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Abstract

The major objective of this work is to preparation of carbon materials and
carbon-based composites targeting the electrode materials of supercapacitors. The
advancement of energy storage devices — supercapacitors is importance to the
development of many fields that have strong effects on human's life: renewable
energy, portable devices and transportation.

Firstly, graphene oxide/polypyrrole/multi-walled carbon nanotube composites were
prepared by in-suit polymerization method. The obtained composites have a special
microstructure — polypyrrole chains acted as the “bridge” between multi-wall
carbon nanotube and graphene through the amide group and n-n stacking, respectively.
The composites showed excellent electrochemical performance when used as
electrode materials for supercapacitors. However, we also found a reason is that the
carbon material (multi-wall carbon nanotube/graphene oxide) showed the poor
electrochemical performance.

Secondly, a type of nitrogen-doped carbon nanowires are successfully prepared and
used as negative electrode material of supercapacitors. The polypyrrole nanowires
were prepared when CTAB as soft template, and then obtained the nitrogen doped
carbon nanowires by direct carbonization method when polypyrrole nanowires as the
carbon precursor. The carbon nanowires showed good electrochemical performance
due to their acceptable nitrogen content and large specific surface area. And then, for
further improve the electrochemical performance of carbon nanowires, a kind of
porous carbon nanowires are successfully prepared by KOH activation method, and
also used as negative electrode material of supercapacitors. The porous carbon
nanowires showed the better electrochemical performance than that of carbon
nanowires. This is attributed to their adequate nitrogen content and higher specific
surface area than that of carbon nanowires.

Thirdly, based on carbon nanowires, various micromorphology MnQO,/carbon



nanowires composites were prepared by hydrothermal reaction. The composites
possess the special microstructure based on the reaction times, and further effect on
the electrochemical performance of themselves. An asymmetric supercapacitor is
assembled when the composite as the positive electrode and porous carbon nanowires
as the negative electrode, and the supercapacitor exhibited the excellent

electrochemical performance.
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Chapter 1 Introduction

1.1 Background

Energy is one of the most important factors for the development of modern society.
Till now, the non-renewable fossil fuels are still the main energy sources in people‘s
lives, and we depend on fossil fuels with two serious consequences: exhaustion of
reserves and worsening of the greenhouse effect caused by the emission of carbon
dioxide (CO;) from their combustion. Moreover, energy demands will increase with
the increase of world population and economic development, which will increase the
atmospheric concentration of CO; if no action is taken, and the result will be ever
greater climate warming. Thus, all global organizations agree that energy is the main
challenge of this century that our habitat must overcome.

Currently, many researchers want to reverse this trend through renewable energies,
for example, the solar [1, 2], wind [3], biomass [4], geothermal [5] and so on.
However, for these energies to be successful application, it is important to consider
how they can be used more efficiently and find innovative management solutions,
reliable conversion and storage of energy, which are low cost and widely applicable.
For this, we need: (1) efficient photovoltaic and thermoelectrical systems to convert
light and heat into electricity, respectively; (2) electronic conductors such as
superconductors to minimize the Joule effect; and (3) storage systems such as
batteries, supercapacitors to store energy in chemical energy and convert it back to
electricity when required [6]. Among of them, the storage of electrical energy plays a

vital role in sectors such as transport, telecommunications, medicine and other sectors.
1.1.1 Electrochemical devices

Systems for electrochemical energy storage and conversion include fuel cells,

batteries and electrochemical capacitors (ECs). More specifically:



Fuel cell, it operate based on the working principle to the electrolysis of water (as
shown in Fig. 1.1), i.e. the electricity is produced by oxidation on a di-hydrogen (H;)
electrode coupled with reduction on another electrode of an oxidant such as oxygen
from the air, together producing water. Moreover, this is an —epen” system, that is to

say, directly supply externally, and hence not directly electrically rechargeable [6].

Fig. 1.1 A fuel cell showing the continuous supply of reactants and redox reactions

in the cell.

Battery, it is a closed system, with the anode and cathode being the charge-transfer
medium and taking an active role in the redox reaction as —active masses” [7]. In other
words, it can deliver/store electrical energy generated from reversible redox reactions

that may occur in the constituent materials of their electrodes (as shown in Fig. 1.2).

Fig. 1.2 Representation of a battery (Daniell cell).



In supercapacitor, energy may not be delivered via redox reactions, it is based on
capacitive properties of an electrical double layers at the electrode/electrolyte
interfaces (as shown in Fig. 1.3) with a capacity per unit mass or area expressed in F
g and F cm™, respectively. EDLs results in a parallel movement of electrons in the

external wire, that is, in the energy delivering process.

Fig. 1.3 Representation of a supercapacitor (illustrating the energy storage in the

electric double layers at the electrode/electrolyte interfaces).

1.2 Supercapacitors

Supercapacitors (SCs), we also know as electrochemical capacitors or
ultracapacitors. They have caused widespread concern due to their long cycle life (>
500,000 cycles), rapid charge/discharge rate, high power density (> 10 kW kg™) and
small environment impact [8-10]. A typical supercapacitor usually contains four parts:
electrode, electrolyte, separators and current collectors [11]. SCs can be divided into
two types based on their energy storage principles: the electrical double layers
capacitors (EDLCs) and the pseudocapacitor [12]. For convenience, we explain the
two energy storage principles separately, though they usually function together in a

supercapacitor.



1.2.1 The storage energy principle of EDLCs

As mentioned 1.1.1 and as shown in Fig. 1.3, the working principle of EDLCs is
electrical double layers (EDLs) theory. EDLCs are ideally suited to the rapid storage
and release of energy. They can store much energy due to the large interfacial area and
the atomic range of charge separation distances. As illustrated in Fig. 1.4a, the idea of
the EDLs was first proposed by Helmholtz in the 19" century [13]. The Helmholtz
double layer model expound that two layers of opposite charge form at the interface
of electrode/electrolyte and are separated by an atomic distance [13]. This simple
model was further modified by Gouy and Chapman [14, 15] based on the continuous
distribution of ions in the electrolyte solution, and they proposed the diffuse layer (as
shown in Fig. 1.4b). Based on the Helmholtz and Gouy-Chapman model, stern [16]
clearly stated that the ion distribution includes two regions: the inner region called the
compact layer or stern layer and the diffuse layer [13] (as shown in Fig. 1.4c). In the
stern layer, the ions of solution are strongly adsorbed by the electrode, thus it is also
called compact layer. Furthermore, the compact layer consists of specifically adsorbed
ions and non-specifically adsorbed counterions. The two types of adsorbed ions are
distinguished by the inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP)

[13]. Thus, the capacitance of EDLs (Cqj) can be expressed by the following equation

(Eq. 1.1):

1 1 1
e
Car Cx  Caiff

(Eq. 1.1)
where Cyand Cgisr are the capacitance of compact double layer and diffusion region,

respectively.



Fig. 1.4 Models of the electrical double layer at a positively charged surface: (a) the
Helmholtz model, (b) the Gouy-Chapman model, and (c) the Stern model [13].

An EDLCs consists of two electrode, generally the material of electrode is active
carbon (AC). The material of electrode is direct contact with the current collector, and
the electrode separated by a porous film impregnated with an electrolyte solution (as
shown in Fig. 1.5). When an electric potential difference is applied between the
electrodes, the negative charge carriers, electrons, in the negatively polarized
electrode are balanced by an equal number of positive cations at the
electrode/electrolyte interface, while at the positively polarized electrode are
electrically balanced by anions [17]. Therefore, a supercapacitor includes two
electrodes is equivalent to two capacitors in series and the resulting capacitance (C)

can be expressed by Eq. 1.2:

%=é+é- (Eq. 1.2)

where C, C; and C. are the capacitance of the whole supercapacitors, positive
electrode and negative electrode, respectively. In case of a symmetric system, both
electrodes employ by the equal in materials, mass and size, the Eq. 2 can be simplified
to Eq. 1.3 [17]:

Ce

mam

C=4x (Eq. 1.3)

where Cg and muy are the capacitance of electrode and the total mass of active

materials.



Fig. 1.5 Representation of charged state of a symmetric EDLC using porous material

and of the corresponding equivalent circuit. R is resistors, C is capacitors [17].

1.2.2 The storage energy principle of pseudocapacitors

Pseudocapacitors, they are distinctly different from EDLCs. Because EDLCs
follow purely electrostatic phenomena and their energy storage is completely
reversible. However, pseudocapacitors utilize the fast redox reactions occurring at the
surface and bulk of the electrode materials are able to give a much large energy
density when compared with EDLCs [18, 19] (as shown in Fig. 1.6). As we all know,
the chemical reactions are not completely reversible ever for the best effort reversible
combination of electrode and electrolyte. Therefore, pseudocapacitors are always have
some residual electrode materials cannot take part in the reversible chemical reaction
process, even after complete discharge [20]. This phenomenon leads to the loss of
active materials, which further reduces the value of the maximum specific capacitance
with increasing the cycle numbers, and the affects the cycle stability of the
pseudocapacitors. In addition, pseudocapacitors have the highest charge-transfer rate
at a special potential. Sometime delay is required to overcome this potential barrier,
and this time is responsible for the delayed response of pseudocapacitors relative to
EDLCs, which have instantaneous electrostatic responses [20]. Although,
pseudocapacitors have the dispute of cycle stability and response-time, they are still
aroused researcher ‘s interesting owing to their high ability of storage energy based on

the chemical reaction. Thence, overcome the above mentioned problems have been
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the topic of scientific investigation in recent years.

Fig. 1.6 Redox reaction based pseudocapacitance.

1.3 The electrode materials of supercapacitors

As described above, a typical supercapacitor contains four parts: electrode,
electrolyte, separators and current collector. The core part is electrode material, which

directly determines the capacitance, delivery rate and efficiency of a supercapacitor.
1.3.1 Carbon-based electrode materials

Carbon, as we all know, it exists in three forms, namely, amorphous carbon,
graphite and diamond (as shown in Fig. 1.7) [21]. Their properties have many changes
based on the arrangement of carbon atoms. For instance, graphite is soft, stable and
blank. There are due to its form of carbon with strong covalent bonding in the carbon
plane and the much weaker van der Waals interaction in the transverse direction
between the layers (as shown in Fig. 1.7a). The each carbon atoms of diamond bound
to four other carbon atoms in a regular lattice, and this is lead to the diamond hard and

transparent (as shown in Fig. 1.7b).



Fig. 1.7 Carbon materials: a, graphite; b, diamond; c, buckminsterfullerene Cgo; d,

single walled carbon nanotube; e, graphene [21].

The attraction of carbon as the supercapacitor electrode material arises from the
unique chemical and physical properties, as following [22]:

e high specific surface area range (1 to > 2000 m? g™),

e high conductivity,

e controlled pore structure,

e processability and compatibility in composite materials,

e high temperature stability,

e relatively low cost.

Especially, the high surface area and conductivity are critical factors for carbon
materials as the supercapacitors electrodes. Furthermore, the surface area of carbon
materials will be deeply impact by the pore structures. Thus, the pore structures of
carbon materials are other key factor for carbon materials electrodes.

1) Active carbon (AC)

AC is the most common supercapacitors electrodes materials owing to its high
surface area, high conductivity and low cost (as shown in Table. 1.1). AC is generally
produced from physical (thermal) and/or chemical activation of various types of
carbonaceous materials, for example, biomass (rice husk [23], ramie [24], sorghum
pith [25]), polymer (Resin [26], polypyrrole [27, 28]), chemical reagent (furfuryl

alcohol [29]), and etc. The chemical activation is usually carried out at a lower
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temperature with activation agents, such as potassium hydroxide (KOH) [30], sodium
hydroxide (NaOH) [31], zinc chloride (ZnCl) [24], and etc. AC can obtain the
3-dimensional (3-D) porous network and high surface area in the bulk of carbon
materials through the activation process. As we all know, AC can obtained a broad
pore size distribution consisting of micropores (< 2 nm), mesopores (2~50 nm) and
macropores (> 50 nm) still through the activation process. Recently, many researchers
have pointed out that the relationship of capacitance and surface area of AC are not
proportional. For example, with a high surface area reached up to 3000 m” g, but the
corresponding specific capacitance < 10 pF cm™, much smaller than the theoretical
value (15-25 pF cm™) [13], suggesting that not all pores are benefit for charge
accumulation [33]. Therefore, although the surface area is an important factor for the
capacitance performance of AC, the other aspects of the AC, such as pore size
distribution, type and structure of pore, and surface functionality can also impact the
capacitance performance of AC.

3-D AC has been developed for high rate electrochemical capacitive energy storage.
This kind of 3-D AC is characterized by four typical features at different dimensions:
firstly, micropores, some studies have showed that they contribute mostly to the
specific surface area [22, 34]. Initially, the micropores size smaller than 0.5 nm were
investigated and the result suggested that this kind of micropores were not accessible
to hydrated ions [35, 36]. The effect of the micropore size on the capacitance of AC
was further investigated by carbon materials with controllable micropore size. The AC
can have a narrow pore size distribution with a mean value that is tunable in the range
of 0.5~3 nm [37]. Secondly, mesopores, they can allow the rapid transport of ions
from the electrolyte to the entire surface of the electrodes and make them quickly
available for electric charge exchange [38]. Finally, macropores and localized
graphitic structure, they can serve as ion-buffering reservoirs and enhances the
electrical conductivity, respectively [38]. Especially, the macro and mesopores are a

prerequisite for the transport of the electrolyte to the micropores in many ACs.



Table 1.1 Different carbon structures used in supercapacitors electrodes with active

carbon, template carbon, carbon nanotube and graphene [32].

Template
Materials Active carbon Carbon nanotubes Graphene
carbon
Dimensionality 3-D 3-D 1-D 2-D
Conductivity Low Low High High
Volumetric
High Low Low Moderate
capacitance
Cost Low High High Moderate
Structure

Besides control the surface area and pore size of the AC, the achievable maximum
capacitance of EDLCs remains limited, and high energy density supercapacitors
require more excellent electrochemical performance of AC electrode materials. A
strategy to increase the capacitance is introduced pseudocapacitive phenomena at the
electrode and electrolyte interface, and the usual practice is substituting some atoms
in AC by heteroatoms (such as N [39], O [40], boron (B) [41]). These heteroatoms are
derived from the carbon sources and transform into a part of the chemical structure as
a result of incomplete carbonization. They are also derived from the dopant during
subsequent doping process. In addition, we also note that the electronic properties of
AC depend strongly on size and chirality, and the properties cannot be easily tailored
[42]. The electronic properties of these AC also can be improved by incorporating
heteroatoms. But, it is not always energetically favorable for most of the heteroatoms
to reside in the network of AC. The most of these doping, the usual choice is B or N,
owing to the following: firstly, B and N are the nearest neighbors of the C in the
periodic table. The C atom of AC replaced by B or N, the total number electrons in

the system remains unchanged. Secondly, the atomic radius of B and N are similar to
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C. Thirdly, the B or N doped AC similar to the usual semi-conduction materials, and
this is benefit for their application in electronic devices [42].
2) Template carbon

Template carbons (as shown in Table 1.1), they are produced by the carbonization
of an organic compound in nanospace of a template inorganic substance (such as
mesopores silica or aluminosilicate [38]), and then the resulting carbon is obtained by
removing the template [13, 43]. Fig. 1.8 shows the schematic representation of
general concept of the templating technique and the porous carbons obtained from
different templates. Compared with AC, template carbon possess the controllable
narrow pore size distributions, ordered pore structure, large specific surface area and
an interconnected pore network. These advantages of template carbon result them

promising candidates for supercapacitor electrode materials.

Fig. 1.8 Macroscopic representation is showing the general concept of the templating
technique (a); microscopic synthesis of macroporous carbons using silica spheres as
template (b), mesoporous carbons using SBA-15 as template (¢) and microporous

carbons suing zeolite Y as template (d) [13].

Many carbon structures with well controlled micropores, mesopores and
macropores produced by different types of template and carbon have been studies for
supercapacitor applications [44, 45]. For example, a microporous carbon was obtained
by using zeolite Y as the template and the resultant carbon possessed a high specific
capacitance of about 340 F g [45]. The template microporous carbon possessed a

narrow pore size distribution, suitable pore size to the electrolyte ions and the ordered
11



straight pore channels. Compared with disordered and broad pore size distribution of
microporous of AC, the template microporous carbon is better for use as high energy
density electrode materials.

Compared with microporous carbon, mesoporous carbon has larger porous size,
and this advantage is expected to favor fast ionic transport in mesoporous channels,
resulting in a good rate performance [46]. Some researchers also have been proposed
that the presence of mesoporous (usually 2~8 nm) can accelerate the kinetic process
of the ion diffusion in the electrodes and improve the power density at high current
densities, but the microporous structure is accessible to the electrolyte ions are
essential for high energy storage [47, 48]. For example, W. Xing et al. [49] reported
that they prepared a mesoporous carbons were template from mesoporous silica
SBA-15, the mesoporous carbon possess the varying ordered pore symmetries such as
P6mm and [a3d (as shown in Fig. 1.9). The unique pore structure of mesoporous
carbon resulted in the superior electric double layer capacitive performance. In short,
the unique ordered pore structure of template carbon very conducive to it applied to

supercapacitors.

Intensity (arb. units)

(Left) (Right)

Fig. 1.9 SAXD patterns of Maxsorb and OMC carbons (left); TEM images and
structure models of Maxsorb and OMC carbons (right) [49].

3) Carbon nanotubes (CNTSs)
12



CNTs, its discovery has significantly advanced the science and engineering of
carbon materials. lijima using transmission electron microscope to examine carbon
samples by an arc-discharge method (this method similar to that used for the fullerene
synthesis), he found the needlelike tubes now popularly known as carbon nanotubes
[50]. As we all know, CNTs possess the high conductivity, unique mechanical
properties, high chemical stability, high aspect ratios and high activated surface areas
(as shown in Table 1), and they have been widely studied for supercapacitors within
the past decade [51, 52]. Right now, CNTs are produced by the -catalytic
decomposition of certain hydrocarbons. By control manipulation of various
parameters, it is possible to generate nanostructures in assorted conformations and
also control their crystalline order [53], and Fig. 1.10 shows the atomic structures of
different types of carbon nanotubes. CNTs can be classified as single-walled carbon
nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT) [13, 42]. The
diameter and length of SWCNT lie in the range of 0.4~2 nm and 1~100 pm,
respectively. For MWCNT, it can contain 2~50 SWCNTs having inner diameters

1.5~20 nm while outer diameters 2.5~30 nm [42].

@

Zig-zag Chiral Armchair
(n,0) (n,m) (n.n)

Fig. 1.10 Atomic structure of carbon nanotubes: a, schematic diagram showing how
a graphene sheet is _rolled‘ according to a pair of chiral vectors to form different
atomic structures of carbon nanotubes; zig-zag (n, 0) (b), chiral (n,m) (c¢) and armchair

(n,n) (d) carbon nanotubes [13].

Electrolyte ions can be stored in CNTs electrodes via the following ways:
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adsorption and accumulation on the outer surface, adsorption and accumulation in the
inner channel when CNTs are open and storage in the void space between bundles of
tubes [38]. Owing to the above merits, CNTs are a good choice as high power
electrode materials. Some researchers have shown that the specific capacitance of
CNTs is highly dependent on their morphology and purity [54]. For pure CNTs, the
specific capacitance in the range of 15~80 F g, and correspond specific surface area
in the range of 120~400 m? g [54, 55]. C.M. Niu [56] et al. have reported a MWCNT
electrode shows a high specific capacitance of 113 F g with surface area of 430 m?
g and a power density of 8 kW kg™'. And even, studies have pointed out that the
highest specific capacitance of pure CNTs electrode is found to be ~100 F g'l, and the
energy density is smaller than that of AC [57, 13]. These disadvantages attributed to
that their relatively small specific surface area (generally < 500 m’ g'1 [13, 58])
restricts their usage in high energy supercapacitors. Moreover, the other difficulties
are retaining the intrinsic properties of individual CNTs on the macroscopic scale [59]
and the high cost of purification [58]. Therefore, modifications and incorporation with
other active materials have been proposed to overcome the above drawbacks.
4) Graphene

Graphene, a new star in nanoscience and nanomaterial, it is a one-atom-thick 2D
sheet of sp>-bonded carbon, the carbon atoms arranged in a honeycomb lattice (as
shown in Table. 1.1), and exhibits many advantages, such as high electrical and
thermal conductivity, great mechanical strength and high surface area (theoretically
2630 m* g), has attracted great interest during the past decade for application in
supercapacitors [60-62]. Graphene was first discovered by Andre Geim and
Konstantin Novoselov in 2004. They obtained graphene sheets by using cohesive tape
to repeatedly split graphite crystals into increasingly thinner pieces until individual
atomic planes were reached [21, 60]. As we all know, one of the critical challenges in
the synthesis and application of graphene sheets is to overcome the strong cohesive
van der Waals energy of the n-stacked layers in graphite [58, 63, 64]. Currently, the
most comment method is exfoliation of GO followed by reduction to give the final

product, reduced graphite oxide (Hummer‘s method, as shown in Fig. 1.11) [20, 65].
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Furthermore, the other methods are assembling graphene sheets into graphene-based
materials with ordered 2D or 3D microstructures and separating graphene sheets with

other nanomaterials [66, 67].

O
' NH,NH,
. ~ Hummer 2N
Graphite Flake ___S’method HO
GO RGO

v A
}&i_\iﬁ i NH&?@{L% =
HaN

NH,

Fig. 1.11 Preparation of reduced graphene oxide by Hummer method [65].

The excellent electric conductivity and mechanical flexibility of graphene enable its
electrodes to undergo fats electron transfer without any significant volume
expansion/shrinking during charging-discharging [46]. Moreover, graphene sheets
irreversibly aggregate due to the n-n interactions and van der Waals forces, and make
most pores. Therefore, graphene displays a moderate specific capacitance of ~110 F
g [11]. There are many of reports aiming to directly utilize the 2D structure of
graphene for supercapacitors. S.R.C. Vivekchand et al. prepared reduced graphene
with a specific surface area as high as 925 m® g by exfoliation at 1050 °C, and
exhibited specific capacitance of 117 F g [68]. But the high temperature exfoliation
process is energy consuming and difficult to control. X. Yang et al. prepared a
hydrated graphene film for inhibited the restacking of graphene sheets, and this film
exhibited a high specific capacitance (215 F g') and excellent cycle stability [69]. In
addition, J.J. Yoo assembled vertically aligned graphene electrodes which showed a
high specific capacitance up to 250 F g, and suggesting this in-plane design can

utilize the maximum electrochemical surface area of graphene sheets [70].
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1.3.2 Conducting polymer-based electrode materials

Conducting polymers, their each atom along the backbone is involved in a @ bond,
which is much weaker than the ¢ bonds that hold the atoms in the polymer chain
together, and they characteristically have a conjugated backbone with a high degree of
n-orbital overlap [71]. Hence, they can render conductive through the conjugated
bond system along the polymer backbone [10]. In 1977, American scientists Heeger,
MacDiarmid and their Japanese colleague Shirakawa discovered that the doping
polyacetylene (PA) with iodine exhibited the metal-like properties [72, 73], and since
then people have begun to study of conducting polymers. Most conducting polymers
were synthesized by modification of the structure shown in Fig. 1.12. Conducting
polymers show a low conductivity in the neutral state. Their conductivity can improve
by the formation of charge carriers upon oxidizing (p-doping) or reducing (n-doping)
their conjugated backbone [74]. The simplified reaction (Eq. 1.4 and 1.5) for these
tow charging processes are as follows [10]:

Cp — Cp™(A),+ne (p-doping) (Eq. 1.4)

Cp+ne — (CH,Cp"™ (n-doping)  (Eq. 1.5)
The typical n-doping conducting polymer are PA and poly(paraphenylene), and these
polymers have high impedances. Polypyrrole (PPy) and polyaniline (PANI), they are
the typical p-doping conducting polymers [75]. Neutral PPy or polythiophene is
oxidized, and then, a relaxation process causes the generation of localized electronic
state, and this state is called polaron. If an additional electron is removed, it is very
conducive to remove the second electron from the polaron than from another part of
the polymer chain. And this leads to the formation of one bipolaron rather than two
polarons (as shown in Fig. 1.13) [74, 76]. Another unique doping process is the
doping of PANI by protonation. This process leads to an internal redox reaction
converting the semiconducting form of PANI (emeraldine base) to a —metallic” form
(emeraldine salt). The reaction between the different forms of PANI is shown in the

Fig. 1.14 [74].
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Fig. 1.12 Various conducting polymer structures.
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Fig. 1.13 Formation of the bipolaron state in PPy or polythiophene.
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Fig. 1.14 Conversion between different states of PANI

Conducting polymers possess many advantages, such as high conductivity in a
doped state, high storage capacity/reversibility, adjustable redox activity through
chemical modification, and low cost/environment impact. These advantages make
them suitable materials for supercapacitors [77, 78]. The common conducting
polymer in supercapacitor applications are PANI [79], PPy [80], polythiophene [81]
and their derivatives. PANI and PPy often use as cathode materials due to they can
only be p-doped. There are many reports on applying the above conducting polymer
to supercapacitors. For examples, H.L Li et al. have reported a pure PANI
modification electrode exhibited a high specific capacitance and which reach up to
815 F g [82]. A kind of 3D polyaniline have prepared by Y. Gawli et al. by inorganic
and organic acid co-doping, and it possesses a nearly constant high specific
capacitance of 350 F g at the current density rage of 1~40 A g'. At same time, it
exhibits good cycle stability at the current density of 40 A g™ [83]. Even, Y. Huang et
al. have prepared a kind of polypyrrole from the molecular ordering, and this kind of
polypyrrole exhibited the excellent cycle stability (the capacitance retentions of over
97, 91 and 86 % after 15000, 50000 and 100000 charging/discharging cycles,

respectively), and can sustain over 230000 charging/discharging cycles with still
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about half of initial capacitance retained [84]. Unfortunately, swelling and shrinking
of conducting polymer unavoidable occur during the charging/discharging process
(due to the intercalating/deintercalating function). This problem will further lead to
mechanical degradation of the electrode and fading electrochemical performance

during cycling, and then limit the conducting polymer applied to supercapacitors.
1.3.3 Transition metal oxides-based electrode materials

Transition metal oxides, they can provide higher energy density for supercapacitors
than that of carbon materials and better cycle stability than that of conducting
polymers. They store energy not only through the electrical double layer capacitance
(like carbon materials) but also by the faradaic reactions between electrode materials
and electrolyte ions at a suitable potential window [85]. The normal conditions for
transition metal oxides in supercapacitors application are [86]:

e the metal can exist in two or more oxidation states that coexist over a continuous
range with no phase changes involving irreversible modifications of a 3D structure;

e the protons can freely intercalate into the oxide lattice on reduction and out of the
lattice on oxidation, allowing facile interconversion of 0> <> OH’;

e the oxide should be electronically conductive.
In current, the common transition metal oxides are ruthenium oxide, manganese oxide,
cobalt oxide and nickel oxide.
1) RuO;

Among the transition metal oxides, RuO; has been widely investigated due to its
highly reversible redox reactions, three distinct oxidation states accessible within a
1.2 V voltage window, high proton conductivity, remarkably high specific capacitance
and high rate capability [87, 88]. The pseudocapacitive behaviors of RuO; in acid and
alkali electrolyte exhibit different reactions. In acid electrolyte, the mechanism was
suggested to be as follow (Eq. 1.6 and 1.7):

RuO; + xH" + xe” <> RuO,(OH), 0<x<2 (Eq. 1.6)

or
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RuOL(OH), + 8H" + 8¢ > RuOx5(OH)y+5 (Eq. 1.7)
The rapid reversible electron transfer is accompanied by adsorption of protons on the
surface of RuO; particles, and the oxidation state of Ru can change from II to IV [86,
89-91]. In alkali electrolyte, the changes in the valency state of RuO, also has been
suggested that in the carbon/ruthenium composite is charged state, the RuO, in the
composite will be oxidized to RuO42', RuO4" and RuO4, and when it discharged the
high valency state compounds will be reduced to RuO; [86, 92].

It is worth noting, the crystallinity of RuO, is the key parameter in determining the
value of specific capacitance. The amorphous structure of RuO, is benefit for the
proton intercalate into the bulk of RuO, but not into the crystalline phase [93]. For
example, the amorphous ruthenium oxide materials in the acid electrolyte exhibited a
maximum specific capacitance of 720 F g'1 upon calcination at 150 °C [91]. It is also
noting that hydrous RuO, possess the better capacitive performance than that of
anhydrous RuQO,. This is owing to the hydrous regions are more permeable to protons

and proton conduction inside RuO, is dominant compared with the electron

conduction [94, 95]. Such as, in the literature [96], hydrous RuO, (RuO,0.5H,0)

showed a specific capacitance as high as 900 F g'. The microstructure of RuO, is
determined by the preparation method. Generally, the methods of preparation of RuO,
are hydrothermal synthesis and sol-gel synthesis [97], and these synthesis methods as
shown in Fig. 1.15. The results showed that the amorphous and crystalline phase
RuO; can be obtained at low and high temperature, respectively [98]. Although
amorphous RuO, can provide excellent capacitive performance, its drawbacks, such
as the high cost and environment impact, hinder it from being used in the

commercialization of supercapacitors [99].

20



nanoparticles
Ieflon-lined stainless
steel autoclave
——

180°C for 24h

1S0C for2h  __ufipfatutets

Sol-gel synthesis [2] Annealing

A: Rucl; and graphene

+ - SEM top images of RuO;nH,0
NTs arrayed electrode

Anodic deposition

Electrochemical deposition [3]

a: AL Oy-coated
graphite

Fig. 1.15 The typical synthesis processes of RuO; [89].
2) MnO;

Manganese oxides, they present low cost, low toxicity, environment safety and high
theoretical capacities (ranging from 1100 to 1300 F g"), and have acted as the
alternative materials for RuO, [100, 101]. In 1999, Lee and Goodenough reported that
the amorphous MnQO; could be used as an excellent electrode material for faradaic
electrochemical capacitor [102]. Since then, the manganese oxides have attracted
major attention and is considered a promising alternative of materials for
supercapacitors application.

Manganese oxides also have pluralism valence states, and their capacitance come
mainly from faraday reaction based on these valence states. Some reversible redox
transitions involving the exchange of protons or cations would occurs between
manganese oxides and electrolyte, as well as the transitions between Mn(I1I)/Mn(Il),
Mn(IV)/Mn(I1l), and Mn(VI)/Mn(IV) [103]. The proposed mechanism of redox
process is expressed in Eq. 1.8 [86, 104]:

MnOy(OC)p + 8C" + de” > MnOy 3(OC)p+s (Eq. 1.8)

where C” signifies the protons and alkali metal cations (such as Li", Na", K") in the

electrolyte, the MnO,(OC)g and MnO,.3(OC)g+s indicate MnO,'H,O in high and low
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oxidation states, respectively. Similar to RuO,, the capacitive performance of
manganese oxides also heavily depend on their crystalline structures. Manganese
oxides have many crystalline structures, including a-, -, y-, 6- and A-MnQO,, the
different structures can be described by the size of their tunnels determined by the
number of octahedral subunits (n X m), as shown in Fig. 1.16 [105]. The a-MnO,
consists of double chains of edge-sharing MnOg octahedra, which are linked at
corners to form 1D (2 X 2) and (1 x 1) tunnels in the tetragonal unit cell [106].
B-MnO; is composed of single strands of edge-sharing MnOg octahedra to form a 1D
(1 x 1) tunnel [107]. y-MnO, is composed of ramsdellite (1 x 2) and pyrolusite (1 x 1)
domains. 8-MnO;, is a 2D layered structure with an interlayer separation of ~7 A. It
has a significant amount of water and stabilizing cations such as Na" or K between
the sheets [108]. A-MnO, is a 3D spinel structure.

For 0a-MnO,, it has synthesized by a hydrothermal reaction of KMnO4 under acidic
conditions exhibited a specific capacitance of only 71.1 F g™ at a current density of
0.3 A g [109]. With y-MnO,, some studies have reported that the specific capacitance
of it only 20-30 F g™ [110, 111]. For 2D layered structure of 8-MnO,, several methods
for synthesizing it have been developed. 6-MnO; obtained by hydrothermal synthesis
process exhibited a much higher specific capacitance [112]. 6-MnO, also obtained
through a redox reaction between MnSO4 and KMnQOy, and this kind of 6-MnO,
exhibited excellent capacitive performance (its specific capacitance is 236 F g™') in
0.1 mol L NaSO, electrolyte [105]. In addition, C.T. Sun et al. have prepared all
kinds of (a-, B-, y- and 3-) crystalline structure MnO, by similar methods [113]. Their
research also showed that the 06-MnO, possess more outstanding capacitive
performance (the specific capacitance is 190 F g'l) than the other MnQ,, this is owing
to the interlayer spacing of 6-MnQO, (0.54 nm) is larger than the size of the cations
(such as k', Na" and Li’, their size are 0.33, 0.36 and 0.38 nm, respectively),
providing enough space for cations to move in and out within the layers. Also
attributed to the Mn centers of 6-MnO, located at the surface, and the Mn centers

could contribute to the faradaic charge storage [113].
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Fig. 1.16 crystal structure of a-, B-, y-, 8- and A-MnQO; [105].
Unfortunately, Mn oxides applied in supercapacitors still have several challenges.
The first challenge is the dissolution problem. MnO, electrode will be suffer
capacitance degradation during cycling, and this is due to the partial dissolution of

MnO, [114]. The dissolution reaction can be expressed as Eq. 1.9 [115]:

2MnO(OH) — Mn*“(,q) + MnOy(s) + 20H  (Eq. 1.9)
Many researchers have been carried out prevent Mn oxides from the dissolution
during cycling. For instance, some new kind electrolytes have been developed to
avoid forming acidic environment in solution [116]. The other challenges are the low
specific surface area and poor electronic conductivity. To improve the specific surface
area of Mn oxides, many researchers doping other metals into Mn oxides [117] or
introducing multilayered film electrodes [118]. To enhance the electronic conductivity
of Mn oxides, researchers often doping the highly conductive supports into Mn oxides,

such as conducting polymer, active carbon, CNTs and graphite [86].

1.4 Contribution from this dissertation

Supercapacitors have attracted a lot of attention due to they can complement or
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replace batteries in electrical energy storage. The core issue of research on
supercapacitors is preparation of electrode materials. In this thesis, chapter 3 describes
the preparation of graphene oxide/polypyrrole/multi-walled carbon nanotube
composite by in-suit polymerization method, and further systematically explored the
effect of the three componets‘ mass ratio on the property of microstructure and
electrochemical performance of composites. The obtained composites have a special
microstructure (polypyrrole chains acted as the —-bridge” between multi-walled carbon
nanotube and graphene oxide), and they showed excellent electrochemical
performance when used as electrode materials for supercapacitors. However, the
preparation method is complexity, and we also found a reason is that the binary
carbon material (multi-wall carbon nanotube/graphene oxide) showed the poor
electrochemical performance.

In chapter 4, in order to solve the problem of chapter 3, a type of nitrogen-doped
carbon nanowires are successfully synthesized and used as negative electrode material
of supercapacitors. The carbon nanowires were facilely prepared through direct
carbonization method using polypyrrole nanowires (prepared when hexadecyl
trimethyl ammonium bromide as soft template) as the carbon precursor. The carbon
nanowires have the acceptable nitrogen content and large specific surface area. These
features cause the kind of carbon nanowires showed good electrochemical
performance. For further improve the electrochemical performance of carbon
nanowires, in chapter 5, a kind of porous carbon nanowires are successfully prepared
and also used as negative electrode material of supercapacitors. The porous carbon
nanowires with high specific surface area and adequate nitrogen content are prepared
by KOH activation of nonporous nitrogen doped carbon nanowires. Moreover, the
porous carbon nanowires showed the better electrochemical performance than that of
carbon nanowires.

The above studies focused on the development of negative electrode materials. In
chapter 6, based on chapter 4, describes the preparation of MnO,/carbon nanowire
composites (a kind of positive electrode material) by hydrothermal method under

different reaction times. The composites possess the special microstructure based on
24



the reaction times, and the special microstructures have a profound effect on their
electrochemical performance. The composites and porous carbon nanowires (prepared
in chapter 5) acted as the positive and negative electrode materials of asymmetric
supercapacitors, respectively. The asymmetric supercapacitor showed the high energy

density, excellent rate capability and high cycle stability.
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Chapter 2 Materials, experimental and

characterizations

2.1 Materials

2.1.1 Chemical reagents

In this research, pyrrole (Py) monomer was purified by distillation under reduced
pressure before use. Graphite powder (325 mesh) was purchased from Kaitiong Co.
Ltd. (Tianjin, China). MWCNTs powder was purchased from Institue of Chemical
Physics (Chengdu, China). Other reagents were commercially available and
analytically graded, and the physical and chemical properties of them are show in

Table 2.1. All solutions were prepared with distilled water.
2.1.2 Materials of electrochemical test

For electrochemical testing, we choose nickel foam or stainless mesh (300 mesh) as
the current collector. Before use, nickel foam and stainless mesh are trimmed to strips
(3%1 cm), and then the strips immersed in acetone and ethanol, respectively, and with
the sonication. Finally, the strips were dried under vacuum at 50 °C for 12 h. We
chose the polytetrafluoroethylene (PTFE) as the binder between active materials and

current collector [1, 2], and we also chose the acetylene blank as the conductive agent

[3].
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2.2 Experimental methods

2.2.1 Preparation of polypyrrole (PPy)

1) Preparation of globular PPy

Globular PPy was prepared by the chemical oxidation method [4]. In a typical
experiment, 1 mL Py monomer was dispersed in 50 mL distilled water at ambient
temperature. Then, under nitrogen protection, 0.8148 g sulfamic acid (SA) and
50 mL 0.3 M FeCl; solution was added slowly to the mixture. After magnetic
stirring for 0.5 h, the resultant product was dried under vacuum at 40 °C for 12 h
to obtain a black powder of PPy.

2) Preparation of nanowires PPy (WPPYy)

Nanowires PPy also prepared by the chemical oxidation method, and
Cetrimonium Bromide (CTAB) as the soft template [5, 6]. In a typical process, In
a typical process, 0.758 g CTAB and 10.5 mL HCI (12 mol L") were added in 52
mL deionized water and stirred for 0.5 h. 0.5 mL Py was added into the mixture
with vigorous stirring and stirred for 2 h. Afterwards, 10 mL 0.83 M (NH4),S,0g
solution was added drop by drop to the above mixture to start the polymerization.
The reaction was performed under room temperature for 1 h. Finally, the product
was removed from solution, copiously washed with deionized water, and dried in

vacuum at 5 °C for 12 h to obtain the WPPy as a black power.
2.2.2 Preparation of carbon materials

1) Preparation of graphene oxide (GO)

GO was prepared from natural graphite via a modified Hummers method [7,
8]. Firstly, preoxidized graphite powder was synthesized through reaction of
natural graphite (3 g), sulfuric acid (12 mL), K;,S,0s (2.5 g), and P,Os (2.5 g).
The reaction mixture was maintained at 80 °C for 5 h and terminated by adding
500 mL deionized water. This preoxidized graphite powder (600 mg) was further

oxidized by sulfuric acid (24 mL) and KMnO4 (3 g), and maintained at room
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temperature for 2 h and then at 35 °C for 2 h. After that, the reaction mixture was
maintained at 98 °C for 0.5 h and terminated by adding 50 mL deionized water.
After the dilution with deionized water (150 mL) and decomposition of
excessive KMnOy4 by H,0, (30 wt%, 6 mL), the resulting GO solution was
filtered and washed with deionized water for 3 times, and removed metal ions by
dialysis membranes for a week. GO film was obtained after drying in a vacuum
for 24 h.

2) Preparation of carbon nanowires (CNW)

CNW was prepared via direct carbonization method [9]. In a typical process,
0.2 g WPPy was carbonized under flowing N, at 750 °C for 2 h with a heating
rate of 10 °C min™', and obtained the CNW sample as a black power.

3) Preparation of porous carbon nanowires (PCNW)

PCNW sample was obtained by KOH activation method [10, 11]. In a typical
process, KOH was directly mixed with CNW in an agate mortar, and then the
mixture was carried out at 800 °C for 1 h under N, atmosphere with a heating
rate of 10 °C min™, followed by washing with HCI and deionized water and

drying at 80 °C for 12 h.
2.2.3 Preparation of carbon-based composites

1) Preparation of polypyrrole/MWCNTs/GO composites (PCMG)

PCMG composite was prepared via in situ chemical oxidative polymerization

method [12]. In a typical experiment, 19.4 mg GO was dispersed in 50 mL of

deionized water with 0.5 h sonication, followed by the addition of 19.4 mg MWCNTs

with vigorous stirring for 10 min. And then, 1.118 g sulfamic acid (SA) and 1 mL Py

were added into the mixture and stirred at room temperature for 10 min. Afterwards,

50.00 mL 0.30 M FeCl; solution was added drop by drop to the mixture to start the

polymerization. The reaction was performed under nitrogen protection for 0.5 h. The

final product was dried under vacuum at 50 C for 12 h to obtain the PCMG

composite as a black powder.
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2) Preparation of CNW/MnO, composites (CNWMn)

CNWMn composite was prepared by hydrothermal method and directly reacting
KMnO,4 with CNW [13]. Briefly, 0.110 g KMnO, dissolved in 200 mL deionized
water, and then 0.055 g CNW added the above solution under sonication. After 1 h for
sonication, the solution was transferred to a Teflon-lined stainless steel autoclave
(capacity of 200 mL) and heated at 140 °C in an electric oven for a certain time. The
autoclave was cooled naturally to room temperature, and the products were filtered,
washed by water to remove the residual reactants. Finally, the products were dried in

an oven at 80 °C.

2.3 Characterization

2.3.1 Morphological, structure, thermal and component characterizations

1) Scanning electron microscope (SEM)

The morphologies of samples were characterized by SEM (S-4300, Hitachi Co.,
Ltd., Tokyo, Japan). The sample was sputter-coated by gold with Ion sputter (E-1030,
Hitachi Co., Ltd., Tokyo, Japan) for 2 min to provide enhanced conductivity. The test
voltage was 15 KV, and electric current was 10 pA.

2) Transmission electron microscopy (TEM)

The morphologies of samples were further characterized by TEM (Hitachi H-8100,
Tokyo, Japan). For TEM observations, samples were dispersed in ethanol and then a
small drop of the suspension was spread onto a 400 mesh copper grid.

3) X-ray diffraction (XRD)

The crystallographic structure of samples was tested by X-ray diffraction system in
range of 26=5~90° by step scanning with a diffractometer (XRD-6000, Shimadzu Co.,
Ltd., Kyoto, Japan). Nickel-filter Cu Ka radiation (A=0.15417 nm) was used with a
generator voltage of 40 kV and a current of 30 mA.

4) Fourier transforms infrared spectroscopy (FTIR)

The molecular structure of samples was identified by FTIR (JRT-7000, JASCO,
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Japan) with the KBr pellet method. The The wavelength range was between 4000 and
600 cm™', and the resolution was 4 cm™. Fifty scans were averaged for each sample.
5) Thermal Gravimetric Analyzer (TGA)

TGA (DTA-60, shimadzu Co., Ltd., Kyoto, Japan) was carried out in the
experimental temperature range at a ramp setting of 10 °C min" from room
temperature to 800 °C, and then retained 800 °C for 1 h in flowing nitrogen.

6) Nitrogen adsorption-desorption isotherms

The specific surface area and porosity of samples were proved using nitrogen
adsorption-desorption isotherms which were performed using an ASAP 2020
apparatus (Micromeritics, USA) at -196 °C. All samples were outgassed under
vacuum at 80 °C overnight prior to measurement. The specific surface area was
calculated according to the Brunauer-Emmett-Teller (BET) equation, and the pore size
distribution was derived from the adsorption branches of the isotherms.

7) X-ray photoelectron spectroscopy (XPS)
The chemical composition of samples was identified by X-ray photoelectron

spectroscopy (PHI-5000, Perkin-Elmer Corp., USA) in a range of 0~1000 eV.
2.3.2 Electrochemical performance characterization

1) Preparation of working electrode

The fabrication of working electrodes was carried out as follows. The sample,
polytetrafluoroethylene (PTFE, the mass ratio of the sample and PTFE is 95:5), and
ethanol, and grinding adequately to obtained a paste [14].Then the paste was coated
onto the nickel foam or stainless mesh, which was followed by drying under vacuum
at 80 °C for 24 h and then compressed at 10 MPa for 5 min.
2) Electrochemical tests

The electrochemical tests were measured with an electrochemical workstation (CHI
660D, Shanghai Chenhua, China) in the three or two-electrode system in electrolyte.
For three-electrode system, saturated calomel electrode and platinum foil were used as

reference and counter electrode, respectively. The working electrode as mentioned
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above. Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) were
conducted in a potential window at different scan rates and current densities,
respectively. Electrochemical impedance spectroscopy (EIS) was carried out in the
frequency range from 10° to 10 Hz at open circuit potential with as ac perturbation
of 5 mV. The two-electrode system was assembled with two working electrodes (the
active material of two electrodes were same or different samples). The CV and GCD
tests were run at different voltage windows.
3) Determination of capacitive performance
@ Specific capacitance (SC)

SC is an important basis for the judgment of capacitive performance of samples.
The SC of the sample can be obtained from the CV curve in three-electrode system

and the equation as follows:

[1(vyav
mvAV

C= (Eq. 2.1)

where 1 is the response current density (A cm™), v is the potential scan rate (V s™), m

is the mass of the active material and V is the potential (V) [15, 16]. It can also be

obtained from the GCD curve in three-electrode system and the following equation:

=t (Eq.22)

AVxm

m
where I is the discharge current (A), t is the discharge time (s), AV is the potential
window (V) and m is the mass of active material (g) [17]. In two-electrode system,
the SC still can be obtained by Eq. 2.1 and 2.2, expect that the m is the total mass of
active material on two working electrodes (g) [18].
@ Energy and power density

For supercapacitors with excellent performance, the high power and energy density
are expected. The energy density (E, Wh kg) and power density (P, W kg™) were
calculated from the GCD curves of two-electrode system according to the following

equations [19, 20]:

E=-Cn(AV)?  (Eq.23)
p==t (Eq. 2.4)

t
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where Cy,, t and AV are the specific capacitance, discharge time (h) and voltage

window (V) in two-electrode system, respectively.
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Chapter 3 Preparation of graphene
oxide/polypyrrole/multi-walled carbon
nanotube composite and its application in

supercapacitors

3.1 Introduction

Supercapacitors have attracted enormous attention in recent years due to their great
advantages including high power density, long cycle life, reversibility, and small
environmental impact [1-3]. At present, carbon-based materials (e.g., active carbon
[3], carbon nanotubes [6, 7], and graphene [5, 8]) are widely applied as electrode
materials for supercapacitors because of their excellent conductivity, huge surface
area, and robust mechanical strength. However, as a kind of double-layer capacitance
electrode materials, the specific capacitance of carbon-based materials is lower than
those of other materials, such as metal oxides and hydroxide [9]. As a counterpart,
conducting polymers possess many advantages (e.g., high conductivity, large storage
capacity, and reversibility [10, 11]) that make them promising materials for
supercapacitors. Unfortunately, their electrochemical performances tend to fade for
swelling and shrinking during cycling [9]. Given the complementary profiles of
carbon-based materials and conducting polymers in terms of specific capacitance and
mechanical strength, numbers of researchers have been focusing on developing
electrode materials based on their composites to better the performance of
supercapacitors [3-5].

Graphene oxide (GO), a significant carbon-based material, has attracted extensive
attention for its unique 2-D structure and properties. GO contains ample oxygen
functional groups on their sheets and edges. These ocygen groups act as active spots,
providing strong reactivity of GO sheets with polymers and thus making it easy

fabricating GO-based 2-D composites [12]. For instance, recently, Wang et al
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fabricated GO/polyaniline (PANI) composites with high specific capacitance by in
situ polymerization [12, 13]. The maximum specific capacitance reached up to 746 F
g when the mass ratio of graphene oxide and aniline was 1:200 [12]. However, GO is
less self-conductive [14], which is disadvantageous for supercapacitors. Another
carbon-based material, carbon nanotube (CNT) is a traditional 1-D electrode material
for supercapacitors. Since agglomeration and insolubility of CNTs in water restrict
their homogeneous dispersion in polymer matrix [16], much research is concentrated
on the modification of CNTs and the application on supercapacitors thereafter [15].
For instance, sulfonated multi-walled carbon nanotubes (MWCNTs)/PANI nanorods
1-D composites have been prepared by Zhu et al [17]. Apart from the specific
capacitance as high as 515.2 F g, this composites showed a good cycling stability
(below 10% capacity loss after 1000 cycles). This was attributed to functionalized
CNTs that afforded the huge specific area and suitable pore size for electrolyte ion
transport [9].

Compared with 1-D or 2-D composites, 3-D composites possess many advantages
when applied in supercapacitors, such as hierarchical porosity, high contacting
efficiency, and ease of handling [18]. In recent reports, researchers are trying to
fabricate the CNTs/graphene (GS)/polymer 3-D composites. The GS/CNTs/PANI
composites have been successfully prepared by Yan et al [19]. The specific
capacitance of this composites reached up to 1035 F g™, just a little lower than that of
GS/PANI composites (1046 F g™'), but much higher than that of pure PANT (115 F g™).
At the same time, this composite showed good cycling stability (after 1000 cycles, the
capacitance decreased by only 6%). Sandwiched nanostructure PANI/multi-walled
carbon nanotubes (MWCNTs)/GS composites have been prepared by Zhou et al [20].
The specific capacitance of these composites was up to 259.4 F g in an organic
electrode and 490.1 F g in 1 M H,SO,. In addition, other conducting polymer/carbon
material 3-D composites have been prepared, for example, PPy/carbon,
PANI/cross-linked carbon network and graphene/CNT-PANI, and all of them possess
high specific capacitance and cycle stability [21-23]. In particular, the GS/PPy/CNT

composites have been prepared by Lu [24] and Peng [25], the specific capacitance of
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this composites reached up to 361 and 178 F g™, respectively. However, the effects of
mass ratios of polymer, GS and CNTs on the electrochemical properties of such
composites have not been investigated intensively.

In this work, we report the synthesis of a novel three-component composite,
polypyrrole (PPy)/chlorinated-MWCNTs (CM)/GO composites (PCMG), for the first
time to the best of our knowledge. The composite was prepared through in-suit
polymerization method and we further systematically explored the effect of the three
componets‘ mass ratio on the property of electrochemical capacitance and chemical
structure of PCMG composites. We find that the introduction of fewer amounts of GO

and CM into PPy will greatly improve the electrochemical performance of PPy.

3.2 Experimental section

3.2.1 Materials

Graphite powder (325 mesh) was purchased from Kaitong Co.LtD. (Tianjin, China).
MWCNTs powder was purchased from Institue of Chemical Physics (Chengdu,
China). Py monomer was purified by distillation under reduced pressure before use.
Other reagents were commercially available and analytically graded. Solutions were

prepared with distilled water.
3.2.2 Preparation of CM

CM was prepared from MWCNTs via the following method M [26, 27]. Firstly,
preoxidized MWCNTs powder was synthesized through reaction of pristine
MWCNTs (2 g), sulfuric acid (300 mL) and nitric acid (100 mL). The reaction
mixture was maintained at 70 ‘C for 2 h, filtrated, washed with HCI solution (5%),
dried in air, and generated the acid-treated MWCNTs (AM). After that, the AM were
refluxed in 200 mL thionyl chloride at 70 C for 12 h. Finally, removing thionyl

chloride by distillation and drying in a vacuum for 24 h.
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3.2.3 Preparation of PCMG composites

GO was prepared according to the previous report [28]. PCMG composites were
prepared by in-suit polymerization. In a typical experiment, 19.4 mg GO was
dispersed in 50 mL of deionized water with 0.5 h sonication, followed by the addition
of 19.4 mg CM (mgo:mem=1:1, mgo+cm:mpy=1:25) with vigorous stirring for 10 min.
And then, 1.118 g sulfamic acid (SA) and 1 mL Py were added into the mixture and
stirred at room temperature for 10 min. Afterwards, 50.00 mL 0.30 M FeCl; solution
was added drop by drop to the mixture to start the polymerization. The reaction was
performed under nitrogen protection for 0.5 h. The final product was dried under
vacuum at 50 ‘C for 12 h to obtain the PCMGI1-1 composites as a black powder.
PPy/CM (PCM, without GO), PPy/GO (PG, without CM), pure PPy (without GO and
CM) and CM/GO (CMG, without Py) samples were also prepared for comparison.
According to the difference of proportions, the samples are referred to different
groups shown in Table 3.1. In addition, we also prepared of PPy/AM composites
(PAM, the mass ratio of AM and Py was same to PCM-1, just CM was replaced by
AM) for comparation.

Table 3.1 Grouping of the samples

Name MGo+cMiMpy * mgo:mey
PCMGI-1 1:25 1:1
PCMGI1-2 1:50 1:1
PCMG2-1 1:25 2:1
PCMG2-2 1:50 2:1
PCMG3-1 1:25 1:2
PCMG3-2 1:50 1:2
PCMG1-3 1:12.5 1:1

PCM-1 1:25 Without GO
PCM-2 1:50 Without GO

PG-1 1:25 Without CM

PG-2 1:50 Without CM

CMG Without Py 1:1

* the mass ratio of CM+GO and Py; ® the mass ratio of GO and CM.
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3.2.4 Structure characterization

The morphology of samples was observed by a scanning electron microscopy
(SEM, S-4300, Hitachi Co., Ltd., Tokyo, Japan) and transition electron microscopy
(TEM, H-8110, Hitachi Co., Ltd., Tokyo, Japan). The crystallographic structures of
the samples were observed by a powder X-ray diffraction system (XRD, XRD-6000,
Shimadzu Co., Ltd., Kyoto, Japan) equipped with Cu Ka radiation. The molecular
structure of the composites was identified by Fourier transform infrared spectroscopy
(FTIR, JRT-7000; JASCO, Japan). Nitrogen adsorption/desorption isotherms were
collected at liquid-nitrogen temperature (-196°C) with a Micromeritics ASAP 2020.
All samples were outgassed under vacuum at 80 ‘Covernight prior to measurement.
The specific surface area was calculated according to the BET method. The molecular
structure of the composites was identified by X-ray photoelectron spectroscopy (XPS,

PHI-5000, Perkin-Elmer Corp., USA).
3.2.5 Electrochemical tests

The test electrodes were prepared by mixing the samples, polytetrafluoroethylene
(10 pL), and ethanol (50 pL), and grinding adequately to form a slurry. The slurry was
coated onto a surface of nickel foam, which was followed by drying under vacuum at
60 °C for 24 h and then compressed at 10 MPa for 5 min.

All electrochemical measurements were performed by a three-electrode system,
platinum foils, saturated calomel electrode and Ni foam coated with samples were
used as counter, reference and working electrodes, respectively. The measurements
were carried out in a 1M NaNOj; aqueous electrolyte at room temperature. Cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical
impedance spectroscopy (EIS) were measured by a CHI 660D electrochemical
workstation. CV tests were processed at scan rate of 10 mV S™'. GCD cures were
measured at current density of 0.5 A g'. EIS measurements were carried out in the
frequency range from 10° to 107 Hz at open circuit potential with an ac perturbation

of 5 mV. The voltage windows of CV and GCD tests were set in the range from -0.8
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to0 V.
3.2.6 Measurement of conductivity

The conductivity of sample was measured according to the previous report.”® As
follows, the test sample were prepared in a pellet form (diameter: 13 mm, thickness:
0.6 mm) at a pressure of 40 MPa. Four probes method was used to measure the
conductivity of the obtained sample by a four-probe resistivity/square resistance tester

(Kund Technology Co. Ltd., Guangzhou, China).

3.3 Results and discussion

3.3.1 Microstructure characterization

Fig. 3.1 shows the XRD patterns of CM, GO, pure PPy, PCMGI1-1, PCM-1 and
PG-1. CM exhibits a sharp and high intensity peak at 25.9° and a lower intensity peak
at 44.4°, which attributes to the diffraction signature of the distance between the walls
of CM and the interwall spacing [20]. For GO, the diffraction peak appears at 11.3°,
which is ascribed to the oxygen-containing functional groups and water molecule
insertion between the GO layers [28]. The only broad characteristic peak at about 25.6°
of pure PPy exhibits that pure PPy is amorphous [29]. The XRD patterns of the
another three composites presents characteristic peaks similar to the pure PPy and no

additional peak has been introduced into the patterns.

Fig. 3.1. XRD patterns of CM, GO, PPy, PCMG1-1, PCM-1 and PG-1.
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Fig. 3.2 and 3.3 show the TEM and SEM images of prepared samples. As shown in
fig. 3.2a, pure PPy particles exhibit a globular structure (with diameters ranging
between 150 and 200 nm), forming agglomerates. A network of interconnected CM
with about 25 nm diameter was observed in fig. 3.2b. In addition, a little fragment of
MWCNTs was observed and which is attributed to the MWCNTs by the acid and
chloration treatment. Once PPy composited with GO, the layered of GO was observed
from the fig. 3.3a (low magnification in fig. 3.3a) and PPy particles was not observed,

this i1s maybe because the PPy particles inset the interlayer of GO.

Fig. 3.2 TEM image of pure PPy (a), CM (b), PG-1 (c) and PCMG1-1 (d).

The PPy particles were observed on the edge of the sheets of GO (fig. 3.3b), and
relatively homogeneous coated on the surface of GO (fig. 3.2c), which is due to the
high chemical activity and surface area of GO [30]. It proves our inference from fig.

3.3a. In case of PPy composited with CM, the PPy particles coated on the surface of
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CM (fig. 3.3d), but many particles form agglomerates outside CM (fig. 3.3¢c). If PPy
composited with GO and CM at the same time, the same as the PG-1 composite, we
just observed the sheets of the GO (low magnification in fig. 3.3e), this is may be like
with the PG-1, the CM and PPy particles inset the interlayer of GO. CM and PPy
particles were observed on the edge of the GO sheets (fig. 3.3f), homogeneously
distributed on the surface of GO (fig. 3.2d). Compared of PCMG1-1 with PCM-1
composites, PPy particles relatively homogeneous distributed on the surface of GO in
PCMGI-I1. In addition, some PPy particles coated on the surface of CM and may be
acted as connected of GO and CM. This structure may benefit for the electric capacity

of PCMG composites.

Fig. 3.3 SEM image of PG-1 (a, b), PCM-1 (c, d), PCMGI-1 (e, 1).

Fig. 3.4 showed the FTIR spectra of the samples. In the spectra of PPy, the peak at
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1156 cm™ assigned to the C-N stretching, and =C-H peaked at 1030 cm™ , at 1530 and
1453 cm™ were attributed to stretching vibrations of the pyrrole ring [31]. In the
spectra of CM, the peak at 1779 cm” was for Cl-C=0O group [27]. Once CM
composited with PPy, the peak of O=C-Cl disappeared, and a new peak was found at
1650 cm™ attributed to the N-C=0 group (fig. 3.4, the FTIR spectra of PCM-1). The
feature peak of PPy still existed and just had some redshift. The same situation was
found in the FTIR spectra of PCMGI1-1. It is suggested that PPy chains combined
with CM through the O=C-Cl groups and finally got the amide groups. In the spectra
of GO, the peak at 1623 cm™ might be due to the unoxidized graphitic domains [28],
and the peak appeared at the spectra of PG-1 also. In the spectra of PCMGI-1, the
feature peaks of PCM-1, PPy and GO were observed. However, a slight difference in
the intensity and position of these peaks could be found in the PCMGI1-1. Compared
with neat PPy, the peak attributed to the stretching vibration of the pyrrole rings for
the PCMG1-1 composite shifted to a low frequency region (the peaks at 1530 and
1453 cm™ for neat PPy were shifted to 1505 and 1420 cm™, respectively), and this is
due to m-m interaction between PPy and GO, CM [31]. These indicated that the

composite of PCMG1-1 were successfully prepared.

Fig. 3.4 FTIR spectra of GO, PCM-1, CM, PPy, PG-1 and PCMG1-1.

Fig. 3.5 showed the N, adsorption-desorption isotherms of PCMG1-1, PG-1, and
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PCM-1. All samples exhibited type II (nonporous type) nitrogen adsorption isotherm.
The amount of N, adsorbed on the PCMGI-1 was higher than those of PG-1 and
PCM-1 at the same pressure. In addition, the surface area of PCMGI1-1, PG-1 and
PCM-1 is 53.1, 36.9 and 18.8 m” g (the specific surface area calculated using the
BET equation), respectively. These results suggest that the PCMG1-1 may possess the

excellent electrochemical properties than other samples.

Fig. 3.5. N, adsorption-desorption isotherms of the PCMG1-1, PG-1 and PCM-1.

We also performed XPS examination on MWCNTs, CM, PCM-1, PG-1 and
PCMGI1-1 (fig. 3.6). Fig. 3.6a reveals that the amount ratio of C:O in MWCNTs is
94.60:4.73, corresponding to carbon atoms in different functional groups (fig. 3.6b):
the non-oxygenated ring C (285.2 e¢V) and the C in C-O bond (286.4 eV). Once
MWCNTs was treated by acid and thionyl chloride, the amount ratios of C:0:Cl is
83.80:11.62:4.26 (fig. 3.6¢c) and the amount of chloride and oxygen atoms is higher
than that of MWCNTs. Two new peaks appeared and centered at 287.6 and 289.6 eV
(fig. 3.6d), which were assigned to O=C-CIl and HO-C=0O groups, respectively. For
PCM-1 composites, the amount ratios of C:N:0:Cl is 77.66:14.47:6.72:1.15 (fig. 3.6e),
and the amount of nitrogen is higher than that of CM, but chloride atoms is lower. For
the C Is spectrum of the PCM-1 composites in fig. 3.6f, the peak centered at 287.5 eV

is attributed to amide groups [27]. It is suggested that PPy chains joined with CM via
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O=C-Cl groups. Fig. 3.6g and h show the XPS and C 1s spectrum of PG-1 composites.
The amount ratios of C:N:O is 79.24:13.33:6.90 and the amount of chloride atoms is
very low, off the record (fig. 3.6g). It is worth noting that a small peak was observed
in fig. 3.6h and the peak centered at 291.5 eV, which is assigned to n-r stacking effect
between PPy and GO [12, 32]. Finally, PPy composited with CM and GO, got the
PCMGI1-1 composites. The characteristic peaks of amide groups and m-m stacking
effect were observed in C 1s spectrum of PCMGI1-1 composites (fig. 3.6j), which is
suggested that PPy chains acted as the —bridge” between CM and GO through the
amide groups and n-n stacking effect for formed the PCMG1-1 composites.

The XPS N 1s spectra of PG-1, PCM-1 and PCMGI1-1 could be deconvoluted into
three peaks (Fig. 3.7a) with binding energies of 400.2 + 0.2 eV (N-1), 401.2 + 0.2 eV
(N-2), and 402.7 = 0.2 eV (N-3). These peaks could be assigned to pyrrolic nitrogen
(N-1), quaternary nitrogen (N-2), and oxidized nitrogen (N-3), respectively [33, 34].
The pyrrolic nitrogen was ascribed to the PPy chains of samples; the quaternary
nitrogen was attributed to the O=C-NH groups; the oxidized nitrogen was due to the
PPy chains combined with CM and GO through the oxygen-containing functional
groups. The ratios of pyrrolic, quaternary and oxidized nitrogen for samples are
summarized in Table 3.2. The main conclusion of the peak deconvolution analysis is
that all samples have the largest amount of pyrrolic nitrogen. PG-1 possessed the
largest amount of oxidized nitrogen due to the GO possessed most oxygen-containing
functional groups in these samples. In addition, PCM-1 had the largest amount of
quaternary nitrogen owing to the CM possessed many O=C-Cl groups. These results
showed that PPy chains combined with GO through oxygen-containing functional
groups except the n-n stacking effect. Fig. 3.7b shows the Cl 2p XPS spectra of CM,
PG-1, PCM-1 and PCMG1-1. As shown in fig. 3.7b, the Cl 2p XPS spectra of PCM-1
and PCMG1-1 could be deconvoluted into two peaks with binding energies of 198.4 +
0.2 eV and 200.2 + 0.2 eV. These peaks could be attributed to C1" of oxidant (FeCls),
and the O=C-Cl groups, respectively. Compared with them, the Cl 2p XPS spectra of
CM and PG-1 just had one peak, the peak centered at 198.6 and 200.4 eV,

corresponding to C1" of oxidant (FeCls), and the O=C-C1 groups, respectively.
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Fig. 3.6 XPS spectra of MWCNTs (a, b), CM (c, d), PCM-1¢(e, f), PG-1 (g, h) and

PCMGI1-1 (i, j).
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Fig. 3.7 (a) XPS N 1s spectra of PCMG1-1, PCM-1 and PG-1; (b) XPS Cl 2p spectra
of PCMG1-1, PCM-1, PG-1 and CM.

Table 3.2 N 1s core level peak analyses. Each peak corresponds to a specific type of

nitrogen: N-1, pyrrolic nitrogen; N-2, quaternary nitrogen; N-3, oxidized nitrogen.

N-1 (%) N-2 (%) N-3 (%)
Sample 400.2+0.2 eV 401.2+0.2 eV 402.7+0.2 eV
PCMGI-1 52.1 28.9 19.0
PCM-1 57.6 31.9 10.5
PG-1 53.2 25.8 21

3.3.2 Electrochemical behavior

Electrochemical test were carried out using CV, GCD and EIS techniques to
measure the electrochemical behavior of the prepared samples in three-electrode
system. Fig. 3.8a showed the CV curves of PCMGI-1, PG-1, PG-2, PCM-1 and
PCM-2 composites. The specific capacitance of the electrode can be calculated from
the CV curve according to Eq. 2.1 [35, 36]. This equation indicates that, the samples
possessing the maximum response current will possess the maximum specific
capacitance under the other parameters are constant. PCMG1-1 composites possess
the maximum response current is obvious and corresponds to a higher specific

capacitance, compared with other samples. As we all know, high response current of
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electrode requires high surface area and conductivity [37]. The conductivity of
PCMGI1-1 (62.5 S cm™) is higher than PG-1 (36.3 S cm™), PG-2 (33.3 S cm™),
PCM-1 (20.6 S cm™) and PCM-2 (17.4 S ecm™). In addition, the specific surface area
of PCMG1-1 is higher than the other samples (fig. 5) due to the special 3-D structure
(the special 3-D structure was formed by point (PPy nanoparticle), line (CM
nanoparticle) and plane (GO layer), and PPy chain acted as the —bridge” between CM
and GO, which was beneficial for improving the conductivity of composites, and thus

important for increasing the specific capacitance).

Fig. 3.8. Electrochemical characterization of PCMG, PCM, PG, CMG composites and
pure PPy. a (CV), b (GCD), c (EIS) are compared the electrochemical properties of
PCMGI1-1, PCM and PG composites. d (CV), e (GCD), f (EIS) are compare the
electrochemical properties of PCMG composites each other. g (CV), h (GCD), 1 (EIS)
are compare the electrochemical properties of PCMG1-1, PPy and CMG composite.

(CV test at a scan rate of 10 mV S™, GCD test at a constant current density of 0.5 A

g
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Fig. 3.8b showed the GCD curves of PCMG1-1, PG-1, PG-2, PCM-1 and PCM-2
composites. From these curves, we could get the specific capacitance of samples
according to Eq. 2.2 [38]. From Eq. 2.2, the specific capacitance of PCMG1-1, PG-1,
PG-2, PCM-1 and PCM-2 are found 406.7, 296.3, 286.3, 234.4 and 205.0 F g,
respectively. These results are in accordance with those deduced from CV curves.
Should be noted is that the specific capacitance of PG composites is higher than PCM
composites (obvious displayed in fig. 3.9). This is due to that the high specific surface

area of GO is benefit for increasing the material-electrolyte interfacial area.

Fig. 3.9 The 3-D graph of the specific capacitance of as-prepared samples.

In EIS curves, the internal resistance (Rs) can be obtained from the point
intersecting with the real axis in the region of high frequency, the semicircle is due to
the charge transfer and which will affect capacitive behavior at high current loading
[39, 40]. Fig. 3.8c shown the EIS curves of PCMGI1-1, PG-1, PG-2, PCM-1 and
PCM-2 composites and their Ry is 2.7, 4.1, 4.2, 4.5 and 4.7 Q, respectively (as shown

in fig. 3.8c, the inset enlarged view in the region of high frequency). It is worth noting
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that the internal resistance of PG composites is lower than those of the PCM
composites, which is in consistence with the observations in GCD testing. The
semicircle radius of PCMG1-1 is lower than the other samples, which may be due to
the special 3-D structure of PCMGI1-1 is benefit for the ions migration. In addition,
the vertical shapes at lower frequency in EIS curve of PCMGI-1 indicate pure
capacitor behavior as an ideal capacitor [41].

Fig. 3.8d, e and f show the CV, GCD and EIS curves of PCMG composites,
respectively. In fig. 3.8d, PCMG1-1 possesses the higher response current than the
other samples. On the one hand, the conductivity of PCMGl1-1 is higher than the other
samples (the conductivity of PCMG2-1, PCMG3-1, PCMG3-2, PCMG2-2, PCMG1-2
and PCMG1-3 is 53.3, 50.1, 48.5, 45.5, 37.7 and 434 S cm’’, respectively). On the
other hand, may-be the surface area of PCMG1-1 is higher than the other samples,
which is due to PCMGI-1 possess the perfect 3-D structure when the mass ratio of
GO and CM is 1, mass ratio of GO+CM and Py is 0.04. From fig. 3.8e and Eq. 2.2,
the specific capacitance of PCMG2-1, PCMG3-1, PCMG3-2, PCMG2-2, PCMG1-2
and PCMGI1-3 is 316.2, 301.2, 289.4, 287.5, 214.4 and 2749 F g'l, respectively. All
of the values were smaller than PCMG1-1 (406.7 F g"). Notably, the specific
capacitance of PCMGx-1 (x=1, 2, 3, the mass ration of GO+CM and Py is 0.04) is
higher than that of PCMGx-2 (x=1, 2, 3, the mass ratio of GO+CM and Py is 0.02)
and it is easy to get through observation of fig. 3.9. Furthermore, the specific
capacitance of PCMG1-3 (the mass ratio of GO+CM and Py is 0.08) is smaller than
that of PCMG1-1. This suggests that when the mass ratio of GO+CM and Py is 0.04,
formation of PCMG composite 3-D structure is most benefit for electrochemical
property of it. Moreover, the specific capacitance of PCMG composite is higher or
corresponds than that of PG and PCM composites (obvious displayed in fig. 3.9). This
indicates that the 3-D structure of PCMG composite benefits for the electrochemical
capacitance performance.

From the point intersecting of EIS curve of PCMG with the real axis in the region
of high frequency (as shown in fig. 3.8f, the inset enlarged view in the region of high

frequency), we got the internal resistance of PCMG2-1, PCMG3-1, PCMG3-2,
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PCMG2-2, PCMGI-2 and PCMG1-3 is 3.4, 3.4, 3.7, 3.6, 3.4 and 3.3 Q, respectively.
The Ry of PCMGx-1 (x=1, 2, 3) is lower than that of PCMGx-2 (x=1, 2, 3), and the R,
of PCMG is lower than that of PG and PCM. It is worth noting, although the internal
resistance of PCMG1-3 is lower than that of PCMG2-1 and PCMG3-1, but its charge
transfer resistance is larger than that of PCMGx-1. These results are in accordance
with those deduced from GCD curves. In addition, the semicircle radius of PCMGI1-1
is lower than the other samples and the PCMGI1-2 possess the largest semicircle
radius. It means that PCMGI1-2 possesses the maximum charge transfer resistance,
and this can explain the specific capacitance of PCMG1-2 is the lowest in all PCMG
composites.

Fig. 3.8g, h and i1 show the electrochemical performance of PCMG1-1, PPy and
CMG compared with one another. In fig. 3.8g, the response current of PCMG1-1 is
higher than those of PPy and CMG, the CV curve of CMG is closer to rectangle in
shape and which can be attributed to its EDL energy storage mechanism [42]. From
fig. 3.8h and Eq. 2.2, the specific capacitance of PPy and CMG is 173.7 and 19.8 F g™,
respectively. Fig. 3.81 shown the EIS curves of PCMGI1-1 and PPy, the internal
resistance of PPy is 4.3 Q, higher than that of PCMGI-1 (2.7 Q). In addition, the
length of 45° segment (Warburg region) of EIS curve at high frequency is related to
the ion diffusion in the electrolyte to the electrode interface [43]. The Warburg curve
of PCMGI-1 is quite shorter than that of PPy, which indicates the short ion diffusion
path of PCMGI1-1. This promotes the efficient access of electrolyte ions to the
PCMGI-1 electrode surface.

We also compared the electrochemical behavior of PCM-1 and PAM composites,
the results were shown in the fig. 3.10. The response current of PCM-1 is much larger
than that of PAM. The specific capacitance of PCM-1 and PAM was 234.4 and 160.2
F g, respectively (fig. 3.10b). The internal resistance of PAM was 5.6 Q (fig. 3.10c),
much higher than that of PCM-1 (4.5 Q). In addition, the semicircle radius of PAM
was higher than that of PCM-1 (fig. 3.10c), which meant that the PAM possess the
higher charge transfer resistance than PCM-1. This is because MWCNTs were treated

by thionyl chloride and resulted CM. CM could be well dispersed in water (as shown
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in fig. 3.10e), well improving the contact rate of composites and electrolyte.

Fig. 3.10 Electrochemical characterization of PCM-1 and PAM composites (a, b and
¢ showed the CV, GCD and EIS tests, respectively); e, dispersed CM, AM in water

after one month.

Fig. 3.11a showed the CV curves of PCMGI-1 sample at different scan rates
ranging from 5 to 30 mV s'. Generally, the response current of PCMG1-1 increased
with increasing scan rate. It is worthy to mention, distortion of CV curve was
observed until the scan rate up to 30 mV s'. Fig. 11b shows the specific capacitance
of PCMG1-1 composite at different charging current densities from 0.5 to 3 A g™'. The
specific capacitance reached 400.6 and 245.2 F g™ at the current density of 0.5 and 3
A g, respectively. The PCMG1-1 sample preserved 61.2% of its specific capacitance
when the current density increased from 0.5 to 3 A g”'. These results suggest that the

PCMG1-1 composite possesses the fast charge-discharge properties.
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Fig. 3.11. (a) CV curves of the PCMG1-1 composite at various current density. (b)

Specific capacitance as a function of the current density.

The cycle stability of the prepared samples was evaluated by repeating the GCD
test (fig. 3.12). The capacitance retention after 1000 cycles of PCMGI1-1, PG-1,
PCM-1 and PPy is 92%, 73%, 85% and 62 %, respectively. Moreover, the
capacitance retention after 250 cycles of PCMGI1-1 is a constant, while the
capacitance retention of PG-1, PCM-1 and PPy continued to decline. These are the
illustration of excellent cycling stability and reversibility in the repetitive cycling for

PCMGI-1.

Fig. 3.12. Percentage retention of the specific capacitance as a function of GCD
cycles at a constant current density of 2 A g™'. The inset shows the GCD curves of the

first and last 4 cycles for PCMG1-1 composite.
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3.4. Conculsions

In this paper, PCMG composites were synthesize via in suit polymerization. In the
3-D structure of PCMG composites, the PPy chains act as the —-bridge” between GO
and CM. The maximum specific capacitance of PCMG composite is 406.7 F g™ (at
the current density of 0.5 A g™') when the mass ratio of GO and CM is 1 and the mass
ratio of GO+CM and Py is 0.04 (PCMGI-1). The cycling stability of electrode
materials was remarkable improved by the introduction of GO and CM to form the
3-D structure. After 1000 cycles, the retention capacitance of PCMGI1-1 is 92% at a
current density of 2 A g, considerably higher than those of PG, PCM and PPy.
However, the preparation method of PCMG is complexity, and PCMG is difficulty to

apply to reality.
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Chapter 4 Nitrogen doped carbon
nanowires prepared from polypyrrole
nanowires for potential application in

supercapacitors

4.1 Introduction

In order to solve the problem of chapter 3 (the preparation method of electrode
material is complexity), the study was transferred to the development of carbon
materials. At present, many carbon materials have been widely applied as electrode
materials for supercapacitors due to their double-layer capacitance, long cycle life and
low cost [1-4]. However, it has been demonstrated that the specific capacitances of
carbon materials (e.g., carbon nanotubes [5, 6] and graphene [7, 8]) are lower than
those of other materials (e.g., metal oxides [9, 10] and hydroxide [11]). To improve
the electrical and chemical performance of carbon materials, an effective way is to
engineer carbon nanomaterials by substituting some atoms with heteroatoms, such as
nitrogen (N) [12], sulphur (S) [13], phosphorus (P) [14], and boron (B) [15], to tailor
their electron donor or acceptor properties [16, 17].

Many researchers have dedicated to the rational design and fabrication of
heteroatom-doped carbon nanomaterials, and applied them on supercapacitors. For
instance, rich N-doped ordered mesoporous carbon has been prepared by Chen et al
[18]. Apart from the specific capacitance as high as 216 F g™ at the current density of
0.1 A g, this N-doped mesoporous carbon showed a good cycle stability (after 10000
cycles, a slight increase of about 7.5% in specific capacitance); Zhang et al [19]
prepared N, S co-doped ordered mesoporous carbon, whose specific capacitance
retention reached 97% after 2000 cycles at a current density of 2 A g”'. In addition, the
N, P co-doped carbon nanofibers prepared by Chen et al [16], had a specific

capacitance of 204.9 F g with the specific capacitance retention up to 97% after
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4000 cycles. Nitrogen doping is an effective method to improve the capacitance of
carbon materials, which is attributed to the introduction of pseudocapacitance through
redox reaction. It will increase the surface wettability of carbon materials to
electrolyte and the electric conductivity [20, 21].

The pyrrole (Py) is often used as a nitrogen source for N-doping carbon material
prepared by chemical vapor deposition (CVD) method [22]. For example, a high
specific surface area (1560 m® g') N-doped mesoporous carbon was prepared by
Yang [22] and Fulvio [23] using Py as carbon and nitrogen source at the same time
via CVD method. However, the CVD process is complicated, easily leading to
environmental pollution, which impedes the application of this method in practical
use. To address this problem, simple and environment-friendly methods have been
employed for preparation of N-doping carbon materials, in which direct carbonized
method is a promising one. For example, Ma et al [24] utilized Py as both the carbon
and nitrogen source, to obtain N-doping carbon materials by direct carbonized method,
but the final usage of the material is catalyst support; Wang [25] and Zhou [26] also
prepared N-doped carbon materials by same method, and used it for lithium ion
batteries. Because the process of Py steaming is harsh and can be omitted, the direct
carbonized method is an effective way to avoid the complicated process and
environmental pollution it causes. Furthermore, their studies suggest that the carbon
materials possess high specific surface area and certain nitrogen content, which
therefore may be suitable for supercapacitors. However, at present, there are still rare
reports on applying N-doped carbon prepared from direct carbonized polypyrrole on
supercapacitors. Moreover, the aforementioned studies have focused only on the
effect of carbonization temperature or time on the structure and performance of
carbon materials, but ignored the influence of amount of surfactant on performance of
carbon materials. In the current study, we use the simple and environmental-friendly
method for preparation of N-doped carbon nanowires (CNW), and applied it in
supercapacitors. After investigating the effect of amounts of surfactant and
carbonization temperature on capacitance performance of CNW in details, we find

that the CNW possess excellent capacitance performance due to its unique nanowire
67



structure and apposite nitrogen content. The results indicate a promising candidate in

the supercapacitors field

4.2 Experimental section

4.2.1 Materials

Py monomer was purified by distillation under reduced pressure before use. Other
reagents, such as hexadecyl trimethyl ammonium bromide (CTAB), ammonium
persulphate (APS), hydrochloric acid (HCI) and concentrated sulfuric acid (H2SO4),
were all locally commercially available and of analytical grade, and used without

further purification. All solutions were prepared with distilled water.
4.2.2 Preparation of nanowires polypyrrole

Nanowires polypyrrole was prepared by chemical oxidation. In a typical process,
0.758 g CTAB and 10.5 mL HCI (12 mol L") were added in 52 mL deionized water
and stirred for 0.5 h. 0.5 mL Py was added into the mixture with vigorous stirring and

stirred for 2 h. Afterwards, 10 mL 0.83 M (NH4),S,0s solution was added drop by

Table 4.1 The preparation condition of pure PPy and PPy-x

Samples Py (mL) 1 py/N CTAB CTAB (g)

Pure PPy 0.5 -- 0
PPy-1 0.5 1.7 1.515
PPy-2 0.5 3.4 0.758
PPy-3 0.5 6.8 0.379

* The molar ratio of Py and CTAB.

drop to the above mixture to initiate the polymerization. The reaction was performed
at room temperature for 1 h. Finally, the product was removed from solution,
copiously washed with deionized water, and dried in vacuum at 5 °C for 12 h to obtain
the product (named as PPy-1) as a black power. The condition of the PPy-x (x=1, 2
and 3) preparation is given in Table 4.1. For comparison, we also prepared pure PPy,

the preparation process was the same as the PPy-x except of CTAB addition.
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4.2.3 Preparation of CNW

In a typical process, 0.2 g PPy-2 was carbonized under flowing N, at 750 °C for 2 h
with a heating rate of 10 °C min™", and obtained the CNW2-2 sample as a black power.
Pure PPy, PPy-1, PPy-2 and PPy-3 were also carbonized under other temperatures.
According to the difference of preparation conditions, the samples are referred to

different groups shown in Table 4.2.

Table 4.2 The preparation condition of CNW and CNG

Carbon Carbonization temperature (°C)
precursor 650 750 850 950
Pure PPy CNGO-1 CNGO-2 CNGO-3 CNGO0-4
PPy-1 CNW1-1 CNW1-2 CNWI1-3 CNW1-4
PPy-2 CNW2-1 CNW2-2 CNW2-3 CNW2-4
PPy-3 CNW3-1 CNW3-2 CNW3-3 CNW3-4

4.2.4 Structure characterization

The morphology of samples was observed by transmission electron microscopy
(TEM, h-8110, Hitachi Co., Ltd. Tokyo, Japan) and scanning electron microscopy
(SEM, S-4300, Hitachi Co., Ltd. Tokyo, Japan). The molecular structure of the
samples was identified by Fourier transform infrared spectroscopy (FTIR, JRT-7000;
JASCO, Japan). Nitrogen adsorption-desorption isotherms were measured at -196 °C
on a Micromeritics ASAP 2020 apparatus. The specific surface area was calculated
according to the Brunauer-Emmett-Teller (BET) equation. All samples were
outgassed under vacuum at 80 ‘C  overnight prior to measurement. The
crystallographic structure of the samples was observed by X-ray diffraction (XRD,
XRD-6000, Shimadzu Co., Ltd. Kyoto, Japan) equipped with Cu Ka radiation. X-ray
photoelectron spectroscopy (XPS) analysis was performed on the PHI Quantum 5000

equipped with an Al Ka radiation source.

4.2 .5 Electrochemical tests

The test electrodes were prepared by mixing the samples, polytetrafluoroethylene
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(10 pL), and ethanol (50 pL), and grinding adequately to obtained a homogeneous
paste. Then the paste was coated onto the stainless steel mesh (300 mesh), which was
followed by drying under vacuum at 80 °C for 24 h and then compressed at 10 MPa
for 5 min. For three-electrode systems, Platinum foil, saturated calomel electrode and
test electrode were used as counter, reference and working electrode, respectively.
Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical
impedance spectroscopy (EIS) were measured by a CHI 660D electrochemical
workstation. The measurements were carried out in 1 M H,SO4 aqueous electrolyte at
room temperature, and the voltage windows of CV and GCD tests were set in -0.4~0.6
V. EIS measurements were carried out in the frequency range from 10° to 10 Hz at
open circuit potential with an ac perturbation of 5 mV. The symmetric two-electrode
system was assembled with two almost identical test electrodes (active material is
CNW2-2 sample) and the measurements were also carried out in 1 M H,SO4 aqueous
electrolyte at room temperature. The CV and GCD tests were run at different voltage

windows.

4.3 Result and discussion

4.3.1 Microstructural characterization

Fig. 4.1 shows the typical SEM and TEM images of pure PPy, PPy-x, and the
carbonized samples. In Fig. 4.1a, the pure PPy particles exhibit a globular structure
forming agglomerates, and its carbonization product still remains the globular
structure (see Fig. 4.2b). Shown in Fig. 4.1b, ¢ and d are SEM images of PPy-x
prepared in the presence of CTAB with different concentrations (from 4.1b to 4.1d,
the concentration of CTAB increases). It should be noted that nanowires of PPy are
obtained only in the presence of CTAB, and the nanowire structure is the governing

structure with the increase of the concentration of CTAB within a certain range.
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Fig. 4.1 SEM image of pure PPy (a), PPy-1 (b), PPy-2 (c), PPy-3 (d), CNW2-1 (e), CNW2-2 (f), CNW2-3 (g), and CNW2-4 (h); TEM
image of PPy-2 (i), CNW2-1 (j), CNW2-2 (k), CNW2-3 (1), and CNW2-4 (m).
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This is due to CTAB can form rod-like micelles in aqueous solution, which can direct
the formation of nanowires of polypyrrole in the preparation step [30]. In addition,
shown in Fig. 4.1b, is the hybrid structure of nanoparticles and nanowires of PPy-1
prepared when the molar ratio of Py and CTAB is 1.7. PPy-2 (Fig. 4.1¢) prepared
when the molar ratio of Py and CTAB is 3.4, shows entire interconnected nanowires.
It is found in Fig. 1d that PPy-3 prepared when the molar ratio of Py and CTAB is 6.8
shows the vast majority of interconnected nanowires, and there are also some
nanoparticles attached on PPy nanowires. These phenomenon can be explained as
follows: when the molar ratio of Py and CTAB is 1.7, the excess CTAB can increase
the charge repulsion and restrict growth of nanowires polypyrrole [31, 32]; with the
amount decrease of CTAB, the restriction effect also gradually decreases and thus the
nanowire polypyrrole becomes the governing structure; however, when the molar
ratio of Py and CTAB reaches to 6.8, the excess pyrrole outside the micelle templates
and resulting nanoparticle polypyrrole output [33]. Once PPy-2 is carbonized, we can
find that CNW2 samples (Fig. 4.1e, f, g, and h) are still maintained the nanowire
structure of PPy-2. However, the diameter of nanowires gradually decreases with the
gradual increase of carbonized temperature, which can result in the increase of surface
area of CNW2. In addition, we find that the fragment of nanowires is gradually
increased with the carbonized temperature. This phenomenon can lead to the stacking
mesoporous structure collapse of CNW2. In TEM images, the PPy-2 nanowires (Fig.
4.11) have a diameter of about 50-70 nm and the lengths extend to several
micrometers. The diameter of CNW2-1 nanowires (Fig. 4.1j) is about 25 nm and
those of CNW2-2, CNW2-3, and CNW2-4 (Fig. 4.1k, 1, and m) are all about 20 nm.
Furthermore, the fragments of nanowires are still observed in CNW2 samples, and
those belonging to CNW2-4 are more than the other samples. These results may affect
the surface area and pore volume of CNW2 samples.

Fig. 4.3 shows the XRD curves of PPy-2, pure PPy, and the carbonized samples
CNW2. For pure PPy, a broad characteristic peak at about 25.6° reveals that it is
amorphous [34, 35]. Compared with pure PPy, a broad characteristic peak in PPy-2

sample is also observed but the peak position moves to 23.6°, which suggests that
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PPy-2 is amorphous but has some regular arrays to some extent [36]. In the spectra of
CNW?2, the peak moves to 24.1°, arising from the (002) plane of graphite [37].
Furthermore, a weak peak can be observed at 44.0° corresponding to graphite (101),
which might be a sign of the complete transformation of PPy to another kind of
carbon-based nanowires [24]. We can find that the intensity of the weak peak of
CNW2-3 is larger than the other samples, which suggests that PPy-2 has been
complete transformed into carbon-based nanowires when the carbonized temperature

is 850°C.

Fig. 4.2 SEM image of pure PPy (a) and CNWO0-2 (b)

Fig. 4.3 XRD patterns of PPy-2, CNW2-1, CNW2-2, CNW2-3, and CNW2-4.

The pore-size and specific surface area characterizations of CNW2 samples were
performed by measuring N, adsorption/desorption isotherms. These isotherms are

shown in Fig. 4.4. CNW2 samples exhibit hybrid [UPAC Type-III and Type-IV shapes,
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indicating the existence of stacking mesoporous structures [5]. The specific surface
area of CNW2 increases with the increase of carbonized temperature. CNW2-4 has
the highest specific surface area (580.2 m® g, Table 4.3). The inset of Fig. 4.4 shows
the pore-size distribution of CNW2, which is mainly distributed in 10-50 nm. The
average pore width and pore volume of CNW2 obtained by BJH method are shown in
Table III. Opposite to specific surface area, CNW2-4 has the lowest pore volume
(0.39 cm® g) and pore width (25.6 nm). These may be attributed to that the stacking
mesoporous structure collapse with the increase of the carbonized temperature, and

this inference has been proofed by SEM and TEM images.

Fig. 4.4 N, adsorption-desorption isotherms of CNW2-1, CNW2-2, CNW2-3, and
CNW24.

Table 4.3 The Specific Surface Area, Pore Width and Micropore Volume of CNW2

samples
Samples Sger[m’® g'* Dgyy [nm]° Vi [em® g'°
CNW2-1 306.9 70.0 0.75
CNW2-2 405.6 40.1 0.51
CNW2-3 482.5 49.4 0.71
CNW2-4 580.2 25.6 0.39

* The specific surface area calculated using the BET equation.
® The pore width and micropore volume calculated according to the BJH method.
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Fig. 4.5 shows the XPS spectra of PPy-2 and CNW2 samples, which display that
besides carbon and oxygen, nitrogen signals can be simultaneously observed. We
obtained the chemical compositions of samples by XPS analysis and the results are
shown in table 4.4. It is noteworthy that the nitrogen content decreases from 6.62 to
1.55 at. % as the carbonization temperature increases from 650 to 950 °C. This result
indicates that nitrogen is oxidized and can be more easily removed during the
carbonization process [38]. Remarkably, a reduction is especially drastic from 750 to
850 °C. Samples CNW2-1 and CNW2-2 contain larger amount of N (6.62 and 5.59
at. %, respectively). This result suggests that the appropriate carbonized temperature

should be less than 850 °C.

Fig. 4.5 XPS survey spectrums of PPy-2, CNW2-1, CNW2-2, CNW2-3, and

CNW2-4.
Table 4.4 Chemical compositions of samples as obtained by XPS
Samples Cl/at. % N/at. % O/at. % N/C o/C
PPy-2 75.70 11.70 12.60 0.155 0.166
CNW2-1 84.66 6.62 8.72 0.078 0.103
CNW2-2 88.69 5.59 5.72 0.063 0.064
CNW2-3 87.03 2.03 10.89 0.023 0.125
CNW2-4 92.40 1.55 6.05 0.017 0.065

More information about the change of surface chemistry has been obtained from the

deconvoluted high-resolution XPS spectra of three regions (C, N, and O, shown in Fig.
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4.6). The Cls spectra of PPy-2 and CNW2 in Fig. 4.6a-e can be deconvoluted into
four components. The carbon species correspond to aromatic or other sp2-hybridised
carbon atoms bound to neighbouring carbon atoms (C-C) or hydrogen (C-H) (284.5
eV); carbon in C-O (285.4 eV); carbon in C-N/C=N (286.6 ¢V); and carbon in C=0
(289.4 eV) [39, 40, 22]. Obviously, compared to PPy-2 (Fig. 4.6a), CNW2 samples
possess more C-C bond corresponding to the graphite carbon at 284.5 eV as the
carbonization temperature increases. This indicates that the degree of graphitization of
CNW?2 rises with the carbonization temperature increases. The N1s spectra of PPy-2
and CNW2 could be deconvoluted into three peaks (Fig. 4.6f-j) with binding energies
0f 398.4 £ 0.2 eV, 400.6 + 0.2 eV and 401.6 £+ 0.2 eV. These peaks could be assigned
to pyridinic nitrogen (N-1), pyrrolic nitrogen (N-2), and quaternary nitrogen (N-3),
respectively [41-43]. The contents of the three types of nitrogen atoms are listed in the
table 4.5. This suggests that all samples have the largest amount of N-2 except
CNW2-4; also, the content of N-1 has a significant increase after PPy-2 is carbonized
except CNW2-4. Interestingly, in contrast with PPy-2, nitrogen atoms in CNW2-4
mainly exist in the form of N-3, suggesting that the CNW2-4 sample has been
basically graphitized and most of N atoms have been doped into the graphite-like
framework at 950 °C. It also suggests that the N-1 is just a transition state for N-3 as
the carbonization temperature increases. This may be because N-3 species own higher
binding energy than N-1 species, thus higher thermal stability is reasonable to be
expected [19]. In addition, the resolution spectra of O 1s can be fitted into three peaks
and the results are given in Fig. 4.6k-o. In detail, these three peaks at 531.7 + 0.2 eV,
533.5 £ 0.2 eV, and 5349 + 0.2 eV represent OH/C-O (O-1), C=0 (0O-2), and
C-O-OH (0O-3) groups, respectively [44, 45]. These results indicate that there are
some lactone, carboxyl and quinone groups on the surface of CNW2 [46]. The
contents of the three types of oxygen atoms are also listed in table 4.5. We can find
that after PPy-x is carbonized, the content of O-1 significantly decreases but O-3
significantly increases. These oxygen-containing functional groups would have a
profound impact on the capacitive performance of CNW2. Overall, the XPS spectra

indicate that the N-doped carbon nanowires have been obtained by carbonized PPy
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Fig. 4.6 High resolution C 1s, N 1s and O 1s XPS spectrum of PPy-2 (a, f, k), CNW2-1 (b, g, 1), CNW2-2 (c, h, m), CNW2-3 (d, 1, n), and
CNW24 (e, j, 0).
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nanowires; the doping level and graphitization level of CNW2 is lower but rises with

the carbonization temperature.

Table 4.5 N 1s and O 1s core level peak analyses

N-1(%) N-2(%) N-3(%) O-1(%) 02(%)  0-3(%)

Samples 3984+  400.6+  401.6+ 5317+ 5335+ 5349+
0.2 0.2 0.2 0.2 0.2 0.2
PPy-2 4 67 29 56 34 10
CNW2-1 34 39 27 17 48 35
CNW2-2 22 39 39 15 49 36
CNW2-3 23 39 38 21 42 37
CNW2-4 4 33 63 26 39 35

Fig. 4.7 shows the types of nitrogen doping of CNW sample. As illustrated, CNW is

obtained by PPy-x direct carbonization method. Pyrrolic nitrogen incorporates into a

five membered ring and connects with two neighboring carbon atoms, which

contributes two p-electrons to m system. Pyridine nitrogen at the edge of carbon plane

incorporates into a six membered ring and also connects with two neighboring carbon

atoms, donating one p-electron to the aromatic m system [44]. Quaternary nitrogen

provides the nitrogen atoms to replace carbon atom in the carbon lattice, and this

leads to its connecting and sp3 hybridizing with three neighboring carbon atoms,

which has a significant effect on the electrochemical performance of the carbon

material [44, 47].

Fig. 4.7 The types of nitrogen doping of CNW sample.
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4.3.2 Electrochemical performance

In order to evaluate the electrochemical characteristics of CN'W samples, CV, GCD,
and EIS measurements were employed to characterize the capacitive properties in 1 M
H,SO4 aqueous solution. Fig. 4.8 shows the CV and GCD curves of CNW. The scan
rate of CV is 10 mV s, and the current density of GCD is 1 A g'. In Fig. 4.8a, ¢, and
e, we can find that all samples exhibit a typical capacitive behavior with
quasi-rectangular shape, indicating ideal capacitance behavior. Also notably, a pair of
weak and broad peaks can be observed in the CV curve of CNW in a wide voltage
range of -0.1-0.4 V, which proofs the presence of typical pseudocapacitance effects in
the H,SO4 electrolyte [48]. Nitrogen has higher electronegativity than carbon and can
provide a lone electron pair for the carbon with the n-conjugated rings, which makes
the surface of the carbon materials more active electrochemically [18]. Some
researchers have proposed the pseudocapacitance of the nitrogen doped carbon in
acidic medium probably due to the following electrochemical reactions on the surface
of carbon [49, 50]:

-C=NH +2¢ +2H" 2 -CH-NH, (Re.4.1)
-C-NHOH +2¢" +2H" 2 -C-NH, + H,0 (Re. 4.2)
Furthermore, the oxygen-containing groups (quinone groups bring pseudocapacitance
through redox reaction, and lactone groups introduce electron-acceptor property on
the carbon surface) on the surface of CNW also contribute to the overall capacitance
through pseudocapacitance [51]. However, these contribution resulting from quinone
and lactone groups will be weaken by the carboxyl groups through its hindering and
retarding the electrolyte contact the carbon surface [46]. From table 4.5, we can see
that the content sum of O-1 and O-2 is more than the content of O-3 in all CNW2
samples, this suggesting that the contribution of quinone and lactone groups
predominates in these samples. In addition, the pair of peaks gradually weakens as the
carbonization temperature rises, and disappears when the temperature reaches 950 °C.
This is attributed to that the nitrogen content decreases as the carbonization

temperature increases. However, CNW2-1 has weaker peaks than CNW2-2 and
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Fig. 4.8 CV curves of CNW1 (a), CNW2 (c), and CNW3 (e) at a scan rate of 10 mV
s'; GCD curves of CNW1(b),CNW2 (d), and CNW?3 (f) at a current density of 1A g'l.

CNW2-3, though it has the highest nitrogen content. This is due to that the specific
surface area of CNW2-1 is smaller than those of CNW2-2 and CNW2-3. This result
reflects that all involved reactions (the faradaic redox and the charge separation
reactions) are interface-bound [49, 52]. CNW2-2 has the relatively significant peaks
than the other samples, and may have the highest capacitance. We ascribe this to the
following factors: (1) although the nitrogen content of CNW2-1 (6.62 %) is higher
than those of CNW2-2 (5.59 %) and CNW2-3 (2.03 %), the specific surface areas of
CNW2-2 (405.6 m*> g') and CNW2-3 (482.5 m” g') are higher than that of CNW2-1
(306.9 m* g'l); (2) although the specific surface area of CNW2-2 is smaller than those
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of CNW2-3 and CNW2-4 (580.2 m* g"), the nitrogen content of CNW2-2 is much
higher than those of CNW2-3 and CNW2-4 (1.55 %)).

Fig. 4.9 (a) EIS spectrum of CNW2-1, CNW2-2, CNW2-3, and CNW2-4; (b) The
effact of calcination temperature on specific capacitance of CNW (at a current density

of 1A gh.

The above phenomenon can also be confirmed by the GCD curve (Fig. 4.8b, d and
). From Eq. 2.2, the specific capacitances of all samples are obtained and the results
are shown in fig. 4.9b. The CNW2-2 achieves the highest specific capacitance of 207
F g at a current density of 1 A g, consistent with our inference. For comparison, we
also examined the capacitive performance of CNWO (see supporting information Fig.
4.10). The results show that the specific capacitance of CNWO is far less than CNW1,
2, and 3. This indicates that the wire morphology is better than globular morphology
for capacitive performance of CNW. Furthermore, specific capacitance of CNW2 is
higher than those of CNW1 and 3, and the specific capacitance of CNWx-2 is higher
than those of CNWx-1, 3, and 4 (x=1, 2, 3). The specific capacitance of N-doped
carbon depends on two factors: (1) the high double-layer capacitance attributed to its
high surface area; (2) the special pseudocapacitance mainly caused by its nitrogen
content [49]. Hence, the balance of specific surface area and nitrogen content is a
decisive factor for these N-doped carbon nanowires to obtain an excellent
electrochemical capacitive performance. The results of GCD testing show that CNW2
(carbonization temperature is 750 °C) samples strike the balance and possess the

better electrochemical performance than the other samples.
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Fig. 4.10 (a) CV curves of CNWO at a scan rate of 10 mV S™'; (b) GCD curves of
CNWO at a current density of 1 A g™

To further study the capacitance behavior of CNW2 samples, EIS was used to
measure the charge transport and ion diffusion. The Nyquist plots were generated, as
shown in Fig. 4.9a. Except CNW2-1, the other samples present a similar Nyquist plots
shape, composed of two regions: a nearly vertical line at low frequency assigned to
the characterized capacitive behavior [53, 54], and a sloping lines at intermediate
frequency related to the ion diffusion in the electrolyte to the electrode interface [55,
56]. It is clear that, the line at low frequency of CNW2-2 is much more vertical than
the other samples; the sloping line at intermediate frequency of CNW2-2, CNW2-3,
and CNW2-4 are all shorter than that of CNW2-1. Compared to the other samples,
CNW?2-1 has a semicircle at high frequency attributed to the charge transfer resistance
[57]. Moreover, the Fig. 4.9a inset shows that the intercept at the real part (Z°) is
related to the internal resistance, including the intrinsic resistance of the sample, the
contact resistance between the sample and stainless steel mesh current collector, and
the resistance of bulk electrolyte [58]. The internal resistances of CNW2-1, CNW2-2,
CNW2-3, and CNW2-4 are 0.97, 1.02, 1.03, and 1.16 Q, respectively, which indicates
that the internal resistances of the samples are gradually increasing with the
carbonization temperature. To sum up, the result of EIS testing shows that the
CNW2-2 possesses an excellent electrochemical capacitive performance, which is

consistent with the CV and GCD analysis.
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Fig. 4.11 (a) CV curves of CNW2-2 at different scan rates varying from 10 to 50 mV

s'; (b) specific capacitance versus current density of CNW2-2;

Fig. 4.11a shows the CV curves of CNW2-2 samples at different scan rates ranging
from 10 to 50 mV s'. Generally, the response current of CNW2-2 gradually increases
when increasing the scan rate. The CV curve has maintained the rectangular shape,
and a rapid current response on voltage reversal at each end potential at the scan rates
ranging from 10 to 50 mV s”'. These reveal its good electrochemical capacitive
performance at high scan rates. Also note that, the pair of weak peaks almost
disappears at the scan rate of 50 mV s™, which may be because there is not enough
time for electrochemical reaction, thus making the specific capacitance of CNW2-2
decline. Fig. 4.11b shows the specific capacitances of CNW2-2 at different current
densities from 1 to 10 A g'. Clearly, the downward trend of specific capacitance of
CNW2-2 is nonlinear, which suggests that the pseudocapacitive behavior happens at
the electrode-electrolyte interface [48]. From Eq. 2.2, the specific capacitances reach
207 and 150 F g'1 at the current density of 1 and 10 A g'l, respectively, and the
capacitance retention of CNW2-2 is 72.5 %. These results indicate that the CNW2-2
possesses the fast charge-discharge properties, which is very important for

supercapacitors application.

Cycle stability is another important factor for supercapacitor application. In order to
evaluate the cycle stability of CNW2-2, repeated the GCD test were measured at a
current density of 3 A g for 5000 cycles, as shown in Fig. 4.12. The specific

capacitance of CNW2-2 is very stable after 5000 cycles, suggesting excellent cycle
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Fig. 4.12 Cycling stability of CNW2-2 at a current density of 3 A g™

stability. The specific capacitance has a slight decline of about 3.6 % (in the first cycle,
it is 178 F g, and after the 5000th cycle, it is 172 F g™). Notably, the specific
capacitance has a slight increase in 1500-4500 cycles, this is attributed to the
following factors: (1) the nitrogen-containing functional groups are firmly
incorporated into the carbon framework; (2) a continuous activation takes place in the
surface of CNW2-2; (3) the oxidation-reduction reaction based on nitrogen functional
groups are reversible [18, 59, 60].

In order to confirm the excellent capacitive performance of CNW2-2 from the
three-electrode system, we also carried out the CV, GCD and cycle stability tests in
symmetric two-electrode systems, and the results are shown in Fig. 4.13. The voltage
window 1is a key factor which directly impacts the specific capacitance and energy
density of supercapacitors. CV tests were performed in different voltage windows to
define the best operating voltage window (as shown in Fig. 4.13a) [61]. From Fig.
4.13a, we can find that all CV curves exhibit quasi-rectangular shapes when the
voltage windows are below 1.5 V. Furthermore, there is no significant increase of
anodic current even when the voltage window is 0-1.5 V, which means that the
electrolyte is not decomposed due to the storage of nascent hydrogen on the electrode

below the thermodynamic potential for water decomposition [62]. However, the
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anodic current sharply increases when the voltage window increases to 1.6 V, which
means that the electrolyte is decomposed with hydrogen and/or oxygen evolution [61].
These results suggest that the best voltage window of two-electrode system is 0-1.5 V.
In addition, the response current of CV curve gradually increases with the increase of
voltage window, which means that the specific capacitance of symmetric capacitor
gradually increases. Fig. 4.13b shows the GCD tests in two-electrode systems at
different voltage windows. All GDC curves show an equilateral triangle shape, which
reflects its ideal capacitive behavior. We can obtain the specific capacitance of
different voltage windows from these GCD curves by Eq. 2.2. The specific
capacitances are 30.2, 30.7, 31.6, 35.3, 38.1 and 40.2 F g'1 at 0-0.6, 0-0.8, 0-1.0, 0-1.2,

0-1.4 and 0-1.5 V, respectively. These results also prove the inference from CV test.

Fig. 4.13 CV (a, scan rate is 10 mV s™) and GCD (b, current density is 0.5 A g™)

curves of CNW2-2 two-electrode system.

In electrochemical capacitors with excellent performance, the high power density
and energy density are expected. The energy and power density of the samples are
calculated from the GCD curves according to Eq. 2.3 and 2.4, and the Ragone plots of
different voltage windows at a series of charge-discharge rates for CNW2-2 (as shown
in Fig. 4.15) are shown in Fig. 4.14. Overall, the energy density decreases gradually
with the increase of power density, and under the same charge-discharge rate, the
energy density and power density increase gradually with the increase of voltage
window. In the two-electrode system with a voltage window of 0-1.5 V, the sample

exhibits a maximum energy density of 13.2 Wh kg™ and a power density of 257 W
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Fig. 4.14 Ragone plot of CNW2-2 in two-electrode system at different voltage

windows.

kg™ at the current density of 0.33 A g”'. At the current density of 2.5 A g”' and voltage
window of 0-1.5 V, the power density reaches to 1869 W kg'; the corresponding
energy density is 9.5 Wh kg™, and the energy density retention is 71.9 % compared
with the current density of 0.33 A g'. At the same current density and voltage window,
the energy density retentions are 56.3 %, 60.7 %, 64.4 %, 64.8 % and 65.1 % at 0-0.6
V, 0-0.8 V, 0-1.0 V, 0-1.2 V and 0-1.4 V, respectively (as shown in table 4.6). The
maximum energy density and energy density retention obtained at a voltage window
of 0-1.5 V are much higher than those of other voltage windows. In addition, at the
current density of 10 A g and voltage window of 0-1.5 V, the energy density still
reaches to 7.5 Wh kg, much higher than that of voltage window of 0-1.4 V (at
current density of 10 A g”', the energy density is 5.5 Wh kg™). This further shows that
the voltage window is a key factor for supercapacitors. Compared with previously
reported energy density of carbon materials in two-electrode systems, commercial
activated carbon (< 10 Wh kg™") [6], activated carbon (< 10 Wh kg™") [63, 64], carbon
nanotube (< 10 Wh kg™) [65, 66] and graphene (< 4 Wh kg') [67] in aqueous

electrolyte, CNW2-2 sample shows outstanding performance. In summary, these
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above analyses indicate that the optimal voltage window of the CNW2-2 sample in

two-electrode systems is 0-1.5 V, a very suitable range for supercapacitors.

Fig. 4.15 GCD curves of CNW2-2 in tow-electrode system at voltage window is 0-0.6
V (a), 0-0.8 V (b), 0-1.0 V (¢), 0-1.2 V (d), 0-1.4 V (e) and 0-1.6 V (f).

We also evaluated the cycle stability of CNW2-2 in two-electrode systems by
repeating the GCD test at the voltage window of 0-1.5 V, and the results are shown in
Fig. 4.16. The specific capacitance of CNW2-2 in two-electrode systems shows a 1.5 %
variation after 5000 cycles (as shown in Fig. 4.17), indicating the excellent cycle

stability. To further understand the superior electrochemical stability of CNW2-2,
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energy and power density of CNW2-2 electrodes before and after the cycling were
measured at different current densities as shown in the inset of Fig. 4.16. CNW2-2
sample also exhibits a high energy density of 13.0 Wh kg™ at a current density of 0.33
A g after 5000 cycles. Compared with before cycling, the energy density retention is
98.5 %. Even when the current density is 10 A g™, the energy density still reaches to
7.3 Wh kg after 5000 cycles. These results further evidence the excellent cycle
stability of CNW2-2.

Fig. 4.16 Cycle stability of CNW2-2 in two-electrode system at a current density is 1
A g, the inset is a ragone plot of CNW2-2 before and after 5000 cycles.

Fig. 4.17 CV (a) and GCD (b) curves of CNW2-2 before and after 5000 cycles in

tow-electrode system.
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4.4 Conclusions

In conclusion, the nitrogen doped carbon nanowires CNW2-2 were facilely
prepared through direct carbonization method at a carbonization temperature of 750
°C using polypyrrole nanowires as the carbon precursor. CNW2-2 possesses high
nitrogen content (5.59 at. %) and large specific surface area (405.6 m* g'). In three
electrode systems, the co-contribution of double-layer capacitance and
pseudocapacitance makes CNW2-2 exhibit a high capacitance (207 F g at 1 A g™,
excellent rate capability (150 F g” remained at 10 A g"), as well as good cycle
stability (96.4 % capacitance retention after 5000 cycles). In the symmetric
two-electrode systems, CNW2-2 indicates a high energy density of 13.2 Wh kg™ at a
high power density of 257 W kg™ at the current density of 0.33 A g, and the energy
density retention is 71.9 % at the current density of 2.5 A g'. However, the

electrochemical performance of CNW2-2 is still not very satisfactory.
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Chapter 5 KOH-activated nitrogen doped
porous carbon nanowires with superior

performance in supercapacitors

5.1 Introduction

For further improve the electrochemical performance of carbon nanowires (in
chapter 4), the study was transferred to the development of porous carbon materials.
Nowadays, carbon materials are often used in electrical double-layer capacitor owing
to the low cost [1, 2], high cycle stability [3, 4] and excellent conductivity [5, 6].
Unfortunately, the low specific capacitance of carbon material greatly limited their
application in a wider range. Pseudocapacitors often employ conducting polymers and
metal oxides as the electrode material, but their poor cycle stability and high price are
detrimental to their application in supercapacitors [7].

Recently, many researchers showed that substituting some atoms in carbon
nanomaterials by heteroatoms (such as N [8], S [9] and B [10]) is an effective way to
improve the specific capacitance. This is owing to the fact that heteroatoms can
introduce pseudocapacitive effects and improve the wettability of carbon materials in
electrolyte solution [6, 11]. However, the specific capacitance of doped carbon was
observed to have a significant decrease at high current densities, limiting their further
applications [5]. Because of its high specific capacitance at high current densities,
heteroatom-doped porous carbon was applied to address the challenge. In the
traditional approach, porous carbon is usually prepared by template methods, and then
treated by heteroatom sources to obtain heteroatom-doped porous carbon. For
instance, Chen [12] and Xu [13] have showed that the N-doped porous carbon
possessed excellent capacitive performance at high current densities. However, their
preparation methods are complicated and high-cost. Compared with the template

method, KOH activation method is a simpler one for preparing porous carbon, which
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is more suitable for large-scale production. It has been reported that the KOH
activation of porous carbon shows the improvement on specific surface area and
capacitive performance [14-16]. For instance, KOH-activated ordered mesoporous
carbon possesses high specific surface area of 1410 cm’ g and high specific
capacitance of 200 F g at a current density of 0.5 A g [5]; under the condition of
KOH/carbon mass ratio of 2.5, the activation temperature of 800 °C and the activation
time of 1 h, the mesoporous carbon is obtained, and its specific capacitance is 218 F
g at a current density of 1 A g™ [17].

Pyrrole is a kind of significant nitrogen source of N-doping porous carbon. Its
doping process is often performed via chemical vapor deposition. However, the
doping condition is normally rather harsh and easily leads to environmental pollution
[18]. Hence, it is urgently needed a facile and environment-friendly method for
preparation of N-doped porous carbon. Recently, some studies showed that
polypyrrole nanowires could act simultaneously as both the nitrogen source and the
carbon source, which facilitates the simplification of the preparation, and the product
exhibited the excellent performance in lithium ion battery. [19-21] However, it is
known that there is much difference between the energy storage mechanisms of
lithium ion battery (through the lithium ion intercalation-deintercalation, which is a
chemical process [22]) and supercapacitors (through the charge separation in the
interface of electrode/electrolyte, which is a physical process). The N-doped porous
carbon nanowires prepared by polypyrrole nanowires may be very suitable for
supercapacitors due to its plentiful pore structure, high surface area and some nitrogen
content. We have noticed that the performance of these N-doped porous carbon
nanowires in supercapacitors has never been systematically investigated. In this paper,
we prepared the N-doped porous carbon nanowires by the similar method, and applied
it in supercapacitors. We find that the capacitive performance of N-doped porous
carbon nanowires is closely related to the mass ratio of KOH and carbon. This is due
to the fact that the pore size distribution, specific surface area and nitrogen content of
N-doped porous carbon nanowires would be greatly affected by the mass ratio of

KOH and carbon.
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5.2 Experimental section

5.2.1 Materials

Py monomer was purified by distillation under reduced pressure before use. The
other reagents, such as KOH, ammonium persulphate (APS), CTAB and concentrated
sulfuric acid, all were locally commercially available and of analytical grade, were

used without further purification. All solution was prepared with distilled water.
5.2.2 Preparation of porous N-doped carbon nanowires (PCNW)

PNCW samples were obtained by KOH activation method. Different amounts of
KOH were directly mixed with CNW (prepared in chapter 4) in an agate mortar. KOH
and CNW mixtures with mass ratios of 1/1, 2/1 and 3/1 were used, and the activation
resulting products were denoted PCNW1, PCNW2 and PCNW3, respectively. After
mixing, the samples were carried out at 800 °C for 1 h under N, atmosphere with a
heating rate of 10 °C min™', followed by washing with HCI and deionized water until

the pH of the filtrate was 7.0 and drying at 80 °C for 12 h.
5.2.3 Thermal, morphological, structural, and component characterizations

Thermal Gravimetric Analyzer (TGA, DTA-60, shimadzu Co., Ltd., Kyoto, Japan)
was carried out in the experimental temperature range at a ramp setting of 10 °C min’'
from room temperature to 800 °C, and then retained 800 °C for 1 h (as shown in Fig.
5.1) in flowing nitrogen. The morphology of samples was observed by scanning
electron microscopy (SEM, s-4300, Hitachi Co., Ltd. Tokyo, Japan) and transmission
electron microscopy (TEM, h-8110, Hitachi Co., Ltd. Tokyo, Japan). The

crystallographic structure of the samples was observed by a power X-ray diffraction
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Fig. 5.1 The relationship between activation temperature and time at TGA tests.

system (XRD, XRD-6000, Shimadzu Co., Ltd. Kyoto, Japan) equipped with Cu Ka
radiation. The porosity of carbons was proved using nitrogen adsorption-desorption
isotherms which were performed using an ASAP 2020 apparatus (Micromeritics, USA)
at -196 °C. All samples were outgassed under vacuum at 80 °C overnight prior to
measurement. The specific surface area was calculated according to the
Brunauer-Emmett-Teller (BET) equation, and the pore size distribution was derived
from the adsorption branches of the isotherms. X-ray photoelectron spectroscopy
(XPS) analysis was performed on PHI Quantum 5000 equipped with an Al Ka

radiation source.

5.2.4 Electrochemical tests

The electrochemical tests were measured with an electrochemical workstation (CHI
660D, Shanghai Chenhua, China) in the three or two-electrode system in 1 M H,SO4
electrolyte. For three-electrode system, saturated calomel electrode and platinum foil
were used as reference and counter electrode, respectively. The working electrode was
prepared by mixing the samples, polytetrafluoroethylene (PTFE, the mass ratio of the

sample and PTFE is 95:5), and ethanol, and grinding adequately to obtained a paste
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[23]. Then the paste was coated onto the stainless mesh (300 mesh), which was
followed by drying under vacuum at 80 °C for 24 h and then compressed at 10 MPa
for 5 min (the density of electrode is 1.86 g cm™). Cyclic voltammetry (CV) and
galvanostatic charge/discharge (GCD) were conducted in a potential window from
-0.4 to 0.6 V. Electrochemical impedance spectroscopy (EIS) were carried out in the
frequency range from 10° to 10 Hz at open circuit potential with as ac perturbation
of 5 mV. The symmetric two-electrode system was assembled with two almost
identical working electrodes (the active material was PCNW2 sample). The CV and

GCD tests were run at different voltage windows.

5.3 Result and discussion

5.3.1 Thermal analysis of activation process

In order to evaluate the activation process of CNW, the mass loss (TG) and
different thermal analysis (DTA) curves of both KOH treated CNW were measured,
as shown in Fig. 5.2. From Fig. 5.2a, ¢ and e (the TG/DTA curves of activation
process at from the room temperature to 800 °C), it is obvious that the activation
process is carried out in four stages: in the first stage, an evident mass loss in TG and
a sharp peak in DTA involve the dehydration of CNW and KOH in the range of room
temperature to 150 °C; in the second stage, a meaningful mass loss takes place at
150-300 °C; in the third stage, no significant mass loss is observed at 300-700 °C; in
the final stage, the important mass loss turns out above 700 °C. Some researchers have
proposed that the phenomenon in the second stage attributes to the degradation of
KOH and the degradation process shown in Eq. 5.1 [24, 35]. In the third stage, the
small mass loss is assigned to the depletion of carbon by the reaction of carbon and
H,0 with the release of H, (Eq. 5.2, 5.3) [24, 26]. In addition, K,CO3 forms from the
reaction of CO, and K,O (Eq. 5.4) [27]. In the final stage, the activation temperature
above 700 °C, the K,CO; (formed in Eq. 5.4) is decomposed into CO, and K,O (Eq.

5.5), and disappears at 800 °C. The production of CO, from Eq. 5.5 can be contributed
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to further porosity development by carbon gasification (Eq. 5.6) [28]. Moreover, K,O
and K,COjs can be further reduced by carbon to bring metallic K at around 800 °C (Eq.
5.7, 5.8), and the metallic K will be inserted in the graphitic layers [24, 27]. In
summary, KOH activates carbon through three aspects: firstly, the formation of H,O
and CO; can contribute to porosity development by carbon gasification; then, the
formation of K,O and K,COj; can etch the carbon framework by redox reactions,
which is beneficial to form the pore structure; finally, the formation of metallic K is
an important factor for developing the pore structure by inserting into the graphitic
layers.

2KOH — K,O + H,0 (Eq. 5.1)

H,0+C — CO+H; (Eq. 5.2)

CO+H,O0 — CO;+H; (Eq. 5.3)

CO; +K,0 — K,COs; (Eq. 5.4)

K,CO; — K,0 + CO, (Eq. 5.5)

CO,+C — 2CO (Eq. 5.6)

K,0+2C — K+2CO (Eq. 5.7)

K,CO;+C — 2K +3CO (Eq. 5.8)

Fig. 5.2b, d and f show the TG/DTA curves of activation process when the
temperature remain 800 °C for 1 h. We can find that, the mass loss still exists at the
temperature of 800 °C. It is evident that the activation reaction is still continuing.
Furthermore, after a comparison of Fig. 5.2b, d and f, it can be noticed that, the DTG
curves of Fig. 5.2d and f have a weak peak at 300-1100 s. This may be owing to that
excessive K,O and K,COs (for Fig. 5.2d and f, the mass ratio of KOH and CNW is 2
and 3, respectively) are still etching carbon framework and will contribute to pore
structure again. However, in Fig. 5.2b, the DTA curve does not have this peak. This is
due to the fact that no excessive potassium compounds (for Fig. 5.2b, the mass ratio
of KOH and CNW is 1) reacts with carbon. This phenomenon will have a profound

impact on specific surface area and electrochemical performance of PCNW.
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Fig. 5.2 TG and DTA curves of the mass ratio of KOH/CNW is 1 (a, b), 2 (¢, d) and 3

(e, f) at temperature rising and keeping the temperature process, respectively.

5.3.2. Microstructural characterization

SEM and TEM were used to examine the morphology of as-prepared PPy and
PCNW. As shown in Fig. 5.3a, the PPy displays nanowires structure when
introducing CTAB at polymerization process of pyrrole molecule. After the
carbonization and activation of PPy, the nanowires structure was destroyed and many
fragments were observed. Moreover, with the increases of the mass of KOH, the
fragment structure gradually became the governing structure. As shown in Fig. 5.3b

(PCNW1) and c (PCNW2), the fragments and nanowires structure exist at the same
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time. It is found in Fig. 5.3d (PCNW3) that entire fragments structure appears when
the mass ratio of KOH and CNW is 3. These fragments structure may be beneficial
for the specific surface area of PCNW sample. In TEM images (Fig. 5.4), we also find
many fragments structure in PCNW samples. In addition, the partially enlarged views
(in Fig. 5.4b, ¢ and d) of TEM images reveal the amorphous porous structure. This
porous structure will play a positive role on electrochemical performance of PCNW

sample, and will further be characterized by porous size distribution.

Fig. 5.3 SEM image of CNW (a), PCNW1 (b), PCNW2 (c¢) and PCNW3 (d).

The XRD patterns of PPy nanowires, CNW and PCNW samples are shown in Fig.
5.5. About PPy nanowires, a broad peak at 25° reveals that PPy is amorphous. After
carbonization process (CNW), the peak moves to 24.1°, resulted from the (002) plane
of graphite [29]. Additionally, a weak peak at 42.7° corresponding to graphite (101)
plane is observed [30]. Compared with CNW, the intensities of (002) and (101) plane
peaks increase and the peak positions have a slight shift after activation process.

These results are attributed to that the graphitization degree of PCNW samples is
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enhanced at the activation temperature of 800 °C.

Fig. 5.4 TEM image of CNW (a), PCNW1 (b), PCNW2 (c) and PCNW3 (d).

Fig. 5.5 XRD patterns of PPy, CNW, PCNW1, PCNW2 and PCNW3.
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Fig. 5.6 (a) is N; adsorption-desorption isotherms, (b) is pore size distribution of

CNW, PCNW1, PCNW2 and PCNW3.

In order to investigate the pore properties of CNW samples after KOH activation,
the nitrogen adsorption-desorption isotherms of CNW and PCNW were performed,
and the results were shown in Fig. 5.6a. It is clear that the CNW shows the type-II
sorption isotherm, suggesting the non-porous structure [6], while, the PCNW samples
display type-1 sorption isotherms and possess a much higher nitrogen sorption
capacity, indicating the polyporous structure [17]. With the increase of the mass ratio
of KOH and CNW, the remarkablely increased pore volume and microporous volume
ratio (shown in Table 5.1) reveal a more developed porous structure of PCNW
samples. Moreover, H3 hysteresis loops are observed at 0.9<P/Py<I in all samples,
reflecting the existence of stacking porous structure by carbon nanowires. It should be
noted that, as shown in Table 5.1, the specific surface area of PCNW increases from
1284 to 1656 m* g with the increase of KOH/CNW mass ratio from 1 to 2, but
decreases to 1568 m” g when KOH/CNW mass ratio is 3, while, the microporous
area ratio continuously decreases with the increase of KOH/CNW mass ratio. This
may be due to the more developed microporous structure formed with the increase of
KOH/CNW mass ratio from 1 to 2, but some micropores were gradually transformed
into mesoporous when KOH/CNW mass ratio was 3. Fig. 5.6b shows the pore size
distribution curves recorded from the adsorption process of the isotherms. It obviously
proves the trimodal distribution pore structures of PCNW samples, the prolific

microporous by KOH activation, a little mesoporous by KOH activation or carbon
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nanowires stack, and some macroporous by carbon nanowires stack. Compared with
PCNW, CNW sample just contains mesoporous and macroporous by carbon
nanowires stack, and macropores make a great contribution to the pore volume and
specific surface area. However, the contribution gradually decreases with the increase
of KOH/CNW mass ratio, and this is owing to the fact that the carbon nanowires

structure is destroyed (as shown in Fig. 5.3 and 5.4) by KOH.

Fig. 5.7 (a) XPS survey spectra of CNW, PCNW1, PCNW2 and PCNW3; (b) high
resolution C 1s XPS spectra of CNW, PCNW1, PCNW2 and PCNW3.

The KOH activation can also affect the nitrogen content and the nitrogen chemical
state in PCNW samples. XPS analysis was employed on the CNW and PCNW, and
the results are shown in Fig. 5.7a. As shown in table 5.2, the nitrogen content
decreases with the increase of KOH/CNW mass ratio in the activation process. The
nitrogen content of CNW, PCNWI1, 2 and 3 are 5.59, 2.54, 2.41 and 0.84 at. %,
respectively. This suggests that it is difficult to obtain carbon materials with high
porosity and high nitrogen content in the meantime. This is due to the fact that the
nitrogen-containing functional groups are oxidized at the activation process [6, 31].
To further understand the chemical state of nitrogen in samples, we analyzed the
high-resolution C 1s and N 1s peaks in details. The C 1s spectra of CNW and PCNW
in Fig. 5.7b can be further deconvoluted into four different peaks, at 284.5, 285.4,
286.6 and 289.4 eV, corresponding to C-C/C-H, C-O, C-N/C=N and C=0,

respectively [32, 33].
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Table 5.1 Pore properties and specific capacitances of CNW and PCNW samples

Pore volume (cm’ g") Sger (m* g) Duicrs’  Specific capacitance (F g™)
Sample
Total Micro Meso Macro Ratio® Total Micro Meso Macro Ratio” (nm) 1Ag' 3Ag' 5Ag!
CNW 0.52 -- 0.16 0.36 -- 406 -- 223 183 -- -- 206 177 160
PCNW1  0.76 0.33 0.15 0.28 43.7 1298 1053 200 45 81.1 1.70 220 130 70
PCNW2 1.08 0.56 0.31 0.21 52.2 1642 1277 334 31 77.8 1.71 291 230 190
PCNW3 1.13 0.63 0.38 0.12 55.6 1568 1179 381 8 75.2 1.70 180 110 63

1 . . 2 .
* the micropore volume to total pore volume ratio, ** the micropore area to total pore area;

b micropore width at the pore volume maximum.

Table 5.2 XPS analysis of the CNW and PCNW samples

O-1 0-2 0-3
Sample Cl/at. % N/at. % O/at. % N/C o/C
531.7+0.2  533.5+0.2 5349+0.2
CNW 88.69 5.59 5.72 0.063 0.064 15 49 36
PCNW1 91.09 2.54 6.38 0.028 0.070 47 35 18
PCNW2 91.08 241 6.51 0.026 0.071 43 36 21

PCNW3 87.19 0.84 11.97 0.010 0.137 41 33 26
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Fig. 5.8 High resolution N 1s and O 1s XPS spectrum of CNW (a, ), PCNW1 (b, f), PCNW?2 (c, g) and PCNW3 (d, h).
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Obviously, the intensity of the four peaks affected by the KOH/CNW mass ratio,
and the intensity of C-N/C=N peak in PCNW samples are weaker than that of CNW.
This phenomenon is attributed to the fact that the nitrogen content decreases in the
KOH activation process. Fig. 5.8a, b, ¢ and d shows the deconvolution of the
high-resolution N 1s peaks of CNW, PCNWI, 2 and 3, respectively. The
deconvolution of the N 1s spectra yields three peaks: 398.4 eV, pyridinic nitrogen;
400.6 eV, pyrrolic nitrogen; and 401.6 eV, quaternary nitrogen [34, 35]. The highest
energy contribution of all samples at 400.6 eV is attributed to pyrrolic nitrogen,
whereas the energy contribution of pyridinic nitrogen (at 398.4 eV) gradually
decreases with the increase of KOH/CNW mass ratio, until turns into the lowest
energy contribution peak (as shown in Fig. 5.8d). This is may be due to the fact that
the pyridinic nitrogen can be more easily oxidized than the other types of nitrogen in
activation process. In addition, the resolution spectra of O 1Is can also be fitted into
three peaks and the results are shown in Fig. 5.8e-h. In detail, they are oxygen in —
OH/C-O (0O-1, 531.7 £ 0.2 eV), oxygen in C=0 (0-2, 533.5 + 0.2 eV), and oxygen in
C-O-OH (0-3, 534.9 £ 0.2 eV) [36]. These results indicate that the surface of PCNW
has some lactone, carboxyl and quinone groups [37]. The content of the three types of
oxygen atoms are listed in table 5.2. It is easy to find that after CNW is activated, the
content of O-3 significantly decrease and O-1 significantly increase. These oxygen
containing functional groups will have an interesting impact on the capacitive
performance of PCNW.

In short, a series of nitrogen doped porous carbon nanowires with high specific
surface area and temperate content of nitrogen doped into carbon framework are
prepared by KOH activated of a nonporous nitrogen-enriched carbon nanowires.
Owing to the unique features, the nitrogen-doped porous carbon nanowires are
expected to possess the superior electrochemical capacitive performance as the

electrode material for supercapacitors.
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5.3.3 Electrochemical performance

The electrochemical performances of the CNW and PCNW samples were detected
by the techniques of CV, GCD and EIS in the 1 M H,SO, aqueous solution. Fig. 5.9
illustrates CV curves of the CNW and PCNW at a scan rate of 0.01 V s'. CNW
exhibits a typical capacitive behavior with a quasi-rectangular shape, indicating its
ideal capacitance behavior [38]. Furthermore, a pair of weak and broad peaks can be
observed at a voltage range of 0-0.4 V, indicating that the capacitance results from the
combination of EDLC and pseudocapacitance corresponds to redox reaction (as
shown in Eq. 5.9 and 5.10 of the nitrogen content in samples [34, 12].

-C=NH +2¢ +2H" < -CH-NH, (Eq. 5.9)
-C-NHOH +2¢ + 2H" <> -C-NH, +H,0  (Eq. 5.10)

Compared with CNW, PCNW exhibits a special leaf-shaped of CV curve, which is
attributed to the porous structure of PCNW. Especially, on the CV curve of PCNW2,
a pair of more obvious peaks is found, which is owing to the fact that the highest
specific surface area of PCNW2 improves the contact area between PCNW2 and
electrolyte, though the nitrogen content of PCNW2 is less than that of CNW.
Furthermore, the oxygen containing groups on the surface of PCNW also contribute
to the overall capacitance through pseudocapacitance [39]. For example, quinone
groups bring pseudocapacitance through redox reaction; lactone groups introduce
electron-acceptor property in the carbon surface. However, these contributions
stemming from quinone and lactone groups will be impaired by the carboxyl groups
by its hindering and retarding the electrolyte contact the carbon surface [37]. From
table 5.2, the content of O-3 significantly decreases, which will benefit for the
capacitive performance of PCNW. Finally, the area enclosed by the CV curves of
PCNW, which is proportional to the capacitance [40, 41], increases first and then
decrease with the increase of the KOH/CNW mass ratio. These results indicate that

PCNW?2 sample possesses an excellent electrochemical capacitive performance.
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Fig. 5.9 CV curves of CNW, PCNW1, PCNW2 and PCNW3.

The electrochemical performance of as-prepared samples was further analyzed by
the GCD method and the results are shown in Fig. 5.10. The discharge time of
PCNW?2 is markedly longer than those of other samples, suggesting that the PCNW2
possesses further more excellent electrochemical capacitive performance than the
other samples. We can get the specific capacitance by these curves [42]. From Eq. 2.2,
the specific capacitances of CNW, PCNW1, 2 and 3 are 206, 220, 291 and 180 F g'l,
respectively, at a current density is 1 A g, and the specific capacitance of PCNW
increases first and then decreases with the increase of the KOH/CNW mass ratio.
These results are in accordance with those deduced from CV curves. Furthermore,
more interesting is that in the PCNW samples, it appears a sudden potential drop (IR
drop), and the IR drop increases with the increase of KOH/CNW mass ratio. This can
be attributed to the resistance of electrolyte and the inner resistance of ion diffusion in

micropores [43, 44].
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Fig. 5.10 GCD curves of CNW, PCNW1, PCNW2 and PCNW3

To further study the capacitive behavior samples, EIS was used to measure the
charge transport and ion diffusion. The Nyquist plots of the samples are demonstrated
in Fig. 5.11a. Except for CNW, the other samples present similar shapes, and are
composed of three parts: a semi-circular line in the high frequency region,
corresponding to charge transfer resistance; a nearly 45° diagonal line in the medium
frequency region, corresponding to diffusion resistance; a nearly vertical line in the
low frequency region, corresponding to capacitive behavior [45]. We can find that
PCNW1 and PCNW3 exhibit high charge transfer resistance due to the fact that they
have large diameter of semi-circular at the high frequency region. For CNW, the
Nyquist plot does not show semicircle regions, probably due to its low faradaic
resistance [46]. Moreover, the equivalent series resistance (ESC) of the sample can be
obtained from the x intercept on the Nyquist plot, corresponding to the conductivity of
both material and electrolyte [47]. Fig. 5.11a inset shows that the ESC of CNW,
PCNWI, 2 and 3 are 1.43, 1.25, 1.06 and 1.42 Q, respectively, which indicates that
the KOH activation benefits for the decrease of the ESC, and the ESC of PCNW
decreases with the increase of KOH/CNW mass ratio. At the same time, the
equivalent circuit for Nyquist plots of PCNW2 is shown as the inset in Fig. 5.11a. The

EIS data are fitted by the internal resistance (Rs), the charge transfer resistance (Ryy),
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the diffusion resistance (Zy), the electrochemical double layer capacitance (Cqr), and
the Cp to attribute to the limited pseudocapacitance [48, 49]. The Nyquist plots and
fitting estimations (as shown in table 5.3) reveal obviously lowest Rs and Rct values
for PCNW2, indicating that KOH activation could effectively facilitate ion transfer,

compared to the CNW.

Fig. 5.11 (a) EIS curves of CNW, PCNW1, PCNW2 and PCNW3; (b) the Nyquist plots

of PCNW?2 for raw and fitted data.

Table 5.3 Equivalent circuit parameters fitted from Nyquist plots for PCNW1, 2 and 3.

RS Rct ZW
Sample 5 o 5
(ohm cm?) (ohm cm?) (Ss?? em™)
PCNW1 1.37 4.603 0.3236
PCNW2 1.19 0.338 0.5224
PCNW3 1.55 9.135 0.1386

Fig. 5.12a shows the CV curves of PCNW?2 at different scan rates (0.01-0.1 V s™).
With the increase of the scan rate, the response current of PCNW?2 increases clearly,
suggesting its good rate ability. Need to pay attention to is that the pair of peaks
attributed to pseudocapacitance disappears at the scan rate of 0.05 V s (as shown the
inset of Fig. 5.12a), which is due to the fact that there is not enough time for redox

reaction, and the specific capacitance of PCNW2 will decline by the contribution of
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pseudocapacitance decrease. Fig. 5.12b shows the GCD curves of PCNW?2 at different
current densities (1-10 A g). Basically, the shapes of the GCD curves are closely
linear and symmetrical, even when the current density reaches to 10 A g”'. The GCD
curve still remains the nearly linear-like shape, indicating an excellent capacitive
performance. Compared with PCNW2, the GCD curves of PCNWI1 and 3 at current
densities of from 1 to 5 A g”' (as shown in Fig. 5.12¢ and d) are far from the linear
and symmetrical shape, and exhibit the large IR drop with the increase of current

density, suggesting that PCNW1 and 3 lose the fast charge-discharge performance.

Fig. 5.12 CV (a) and GCD (b) curves of PCNW2 at different scan rate and current
density; GCD curves of PCNW1 (c) and PCNW3 (d) at different current densities.

Fig. 5.13 shows the specific capacitance as a function of current density for all
samples. It is clear that the specific capacitance of all samples decreases with the
increase of current density. However, PCNW1 and 3 almost linearly decrease, which

further evidences the conclusions from Fig. 5.12b. Some studies have shown that,
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there are four conditions if porous carbon materials exhibit excellent capacitive
performance [50-53]: (1) some macroporous cores can serve as ion buffering
reservoirs; (2) a certain number of mesoporous walls guarantee a smaller ion transfer
resistance; (3) prolific micropores accommodate charge; (4) localized graphitic
structure enhance the electrical conductivity. The fast charge-discharge performance
is mainly depended on the abundant macropores [53], and IR drop is closely related to
the inner resistance of ion diffusion in micropores and the electrical conductivity of
materials [43]. However, with the increase of KOH/CNW mass ratio, though the
specific surface area of PCNW significantly increases, the macroporous volume and
area both decrease (as shown in table 5.1). This means the collapse of macropores;
also, the graphitic structure of CNW is possibly damaged by the KOH activation.
Therefore, with the increase of KOH/CNW mass ratio, PCNW samples gradually lose

the fast charge-discharge performance, and exhibit obvious IR drop.

Fig. 5.13 Specific capacitance versus current density of CNW, PCNW1, PCNW2 and
PCNW3.

Fig. 5.14a shows that the cycling performance of PCNW?2 is dependent on the
current density. During the first 100 cycles with a GCD current density of 1 A g, the
specific capacitance is stabilized at 290 F g™ In the following 500 cycles, although
the current density continues to increase, PCNW?2 always shows a stable specific

capacitance. When the current density returns to 1 A g™, the specific capacitance (285
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F g) is almost unchanged compared with the first 100 cycles, suggesting that the
PCNW?2 has an excellent rate capability. Its GCD test was measured at a current
density of 3 A g™ for 5000 cycles. The result also shows its cycle stability (Fig. 5.14b).
The specific capacitance of PCNW2 has a slight decline of about 5.2 % after 5000
cycles, suggesting excellent cycle stability. It is noteworthy that, the pair of peaks on
the CV curve disappears after 5000 cycles (as shown the inset of Fig. 5.14b). This
means that the pseudocapacitance is contributed to the total specific capacitance
decrease, and this is the reason why the specific capacitance decreases after 5000

cycles.

Fig. 5.14 (a) Dependence of cycle stability in the current density of PCNW2; (b) cycle
stability of PCNW2 at a current density of 3 A g

A two-electrode system is often used to evaluate the applicability potential of
supercapacitors materials, because it can show the most exact results. In order to
further confirm the excellent capacitive performance of PCNW2 from the
three-electrode system, we also carried out the CV and GCD tests in two-electrode
systems, and the results are shown in Fig. 5.15. The voltage window is a key factor
for two-electrode systems, for it can directly impact the energy density and specific
capacitance of supercapacitors [54]. CV and GCD tests were performed in different
voltage windows to define the best operating voltage window. As shown in Fig. 5.15a,

all CV curves exhibits a quasi-rectangular shape even at the voltage window is 0-1.6
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V. These results reflect an ideal capacitive behavior. Furthermore, the current
response of CV curves gradually increases with the voltage window increase. This
phenomenon means that the specific capacitance of symmetric capacitor gradually
increases. The CNW CV curve in the voltage window of 0-1.6 V in two-electrode
systems is also shown in Fig. 5.16. Its current response is significantly smaller than
that of PCNW2. This result further proves that the capacitive performance of PCNW2
is better than that of CNW. Fig. 5.15b shows the GCD curves of PCNW2 in
two-electrode at different voltage windows. All GCD curves show the equilateral
triangle shape, which still means the ideal capacitive behavior. We can obtain specific
capacitances of different voltage windows by Eq. 2.2 [55]. From Eq. 2.2, the specific
capacitances are 42.4, 47.1, 51.9 and 56.1 F g'1 at 0-1.0, 0-1.2, 0-1.4 and 0-1.6 V,

respectively. These results also evidence the inference of CV curves.

Fig. 5.15 CV (a, scan rate is 0.01 V s) and GCD (b, current density is 0.8 A g)

curves of PCNW2 in two-electrode system at different voltage windows

For supercapacitors with excellent performance, the high power and energy density
are expected. The energy density (E, Wh kg) and power density (P, W kg) were
calculated from the GCD curves according to Eq. 2.3 and 2.4 [56, 57]. The
relationship between power and energy density (Ragone plot) of different voltage
windows at a series of charge-discharge rates for PCNW2 is shown in Fig. 5.17a. In
general, the energy density gradually decreases with the increase of power density; at
the same charge-discharge rate, the power and energy density gradually increase with

the voltage window increase. The maximum energy density (21.9 Wh kg™, as shown
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in table 5.4) achieved at the current density of 0.4 A g with a voltage window of
0-1.6 V. At the current density of 3.2 A g and voltage window of 0-1.6 V, the power
density reaches to 2560 W kg™, and the corresponding energy density is 14.9 Wh kg™
Compared with the current density of 0.4 A g, the energy density retention is

68.0 %.

Fig. 5.16 GCD curves of PCNW?2 in two-electrode systems at voltage windows of
0-1.0V (a), 0-1.2 V (b), 0-1.4 V (c) and 0-1.6 V (d).

In the same condition, the energy density retention is 59.4 %, 62.1 % and 67.5 % at
voltage windows of 0-1.0 V, 0-1.2 V and 0-1.4 V, respectively (as shown in table 5.4).
The energy density retention of 0-1.6 V is higher than those of the other voltage
windows, and this further suggests that the voltage window is a key factor for
supercapacitors. PCNW2 shows the significant advantage, compared with the
previous reports energy density of carbon materials (< 10 Wh kg') [58-61]. In
addition, the Ragone plot of CNW in 0-1.6 V was obtained by GCD test at different

current densities (as shown in Fig. 5.17c, d, e and f), and the results are shown in Fig.
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5.17b. The energy density of CNW is much smaller than that of PCNW2, and the
energy density retentions of CNW and PCNW?2 are 77.9 % and 81.7 %, respectively.
These results further suggest that the capacitive performance of CNW has been
greatly improved after KOH activation. To sum up, these above results indicate that
the optimal voltage window of PCNW2 samples in two-electrode systems is 0-1.6 V,

and this window is very suitable for supercapacitors.

Fig. 5.17 (a) Ragone plot of PCNW?2 in two-electrode system at different voltage
windows; (b) Ragone plot of CNW and PCNW?2 in symmetric two-electrode systems;
GCD curves of CNW and PCNW?2 in two-electrode systems at current density of 0.8
(c),1.0(d), 1.4 (¢) and 2.4 () A g
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Fig. 5.18 (a) Cycle stability of PCNW2 in two-electrode system at a current density is
2.4 A g, the inset is a Ragone plot of PCNW?2 before and after 5000 cycles; CV (b,
scan ratio is 0.01 V' s™) and GCD (c, current density is 2.4 A g') curves of PCNW2 in
two-electrode systems before and after 5000 cycles; (d) GCD curves of PCNW?2 at

different current density in two-electrode systems after 5000 cycles.

We also evaluated the cycle stability of PCNW2 in two-electrode systems by
repeating the GCD test at the current density of 2.4 A g™ in 0-1.6 V and the result is
shown in Fig. 5.18a. The specific capacitance of PCNW2 in two-electrode systems
shows a 1.9 % variation after 5000 cycles, indicating the excellent cycle stability. We
compared Ragone plot of PCNW?2 before and after 5000 cycles to further understand
the excellent electrochemical stability of the sample, and the results are shown in the
inset of Fig. 5.18a. PCNW2 also exhibits a high energy density (21.4 Wh kg™) at a
current density of 0.4 A g after 5000 cycles, and compared with before cycle, the
energy density retention is 97.7 % (as shown in table 5.5). Even at the current density
of 3.2 A g, the energy density is still as high as 14.6 Wh kg™ after 5000 cycles, and
the energy density retention is 98.0 % compared with that before cycle. These results

further evidence the excellent cycle stability of PCNW2.
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Table 5.4 The specific capacitance and energy density of PCNW?2 in two-electrode systems

Vol '::’fre,l en, 0.6 0.8 1.0 1.2 1.4 1.6 2.4 32 EDR (%) ¢
g ~4gl ct B C E C E C E C E C E C E C E C
0-1.0 460 64 442 62 424 59 407 57 392 54 374 52 365 51 317 44 272 38 59.4
0-1.2 512 103 490 98 471 94 450 9.0 439 88 420 84 413 83 362 73 320 64 62.1
0-1.4 565 154 539 147 519 141 501 137 488 133 47.1 128 459 125 420 117 384 104 67.5
0-1.6 617 219 583 206 561 197 541 192 527 186 509 181 497 17.7 453 161 418 149 68.0

* The specific capacitance (F g') of PCMW2 sample in two-electrode systems.

® The energy density (Wh kg™') of PCNW2 sample in two-electrode systems.

° The energy density retention, the energy density at current density of 3.2 A g divided by that of current density of 0.4 A g”'.

Table 5.5 The specific capacitance and energy density of PCNW2 before and after 5000 cycles in two-electrode systems

Current density Before 5000 cycles After 5000 cycles
¥ . - EDR (%) °
(Ag) C E C
0.4 61.7 21.9 60.5 214 97.7
0.6 58.3 20.6 58.0 20.3 98.5
0.8 56.1 19.7 55.0 19.4 98.5
1.0 54.1 19.2 53.5 19.0 99.0
1.2 52.7 18.6 52.0 18.4 99.0
1.4 50.9 18.1 50.3 17.9 98.9
1.6 49.7 17.7 49.2 17.5 98.9
2.4 453 16.1 44.8 159 98.8
32 41.8 14.9 41.2 14.6 98.0

* The specific capacitance (F g') of PCNW2 sample in two-electrode systems at voltage window of 0-1.6 V.
® The energy density (Wh kg™) of CPPy2-2 sample in two-electrode systems at voltage window of 0-1.6 V.
¢ The energy density retention, the energy density of after 5000 cycles divided by that of before 5000 cycles.

120



5.4 Conclusions

In conclusion, nitrogen doped porous carbon nanowires with high specific surface
area and adequate nitrogen content are prepared by KOH activation of nonporous
nitrogen doped carbon nanowires. The specific surface area of PCNW2 is 1642 m? g’
with a nitrogen content of 2.41 at. %. The co-contribution of EDLC and
pseudocapacitance makes PCNW?2 high capacitance of 291 F g™ at the current density
of 1 A g"'. The PCNW?2 also shows excellent rate capability and good cycle stability
(94.8 % capacitance retention after 5000 cycles). Moreover, the results in symmetric
two-electrode systems suggest that PCNW2 possesses high energy density (21.9 Wh
kg™ at the current density of 0.4 A g), and high the energy density retention of 68.0 %
at the current density of 3.2 A g'. Overall, these features indicate a promising

electrode material for supercapacitors application.
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Chapter 6 Preparation of MnO,/carbon

nanowires composites for supercapacitors

6.1 Introduction

The above studies focused on the development of negative electrode materials. In
order to assemble the full supercapacitor, the study was transferred to the
development of positive electrode material. Till now, many transition metal oxides
nanomaterials, such as Co304 [1-3], NiO [4-6] and MnO, [7-10], have been widely
used in positive electrode of supercapacitors due to their multiple oxidation states at
the charge/discharge process. Especially, MnO, as one of the most promising
materials for energy storage owing to its low cost, high energy density, nature
abundance and low environmental pollution [11], has been favored by researchers [12,
13]. Unfortunately, MnO,-based materials exhibit poor conductivity and cycling
performance, these defects limit their development into supercapacitors [14]. In order
to solve these problems, some research focused on preparation of MnQO,/special type
carbon composites, which was shown an effective method [15-17]. Currently, carbon
nanotube (CNT) [18], graphene (GS) [19] and active carbon [20] are often used as the
carbon content in the composites due to their remarkable properties, such as high
surface area, excellent electronic conductivity, unique internal structures, reasonable
chemical stability, superior thermal stability, low mass density and outstanding
intrinsic strength [6, 21]. However, the preparation processes of these special type
carbon materials are often complex [22, 23], and these carbon materials usually need
a pretreatment process for improving agglomeration and insolubility in water before
preparation of MnO,/carbon composites, which will further increase the cost and
cause severe environmental problems [24-26].

MnO,, as we all know, differences in its morphology can cause different specific
surface area and surface to volume ratio, which can further lead to different

electrochemical performance [6]. MnO; has much morphology attributed to its
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crystallographic structure, and the effect of MnO, morphology on its capacitive
performance has been studied. For example, Devaraj [27] and Yin [28] showed that
the specific capacitance (SC) of MnO, depends strongly on the crystallographic
structure, and the a-MnQO, achieved the highest SC. Especially, Sun et al. prepared
various crystallographic structures of MnO; by a hydrothermal method under different
reaction times [29], and the results further showed that the above phenomenon mainly
due to the fact that a-MnO, possesses large tunnel size, the insertion of electrolyte
cations. Therefore, Mn centers located both in the bulk and at the surface can
contribute to the faradaic charge storage. Although researchers already have
conducted an in-depth study for MnO, itself, the relationship between MnQO,/carbon
composites crystallographic structure and their capacitive performance is rarely
reported.

In this paper, we report an efficient preparation of MnO,/carbon nanowire
composites (CNWMn) as the electrode materials for supercapacitors. The carbon
nanowires (CNW) were produced with a simple method (based on our previous study
[30]). Polypyrrole (PPy) nanowires are prepared by chemical oxidation method, and
then CNW were obtained by direct carbonization of PPy nanowires. The preparation
process of CNW is simpler than that of the other special carbon materials (CNT, GS).
However, it still has problems such as the energy consumption and environmental
impact of carbonization process, which we believe will be gradually overcome with
the development of the technique. Moreover, the CNW contains many oxygen or
nitrogen-containing functional groups (as shown in Table 1 and SI 5), and these
functional groups can greatly improve the dispersion of CNW in water [31, 32] (the
dispersion result as shown in SI 1, compared with commercially available
multi-walled CNT, the CNW exhibited more excellent dispersion in water) These
CNW with these advantages are then used to prepare MnO,/carbon composites. In the
current study, we prepared various morphologies of CNWMn through a redox
reaction between KMnO4 and CNW by hydrothermal method under different reaction
times, and we find that the morphologies of CNWMn have a profound effect on their

electrochemical performance by three-electrode systems. We also assembled a
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two-electrode asymmetric system using CNWMn2 and porous carbon nanowires
(PCNW, preparation method based on our previous study [30]) as the positive and
negative electrode, respectively. We find that the composites in asymmetric systems

possess the high energy density, excellent rate capability, and high cycle stability.

6.2 Experimental section

6.2.1 Materials

Pyrrole (Py) monomer was purified by distillation under reduced pressure before
use. Multi-walled carbon nanotube (MWCNT) powder was purchased from Institute
of Chemical Physics (Chengdu, Chain). The other reagents, such as KOH, ammonium
persulphate (APS), cetrimonium bromide (CTAB), KMnO4 and hydrochloric acid
(HCI), all were locally commercially available and of analytical grade, and were used

without further purification. All solutions were prepared with distilled water.
6.2.2 Preparation of porous carbon nanowires (PCNW)

PCNW samples were obtained by KOH activation method based on our previous
study [30]. A typical process as follows: first, we prepared of PPy nanowires. 0.757 g
CTAB, 0.5 mL Py and 10.5 mL HCI (12 mol L") were add in 52 mL deionized water
and stirred for 2 h; 10 mL 0.83 M APS solution was added into the above mixture and
the reaction was performed under room temperature for 1 h. The product was
removed from solution and washed with deionized water, dried in vacuum at 50 °C for
12 h to obtain the PPy nanowires. Second, PPy nanowires was carbonized under
flowing N, at 750 °C for 2 h, and obtained the carbon nanowires (CNW). Third, a
mixture of the KOH and CNW in the weight ratio of 2/1 was heated in a tube furnace
in N, atmosphere at 800 °C for 1 h, and the product was washed with HCI solution
and deionized water till the filtrate became neutral and drying at 80 °C for 12 h. Then
the PCWN sample was obtained. In addition, in order to show the dispersion of CNW

in water, a certain amount of CNW and MWCNT was dispersed in deionized water
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(0.275 mg mL™") with 0.5 h sonication, respectively, followed by standing for 8 h.
6.2.3 Preparation of CNW/MnO, composites (CNWMNn)

The CNWMn composites were prepared by directly reacting KMnO4 with CNW.
Briefly, 0.110 g KMnOy dissolved in 200 mL deionized water, and then 0.055 g CNW
added the above solution under sonication. After 1 h for sonication, the solution was
transferred to a Teflon-lined stainless steel autoclave (capacity of 200 mL) and heated
at 140 °C in an electric oven for a certain time (see below). Based on the reaction time,
the samples are denoted CNWMnl (1 h), CNWMn2 (2 h), CNWMn3 (4h) and
CNWMn4 (8 h). The autoclave was cooled naturally to room temperature, and the
products were filtered, washed by water to remove the residual reactants. Finally, the
products were dried in an oven at 80 °C. For comparison, we also prepared MnO,X
(X=1, 2, 3, 4, where the X stands for the reaction time 1, 2, 4 and 8 h, respectively) at
the same conditions except CNW replaced by HCI (37 %, 0.5 mL). Moreover, CNW
was still carried out hydrothermal treatment for 2 h (HCNW) for comparison with

CNW.
6.2.4 Characterizations

The morphology of samples was characterized by scanning electron microscopy
(SEM, s-4300, Hitachi Co., Ltd. Tokyo. Japan). The crystallographic structure of
samples was tested by X-ray diffraction system (XRD, XRD-600, Shimadzu Co., Ltd.
Kyoto, Japan). Surface area and pore size distribution measurement (ASAP 2020,
surface area and pore size analyzer, Micromeritics) was carried out by nitrogen
adsorption-desorption at bath temperature of -196 °C. The X-ray photoelectron
spectroscopy (XPS) analysis was performed on PHI Quantum 5000 equipped with an

Al Ka radiation source.
6.2.5 Electrochemical measurement

The fabrication of working electrodes was carried out as follows. The samples,
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acetylene blank and polytetrafluoroethylene (PTFE) were mixed at a mass ration of
90:5:5. In the Following, ethanol (50 uL) added the mixture and grinding adequately
to obtain a paste. Then the paste was coated onto the nickel foam substrate and dried
in a vacuum oven at 80 °C for 12 h. Finally, the nickel foam substrate compressed at
10 MPa for 5 min.

The electrochemical properties of samples were studied in three and two-electrode
systems in 6 M KOH electrolyte with electrochemical workstation (CHI 660D,
Shanghai Chenhua, China). In three-electrode systems, saturated calomel electrode
was used as the reference electrode and platinum foil as the counter electrode; in
asymmetric two-electrode systems, the active materials of positive and negative
electrode were CNWMn and PCNW, respectively. Cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD) and electrochemical impedance spectroscopy
(EIS) tests were respectively performed in three and two-electrode systems. The EIS
was measured with frequency range between 10° to 10? Hz. The SC of electrode

based on GCD curves was evaluated according to Eq. 2.2 [33].

6.3 Results and discussion

6.3.1 Microstructural characterization

In this study, CNW was used as the both reducing agents and scaffolds for MnO,
growth. MnO, nanostructures grew on the surface of CNW based on the self-limiting
reaction between KMnO, and carbon in neutral aqueous solution through the
hydrothermal method [34]. The redox reaction (Re. 6.1) can be expressed as follows
[35, 36]:

4MnOy4 +3C + H,O — 4MnO,+ COs* +2HCO;  (Re. 6.1)

130



Fig. 6.1 SEM image of CNWMnl (a), CNWMn2 (b), CNWMn3 (c), CNWMn4 (d),
MnO;1 (e), MnO;2 (f), MnO,3 (g), and MnO,4 (h).
SEM was used to examine the morphology of prepared CNWMn and pure MnO,
samples, and the results were shown in Fig. 6.1. Compared with pristine CNW, the

clean surface and net nanowires structure of CNW (as shown in Fig. 6.2a) were
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coated by thin nanosheets MnO, (formed the core/shell structure) in sample
CNWMnl and 2 (as shown in Fig. 6.1a and b, respectively), and no aggregations of
MnO, nanoparticles were observed. Moreover, it is interesting to note that a few of

nanofibers MnO, were also observed in CNWMn2. For pure MnO,, after a reaction of

Fig. 6.2 SEM image of CNW (a) and PCNW (b).

1 h (MnO,1, as shown in Fig. 6.1e), the mixed solution of KMnO4 and HCI aqueous
resulted in the nucleation and growth of nanoflowers, and the nanofolwers were
comprised of many wrinkled nanosheets, which were self-assembled perpendicular to
the outer surface of the nanoflowers. When the reaction time was increased to 2 h
(MnO,2, as shown in Fig. 6.1f), similar to CNWMn2, short nanofibers began to
emerge between nanosheets, but the flower-like morphology persisted. The above
phenomena suggest that the nucleation of MnQO; is inhibited due to the intervention of
CNW. When the reaction time was further prolonged to 4 h, for CNWMn3 sample (as
shown in Fig. 6.1c), more nanofibers MnO, were observed, and a little of nanofibers
MnO, changed into nanorods MnQO,. Furthermore, lots of aggregations of MnO,
nanoparticles were observed; on the contrary, the core/shell structure of CNW coated
by nanosheets MnO, was hard to observe. Different to CNWMn3, some nanorods and
a little of aggregations were observed in MnO;,3 (as shown in Fig. 6.1g), and the
flower-like morphology disappeared. Finally, after reaction time of 8 h, many
nanorods and a little of aggregations were observed in CNWMn4 (as shown in Fig.
6.1d). However, for MnO,4 (as shown in Fig. 6.1h), the aggregations disappeared
completely, moreover, a large number of nanorods formed and the diameter of the

nanorods also increased, compared to the CNWMn3. These morphology differences
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between CNWMn and pure MnO, further indicate that CNW inhibits the space
growth of MnQO,. The growth process of CNWMn and pure MnO; based on the
reaction time will be described later in the paper.

XRD was carried out to investigate the phase and crystallinity of the CNWMn
samples with different reaction times, as shown in Fig. 6.3a. For CNW sample (as
shown in Fig. 6.3b), there are two broad peaks (24° and 43°), resulted from the (002)
and (101) plane of graphite, respectively [37, 38]. For CNWMnl and 2 samples,
except the signals of CNW, several new broad diffraction peaks can be observed with
20 around 12° 25°, 37° and 66°, corresponding to the (001), (002), (006) and (119)
diffraction of 6-MnO, crystalline phase, respectively (JCPDS no. 18-0802) [39, 27];
the broad and low intensity peaks suggest a poor or polycrystalline feature of the
0-MnQO,. Meanwhile, three weak peaks appeared in the CNWMn2 sample, the peaks
at 26° and 34° attributed to (120) and (031) plane of y-MnQO,, respectively [40], and
the peak at 54° attributed to (600) plane of a-MnO, [41]. This discovery corresponds
the nanofibers MnO, in SEM image of CNWMn2. However, for the CNWMn
obtained at hydrothermal reaction of more than 2 h (CNWMn3 and 4), many sharp
and high intensity peaks corresponding to a-MnO, (JCPDS no. 44-0141) [12] and
v-MnO;, (JCPDS no. 14-644) [40] appeared, indicating the high crystallinity of MnO,
prepared by the hydrothermal method [42]. Moreover, the a- and y-MnO; correspond
to the nanorods and aggregations MnO, in SEM images of CNWMn3 and 4. For
comparison, we also tested the XRD spectrum of MnO, samples with different
reaction times, and the results are shown in SI 6. From Fig. 6.3¢c, we also found four
broad diffraction peaks corresponding to 6-MnO, when the reaction time was less
than 2 h (MnO,1 and 2). However, the crystalline structures of MnO,3 and 4 (the
reaction time is 4 and 8 h, respectively) are different with CNWMn3 and 4. They
exhibited the complete crystalline structure of a-MnO,, suggesting the difference of
the formation process of pure MnO, and CNWMn composites. The growth process of

MnO; when CNW participation will be further explained in following content.

133



Fig. 6.3 (a) XRD patterns of CNWMnl, CNWMn2, CNWMn3 and CNWMn4; (b)
XRD patterns of WPPy, CNW and PCNW; (c) XRD patterns of MnO,1, MnO,2,
MnO,3 and MnO»4.
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Fig. 6.4 N, adsorption-desorption isotherms of CNWMnl, CNWMn2, CNWMn3 and
CNWMn4 (the inset of b is pore size distribution plots).

The nitrogen adsorption/desorption isotherm for the CNWMn samples and their
corresponding pore size distribution are shown in Fig. 6.4. For CNWMnl and 2, they
show a distinct hysteresis in the large range from 0.45 to 1.0 P/P,, and the isotherm
can be classified as a type IV isotherm with a type H2 hysteresis [43, 44]. These
results suggest that these samples possess mesopores formed by nanoflakes MnO, on
the surface of CNW or CNWMn nanowires stack. However, when the reaction time
was more than 2 h, the hysteresis in the range of 0.45 to 1.0 P/P, gradually
disappeared (for CNWMn3 and 4, as shown in Fig. 2b), indicating that the mesopores
structure gradually disappeared. This is owing to more and more nanorods MnQO; is
generated with the increase of reaction time (as shown in Fig. 6.1). The inset of Fig.
6.4 shows the pore size distribution curves recorded by the adsorption process of the
isotherms. From the inset, we can find that CNWMnl and 2 possess the prolific
mesopores structure in a narrow range of the pore size from 4 to 10 nm. Similar to
isotherms, the prolific mesopores structure gradually disappeared with the increase of
reaction time. In comparison, the isotherm of CNW (as shown in Fig. 6.5a) shows the
type-I1 sorption isotherm, suggesting the non-porous structure [45]. Moreover, a

distinct H3 hysteresis was observed at a range of 0.9 to 1.0 P/P,, reflecting the
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Fig. 6.5 N, adsorption-desorption isotherms of CNW (a) and PCNW (b), and the inset

is pore size distribution polts.

existence of stacking macroporous structure by CNW nanowires. The BET specific
surface area (Sggr) and total pore volume of samples are shown in Table 6.1. The Sggr
and pore volume of CNW remarkably decreased when CNW reacted with KMnO,4 by
hydrothermal reaction. Furthermore, it is noted that the Sggr and pore volume of
CNWMn increased first and then decreased with the reaction time, and the highest
Sger (213 m” g') of CNWMn was achieved at the reaction time of 2 h (CNWMn2).
This phenomenon is consistent with the literature [46] and can be explained as
following: the Spgr mainly depend on the pore structure where the N
adsorption/desorption takes place [47]; here, CNWMn2 exhibits a few of nanofibers
structures, which leads to the increase in pore structure for N, adsorption/desorption
by associating with the nanoflakes structure (it was confirmed by the inset of Fig. 6.4)

[47], though XRD showed a more amorphous structure at reaction time of 1 h.

Table 6.1 Pore volume, specific surface area and pore size of samples

Sample Pore Volume (cm’ g'l) St (m? g'l) Average pore size (nm)

CNW 0.75 406 40.10
CNWMnl1 0.34 182 60.8
CNWMn2 0.39 213 50.7
CNWMn3 0.26 131 98.0
CNWMn4 0.22 97 122.2
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These results further indicate that the nanoflakes MnO, were successfully and
homogeneously coated on the surface of CNW as reaction time less than 2 h, and this
phenomenal would have a profound impact on electrochemical performance of

CNWMn samples.

Fig. 6.6 XPS survey spectra of CNWMnl, CNWMn2, CNWMn3 and CNWMn4;

XPS was conducted for a better understanding of the chemical composition and the
valence states of Mn, C and O in CNWMn composites. The survey of XPS spectra of
CNW shows the signals of C, O and N elements. Compared with CNW, the XPS
spectrum of CNWMn added a signal of Mn element (as shown in Fig. 6.6). As shown
in Table 6.2, the content of C and N obviously decreased, just the opposite, and the
content of Mn and O obviously increased after CNW went through the hydrothermal
reaction. In addition, it is also found that the content of Mn and O gradually increased
in CNWMn composites with the reaction time increase. This result suggests that the
hydrothermal reaction has been conducted with the increase of reaction time.

Table 6.2 XPS spectrum analysis of samples

Sample C/at. % N/at.% O/at. % Mn/at. %  O/C Mn/C  O-Mn (%) O-C (%)

CNW 89.06 533 5.61 -- 0.063 -- -- --
CNWMnl 56.46 3.23 26.17 14.14 0.464  0.250 43.3 56.7
CNWMn2 51.29 2.57 28.79 17.35 0.561  0.338 56.3 43.7
CNWMn3 47.86 1.77 31.23 19.14 0.653  0.400 59.3 40.7
CNWMn4  42.37 1.67 33.59 22.37 0.793  0.528 60.5 39.5
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Fig. 6.7 (a) High resolution Mn 2p XPS spectra of CNWMn2; (b) high resolution of C
1s XPS spectra of CNWMn2; High resolution O 1s XPS spectra of CNWMnl (c),
CNWMn2 (d), CNWMn3 (e) and CNWMn4 (f).

The high resolution Mn 2p spectra (as shown in Fig. 6.7a) of CNWMn2 show a Mn
2p1, peak at 654.2 eV and a Mn 2p;3,, peak at 642.6 eV. The binding energies of Mn
2p with a spin energy separation of 11.6 eV are consistent with literatures reported
previously, confirming the formation of MnO, [48, 49]. Fig. 6.7b shows the high
resolution C 1s spectra of CNWMn2, which can be fitted as four peaks at binding
energies of 284.5, 285.6, 286.6 and 288.4 eV, corresponding to C-C, C-O, C-N/C=N
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and C=0, respectively [44, 50]. Fig. 6.7c, d, e and f show the high resolution O 1s
spectra of CNWMn composites. Compared with high resolution O 1s spectra of CNW
(as shown in Fig. 6.8, it can fitted by three types of oxygen containing functional
groups on the surface of CNW), they can deconvoluted into two different peaks, at
530.1 and 532.4 eV, attributed to oxygen bonded with manganese (O-Mn) in MnO,
crystal lattice [51] and the oxygen complexes on the surface of CNW (O-C/O=C) [52],
respectively. The content of two types of oxygen atoms are also listed in Table 6.2. It
is easy to find that the content of O-Mn significantly increased and the O-C/O=C
significantly decreased with the reaction time increase. These transformations further
evidence that the hydrothermal reaction has never been interrupted, and they will have

an interesting impact in the electrochemistry performance of CNWMn composites.

Fig. 6.8 (a) XPS survey spectra of WPPy, CNW and PCNW; high resolution C 1s (b),
N Is (c) and O 1s (d) XPS spectra of WPPy, CNW and PCNW.

6.3.2 Growth process of the CNWMn nanostructures

In order to get the desired morphology and crystal phase for excellent
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electrochemical performance of CNWMn composites, it is important to understand
the formation process of the CNWMn composites nanostructures. Some growth
processes of the hydrothermally synthesized MnO; have been proposed by researchers.
Truong et al. proposed that the 6-MnO, nanosheets can be formed once the reaction is
initiated regardless of the reaction conditions, followed the 8-MnQO; nanosheets tend
to transform into a-MnO, nanodomains undergo an Ostwald ripening process [53]. Li
et al. reported that the a-MnO;, nanowires or nanorods tended to assemble along
lateral surface and form thick nanorods through an -eriented attachment” process
under the hydrothermal condition due to the formation of bundles could reduce the
surface-to-volume ratio and the surface energy [54]. However, the formation process
of MnQO,/carbon composites has rarely been reported. We infer that the formation
process of pure MnO, and CNWMn composites is different by the SEM and XRD
analysis, and Fig. 6.9 summarizes our view of the formation process of CNWMn

composites nanostructure based on the hydrothermal reaction time.

Fig. 6.9 Schematic illustrations of the growth process of CNWMn composites

controlled by the hydrothermal reaction time.

As shown in Fig. 6.9a, CNW nanowires dispersed into the KMnOj4 solution and

sonicated for 1 h, many MnQO, ions combined with electroactive functional groups of
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CNW via hydrogen bond (as shown in Fig. 6.9b). After hydrothermal reaction for 1 h,
as shown in Fig. 6.9c, the CNW nanowires were coated by MnO, nanosheets
(determined to be 6-MnO; by XRD and SEM) according to Re. 1. For preparation of
pure MnO,, the nanoflower-like MnO, (as shown in Fig. 6.10) made of 6-MnO,
nanosheets is also confirmed (revealed by XRD and SEM) and the reaction
mechanism is according to reaction (2) (Re. 2) [42]
4MnOg4 +4H" — 4MnO, + 30, + 2H,0 (Re. 2)
As we all know, the 6-MnO, nanosheets are in a metastable state and tend to be
diffused to stable a-MnQO, at high temperature and pressure [53]. In addition, some
researchers [55] have proposed that preparation of MnO,/carbon composites through
hydrothermal reaction. Besides Re.1, the reaction mechanism including the fact that
the MnO, nanosheets grow from the preformed nanocrystalline due to the
decomposition of KMnO, in water according to reaction (3) (Re. 3), when the
solution is further treated by the hydrothermal reaction:
4MnOy4 +2H,0 — 4MnO; +40H" + 30, (Re. 3)

Therefore, as shown in Fig. 6.9d (hydrothermal reaction for 2 h), the CNW nanowires
were further coated by more 6-MnQO; nanosheets according to Re. 1; moreover, some
MnO; nanofibers have formed according to Re. 3 due to pursuing the stable state. The
similar phenomenon appears in the preparation of pure MnO, at the reaction time of 2
h (as shown in Fig. 6.10). Subsequently, when the hydrothermal reaction time reached
to 4 h, some MnO, nanofibers started to undergo the Ostwald ripening process. For
preparation of pure MnO,, many a-MnO; nanorods have been formed by the Ostwald
ripening process (as shown in Fig. 6.10d, and revealed by XRD and SEM), and this
phenomenon agreed well with the previous reports [53, 56]. However, compared with
preparation of pure MnQO,, there are obviously different in preparation of CNWMn
composites at the reaction time of 4 h (as shown in Fig. 6.9¢). Except some a-MnO,
nanorods, many aggregations MnQO; (determined to be y-MnO, by XRD and SEM)
have been formed, and this is due to the fact that CNW nanowires impede the Ostwald
ripening process of nanofibers MnQO, transform into nanorods MnO,. This difference

will further impact the specific surface area and electrochemical performance of
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CNWMn composites. Finally, when the hydrothermal reaction time reached to 8 h, all
of MnQ, nanofibers transformed into the nanorods a-MnO, and all of nanoflower-like
MnO, completely disappeared in preparation of pure MnO, process (as shown in Fig.
6.10e, revealed by XRD and SEM). But, in preparation of CNWMn process, the
aggregations MnO, still had a certain reservations, though the nanorods MnO, formed

significantly (as shown in Fig. 6.91, revealed by XRD and SEM).

Fig. 6.10 Schematic illustrations of the growth process of pure MnO, controlled by

the hydrothermal reaction time.
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6.3.3 Electrochemical performance of CNWMn composites

The electrochemical performances of the as-prepared CNWMn composites were
first investigated by CV, GCD and EIS in a three-electrode configuration. Fig. 6.11
shows the CV curves of CNWMn composites at a scan rate of 0.01 V s”'. Compared
with CV curve of PCNW (as shown in Fig. 6.12), all the CV curves of CNWMn
composites deviate from the rectangular shape because of the intervention of MnO,
content. Generally, the shape of CV curve for MnO, electrode is close to square in

mild aqueous electrolyte (such as K,SO4 or Na,SO4 aqueous solution) [57].

Fig. 6.11 CV (scan rate of 0.01 V's™) curves of CNWMn composites in

three-electrode system.

However, CNWMn electrodes are an exception in KOH electrolyte and possess a
pair of peaks. The same phenomenon is also reported in the literatures [28] and [58].
Redox peaks of CV curves can be attributed to the intercalation and de-intercalation
of hydrated K from the electrolyte into the pores of the MnO, [58]. These results
further reveal that the CNWMn composites have been successfully prepared.
Furthermore, we also find that the peak current and potential increase first and then
decrease with the increase of the reaction time. Some researchers have proposed two

mechanisms of charge storage by MnO,. The first mechanism involves the
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intercalation/extraction of protons (H;0") or alkali cations such as Li", Na" and K"
into the bulk of the nanoparticles with the concomitant reduction/oxidation of Mn ions,
as shown in reaction (4) (Re. 4) [27, 59, 60]:

MnO, + H,O + xK" + (x + 1) ¢ 5 KxMnOOH + OH (Re. 4)
The second mechanism is a surface process, and which involves the
adsorption/desorption of alkali cations, as shown in reaction (5) (Re. 5) [28, 13]:
(MnOy) suface T M +& 5 (MnOOM) gurpuce M =Li", Na’, K" or H;0") (Re.5)

Fig. 6.12 CV (scan rate of 0.01 Vs™) curves of CNW and PCNW in three-electrode

system.

Generally, the bulk process (Re. 4) occurs in crystalline MnO,, and the surface
process (Re. 5) occurs in amorphous MnO, [27, 61]. In this study, when the reaction
time was less than 2 h, the CNW nanowires were coated by amorphous MnO,, and the
Re. 5 was in the dominant position. Moreover, the content of amorphous MnO, in
CNWMn?2 is higher than that of CNWMnl (revealed by XPS analyses), and this leads
to that the peak current and potential of CNWMn2 is higher that of CNWMnl.
However, when the reaction time was more than 2 h, the crystalline MnO; gradually
formed and the structure of CNW coated by amorphous MnO, gradually decreased
(revealed by SEM and XRD). These results lead to the Re. 4 gradually becoming

dominant in the reaction, which further affects the peak current and potential of
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CNWMn3 and 4 in CV curves. Finally, the area enclosed by the CV curves of
CNWMn, which is proportional to the SC [62], increases first and then decreases with
the increase of the reaction time. These analyses suggest that CNWMn2 sample
possesses an excellent capacitive performance.

The capacitive performance of CNWMn composites was further investigated by
GCD method and the results are shown in Fig. 6.13. All the GCD curves deviate from
symmetrical behavior and the corresponding CV curves deviate from the rectangular
shape. Simultaneously, all the GCD curves show two knees at 0.3 and -0.1 V,
respectively. We can further observe that the knee at 0.3 V does not significant change
with the increase of reaction time; on the contrary, the platform range of knee at -0.1
V significant decreases with the increase of reaction time. This phenomenon indicates
that the knee at 0.3 and -0.1 V corresponding to the Re. 4 and Re. 5, respectively. The
discharge time of CNWMn2 is markedly longer than those of other samples,
indicating that the CNWMn2 possesses the more superior capacitive performance
than the other samples, and we can get the SC by Eq. 2.2. The SC of CNWMnl, 2, 3
and 4 are 362, 465, 198 and 137 F g'l, respectively, at a current density of 1 A g'l. The
SC of CNWMn increases first and then decreases with the increase of the reaction

time, and this result further evidences the inference from CV curves.

Fig. 6.13 GCD curves (current density of 1 A g") of CNWMn composites in

three-electrode system.
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The EIS measurements were performed in order to further evaluate the capacitive
performance of CNWMn composites. The Nyquist plots of the samples are showed in
Fig. 6.14. All samples present similar shapes, and each EIS curve has a short arc
located at high frequency region, followed by an inclined line with a slope about 45°
in the medium frequency region, and a nearly vertical line in the low frequency

region.

Fig. 6.14 EIS curves of CNWMn composites in three-electrode system.

The diameter of the arc is revealing the charge transfer resistance, the 45° diagonal
line corresponding to diffusion resistance, and the nearly vertical line related to the
capacitive behavior [63, 64]. We can find that CNWMn2 exhibits the lowest charge
transfer resistance own to the fact that it has the least diameter of arc at the high
frequency region (as shown in the inset of Fig. 6.14). Meanwhile, CNWMn2 also
possesses the lowest diffusion resistance and best outstanding capacitive performance
than those of the other samples, which is attributed to the fact that it shows the
shortest 45° diagonal line and the largest slope of the straight line at the medium
frequency region and low frequency region, respectively. In addition, the point
intersecting of EIS curve with the real axis at the high frequency region indicates the
internal resistance (Rs) [65]. The Rs is a combination of the ionic resistance of the

electrolyte, the intrinsic resistance of the active material and the contact resistance at
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the active material/current collector interface [66]. The inset of Fig. 6¢ shows that the
Rs of CNWMnl, 2, 3 and 4 are 0.64, 0.61, 0.68 and 0.70 Q, respectively, which
indicates that the Rs of CNWMn2 is lower than those of the other samples. In short,
the analyses of EIS indicate that CNWMn2 sample possesses an excellent capacitive

performance, and this result agrees with the analyses of CV and GCD.

Fig. 6.15 Specific capacitance versus current density of CNWMn composites in

three-electrode system.

Fig. 6.15 shows the SC as a function of current density for CNWMn composites.
Overall, the SC of all samples decreases with the increase of current density. It is
noteworthy that the SC downtrend of CNWMnl and 2 are larger than that of
CNWMn3 and 4 at the current density of more than 3 A g'. This is mainly due to the
fact that the contribution of Re. 5 to capacitive performance of CNWMnl and 2
gradually weakens with the increase of current density (revealed by Fig. 6.16a and b,
the potential of knee caused by Re. 5 gradually decreases with the increase of current
density). In addition, the contribution of Re. 4 to capacitive performance of CNWMn
composites also gradually decreases with the increase of current density. This leads to
the SC of all samples decrease with the increase of current density, though the
contribution of Re. 4 to capacitive performance of CNWMn composites is less than

that of Re. 5. However, the SC of CNWMn2 could reach to 224 F g™ at the current
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density of 5 A g, and this value is much larger than that of MnO,2 at the current
density of 1 A g (123 F g, obtained from GCD curve of MnO,2, as shown in Fig.
6.17b), and this result suggest that the CNWMn2 composite possesses a more

excellent fast charge/discharge performance than pure MnO,.

Fig. 6.16 GCD curves of CNWMnl (a), CNWMn2 (b), CNWMn3 (c) and CNWMn4

(d) at different current densities in three-electrode system.

Fig. 6.17 CV (a, scan rate of 0.01 V's™) and GCD (b, current density of 1 A g") curves
of CNWMn2 and MnO,2 in three-electrode system.

Fig. 6.18 shows that the cycling performance of CNWMn2 is dependent on the
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current density. Overall, the SC of CNWMn2 decreased with the increased of current
density, but, at the same current density, the CNWMn2 showed a stable SC. During
the first 100 cycles with the current density of 1 A g™, the SC is stabilized at 465 F g™
And then, after 400 cycles with the different current densities, when the current
density returns to 1 A g, the SC (463 F g) is almost unchanged compared with the

first 100 cycles, suggesting that the CNWMn2 has an excellent rate capability.

Fig. 6.18 Dependence of cycle stability in the current density of CNWMn2.

To further evaluate the capacitive performance of CNWMn2 composite, we also
performed the CV, GCD and EIS measurements in two-electrode asymmetric systems
(positive and negative electrodes material were CNMWn2 and PCNW, respectively,
denoted as CNWMn2//PCNW). For confirming the potential window of
CNWMn2//PCNW, CNWMn2 and PCNW were first performed by CV measurements
in three-electrode system, and the results as shown in Fig. 6.19. The PCNW and
CNWMn2 electrodes were measured within potential window of -0.8~0 V and
-0.2~0.6 V at a scan rate of 0.01 V s, respectively, and CV curve of PCNW showed
an ideal rectangular shape, indicating a typical characteristic of EDLC behavior [67].
Accordingly, the sum of the potential window of the CNWMn2//PCNW is about 1.4
V. Fig. 6.20a shows the CV curves of CNWMn2//PCNW in different voltage
windows to define the best potential window. It can be obviously found that all CV

curves exhibit a rectangular shape when the voltages are below 1.5 V; moreover, a
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pair of weak redox peaks also appears in all CV curves, indicating that the EDLC
capacitance and pseudocapacitance are simultaneously exist. Furthermore, there is no
significant increase of anodic current even when voltage is 1.5 V, which means that
the electrolyte is not being decomposed due to the storage of nascent hydrogen on the

electrode below the thermodynamic potential for water decomposition [68, 69].

Fig. 6.19 CV curves of PCNW and CNWMn2 in three-electrode system at 0.01 Vs™.

Fig. 6.20 CV (a, scan rate of 0.01 V's™) and GCD (b, current density of 2 A g) curves
of two-electrode asymmetric system (using CNWMn2 and PCNW as the positive and

negative electrode, respectively) at different potential windows.

However, the anodic current dramatically increases when the potential window is
increased to 1.75 V, which indicate that the electrolyte is being decomposed with

hydrogen and/or oxygen evolution [70]. Fig. 6.20b shows the GCD curves of
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CNWMn2//PCNW at different potential windows. Similar to CV curves, we still find
that all GCD curves show the isosceles triangle shape except when potential window
is increased to 1.75 V, which still means the ideal capacitive behavior. Therefore,

these above data analyses suggest that the best potential window of

CNWMn2//PCNW is 0~1.5 V.

Fig. 6.21 CV (a) and GCD (b) curves of asymmetric system measured at different

scan rates and current densities in a potential window of 1.5 V, respectively.

The CV curves of CNWMn2//PCNW at different scan rates (0.01~0.3 V s'l)
measured between 0~1.5 V are displayed in Fig. 6.21a. The CV curves gradually
deviate from the rectangular shape with the increase of scan rate, which means that
the CNWMn2//PCNW gradually deviate from the ideal capacitive behavior with the
scan rate increase. In addition, a pair of redox peaks can be observed even when scan
rate reaches to 0.3 V s. This indicates that the contribution of pseudocapacitance to
the whole capacitance has no significant change with the increase of the scan rate, and
further suggests the CNWMn2//PCNW possesses excellent rate capability desirable
for high-power supercapacitors. GCD measurements were made at various current
densities (0.5~10 A g) to evaluate the capacitive performance and determine the SC
of the CNWMn2//PCNW at the voltage of 1.5 V, as shown in Fig. 6.21b. These
typical triangular shape and the charge curves are nearly symmetrical with the
corresponding discharge curves, again demonstrating the ideal capacitive behavior.
The SC of the CNWMn2//PCNW is also obtained from GCD curves by Eq. 2.2. The

SC is 125 F g at a current density of 0.5 A g”', and still maintains at 77 F g"' when
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the current density increases to 10 A g™, further indicating that the CNWMn2//PCNW
has excellent capacitive performance.

EIS analysis was used to gain a deep insight into the capacitive behaviors of
CNWMn2//PCNW. The Nyquist plot of CNWMn2//PCNW is shown in Fig. 6.22a.
The EIS curve is also composed of a short arc, 45° diagonal line (as shown in the inset
of Fig. 6.22a) and a nearly vertical line. The EIS was fitted by the software of
ZSimpWin based on the electrical equivalent circuit (as shown in the inset of Fig.
6.22a), and the fitted results are showed in Fig. 6.22b. The EIS data is fitted by the
internal resistance (R;), the electrochemical double layer capacitance (Cq), the charge
transfer resistance (R), the diffusion resistance (Z,,) and pseudocapacitance (Cy) [3,
71]. The Ry is 1.47 Q obtained from raw Nyquist plots, and same as the Ry of fitted
Nyquist plots (as shown in the table of Fig. 6.22b). Moreover, the Ry is smaller than
that of the previous reports about MnO, composites (Ref. 32 and Ref. 70 are 1.8 and
2.2 Q, respectively) [34, 72]. In addition, we can obtain the R (0.13 Q, as shown in
the table of Fig. 6.22b) from the fitted Nyquist plots, and the value is far less than that
of the previous reports about MnO, composites (Ref. 32 and Ref. 3 are 2.5 and 9.73 Q,
respectively) [34, 3]. The lower Ry and R of CNWMn2//PCNW favor high-rate

power delivery.

Fig. 6.22 (a) EIS curve of asymmetric system (the inset is electrical equivalent
circuit); (b) EIS curves of two-electrode asymmetric system for raw and fitted data
(the table is equivalent circuit parameters).

Cycle stability at a high current density is an essential property of supercapacitors.
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The cycle stability of CNWMn2//PCNW by repeating the GCD test at the current
density of 4 A g' was performed and the results are shown in Fig. 6.23. The
CNWMn2//PCNW exhibits excellent cycle stability with 93% (the SC of first and last
cycle are 98.4 and 91.6 F g, respectively) SC retention after 2000 cycles. Obviously,
its cycle stability is comparable to those of other MnO, composites in asymmetric
system, such as MnO,//active carbon (the retention is less than 90% after 1000 cycles)
[73, 74], MnO,//carbon nanotube (CNT) (90% retention after 1000 cycles) [75],
CNT/MnO,//CNT/SnO,  (92% retention after 1000 cycles) [76],
MnO,/graphene//graphene (79% retention after 1000 cycles) [77], MnO,//graphene
(87% retention after 2000 cycles) [78].

Fig. 6.23 Cycle stability of asymmetric system.

Ragone plot, acting as a performance indicator of power density against energy
density, is usually used to characterize the electrochemical properties of a
supercapacitor. The energy density (E, Wh kg'l) and power density (P, W kg'l) were
calculated from the GCD curves at different current densities according to Eq. 2.3 and
2.4 [34]. Fig. 6.24 shows the Ragone plots of CNWMn2//PCNW. The maximum
energy density (39.2 Wh kg™') is achieved at the current density of 0.5 A g™'. At the
current density of 10 A g, the power density reaches to 7500 W kg, and the

corresponding energy density is 24.2 Wh kg'. Compared with the current density of
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0.5 A g, the energy density retention is 61.7 %. In addition, it is obviously that the
CNWMn2//PCNW exhibits much higher energy density than that of traditional sense
supercapacitors (the range of energy density 1~10 Wh kg™ [79]). More significantly,
the maximum energy density greatly surpasses that of previous reports, such as
MnO,/CNT//CNT (15.3 Wh kg') [80], MnO,/graphite hollow carbon spheres
(GHCS)//GHCS (22.1 Wh kg™") [81], graphene/MnO,//CNT (12.5 Wh kg™) [82],
MnO, nanowire/graphene// graphene (30.4 Wh kg') [64], MnO, nanowires/CNT
(25.5 Wh kg) [83], MnO, nanoplates// graphene hydrogel (23.2 Wh kg™) [67],
MnO,//PPy (7.4 Wh kg™) [84], and MnO,//active carbon (10-21 Wh kg™') [85-87].
These findings indicate the CNWMn2//PCNW holds a great promise in the practical

applications.

Fig. 6.24 Ragone plot of asymmetric system.

6.4. Conclusions

In this paper, CNMWn composites were synthesize via hydrothermal method. In
the synthesis process, CNW not only act as the reducing agents but also act as the
scaffolds for MnO, growth. The electrochemical performance of CNWMn composites
is closely related to the hydrothermal reaction time, and the maximum SC of CNWMn

composites is 465 F g' (at the current density is 1 A g™') when the reaction time is 2 h

154



(CNWMn2) in three-electrode system. Moreover, we have assembled a two-electrode
asymmetric system using CNWMn2 as the positive electrode and PCNW as the
negative electrode. The asymmetric system possesses high energy density (39.2 Wh
kg at the current density of 0.5 A g), excellent rate capability (high energy density
of 24.2 Wh Kg™' at the current density of 10 A g), and high cycle stability (the SC
retention is 93% after 2000 cycles). Overall, these features suggest a promising

electrode material for supercapacitors application.
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Chapter 7 Summary and outlook

7.1. Summary of thesis results

This thesis has demonstrated the successful design, preparation and testing of
carbon materials and carbon-based composites for supercapacitors.

In chapter 3, a novel three-component composite, graphene
oxide/polypyrrole/chlorinated multi-wall carbon nanotube composite were
synthesized by in-suit polymerization method. In which, the effect of three componets*
mass ratio on the property of electrochemical performance and chemical structure of
composites was explored. For composites, the polypyrrole chains acted as the —bridge”
between multi-wall carbon nanotube and graphene through the amide group and n-nt
stacking, respectively. The most outstanding electrochemical performance of
composite was achieved when the mass ratio of graphene oxide and multi-wall carbon
nanotube is 1, and the mass ratio of carbon materials (the sum of graphene and
multi-wall carbon nanotube) and pyrrole is 0.04. However, the preparation method of
composites is complexity, and is difficulty to apply to reality.

In chapter 4, we used a simple and low cost method to prepare nitrogen doped
carbon nanowires. For this method, first, the polypyrrole nanowires were prepared
when CTAB as soft template, and then obtained the nitrogen doped carbon nanowires
by direct carbonization method when polypyrrole nanowires as the carbon precursor.
The preparation conditions of sample which achieved the most excellent
electrochemical performance are the molar ratio of pyrrole and CTAB is 3.4, and the
carbonization temperature is 750 °C. For further improve the electrochemical
performance of carbon nanowires, in chapter 5, porous carbon nanowires were
prepared by KOH activation of nonporous carbon nanowires. The most outstanding
electrochemical performance of sample with specific surface area is 1642 m” g and a
nitrogen content of 2.41 at. % was prepared when the mass ratio of KOH and

nonporous carbon nanowires is 2.
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The above studies focused on the development of negative electrode materials of
supercapacitors. In chapter 6, based on chapter 4, a kind of positive electrode material
of supercapacitor—MnQO,/carbon nanowires composites were prepared by
hydrothermal reaction. The electrochemical performance of sample is closely related
to the micromorphology of itself. When the mass ratio of KMnO4 and carbon
nanowires is 2 and hydrothermal reaction time is 2h, the preparation composite
possesses the most excellent -electrochemical performance. Moreover, the
two-electrode asymmetric system (using the composite as the positive electrode and
porous carbon nanowires as the negative electrode) possesses high energy density
(39.2 Wh kg), excellent rate capability and high cycle stability (the specific
capacitance retention is 93 % after 2000 cycles). These features suggest a promising

electrode material for supercapacitors application.

7.2. Outlook

In view of the electrical double layer storage mechanism of carbon materials, the
capacitance and energy density is still unsatisfactory whereas the pseudo-capacitive
materials, such as metal oxide and conductive polymers. Therefore, high energy
storage could be achieved by combining electrical double layer capacitance together
with highly reversible pseudo-capacitance utilizing their synergistic effects. A key
limitation of metal oxide is their poor conductivity while conductive polymers suffer
from the swelling and shrinking of structure during the charge-discharge process.
Thus far, the best ideal method is preparation of carbon-based composites. At present,
although a lot of progress has been made, the complete understanding of the
relationship between carbon-based nanostructure and enhanced -electrochemical
performance are still in their primary stage.

For improve the energy density of supercapacitors, the other effective method is
using organic electrolyte. The organic electrolyte can offer a large voltage stability of
up to 2.7-2.8 V resulting in high energy density. Recently, room temperature ionic

liquids proved to be the most promising electrolyte to enhance the voltage of
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supercapacitors to values reach to 3.0 V. However, their high viscosity and low ionic
conductivity limit it application in supercapacitors. How to solve the above problems
and extend the application of organic electrolyte? This problem is a recently research
hotspot.

Supercapacitors are promised to complement and even replace batteries to some
extent in certain applications. For example, in hybrid electric vehicles, it remains a
challenge to supercapacitors and other components in the hood due to limited space.
For mitigate the problem, preparation of thin and flexible supercapacitors is an
effective method. Preparation of thin and flexible supercapacitors and which can fit

anywhere have been a research hotspot.
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