.3 Wh kg-1 at 0.5 A g-1, which was comparable to the
commercially available supercapacitors (around 5 Wh kg-1) [195]. But for application
the rate capability of the composite needs to be enhanced, in order to maintain the good
capacitive performance at high current density.
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7. Outlook
This work focused on the study of the effect of some synthesis parameters,
polydopamine (PDA) and tannic acid (TA) on the electrochemical properties of in-situ
polymerized PANI/GNP and PANI/rGO composites. For the further development of the
overall electrochemical performance of PANI/graphite composites, some other research
works are worth to be done in the future.
First of all, the electrochemical stability should be improved. In this study,
PANI/GNP (1:0.1) composites showed higher specific capacitance than the
corresponding PANI/GNP (1:1) composites, but with the sacrifice of rate capability. If
the effect of GNP, i.e. transferring electrons and supplying structural support for PANI,
could be enhanced without changing its content, then the obtained PANI/GNP (1:0.1)
composites would achieve the goal of balancing excellent specific capacitance and high
rate capability. For this purpose, one should prevent the restacking of GNP and enhance
the interaction between PANI and GNP. rGO owns better dispersion stability than GNP,
but it suffers from the drawbacks of worse conductivity and more carbonaceous
structural defects. Therefore, in the future work, GNP should be used as the
carbonaceous component. Surface pre-modification of GNP is necessary, since GNP
tend to restack and interact only weakly with PANI. The preparation of GNP by
electrochemical exfoliation method reported by Yang et al. [196] may be a suitable
method. This method is environmental friendly, fast, possible for mass production and
can simultaneously functionalize the GNP product.
Secondly, the PANI/GNP and PANI/rGO composites studied in this thesis were all
synthesized by the in-situ oxidative polymerization of aniline in the presence of the
graphitic structures. In the future study, one may produce binder-free PANI/GNP or
PANI/rGO composites by electrochemically depositing PANI on 3D structural graphitic
basement. It has been reported that electrochemically synthesized PANI presents better
purity than the in-situ chemical polymerized PANI. On the other hand, the graphitic
basement can promise a high conductivity of the composite; therefore, a separate
current collector would be non-necessary. The elimination of binder and current
collector can decrease the internal resistance and enhance the electrochemical
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performance of the composites. The growth direction of PANI should be controlled.
The morphologies of PANI/GO and PANI/GO-PDA composites reported in the second
section of this research demonstrated the possibility of producing PANI nanotubes
vertically to the surface of GO or partially reduced GO. The aim of future work is to
realize the control of this vertical growth of PANI on GNP.
Finally, in order to increase the electrochemical performance of PANI/GNP
composites, efforts are also worth to be devoted on controlling the orientation of GNP
on the current collector. Up to now, most of the reported supercapacitor electrode films
are very thin, since the vertical transfer ability of ions in thick electrode cannot meet the
requirement of practical use. In other words, parts of the electrode materials were not
active since the ions cannot reach them. Few articles have demonstrated that vertical
alignment of two-dimensional carbonaceous materials can realize thickness-independent
electrochemical performance in thick electrode films. [197] Even though it is still a
challenge to produce such kind of vertical oriented GNP, it is a worth to be investigated.
A smooth transfer of ions can not only realize the production of thick composite
electrodes, but also make most of the PANI component active to store and release
energy, which can increase the overall energy density and power density.
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