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Abstract

Graphene, a kind of materials with hexagonal lattice of sp? carbon atoms covalently bonded along two plane directions,
is a desired option for the electrode in supercapacitors since its excellent conductivity and large specific surface area.
However, the re-stacking between graphene layers lead to smaller specific surface area than the ideal situation. This
problem has limited the development of graphene supercapacitors with high energy density, which is proportional to the
specific capacitance of electrode materials. Therefore, porous graphene composites, such as carbon nanotube

(CNT)/graphene composites are designed to solve the problem by preventing the formation of re-staking.

In the present study, oxidized multi-wall carbon nanotube (MWNT) is preferred as spacers between
graphene oxide layers, which are the precursors of graphene materials. The oxidized treatment is used to
eliminate the aggregation of CNTs and improve the interface coupling between CNTs and graphene oxide
(GO) before reduction. We have synthesized CNT/graphene composites, namely reduced product of oxidized
MWNT/GO (RMGO) composites, with different pore structures by adjusting the ratio of oxidized MWNT to
GO. As a result, the specific surface area of RMGO composites has increased by 1.5 times compared with
graphene synthesized by the same method. The performance of materials in supercapacitors is characterized
in EMI-BF,4, a room temperature ionic liquid. The specific capacitance (C) of RMGO with 20% CNTs is 206
F g with the best rate capability (79%) at 3.7 V. The value of C has increased by 61% compared with bared
graphene. It is worth noting that RMGO-6 doesn’t show the largest C even though it has the largest A of 742
m? g™. Considering many reported discussions, we have made a hypothesis that pores with different sizes

have different contributions to specific capacitance.

To address this issue, we have taken two kinds of fitting method to analyze the relationship between
specific capacitance and specific surface area of different pores. In this study, we have chosen reduced
oxidized MWNT/GO composites (RMGO), the materials we have discussed in the previous chapter, as
electrode materials and an ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,), as the
electrolyte. The results of analysis indicate that pores with radii in the range of two to three times of cation
and anion-pairs are the most efficient pores for both cations and anion-pairs. It is due to the changed ion
packing configuration in different pores, which is related to the stronger ion-ion correlation in ionic liquids.
In addition, pores smaller than the ion sizes could hinder the utilization of larger pores when the ink-bottle

structure is present.

Besides enlarging specific capacitance, increase the working voltage (U) is another approach to enhance
the energy density. Using an electrolyte with a wider electrochemical stability window is a direct way to
reach a larger U. In this study, we has preferred a kind of ionic liquid, 1-methyl-1-propylpiperidinium bis
(trifluoromethyl sulfonyl) imide (MPPp-TFSI), since its electrochemical stability window is larger than the
ionic liquids, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,;) mentioned above. Since ionic
behaviors in pores would be different when voltage increases according to several reported discussion, we
have taken multiple-linear fittings between specific surface area of different pores and specific capacitance of



when supercapacitors are charged to 4.0V and 4.5V respectively. According to the fitting results, the most
efficient pores for cations are pores (0.68nm < r < 2.5nm) while those are pores (0.96nm < r < 2.5nm) for
anions. It is due to the existence of ion-clusters in MPPp-TFSI electrolyte due to its high viscosity. In
addition, more ions can be squeezed into accessible pores by increased voltage. And for anions, some smaller
pores can be expanded by anion-clusters forced by higher voltage. The two behaviors above are the reasons

for the larger specific capacitance at the higher applied voltage of supercapacitors.

Based on the ionic behaviors figured out above, we have improved the pore structure of CNT/graphene
by eliminating the pores accessible for neither cations nor anions, which are supposed to have negative effect
on specific capacitance. It is realized by the better dispersion of CNTs in water by using a surfactant. In
addition, a greater working voltage has been achieved by the design of an asymmetric configuration of
supercapacitors in ionic liquid MPPp-TFSI. When the mass ratio of negative electrode to positive electrode is
set to 1.5, the supercapacitor could be charged to 4.7 V and a high energy density of 118 Wh kg™ is obtained
at a charging/discharging current density of 1.0 Ag™.



Contents

Chapter 1
INEFOTUCTION ..o b bbb bbbt b bbbt b et b ettt 1
1.0 SUPEICAPACIIONS. ....ueeeteete sttt sttt b bbbt s e bbbt e b e bt bt b et e e bt b e bt b e n b n e 1
1.1.1 Electrostatic Double-Layer Capacitor (EDLC) .........cccoeiiiieie i 2
1.1.2 PSEUAO-CAPACITOIS ...ttt b bt b et e et b b b n e 4
1.1.3 HYDIIA CAPACITOTS. ...ttt bbb ettt nn b e n e 4
1.2 Electrode Materials Of EDLC .......cooiiiiiiiieiieeiie s 4
1.2.1 ACHIVALED CArDON (AC) ... ittt bbb bbbttt bbb 5
1.2.2 Carbon NaNOtUDES (CINTS) ...uuiiuiiieiiiiecie ettt re et be e e r e st e esteeteesbesaeesbeste e e e sreanes 6
1.2.3 Carbide-Derived CarbON (CDC).......oiiiiieiiiiisiiiie et 7
R € =T o] 1 oIS 8
1.2.5 CNT/Graphene COMPOSITES. ....cuciieiuiiriiieiieeeesteste et e tesee st e steeaesteera e be s e e sresteasaesbeetsesbesaeessesteeneesreases 9
T = [<Tod 110 Y =SS OSSP TP PP U P PRSPPI 10
IR T o [V 1= U = (=Tl 1 0] Y (=TSSP 11
1.3.2 OrganiC EIBCIIOIYLES ......c.veiieiieiieiiit ettt 11
IR B o o ol I o o OSSR 11

1.4 Relationship between lonic behaviors and Pore Structures of Electrode Materials in Supercapacitors...13

1.4.1 Relationships between lonic behaviors and Surface Chemistry of POres ...........ccococviniicnennnn. 13
1.4.2 Relationships between lonic behaviors and Size of POres.........cccovvvveiiiiiic v, 13
1.5 Current Research and MOTIVATION ...........ooiiiiiiiee et 13
1.5.1 Current Research of Porous Graphene Composites for Supercapacitors .........cccceeveveivernennnn, 14
1.5.2 Originality Of OUI RESEAICH ........oiiiiiiiieiee bbb 15
RETEIEIICES ...ttt b b e bbb bbbt b et b et n bbbt 17
Chapter 2
EXPErimental TECNNMIGUE ........c ittt ettt s te et esre s e beeneeneeseeeneeneeeees 23
2.1. Characterization of Electrode MaterialS ...........cccooviiiiiiiiiiieiieee e 23
2.2.1 X-ray Photoelectron SpectroSCOPY (XPS) .....uviiiiie ettt 23
2.2.2 RAMAN SPECIIOSCOPY ...veveenteiteeteetesieete st atteste bt esbesbeete et sbe e e ekt ese e st e ebeesbesbeese e besbe e b e abe e e e sbeebeenbenreas 23



2.2.3 Scanning Electron MiCroSCOPE (SEM) ........oiiiiiiiiiiiiicieeeee e 23

2.2.4 Nitrogen Adsorption MELNOA ..........c.oiiiiiii i s re st sresre s 24
2.2. Electrochemical Evaluation of Electrode Materials ... 24
2.2.1 Cyclic VORAMMELIY (CV) .ottt sttt sttt sae e ae s be e e s beenaenrenne s 24
2.2.2 TESING CONTIGUIAION.........eiuiiiiiteieiiteie ettt b e n e 26
2.2.3 Galvanostatic Charge-Discharge Curves (GCC) in Two-Electrode Configuration...............cc........ 27
2.2.4 Galvanostatic Charge-Discharge Curves (GCC) in Three-Electrode Configuration....................... 27
RETEIENCES ...ttt h bbb et b et h e e e Rt E bR e et s bt b b b n e 28
Chapter 3
Carbon Nanotube/Graphene Composite with Adjustable Porous Structures as Electrode Materials in
YUl LT o= o - (o] 1 (o] TSRS SRSPSRSSIN 30
TN 111 £ [¥Tox 1 o ISP P ST T R PRTPR PR VPPRPRPPIN 31
I o d o 1= 114 o | SRS 31
3.2.1 SYNthESIS OF IMALETTALS .......cceiuiitiieiieeeee e 31
3.2.2 CRATACTEIIZALIONS ...ttt etttk b b bbbt e b e bbbt n e 31
3.3. RESUILS BNU DISCUSSIONS. ......vevvieeiiitesiiteiistee stk ettt b st b e bbbttt n et 33
3.3.1 Effect of OXidation 0N MWVINTS. ..ottt 33
3.3.2 Characterization of Reduced MaterialS ...........ccooiiiriiiiiiieiic e 35
3.3.3 Performance of Reduced Materials in SUPErcapacitors. ..........cocuviirerenenenieieieesese e 37
B4, CONCIUSIONS ...tttk e e bbbt bbbt b et bt et n et n e 40
RETEIEIICES ...ttt b b e bbb bbbt b et b et n bbbt 41
Chapter 4
lonic Behaviors in Different Pores and Their Different Contributions to Specific Capacitance............. 44
AL INEFOTUCTION ..ttt e bbb bbb bbbt bbb bbbt b b 44
4.2, EXPEIIMENTAL....c.eiiiiiitiiiie bbb bbbt bbbt s ettt e bbb n e 45
4.3. RESUILS ANU DISCUSSTONS. ....c.viuveriesieiietieiiste sttt sttt sttt sb bt e e et b bbbt e e e st e b e st et et e b e 45
4.3.1 lonic Behaviors in DIffErent POTES ..o 45
4.3.2 Behaviors of Cation and Anion in DIfferent POIeS...........ccooeieiiiiiniiine e 48
O O] 3 To] (D o] ST PP SO PSR PR PR PR PPN 54



R BT BINICES ...ttt ettt ettt et e e e e e ee ettt teeeeeee e —ettteeeeeae————teteeetaaa———tteteeetaaa——etteeeeenaaa——retaeeaaaaaas 55

Chapter 5

lonic Behaviors in Different Pores at Different Voltage and Their Different Contributions to Specific

(O 1o Tod ] 7 o [of -SSRSO 58
5.1 INEFOTUCTION ... bbbt bbbttt b e bt bbb nn e nen e 58
I o d o 1= 14T | SRS 59
5.3, RESUILS 8N0 DISCUSSIONS. ......eeueitietiiististe sttt st b et sb b e e et e e se et e b b e ab e b nnen e 59

5.3.1 Electrochemical Stability Window of Electrolytes and Electrochemical Window of Electrode

Materials IN IMPPP-TESI .....ooiiiie ettt sbe e te e sbesreeseesre e 59

5.3.2 Performance of Electrode Materials in MPPp-TFSI at Different Voltage ..........cc.ccoovvvviiencinennn 60
5.3.3 Behaviors of Cation and Anion in Different Pores at Different Voltage..........ccccccoevvvveveiciiienennnn, 63
5.4, CONCIUSIONS ...tttk b bbbt h bR b bbbt e b e e e b e bt e b e sttt st b n e 67
RETEIEICES ...ttt bbb e b bbb bbb bbbt b et bbbt r s 68

Chapter 6
Enhancement of Energy Density of CNT/Graphene Supercapacitors by Improved Pore Structure and
ASYMMETIIC CONTIGUIATION ...ttt bbbttt 70
B. 1. INEFOTUCTION ...ttt bbbk bbb bbbt bbbttt 70
B.2. EXPEIIMENTAL .....ccuiiiiiie et sttt st e e st e e ae e st e s be e s b e s beete e besreere e beereeeenreeneenreates 71
6.3. RESUILS ANT DISCUSSIONS. ......cuviueiiietieiiitistestet ettt bbbt bbbttt eea ettt b b e 72
6.3.1 Characterization of Electrode MaterialS. ..o 73
6.3.2 POLENTIAI LIMITS ...ttt 75
6.3.3 Underutilization of Potential Window in Symmetric SUPercapacitor ............cccoeveveieeviciesiiesennnas 76
6.3.4 Different Capacitance of Positive and Negative EIectrode ... 77
6.3.5 Asymmetric Supercapacitor Using Unequal EICIrOUES...........cvcvviveieieieeicce e 80
B.4. CONCIUSIONS ...ttt et h bbbt R R e et e e bt r e et n e nn e 81
R =T =] 0T USSR 82
Chapter 7
CoNCIUSIONS AN PIOSPECTIVE ......c.eiuiiiieiiiii ittt bbbttt bbb 84
7.1 CONCIUSIONS ...ttt b bRt R et et et e bt r et n e nn e n e 84



7.1.1 Carbon Nanotube/Graphene Composite with Adjustable Porous Structures as Electrode Materials
(LRI U 1= (o= o - T | (o] £ P SPSOSRN 84

7.1.2 lonic behaviors in Different Pores and Their Different Contributions to Specific Capacitance .....85

7.1.3 lonic behaviors in Different Pores at Different VVoltage and Their Different Contributions to
SPECITIC CAPACITANCE ...ttt ettt nnenn e 86

7.1.4 Enhancement of Energy Density of CNT/Graphene Supercapacitors by Improved Pore Structure

and Asymmetric CONFIQUIALION .......cc.oiiiicic e ene 87

715 SUMIMBIY ..ottt et s et E e e s R e s e Rt e R e et e R e e e s R e e E e n e s Rt ennenr e s e e nneenes 88

A V18 o (0 1S] 1= o SRS PP 89
Chapter 8

F Ao oLyt L g S PSRR 90

BRI 0 ] o= U o ST 90

8.2, VErhal PreSENTAtIONS ... ..cviiviiii ettt s b e et e e be s be e e e besaeesaesteestesbeeteebesreereenre e 91

R (=] 1S 0 T V(o S SST 91

ACKNOWIEAGEMENTS ...t et h bbb bbbt bbb 92

\



Chapter 1

Introduction

1.1. Supercapacitors

Nowadays, to meet the growing energy demand and issues of the environment, a lot of energy systems have
been developed to realize large energy storage and long lifetime without damages on the environment. To
evaluate the performance of electrical storage devices, two quantities are commonly used: the energy density
and power density. The high energy density will lead to the long service time. And the high power density
means the short charging time. Fig. 1 shows the performance comparison of various energy-storing devices.
Compared with other electric energy storage devices, the superiorities of supercapacitors are the high power
density and long lifetime [1]. However, its energy density has limited the wider applications. So what we are
focus on is to enhance the energy density of supercapacitors while keep its high power density with some

good electrode materials and suitable electrolytes.
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Fig.1 Performance comparison of various energy-storage devices [1].

According to the mechanism of storage of electric energy, the supercapacitors are mainly classified into
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three types: electrostatic double-layer capacitors (EDLC) and pseudo-capacitors. The details of the three

types are discussed in details below.
1.1.1 Electrostatic Double-Layer Capacitors (EDLC)

A basic device of EDLC consists of two electrodes, the electrolyte, and a separator that electrically
isolates the two electrodes (Fig. 2). The mechanism of storage of electric energy in EDLC is shown in Fig 2.
When the supercapacitor is charged, electric charges is accumulated on the electrode surfaces, and
electrolyte ions with counterbalancing charge are built up on the electrolyte side in order to meet electro-
neutrality [1, 2]. And the adsorbed ions will be released back to electrolytes when the supercapacitor is
discharged. This layer of electric charges and the layer of ions at the interface can be treated as an electrical
double-layer. The physical adsorption and desorption of ions are non-faradaic processes, which means no
charges are transferred across interface between electrode and electrolyte. Therefore, the
charging-discharging process in EDLC is a faster one compared with faradic processes in other electric

storage systems, which leads to its higher power density.

Separator

Ions in Electrolyte Distance of Charges
in Double Layers: d

Fig. 2 Structure of electrostatic double-layer capacitors

Since each double-layer structure at the interface can be considered as a capacitor with two parallel

e Interface
d )

where Ajnerface IS the area of the interface between electrode and electrolyte which can adsorb and desorb ions,

plates as electrodes. The capacitance in each double-layer can be expressed as Eqgn. 1: Cp, =

¢ Is the dielectric constant of the electrolyte and d is the distance of charges in the double-layer. In EDLC,
the value of d is extremely since it is approximately the radius of the ion or the solvated ion in the range from
several angstroms to one nanometer [1-3]. Hence the capacitance is extremely large according to Eqn 1.

That’s why it is called the “super” capacitor.
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To provide a basis for comparison between different electrode materials, it has become a common

practice to provide a specific capacitance of one single electrode, C (F g). Therefore, the Eqn 1 can be

eA
rewritten as Eqn. 2: C = i where A is the specific surface area of electrode materials. In case of a

symmetric system, where both electrodes are equal in mass and material, Eqn. 3 can be used to calculate the

specific capacitance:

C .
C= 4 Supercapacitor (3)
m
where m is the total mass of active material. The factor 4 is related to normalization to the mass of one

electrode for the two identical capacitors in series. It is deduced in details as following.

The relationship between the overall capacitance and the specific capacitance on two electrodes in series is
as below:
1 1 1
= + (4)

CSupercapaci tor Cimy Com;

where C4, C, are specific capacitance on the two electrode and my, m, are mass of the two electrodes. If both
specific capacitance and mass are equal for two electrodes, Egn. 4 can be rewritten as below and it is obvious

that Eqn. (5c) is equivalent to Egn. (3).

cC=C,=GC, (53)
m
m=m;= 3 (5b)
1 4
—_— = — (5¢)
CSupercapacitor Cm
In addition, the stored energy density E (Wh kg™) in a supercapacitor is given by Eqn.6 :
2 2
CSupercapacitor’U c-U
E= = (6)
2:m 3600 8:3600

where U (V) is the voltage across the positive and negative electrode. The maximum power density (W kg™)

also depends on the maximal applicable voltage and is given by Eqn.7:

U2

Pz ——— 7
4m ‘ESR "

where ESR (Q) is the equivalent series resistance of the system. The ESR corresponds to the sum of the
resistances related to the ionic resistance of the electrolyte impregnated in the separator, the electronic

resistance of electrodes, and interface resistances between electrodes and current collectors [3].

3
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1.1.2 Pseudo-capacitors

Different with EDLC, fast and reversible faradic processes take place in pseudo-capacitors. According to
different electrode materials, these faradaic processes are generally classified into two types: redox reactions
of transition metal oxides and electrochemical doping-dedoping in conductive polymers [4-6]. It has been
reported by several literatures that pseudo-capacitors can provide larger specific capacitance than EDLC
since the electrochemical processes occur both on the surface and in the bulk near the surface of the

electrode materials [7, 8]. This feature provides more sites to store charges.

However, it should be mentioned that the pseudo-capacitors usually suffer from worse rata capability
than EDLC [7]. The reason is that the passage of charges across the interface between electrode and
electrolyte in faradaic processes requires more time than the physical adsorption-desorption process. As a
result, the capacitance has a larger decline due to increased current density since there is not enough time for
faradic processes during faster charging-discharging process. In addition, the power density in
pseudo-capacitors is also smaller than that in EDLC, which is also attributed to the slower charge transfer
across the interface between the electrode and the electrolyte [7, 8]. Besides, the pseudo-capacitors are more
likely to lack stability during cycling due to some irreversible side reactions or the damage of structures due

to redox reactions [9, 10].
1.1.3 Hybrid Capacitors.

The hybrid capacitors have attracted a lot of attentions since they are expected to make use of both
advantages of the two kinds of supercapacitors discussed above [11, 12]. In this type of supercapacitors, one
electrode behaviors as the EDLC while faradaic processes take place on the other at the same time. However,
the relative complex configuration attribute to different materials and mechanism makes it more difficult for

large-scale production.

1.2. Electrode Materials of EDLC Porous Carbon Materials

According to Eqn. 6, there are two apparent strategies have been explored intensively to address the issue of
limited energy density. One is enlarging specific capacitance (C) and another is increasing working voltage
(V). The previous one is mainly related to the electrode materials. As shown in Fig.2, porous carbon material
has been recognized as an attractive electrode due to its good conductivity and large specific surface area. We
will introduce several typical porous carbon materials in details. To describe the pores in brief, the pores are
generally classified into three type: micropores (diameter is smaller than 2 nm), mesopores (diameter is in

the range from 2 to 50 nm), and macropores (diameter is larger than 50 nm) [2].
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Good Conductivity

oge . €A Porous Carbon
Specific Capacitance: C = r Materials
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Window of Electrolyte —>  lonic Liquids

Fig.2. llustration of required properties of electrode materials and electrolyte for supercapacitors with high energy

density.
1.2.1 Activated Carbon (AC)

Activated carbons (ACs) are the mostly widely used electrode materials for supercapacitors due to their
affordable sources (such as charcoal and biochar) and large surface area from the high degree of
microporosity [13] as shown in Fig. 3. However, with a high surface area up to 3000 m%g, only a relatively
little pores are effective in charge accumulation [14]. As a result, although the specific surface area is an
important parameter for the performance of supercapacitors, some other aspects of the carbon materials can
also influence their electrochemical performance, such as pore size distribution, pore shape and structure,
electrical conductivity and surface functionality. Since the pore size is mainly distributed at the region with
radii smaller than 1nm [15], most area in pores is difficult to be utilized by ions since the pores are too small
to be accessed [16, 17]. In addition, the pores in ACs are generated by physical or chemical activation, which
introduce many functional groups on the surface of pores [18, 19]. Therefore, this kind of materials is likely

to lack cycling stability due to irreversible redox reactions [15].

a Macropore
i M

»

esopore

Fig. 3 (a) Schematic of porous structure and (b) SEM image of activated carbon [13].
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1.2.2 Carbon Nanotubes (CNT5s)
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Fig. 4 Schematic illustrations of the structures of (A) armchair, (B) zigzag, and (C) chiral single-wall carbon nanotubes
(SWNTSs). (D) Tunneling electron microscope image showing the helical structure of a 1.3-nm-diameter chiral SWNT.
(E) Transmission electron microscope (TEM) image of a multi-wall carbon nanotube (MWNTSs) containing a
concentrically nested array of nine SWNTs. (F) TEM micrograph showing the lateral packing of 1.4-nm-diameter

SWNTs in a bundle. (G) Scanning electron microscope (SEM) image of an array of MWNTSs grown as a nhanotube forest
[20].

Carbon nanotubes (CNTSs) are allotropes of carbon with a cylindrical nanostructure as shown in Fig.4. At the
molecular level, CNTs can be viewed as a graphene sheet rolled up into a nanoscale tube. CNTs have
attracted attention of the world due to its intriguing and potentially useful structural as well as distinguish
electrical and mechanical properties. These elongated nanotubes usually have a diameter in the range from
few angstroms to tens of nanometers and a length of several micrometers up to centimeters with both ends of
the tubes often capped by fullerene-like structures containing pentagons [20]. CNTs have a narrow
distribution of size in the nanometer range, highly surface area, low resistivity, and high stability [21]. These
features suggest that CNTs are suitable materials for electrodes in electric storage devices [22]. Pores in the
nanotube electrode are mainly the spaces in the entangled nanotube network, thus they are all connected and
differ from etched pores in activated carbon [23].The micropore volume is almost negligible for the materials,

6
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whereas the mesopore volume is always takes the dominant position. Supercapacitors with carbon nanotube
electrodes can be used for applications that require much higher power capabilities than batteries, such as
hybrid electric vehicles that can provide rapid acceleration and store braking energy electrically [7, 22].
However, CNTSs tend to aggregate into bundles because of their strong intertube van der Waals attraction and
axial geometry. As a result, the specific capacitance of this kind of materials has been limited due to the
dramatically decreased inter-tube spacing [2]. Besides, their insolubility in most solvents remains a central

challenge for their current real-life applications [23].

1.2.3 Carbide-Derived Carbon (CDC)

Fig. 5 (a-c) TEM images of TiC-CDCs obtained by chlorination at various temperatures.(f-h) Slab of 2 nm thickness of
simulated TiC-CDCs after annealing at T, = 1500 K, T, = 2000 K, and T = 3000 K. Red, green and blue spheres denote
sp, sp2 and sp3 bonding, respectively [27].

Carbide-derived carbon (CDC) is the common term for carbon materials derived from carbide precursors,
such as binary (e.g. SiC, TiC), or ternary carbides (e.g., Ti,AIC, Ti3SiC,) [24]. It has stood out among porous
carbon materials mainly due to its tunable pore structure. By varying the type of the precursor and the CDC
synthesis conditions, microporous and mesoporous structures with controllable average pore size and pore
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size distributions can be produced with sub-Angstrom accuracy [25, 26]. The tunable pore structure as shown
in Fig.5 makes it possible to match the porosity metrics of the porous carbon electrode to a certain electrolyte
in supercapacitors [27], which lead to larger specific capacitance. However, the synthesis of CDC always
requires special conditions, such as extremely high temperature, high pressure or chlorine treatment [28].

These difficult conditions of synthesis have limited the commercial applications of the material.
1.2.4 Graphene

Graphene is one of the most promising materials with extraordinary properties derived from its unique two-dimensional
structure. Asingle-layer graphene sheet is basically a 2D hexagonal lattice of sp? carbon atoms covalently bonded along
two plane directions. Compared with CNTSs, the superiority of graphene is the further facilitation of electron transport,
which results from the one atomically thick graphene sheets with a 2D planar geometry. Hence graphene can be applied
as the more effective electrode materials [29]. Pore in graphene materials are most the slit types from space between
graphene layers [30].

So far various methods have been developed to generate graphene, such as chemical vapor deposition (CVD),
electrochemical exfoliation of graphite, and reduction of graphene oxide [29]. The reduction method is
recognized as a facile one. It involves complete exfoliation of graphite oxide into individual graphene oxide
(GO) sheets followed by the in situ reduction of these graphene oxide sheets to produce individual
graphene-like sheets [31, 32]. Fig. 6 schematically shows the process of the method. The graphite oxide is
typically produced by the Hummers method [33]. The reduction methods are classified into chemical and
physical one. For chemical reductions, the most common one is using hydrazine monohydrate as the
reducing agent. The reason is that most strong reductants have very strong reactivity with water while
hydrazine monohydrate does not, making it an attractive option for reducing aqueous dispersions of GOs [34,

35]. For physical reductions, both laser and thermal method can generate graphene materials [34, 36].

Graphite Graphene s
Oxide (GO) Graphene

Fig. 6 Schematic of reduction routine: (1) graphite is oxidized to graphite oxide; (2) exfoliation of graphite oxide yields
graphene oxide suspended in solution; (3) chemical reduction of graphene oxide yields the conducting graphene. The

red points are functional groups which remain on graphene after reduction.

Recently, to realize the porous structure of graphene materials, some templates are used as precursor
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during synthesis. Shao et. al have reported the sphere structure of graphene generated by using polystyrene
(PS) spheres as the template (Fig. 7) [37]. The as-prepared graphene spherical shells have more free space in
between the spheres, which results in a larger accessible surface area for adsorption of electrolyte ions in

supercapacitors .

Fig. 7 SEM images of as prepared structures: (A) PS spheres of uniform size, (B) PS @ graphene core—shell spheres, and (C)

graphene spherical shells after removal of the PS spheres in the core [37].
1.2.5. CNT / Graphene Composites

It has been commonly recognized that the specific capacitance of graphene materials could be further
enlarged by preventing the re-stacking of graphene layers [32, 38-43]. A commonly used way is adding
spacers and carbon nanotubes (CNTs) have been demonstrated as an effective one as shown in Fig. 8. In our
continuing efforts to develop the CNT and graphene (CNT/graphene) composites for supercapacitor
applications, C has  been  enlarged in ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMI-TFSI) by using a method of co-reduction instead of sonication [44,
45]. An even larger C in ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,;) was
obtained using a CNT/graphene aerogel prepared by hydrothermal synthesis [39].

\//+

Stacked Graphene Layers CNTs Graphene Layers Spaced by CNT

Fig. 8 Schematic of carbon nanotube (CNT)/graphene composite. CNTs serve as spacers between graphene layers.

However, the aggregation of CNTs has limited the further increase of specific surface area as well as
specific capacitance [46, 47]. Several research groups have preferred to fabricating covalent bond between
GO and CNTs as shown in Fig. 9 [41, 48]. But it requires special conditions, such as extremely low
temperature or inert gas atmosphere. Another commonly used way is to oxidize the CNTs since the

oxygen-containing groups can reduce the tendency aggregation of CNTSs in water [49]. Besides, the oxidation
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makes the CNTs more hydrophilic so that it is easier to combine CNTs with GO by hydrogen bonds [50].

Fig. 9 Schematic Diagram for the Formation of Chemically Bonded graphene—CNT Hybrid [41].

1.3. Electrolytes

Besides electrode materials, the electrolyte will also have a significant influence on the performance of
supercapacitors. According to Egn. 6 and Eqgn. 7, a wide voltage window is crucial to achieve high energy
density and power density due to the square relationship as shown in Fig. 2 and Fig. 10. In addition, the
requirements for an electrolyte in supercapacitors also include high electrochemical stability, high ionic
concentration, high conductivity, low viscosity, low solvated ionic radius, low toxicity as well as availability
at high purity [51]. The electrolyte used in a supercapacitor can be classified into three types: aqueous
electrolyte, organic electrolyte and ionic liquids.
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Fig. 10 Schematic of the square relationship between energy density and voltage window of electrolytes.
1.3.1 Aqueous Electrolytes

Compared with other electrolytes, aqueous electrolytes can provide a higher ionic concentration and lower
resistance. In addition, the cost of aqueous electrolytes is usually much lower than for suitable organic
electrolytes. Unfortunately, a large disadvantage of aqueous electrolytes is their small voltage window as low
as about 1 V, which is due to the thermodynamic decomposition of water. Recently, by using the different
composition of electrolyte and asymmetric configurations, the voltage window of supercapacitors in aqueous
electrolyte has been enlarged to 1.9 V [52], which is still much smaller than that of the other two types. It is
the narrow window that result in a large limitation of aqueous electrolyte in terms of improving both energy

and power densities.
1.3.2 Organic Electrolytes

The organic electrolytes have the higher achievable voltages than that of aqueous electrolytes. Organic
electrolytes allow for a unit cell voltage in the range from 2 to 3.5 V [1, 7, 53]. The cell voltage is most
probably limited by the water content of the electrolyte [9]. On the other hand organic electrolytes have a
significantly higher specific resistance than aqueous ones. Compared to a concentrated aqueous electrolyte
the resistance increases by a factor of tens [7, 9]. In addition, the size of voltage ions in organic electrolytes

is usually larger than that in aqueous ones, leading to smaller specific capacitance [16, 17].
1.3.3 lonic Liquids
lonic liquids are low-temperature molten salts. In another words, they are liquids composed of ions only.
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Superior to organic electrolyte solutions, the boiling point of ionic liquids is higher, which contributes to the

possibility of application under high temperatures [54-58].

lonic liquids are basically composed of organic ions that may undergo almost unlimited structural
variations because of the easy preparation of a large variety of their components. Therefore, various kinds of
salts can be used to design the ionic liquid that has the desired properties for a given application. For instance,
imidazolium, pyrrolidinium as well as quaternary ammonium salts can be used as cations and
bis(trifluoromethanesulphonyl)imide, bis(fluorosulphonyl)imide as well as hexafluorophosphate is usually

applied as anions [7].

Fig. 11 MD simulation snapshots of (a) 1-butyl-3-methylimidazolium trifuoromethanesulfonate (BMIM OTf) and (b)
1-butyl-3-methylimidazolium hydrogensulfate (BMIM HSQ,) illustrating the anion pairing in both room temperature
ionic liquids (RTILs). In both cases, 9 BMIM™ cations surround an anion pair. Cations are shown with stick model
whereas anions are shown with ball and stick model. Carbon atoms are shown in grey, nitrogen atoms in blue, oxygen

atoms in red, sulfur atoms in orange, fluorine atoms in light blue, and hydrogen atoms in white [57].
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/. @) Z N\
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Fig. 12 (a) Stacked “middle” structure of [C;C;im]Cl showing C-H positioned in the magnetic cone of the aromatic
ring and (b) alternating “‘diagonal” structure of [C;C;im]Cl showing ion-pairs with a dominant front C-H H-bond and

weak anion—x" interaction. Major H-bonding, anion—n* and "~ interactions are depicted by dashed lines [58].
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For supercapacitors, the two main criteria for selection of an electrolyte are the electrochemical stability
window and the ionic conductivity. The first is important to maximize the specific energy values from Eqn. 6,
while the second has a major influence on the values of power according to Egn. 7. What distinguishes ionic
liquids from aqueous and organic electrolytes is mainly the wider electrochemical potential window usually
larger than 4 V [55, 56]. However, since no solvent molecules exist in ionic liquids, the viscosity is higher
than that of the other types due to stronger interactions between ions, which leads to the formation of
ions-pairs or ion-clusters as shown in Fig.11[57]. The type of interactions mainly come from hydrogen

bonding, anion—r" and n*—x" interactions as shown in Fig. 12 [58].

1.4. Relationship between lonic behaviors and Pore Structures of Electrode

Materials in Supercapacitors

In recent decades, a lot of efforts have been paid to enhance the energy density of supercapacitors based on
the development of porous carbon materials as electrodes. In order to realize the desired performance, it is of
great importance to clarify the pore structures of electrode materials and its relationship with ionic behaviors,

which are directly related to the process of charge storage and the capacitance.
1.4.1 Relationships between lonic behaviors and Surface Chemistry of Pores

The relationship we mentioned here refers in particular to the physical interactions rather than chemical
reactions at the interface between ions and functional groups on the surface. Dyatkin et. al. have figured out
that electrosorption dynamics and ion confinement are relevant to surface oxidization of pores in
supercapacitors based on carbon electrodes and ionic liquids [59].They have claimed that oxidized surfaces,
specifically the oxygen-rich surface, of porous carbide-derived carbons (CDCs) allow anions to align parallel
to pore surfaces and decreased the density of ions in pores before charging. As a result, charges can obtain
greater space and mobility during the electrosorption process. Consequently, this kind of pores can provide

larger capacitance and better rate capability.

1.4.2 Relationships between lonic behaviors and Size of Pores

The origins of this kind of relationships can be summarized in two aspects. One is the accessibility of pores.
It is a decisive factor in the formation of the double-layer structure. If the pores are too small to be accessed,
ions can’t be adsorbed on the internal of pores and subsequently can’t contribute to the capacitance. Another
aspect is that the distance between separated charges in the double-layer, namely the d in Eqn 2, could be

relevant to the size of pores [17]. It have been commonly recognized that desolvation of ions in aqueous or
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organic electrolytes will take place when the pore size is in the range from size of bare ion to size of solvated
ion [16, 17, 60]. As a result, specific capacitance is enlarged due to the smaller value of d, which
approximates the size of ions or solvated ions [16, 60]. The size threshold of pores is about 1nm based on the
opinions above. However, this conclusion can’t be simply applied in situation of ionic liquids since the ions
are not solvated at the beginning. In addition, some simulations have demonstrated that the ion packing will
change when the ratio of pore size to ion size is different. The various types of packing as shown in Fig. 13
also lead to the changed value of d and subsequently affect the different contribution to specific capacitance
[61, 62].The size threshold of pores is difficult to be determined for ionic liquids since the strong interaction

between ions result in various types of ion-pairs of ion-clusters.
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Fig. 13 Theoretical gravimetric capacitance vs. relative pore size D/d;,, for a given pore volume of 1.5 cm® g™ according
to the ion-packing function at three given di,,. The horizontal dashed lines represent the median values of the

capacitance between the maximum and minimum capacitances for each single line [61].

1.5 Current Research and Motivation

1.5.1 Current Research of Porous Graphene Composites for Supercapacitors

Recently, the researches of porous graphene composites are mainly focused on three aspects: conducting
polymers (CPs)/graphene composites, metal oxides/graphene composites, and carbon nanotubes
(CNTs)/graphene composites. The previous two take advantages of the pseudo-capacitance while the last one

is mainly based one the electrostatic double-layer structure. The coating of CPs on the surface of graphene
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can be realized by in-situ polymerization, electrodeposition, chemical, or hydrothermal method [62-67]. The
metal oxides can be coated by electrodeposition, chemical precipitation or hydrothermal method [4, 68, 69].
For CNT/grapheme composites, they can be synthesized by chemical vapor deposition (CVD), chemical or

hydrothermal method [39-43]. The electrochemical performance of supercapacitors based the materials

mentioned above are summarized in Table 1.

Table 1 Current Researches of Porous Graphene Composite for Supercapacitors

Specific Energy
Categories | Electrode Materials Synthesis Electrolytes | Capacitance | Density | Ref.
(Fg?) (Wh kg™)
In-situ
PANI/Graphene o H,SO, 965 35 62
Polymerization
) PANI/Graphene Hydrothermal H,SO, 532 - 63
Conductive —
PANI/Graphene Electrodeposition | PVA/H,SO, 261 - 64
Polymers/
Mixing by 65
Graphene PANI/Graphene o H,SO, 210 -
. Sonication
Composites
PEDOT-PSS/ Chemical
) PVA/H;PO, - 3 66
Graphene Co-reduction
PPy/Graphene Electrodeposition KCI 237 33 67
Metal Chemical
SnO,/Graphene o Na,SO, 347 - 68
Oxides / Precipitation
Graphene MnQ,/Graphene Electrodeposition KCI 328 11 4
Composites Mn;0O,/Graphene Hydrothermal Na,SO, 121 - 69
SWCNT/Graphene
Hydrothermal EMI-BF, 183 80 39
Carbon Aerogel
Nanotubes/ Mixing by TEA-BF, in
SWCNT/Graphene o 201 63 40
Graphene Sonication PC
Composites | MWCNT/Graphene CvD KOH 286 40 43
MWCNT/Graphene Chemical KCI 150 - 42

1.5.2. Originality of Our Research

The re-stacking between graphene layers is one of the issues which limit the further increase of specific
surface area and resulting specific capacitance. Even though carbon nanotubes (CNTs) have been selected as
spacers to solve this problem, the aggregation between CNTSs still leads to the decreased space in materials
(Fig. 14). To address this issue, oxidized multi-wall carbon nanotubes (MWNTS) have been applied to
improve the dispersity of spacers. And the specific surface are have been obviously enlarged compared with
graphene without spacers.

15



Introduction

B ™ e N

Improve dispersion
of CNTs by
oxidized treatment

e o e—

Bundled

Well Spaced

Fig. 14 Schematic of improved dispersion of CNTs in CNT/graphene composites.

However, some problems still limit the enhancement of energy density. One is the lack of linearity
between C and A. In another word, the larger specific surface area sometimes doesn’t lead to larger specific
capacitance. It is mainly attributed to the different ionic behaviors in pores with different sizes and
geometries (Fig. 15). To address this issue, we have synthesized CNT/graphene composite with different
pore structures by adjusting the ratio of the spacer. The pores are classified into three types according to the
ratio of pore size to ion size in ionic liquids. And the relationship between pore structure and specific
capacitance in an ionic liquid has been analyzed by linear fitting methods. According to the fitting results, the

hypothesis of ionic behaviors has been built.
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Fig. 15 Influence of pore structures on ionic behaviors in CNT/graphene composites
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Moreover, the improvement of porous structure of CNT/graphene composites is conducted, which is
based on the influence ionic behaviors figured out in our study. As a result, both specific capacitance and
voltage window of supercapacitors have been enlarged by using CNT/graphene materials with improved
pore structure and suitable ionic liquids in a designed asymmetric configuration. Consequently, the

enhancement of energy of supercapacitors is realized in our study.
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Chapter 2

Experimental Technique

2.1. Characterization of Electrode Materials

2.1.1 X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectra are obtained by irradiating a material with a beam of X-rays while
simultaneously measuring the Kinetic energy and number of electrons that escape from the top 0 to 10 nm of
the material being analyzed [1, 2]. According to its mechanism, it is obvious that XPS is a surface-sensitive
guantitative spectroscopic technique. A lot of information on chemical structure can be achieved via XPS,
such as the elemental composition at the parts per thousand range, chemical state and electronic state of the

elements that exist within a material.
2.1.2 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe structure of materials. Its mechanism relies
on inelastic scattering, or Raman scattering, of monochromatic light, usually from a laser in the visible, near
infrared, or near ultraviolet range. For graphene, there are two characteristic bands: G band and D band [3-6].
The G band can reflects some information about the thickness of graphene sheets [4, 5]. As the layer
thickness increases, the position of G band will shift to lower energy. In addition, since D band results from
the single phonon process induced by defects and edges of graphene, the ratio of G band to D band is used to

characterize the level of defects in graphene [3-5].
2.1.3 Scanning Electron Microscope (SEM)

The scanning electron microscope is a type of electron microscope using a focused beam of electron beam of
electrons to characterize the morphology of conductive samples. The images in SEM are produced by
scanning the surface of samples. The signals used to produce images are generated from interactions of the
electron beam with atoms at various depths within the sample. The types of signals include secondary
electrons (SE), reflected or back-scattered electrons (BSE), characteristic X-rays and cathodoluminescence,
absorbed current and transmitted electrons [7, 8]. Among these signals, secondary electrons are the most
commonly used one and its detector is the standard equipment in all SEMs. During imaging, the secondary
electrons are emitted from very close to the specimen surface. Consequently, images of a sample surface are

produced with high resolution, revealing details in the grade of nanometers.
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2.1.4 Nitrogen Adsorption Method

The nitrogen adsorption method is used to characterize the pore distribution and specific surface area of
porous carbon materials. It is a kind of physical adsorption method, which is based on the phenomenon of
gas molecules adhering to a surface via physical interactions at a pressure less than the vapor pressure. The
interactions between the adsorbed molecules and the surface are relatively weak and not covalent or ionic.
The determination of specific surface area and pore distribution is realized by the analysis of the adsorption
isotherm, which is reflected as the plot of amount adsorbate versus adsorptive pressure at a constant
temperature. The changes in the shape of the plotted isotherm can indicate particular surface features.
Analyses of physical adsorption isotherm data can reveal the pore distribution and surface area. Among the
molecules available as adsorbate for the measurement, nitrogen has been a commonly used way since it is
easy to be obtained with good chemical stability. Nitrogen is generally employed at liquid nitrogen
conditions (i.e. 77 K) [9, 10].

In order to calculate the distribution of pore sizes according to the experimental data, it is necessary to
develop a model for pore filling which reflect the relationship between the pore width and the condensation
pressure. Historically, the Kelvin equation is the most commonly used one for completely wet slit-shaped

pores. It is shown as below [11]:

In (1;—‘;) - -ZIQ;}_I-ZI;J[ )
in which P¢ is the pressure at which a pore of width H condenses, Po is the saturation pressure of the bulk
fluid, R is the ideal gas constant, and p, and vy, are the liquid density and surface tension of nitrogen at
absolute temperature T, respectively. The Kelvin equation is derived from classical thermodynamics and
assumes that surface tension can be defined and the gas phase is ideal. Since the equation does not take into
account the thickness of the layers formed on the porous surface prior to condensation, it is difficult to be
applied in narrow pores. Considering the limitation, several modified models have been developed the
interpretation of nitrogen adsorption isotherms and the calculation of pore distribution [11]. Recently, density
functional theory (DFT) has become an important tool for the characterization of pore structure of materials
[12-16]. This method is based on the established principles of statistical mechanics and a model solid
structure and pore topology is necessary [9-11]. Firstly, the pores are assumed to be all of the same regular
shape, such as cylinders or slits. In addition, each pore is assumed to behave independently. Nowadays, the

calculation of pore distribution based on DFT can be realized by commercial software.

2.2. Electrochemical Evaluation of Electrode Materials

2.2.1 Cyclic Voltammetry (CV)
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The cyclic voltammetry is a type of potentiodynamic electrochemical measurement. In a cyclic voltammetry
experiment for supercapacitors, the voltage across between positive and negative electrode is varied linearly
versus time as shown in Fig la. The rate of voltage change over time is known as the experiment's scan rate
(V s™). When the voltage is applied between the two electrodes, the current is measured at the same time. Fig

1b shows the curve achieved from the measurement, which is plotted as current vs. applied voltage.

The specific capacitance of electrode materials, C, can be calculated from the cyclic voltammograms

according to Egn. 3:

_ 0
C= m | EI-E2 /

®)

In which m is the total mass of two electrodes and Q is the charge accumulated inside the electrode layer.
The value of Q is measured using the area under the cyclic voltammogram in either direction in a voltage

window from E; to E..

Moreover, the CV curves can also be used to study the redox processes in electrodes as well as
electrolytes. When there are chemically reactive sites in the system, the faradic current will increase when
the reactive potential is reached. Subsequently, the faradic current at some point will decrease as the
concentration of active sites are depleted when the reactive potential pass by. If the redox couple is reversible,
the reduced sites will start to be re-oxidized during the reverse scan, giving rise to a current of reverse
polarity to before. The more reversible the redox couple is, the more similar the oxidation peak will be in
shape to the reduction peak. Therefore, CVs can provide information about redox potentials and

electrochemical reaction rates [9].
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Fig. 1 (a) Cyclic voltammetry waveform and (b) typical cyclic voltammogram where E, and E, show redox potentials

for a reversible reaction.
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2.2.2 Testing Configuration

The testing configurations are two types in our study. They are two-electrode and three-electrode one. The
two-electrode configuration is shown in Fig. 2. The two-electrode configuration is in the form of a sealed
coin cell, which consist of two pieces of current collector, a separator, two electrodes and two metal shell
used to connect the circuit. It is used for the measurement of supercapacitors.

a b
Shell of Coin Cell
e — _I
Sealed -~ ﬁ _ Current
Coin Cell \3\\\\ —_— Collector
» <SS — [Flectrode
‘—4 —
—_ - Separator
- = Electrolyte - Electrode
| «<l» — Current
I i Collector
Jm HI]“—|
Shell of Coin Cell

Fig. 2 Schematic of (a) the two-electrode configuration in the form of a sealed coin cell and (b) its inside structure.

The three-electrode configuration is shown in Fig.3. A specific voltage can be applied between positive
and negative electrode. At the same time, the potential of positive electrode vs. reference electrode, which is
silver-silver ion electrode in our study, is detected by the voltmeter and the current through positive and
negative electrode is detected by the amperemeter. The potential of negative electrode is calculated from the
difference between applied voltage and the potential of positive electrode. The three-electrode configuration
is mainly used to evaluate the performance of positive and negative electrode separately, which can reflect
the behaviors of anions and cations, respectively.

I 1 b
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Electrode: Electrode Electrode (Ag/Ag*) '
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Negative \
A ~ " % Electrode .
- o . + + + ~ + ! &
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Fig. 3 (a) Schematic and (b) photograph of three-electrode configuration for the measurement of specific capacitance on

two electrodes.
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2.2.3 Galvanostatic Charge-Discharge Curves (GCC) in Two-Electrode Configuration

In a galvanostatic charging-discharging experiment, a supercapacitor is charged to a specific voltage and then

discharged to OV at a constant current. From the experiment, a GCC is plotted as voltage vs. time, in which

du.
the slope of the curve (E) is constant and is defined by Eqn. 4:

du 1 y
d C ()
In which | is the constant current density and C is the specific capacitance of the supercapacitor. Thus the
capacitance can be calculated from GGC with a known current and it is one of the most commonly used to

achieve the capacitance as well as evaluate the energy density according to Eqgn. 6 in Chapter 1.

2.2.4 Galvanostatic Charge-Discharge Curves (GCC) in Three-Electrode Configuration

The measurement of GCC three-electrode configuration, which consist of positive, negative and reference
electrode, is similar with that in two-electrode one. It is a charge-discharge process with a constant current.
The difference is that we can simultaneously detect the variation of potential versus the reference electrode

on positive and negative electrode separately as shown in Fig. 4.

Q
o

Positive Electrode

Negative Electrode

Voltage between positive
and negative electrode
Potential vs. Reference
Electrode

Time Time

Fig. 4 (a) Variation of voltage between positive and negative electrodes and (b) simultaneously detected variation of
potential on positive (red) and negative (blue) electrode. When the supercapacitor is charged, the positive electrode is

charged to positive potential while the negative electrode is charged to negative potential.
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Chapter 3

Carbon Nanotube/Graphene Composite with Adjustable Porous

Structures as Electrode Materials in Supercapacitors

3.1. Introduction

Recently, graphene has been recognized as an attractive material as a supercapacitor electrode material due to
its excellent conductivity and large specific surface area [1, 2]. The importance of specific surface area A is
well demonstrated in the equation: C = e4/d, in which C is specific capacitance, ¢ is permittivity, and d is the
separation between the double layers formed by the electric charges at the interface between the electrode
surface and electrolyte. In our continuing efforts to develop graphene supercapacitors with high energy
density, many methods have been explored to enlarge the specific surface area of graphene materials by
preventing the re-stacking of graphene layers. For example, one approach is to fabricate a spherical structure
of graphene by using a polystyrene template [3]. Another approach is to insert spacers, such as manganese
dioxide [4], polyaniline [5], and/or carbon nanotubes (CNTSs) [6-8] between graphene layers. CNTs have

been demonstrated as an effective spacer.

To further enlarge the specific surface area of CNT/graphene composites, it is necessary to eliminate the
aggregation of CNTs and to improve the interfacial coupling between CNTs and graphene oxide (GO) before
co-reduction. Several research groups have preferred to introducing covalent bonds between GO and CNTs
[9]. But it requires special conditions, such as extremely low temperature or an inert gas atmosphere. Another
commonly used method is to oxidize the CNTs since the oxygen-containing functional groups can reduce the
tendency for aggregation of CNTs in water [10]. Besides, the oxidation makes the CNTs more hydrophilic so
that it is easier to combine CNTs with GO by hydrogen bonds in water [11]. In the present study, we have
selected the oxidation method to improve the dispersity of multi-wall carbon nanotubes (MWNTSs). Porous
CNT/graphene materials have been obtained by co-reduction of oxidized MWNT/GO composites. We have
designed and synthesized CNT/graphene composites by reducing oxidized MWNT/GO (RMGQ) composites
and introduced various controlled pore structures by adjusting the ratio of oxidized MWNTs to GO. As a

result, the specific surface area A has been increased by 153 % compared with prepared graphene.

According to the mechanism of energy storage in supercapacitors, the energy density E can be
expressed by the equation E = CU?/2, in which U is the working voltage across the anode and cathode. In
this section, the C has been enlarged by the using of oxidized MWNTS as spacers. To further boost the value
of E, we have preferred a kind of ionic liquids as the electrolyte due to its higher electrochemical stable

window than aqueous and organic ones [2, 12]. The electrochemical performance of prepared CNT/graphene
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composites as supercapacitor electrodes were investigated in 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMI-BF,) electrolyte. With an optimized spacer content of 20%, the prepared CNT/graphene composite

shows a high specific capacitance of 206 F g™ as well as an excellent rate capability.

3.2. Experimental

3.2.1. Synthesis of Materials

Graphite was purchased commercially from Alfa Aesar and MWNTSs were purchased from Cheap Tubes Inc.
Other chemicals were purchased from Wako Pure Chemical Industries, Ltd. Graphite oxide was generated
from the oxidation of graphite by a modified Hummers’ method [8,13], in which sodium nitrate (NaNO3),
sulfuric acid (H,SO,), potassium permanganate (KMnQ,), and hydrogen peroxide (H,0O,) were used as
oxidizing agents. After sonication in water, the graphite oxide was exfoliated and an aqueous suspension of

graphene oxide (GO) was obtained [14].

The multiwall carbon nanotubes (MWNTS) were oxidized by a mixture of nitric acid (HNOj3) and
sulfuric acid (H,SO,) (1:3) [15]. In detail, 120 mg of MWNTSs were first added in 100 mL of the mixed acid.
After refluxing at 80°C for 24 hours, the obtained suspension was diluted with deionized water and dialyzed
in deionized water until it became neutral. The pore size of the dialysis tube was 1 nm. The suspensions of
GO and oxidized MWNTSs were then mixed by sonication and further reduced by hydrazine at 98 °C for 24
hours. After rinsing with deionized water for several times and drying under vacuum overnight, the final
product of reduced oxidized MWNT/GO (RMGO) composite was obtained as black powders. The mass ratio
of oxidized MWNTSs to GO was adjusted to 1/12, 1/10, 1/8, 1/6, and 1/4 to obtain corresponding product
designated as RMGO-12, RMGO-10, RMGO-8, RMGO-6, and RMGO-4, respectively. As a reference,
reduced GO (RGO) without CNT was also synthesized by the same process. Fig.1 shows a schematic of the

synthesis process.
3.2.2. Characterizations

The morphology of materials was examined by scanning electron microscope (SEM, JEOL JSM-6500F).
Raman spectroscopy (A= 532 nm, Nanophoton Raman Plus) was used to characterize the structural features
of the materials. The specific surface area and pore distribution were measured by the nitrogen
adsorption-desorption method (Quantachrome autosorb iQ). Surface chemistry of the materials was
characterized by X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Quantera SXM) with a twin anode Al
Ka X-ray source and hemispherical energy analyzer. The energies were calibrated against the aliphatic
carbon C1s peak at 284.5 eV.

To fabricate an electrode the suspension in ethanol was filtered onto a porous filter membrane (0.2 pum,
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PTFE). After vacuum drying, the filtered films were cut into circular disks with a diameter of 15 mm and a
weight of about 0.8 mg for each electrode. Performance of supercapacitors was characterized in the form of a
coin cell. All electrochemical characterization was carried out using an electrochemical workstation
(Biologic VSP-300). The ionic liquid electrolyte used in our study, 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMI-BF;) with purity 99.9%, was purchased commercially from Toyo-Gosei. The

chemical structure of ions in EMI-BF, is shown in Fig.2.

Step 1: caRS TN
. FE5 AR
Synthesis Oxidize 5% %i;f;?‘ Exfoliate
P ,_'__\‘ - .-..
of GO KMnO,, f{%%%ﬁji 35‘:‘\“‘“ Sonication
250 _cotiliGin.
e§¥%§g§‘§%\?‘F
Step 2: o
Oxidation of Multi-Wall %;ﬂ .
Carbon Nanotubes (MWNTs)
H,SO,,
HNO,

Step 3:
Co-reduction of Oxidized MWNTS/GO Composites

Oxidized MWNTs/GO CNT/Graphene
Composites Composites

o

Graphene

Reduction

Oxidized e
MWNTs . Oxygen O carbon © Hydrogen

Fig.1 The schematic of synthesis of graphene oxide, oxidized MWNTSs, and reduced oxidized MWNT/GO composite.
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EMI* BF,

|

Fig.2 Chemical structures of ions in EMI-BF, electrolyte.

3.3. Results and Discussion

3.3.1. Effect of Oxidation on MWNTSs

Fig. 3 shows a photograph of the suspension of oxidized MWNTSs. The Tyndall effect can be observed
clearly, indicating that it is indeed a uniform colloid. The dominant types of functional groups generated
during the oxidation process are C=0 and C-N as revealed by XPS characterization shown in Fig. 4. It is the
hydrophilic functional groups that improve the dispersity of oxidized MWNTSs in water. Raman spectra given
in Fig. 5 show that the graphitic defects in oxidized MWNTSs are much more than the pristine MWNTSs
because the intensity of the D peak increased significantly after oxidation [16]. Since the structure of carbon
nanotubes is retained after oxidization as shown in Fig. 6, we suggest the increased defective structures are
mainly due to the covalent bonding between carbon and heteroatoms rather than the damaged graphitic
structure [17].

Fig.3 Photograph of aqueous suspension of oxidized MWNTSs. The Tyndall effect is observed, indicating that the

suspension is a uniform colloid.
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Table 1. Ratio of oxygen to carbon in materials characterized by XPS

Materials Ratio of O to C (%)
MWNT 3.1
Oxidized MWNT 69.8
RGO 10.5
RMGO-4 11.7
a | MWNT c=C

Intensity (a.u.)

Intensity (a.u.)

294 292 200 288 286 284 282 280 204 292 200 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
" ~ d
b | oxidized c=C RMGO-4 c=C
MWNT |

Intensity (a.u.)

Intensity (a.u.)

294 ) 262 ) 250
Binding Energy (eV)

— 1 — 71 rr r r 1+ 1 v T 1 T v T
288 286 284 282 280 294 292 290 288 286

—7—
284 282 280

Binding Energy (eV)

Fig.4 XPS spectra of (a) MWNTSs, (b) oxidized MWNTSs, (c) CRGO, and (d) RMGO-4 composite. After oxidation, the

peaks due to C=0 and C-N in oxidized MWNTs have a significant increase compared with pristine MWNTSs. These

hydrophilic functional groups contribute to the better dispersion of oxidized MWNTSs in water. The XPS spectra of

RMGO-4 (d) is similar to that of RGO (c) and it indicates that most functional groups on oxidized MWNTSs can be

removed during reduction.
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3.3.2. Characterization of Reduced Materials

After chemical reduction, most C=0 functional groups are removed (Fig. 4) and the ratio of oxygen to
carbon is similar in RGO and RMGO-4 (Table 1). It indicates that the oxidized MWNTSs do not introduce
additional oxygen into the composite, which could trigger redox reactions in subsequent electrochemical
processes [18-20]. The similar chemical structure also leads to the similar Raman spectra for RGO and
RMGO-4 since the defects are mainly from the functional groups. The intensity ratio of the D peak and G
peak (Ip/lg) is 1.23 and 1.27 in RGO and RMGO-4, respectively. The similar value of Ip/lg shows that CNTs

in prepared composites have the similar defects with RGO since the reduction process is the same.
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Fig.5 Raman spectra of MWNTSs, oxidized MWNTs, RGO, and RMGO-4. The spectra of MWNTSs and oxidized
MWNTs show that oxidation of MWNTSs produced more defects on nanotubes. The similar intensity ratio of D peak to
G peak (Ip/lg) in RGO and RMGO-4 indicates that the CNTSs in prepared composites have similar defects with RGO

since the reduction process is the same. The Ip/lg ratios are 1.23 and 1.27, respectively.

Fig. 7 shows the pore distribution and specific surface area (A) of the reduced materials. For pores
smaller than 1nm, namely micropores [23], the value of A increases with the ratio of spacers until the ratio
reaches 1/6. On the other hand, the largest A of pores larger than 1nm, namely mesopore, is achieved when
the ratio is 1/8 (Table 2). We discuss the variation trend of A in detail. Firstly, we suppose that the micropores
mainly come from the partially-spaced graphene layers while mesopores are from the fully-spaced pores and
slit between flakes (Fig.8a). At the beginning, the A of both micropores and mesopores increases with

oxidized MWNTSs since both stacked graphene layers and partially spaced ones are further spaced (Fig. 8b).
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However, when the ratio is larger than 1/8, more micropores instead of mesopores are formed due to smaller

distance between neighboring nanotubes (Fig.8c). When the ratio further increases, the excessive amount of

oxidized MWNTSs tends to aggregate again after reduction, leading to the decrease of pores [7, 21]. As a

result, we have achieved the largest A, 742 m? g'l, when the ratio of oxidized MWNTSs is 1/6.

Fig. 6 SEM image of (a) pristine MWNTSs, (b) oxidized MWNTSs, (c) CRGO, and (d) RMGO-4 composite. The CNTs

can be clearly observed in the composite (indicated by arrow in d).
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Fig. 7 Pore distribution of graphene electrode. (a) Differential pore surface area and (b) cumulative pore surface area.

The radius of pores in graphene electrode is smaller than 2.5 nm.
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Fig.8 Schematic of variation trend of pore distribution with ratio of CNTs. (a) shows the generation of mesopores and
micropores. (b) shows the further spaced graphene layers due to increased spacers. (c) shows the smaller distance

between CNTs when we continue increasing the spacers.

Table 2. Specific Surface Area of Electrode Materials

Electrode
Materials Specific Surface Area (A) / m* g™ Agerm/ Mg Agsiam/ Mgt
RGO 293 90 203
RMGO-12 327 189 138
RMGO-10 540 379 161
RMGO-8 680 341 339
RMGO-6 742 553 189
RMGO-4 542 293 249

3.3.3. Performance of Reduced Materials in Supercapacitors

The performance of materials in supercapacitors is characterized by the charge-discharge process at constant

current and the cyclic voltammetry (CV) from 0 to 3.7 V. The CV curves of reduced materials (Fig. 9) are
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rectangular, indicating that the capacitance of material comes from physical adsorption-desorption of ions

rather than the faradic process [22].

Table 3 shows the specific capacitance (C) and energy density calculated from the charge-discharge
curves at 0.2 A g™. The value of C is enlarged significantly compared with RGO when the ratio of oxidized
MWNTs is greater than 1/12 and RMGO-8 exhibits the largest C of 213 F g, increased by 61% compared
with RGO. However, RMGO-4 has the largest C, 162 F g, at 6.0 A g™ (Table 4) and the second largest C,
206 F g7, at 0.2 A g*. Therefore, RMGO-4 has the best rate capability at 3.7 V and the capacity retention

ratio is 79% as shown in Fig.10.
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Fig.9 (a) Charge-discharge curves and (b) cyclic voltammetry (CV) curves of supercapacitors with different electrode
materials in EMI-BF,. The current density of charge-discharge process is 0.2 A g™ and the scan rate of CV is 20 mV s™.

The supercapacitors are charged from 0 to 3.7V and RMGO-8 has the largest specific capacitance at 0.2 Ag™

Table 3. Electrochemical Performance of Supercapacitors in EMI-BF, at 0.2 A g™

Electrode Materials Specific Capacitance (C) / F g* Energy Density / Wh kg™
RGO 132 63
RMGO-12 130 62
RMGO-10 160 76
RMGO-8 213 101
RMGO-6 204 97
RMGO-4 206 98
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Fig.10 Rate capability of electrode materials in EMI-BF,. The current density is from 0.2 to 6.0 A g RMGO-4 has
better rate capability than RMGO-6 and RMGO-8 even though RMGO-8 has the largest specific capacitance at 0.2 Ag™
The retention of RMGO-4 is 79% and the error bat is the standard deviation.

Table 4. Electrochemical Performance of Supercapacitors in EMI-BF, at 6.0 A g™

Electrode Materials Specific Capacitance (C) / F g* Energy Density / Wh kg™
RGO 98 47
RMGO-12 80 38
RMGO-10 116 55
RMGO-8 137 65
RMGO-6 152 72
RMGO-4 163 77

It is worth noting that RMGO-6 does not give the largest specific capacitance C even though it has the
largest specific surface area A of 742 m? g*. As already discussed in the literature [23-28], the lack of
linearity between C and A is mainly due to the mechanism that the capacitance from the double layers in
various pores is different. In another word, the pores with different sizes have different contributions to the
total value of specific capacitance C. The relationship between pore structure and specific capacitance will be
discussed in details in the next section.
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3.4. Conclusions

In summary, we have designed and prepared CNT/graphene composites with various CNT/graphene mass
ratios through a facile solution synthesis method. The improved dispersity of oxidized MWNTSs in water
contributes to the enlarged specific surface area (A). The value of A increases with the ratio of spacers until
1/16 and largest one from RMGO-6 is 742 m® g™. The excessive amount of CNT tends to aggregate again
and leads to the decreased A when the ratio increases to 1/4. Meanwhile, RMGO-4 shows a high specific
capacitance of 206 F g* at current density of 0.2 A g™ and the best rate capability with 79% capacitance
retention at 6.0 A g™ in an EMI-BF,electrolyte, even though its specific surface area is smaller than that of
RMGO-6. An explanation of this phenomenon has been built that the capacitance in different pores is not the
same. Therefore, the pore distribution will also affect the specific capacitance except for the specific surface

area of total pores.
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Chapter 4

lonic behaviors in Different Pores and Their Different Contributions

to Specific Capacitance

4.1. Introduction

It is well known that the large specific capacitance of supercapacitors requires the large specific surface area
of electrode materials according to the equation: C = eA/d, where C is specific capacitance, ¢ is permittivity,
and d is the separation between the double layers formed by the electric charges at the interface between the
electrode surface and electrolyte. That’s why we have preferred porous CNT/graphene composites. However,
there have been reports reporting that a greater specific surface area does not always lead to larger specific
capacitance [1-3]. The characteristic structural features of the pores, i.e., the size and distribution of pores,
have affected strongly whether the pores can successfully adsorb and desorb ions, which is of fundamental
importance for supercapacitors [3]. In another word, the specific capacitance is proportional to the specific
surface area of accessible pores rather than that of total pores. Besides, the specific capacitance provided by
accessible pores could be different in pores with structures. It depends on the different ionic behaviors in
different pores. According to several reported discussions [4-6], the pores in the range of ion size and
solvated size could contribute the most to specific capacitance in aqueous or organic electrolytes. The
additional capacitance in this type of pores is suggested to be due to the desolvation of ions. Unfortunately,
this conclusion is difficult to be applied in supercapacitors based on ionic liquid since no solvent is used in

this kind of electrolyte. Namely, ions are not solvated at all in ionic liquids.

To address this issue, we have taken a linear fitting between capacitance per area and the surface area
ratio of different pores. In this study, we have chosen reduced oxidized MWNT/GO composites (RMGO),
the materials we have discussed in the previous chapter, as electrode materials and an ionic liquid,
1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,), as the electrolyte. The various pore structures are
realized by different ration of oxidized MWNTSs. The classification of pores is based on the ratio of pore size
to ion size. Considering the larger size of EMI™ (0.43 %< 0.76 nm) than BF4™ (0.48 %< 0.48 nm) [7, 8], we have
preferred the size of EMI" as the standard to classify the pores. It is found that pores with radius larger than

0.76nm, namely twice the size of ions, can make greater contributions to the specific capacitance.

The fitting method above is based on the assumption that the capacitance on positive electrode is equal
to that on negative electrode in symmetric supercapacitors. However, the behavior of cation and anion in
supercapacitors are usually different in supercapacitors [9-11]. Therefore, we have measured the specific

capacitance in positive and negative electrodes separately in a three-electrode system. And the multi-linear
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fitting method is used to analyze the behaviors of cation and anion in different pores, respectively. Similarly,
the pores are also classified by the ratio of pores size to ion size.

4.2. Experimental

The specific surface area and pore distribution were measured by the nitrogen adsorption-desorption method
(Quantachrome autosorb iQ). All electrochemical characterization was carried out using an electrochemical
workstation (Biologic VSP-300). The ionic liquid electrolyte used in our study, 1-ethyl-3-methylimidazolium

tetrafluoroborate (EMI-BF,) with purity 99.9%, was purchased commercially from Toyo-Gosei.

For the linear fitting analysis, the performance of supercapacitors was characterized in the form of a
coin cell. And in order to figure out the specific capacitance on both positive and negative electrodes at the
same time, the charging-discharging process was performed using a three-electrode system with Ag/Ag+ as
the reference electrode and RMGO composite as both the positive and negative electrode.

4.3. Results and Discussion

4.3.1 lonic behaviors in Different Pores

The specific capacitance (C) and specific surface area (A) of electrode materials we use for analysis are
shown Table 1 and Table 2. They are calculated from charging-discharging curves and diagrams of pore
distributions shown in Chapter 3.The lack of linearity is obviously shown in Fig.1, indicating the capacitance
is not the same in all kinds of pores.
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Fig.1 Plot of specific capacitance at (a) 0.2 Ag™ and (b) 6.0 A g™ vs. specific surface area. The error bar is the standard

deviation.

45



Chapter 4

In electrochemical studies utilizing aqueous and organic electrolytes, the pores are usually classified into
micropores (r <1 nm) and mesopores (1 nm < r < 25 nm) since 1 nm, the size of a fully solvated ion [12-14].
The pores smaller than the solvated ion may contribute to an excessive capacitance due to desolvation of ions
[7, 13]. A simple model considering the different contributions of micropores and mesopores has been
proposed as follows [15, 16]:

C= Cmic Amic + Cmes Ames (1a)
C A
= Cmic +C mes = (1b)
Amw Amk

where Cic and Cys are the capacitance per unit surface area of micropores and the capacitance per unit
surface area of mesopores, respectively; Amic and Aqes are the specific surface area of micropores and

mesopores, respectively.

Table 1. Electrochemical Performance of Supercapacitors in EMI-BF, at 0.2 and 6.0 Ag™

Electrode Materials Specific Capacitance at 0.2 A g™/ Specific Capacitance at 6.0 Ag™/
Fg* Fg*'
RGO 132 98
RMGO-12 130 80
RMGO-10 160 116
RMGO-8 213 137
RMGO-6 204 152
RMGO-4 206 163

In the present study, the aforementioned model must be modified because there is no solvent is used in
the ionic liquid electrolyte, which means that the electrolyte ions are not surrounded by molecules of solvent.
Considering the size of EMI" (0.43 x<0.76 nm) and BF4 (0.48 % 0.48 nm) [7, 17], pores with r smaller than
0.38 nm are difficult to be accessed by EMI*. And according to several simulations reported in the literature,
the capacitance is almost independent of pore size when the ratio of pore size to ion size is greater than 2 [14,
18, 19]. Therefore, we classify the pores into the following two types: One is pores with r in the range
between 0.38 and 0.76 nm and the other is pores with r greater than 0.76 nm. As a result, Egn. 1 is revised
correspondingly as follows

C = C.38mm<r<0.76nm) A0.38nm<r<0.76nm) + Cir>0.76nm) Ar>0.76nm) (2a)

C _ A (>0.76nm)
= Co.38mm<r<0.76nm) + C 1>0.76nm) y
(0.38nm<r<0.76nm)

(2b)
A 0.38nm<r<0.76nm)
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where A (> 076nm @and A (38 nm<r<o076nm) are the specific surface area of the two types of pores described
above, C (r>076nm) and C (038 nm<r<0.76 nm) &re capacitance per unit surface area of the corresponding type of
pores. By performing a linear fitting between C/A 38 nm<r<o76nm and A ¢>076nm) / A (038 nm<r<0.76 nm), WE

obtain C (.38 nm<r<0.76nm) and C (> 0.76 nmy from the intercept and slope, respectively.

Table 2. Specific Surface Area of Electrode Materials.

Electrode Specific Surface Area (A) / A (r<038nm) A (r>0.76 nm) A (0.38nm<r <0.76 nm)
Material m’ g Im*g? Im*g* Im* gt
RGO 293 60 219 14
RMGO-12 327 118 168 41
RMGO-10 540 240 206 94
RMGO-8 680 207 396 77
RMGO-6 742 351 245 146
RMGO-4 542 188 298 56

Fig. 2 shows the results of linear fitting when the current density is 0.2 A g*. The coefficient of
determination (R?) is 0.984. According to the fitting equation, C ©38nm<r<o76nm and C (> o76nm are 0.441
and 0.572 F m™, respectively. The smaller capacitance per unit surface area of for pores (0.38 nm < r < 0.76
nm) is attributed to the existence of ion pairs due to stronger ion-ion correlation in ionic liquids [33-36]. In
this situation, pores smaller than twice the ionic size are difficult to be utilized by the ion pairs and therefore

result in little contribution to the capacitance.
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However, it should be noted that certain deviations from linear fitting are observed. Both A g3gnm<r<0.76
nm and A (> 076 nmy Of RMGO-8 are larger than those of RMGO-4 (especially A (076 nm) , C.f. Table 2).
Consequently, the value of C at 2.0 A g™ of RMGO-8 is not much greater than that of RMGO. Moreover, the
value of C at 6.0 A g-1 of RMGO-8 is actually smaller (Table 1). Since behaviors of s and anions are
assumed to be the same in this analysis, we suggest that behaviors of cation and anions are likely to be

different in the real situation.
4.3.2 Behaviors of Cation and Anion in Different Pores

According to the mechanism of charge storage of supercapacitors, the capacitance on the negative electrode
comes from the adsorption-desorption of cations while the capacitance on the positive one comes from
adsorption-desorption of anions. Therefore, the analysis of relationship between specific surface area of
different pores and specific capacitance on two electrodes can reflect the behaviors of cations and anions.
The specific capacitances calculated from the charging-discharging curves at 0.2 A g™ are shown in Table 3

and Fig. 4. The voltage across positive and negative electrode is from 0 to 3.7 V.

It is worth noting that the specific capacitance of EMI* (Ccaion) is larger than that of BF; (Canion)-

A
According to Eqgn. (3), C = %, in which ¢ is the dielectric constant, A is the specific surface area, and d is

the separation between the electric double layers. Since d can be approximated as the ion size in ionic liquids
[25] and the size of EMI" is actually larger than that of BF4™[4,8], Ccaion Should be the smaller one if the
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capacitance on the two electrodes are solely due to the adsorption of isolated cations and anions, respectively.
Considering the result we discussed in previous section, this seemingly contradictory phenomenon is because
the ions behaved in the form of ion-pair or ion-cluster in pores [26-29]. To clarify the ionic behaviors and
their effects on specific capacitance, we have taken the multi-linear fitting between C and A in different
pores.

Table 3. Electrochemical Performance of Cation and Anion in EMI-BF,at 0.2 Ag*

Electrode Materials Specific Capacitance of EMI*/ Specific Capacitance of BF, /

Fg’ Fg’

RGO 153 130
RMGO-12 139 122
RMGO-10 191 139
RMGO-8 234 194
RMGO-6 228 180
RMGO-4 233 170
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Fig.4. (a) Charging-discharging curves of materials at 0.2 A g in EMI-BF, and (b) specific capacitance of cation and
anion in different materials. The solid lines indicate processes on the positive electrode while the dashed lines indicated
processes on negative electrodes. The triangle indicates specific capacitance of BF, while the circle indicates specific

capacitance of EMI™. The error bar is the standard deviation.

Similarly, the pores are still classified by times of size of cation or anion. For analysis of EMI*, the
pores are classified in three types: 0.38 nm < r < 0.76 nm, 0.76 nm < r < 1.14 nm, and r > 1.14 nm.
Considering the smaller Canion Which may result from larger d, we suppose that ion-pairs or ion-cluster are
more likely to be formed among anions. Therefore, the pores are classified in three types based on twice size
of BF4: 0.48 nm < r <0.96 nm, 0.96 nm <r < 1.44 nm, and r > 1.44 nm when we analyze C’. As a result, a

modified model considering the different ionic behaviors in different pores has been proposed as follows:
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Ceation=C0.38nm<r<0.76nm) A(0.380m<r<0.76nm) + Cr0.76nm<r<1.14nm) A0.76nm<r<1.140m) + Cor>1 14nm) A>1.14nm) (42)

Canion=C 0. 48nm<r<0.96nm) A (0.48nm<r<0.96mm) + C(0.96nm<r<1.44nm) A (0.96nm<r<0.1.44nm)* Cr>1.44nm) A(r>1.44nm) (4D)

in which A (ange of ry are the specific surface area of different types of pores described above, C (angeofry are
capacitance per unit surface area of the corresponding type of pores. The specific surface areas of different
pores are shown in Table 4 and Table 5, which are calculated from the pore distribution shown in Fig. 6
(Chapter 3).

Table 4. Specific Surface Area of Different Pores for Analysis of C_aion

Electrode A (r<038nm) A (0.380m < r < 0.76 nm) A (0.76nm < r < 1.14 nm) A (> 1.140m)
Material Im?g? I mgt Im?g?t I m?g*t
RGO 60 14 16 203
RMGO-12 118 41 34 134
RMGO-10 240 94 50 156
RMGO-8 207 77 62 334
RMGO-6 351 146 61 184
RMGO-4 188 56 56 242

Table 5. Specific Surface Area of Different Pores for Analysis of Canion

Electrode A (0.48nm < r < 0.96 nm) A (0.96nm < r < 0.1.44 nm) A (r>1.440m)
Material Im?g? /m*gt [ m?g*
RGO 30 32 171
RMGO-12 63 44 98
RMGO-10 125 62 104
RMGO-8 121 88 257
RMGO-6 196 76 119
RMGO-4 95 76 179

Fig.5 shows the fitting results for EMI™. According to the fitting equation, C .asnm<r<076nm)» C @76 nm<r
<or14nm), and C (> 1.14nm) are 0.447, 1.221 and 0.488 F m?, respectively (Table 6). The largest capacitance per
unit surface area is achieved in pores (0.76 nm < r < 1.14 nm). It is important to note that the crest value of
capacitance per unit area doesn’t come from the largest type of pores. This phenomenon cannot be explained
only by the accessibility of pores. According to some reported simulations, the ion packing configuration
also has influence on the contribution to capacitance. The ion packing configurations could be different due

the different pore sizes [19, 30-32]. The coulombic repulsion between ions with the same charge makes ions
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away from each other. However, ions are also constrained by pore walls and the electric force. Therefore, the

ions would prefer different packing configurations due to the combined action of the three kinds of forces.

Specific Capacitance / F g
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Fig.5 Measured specific capacitance (black) and fitted specific capacitance (red) of EMI* by multi-linear fitting method.

The coefficient of determination (R?) is 0.978. The error bar is the deviation.

Table 6 Fitted Specific Capacitance of EMI*

Electrode Fitted Specific Capacitance / Deviation from Measure Value /
Materials Fg*! Fg*'
RGO 125 25
RMGO-12 125 15
RMGO-10 179 9
RMGO-8 273 38
RMGO-6 229 2
RMGO-4 212 16

To explain the effect of ion configuration on capacitance in our study, a schematic is given in Fig 6. For

pores (0.38 nm < r < 0.76 nm), ions can access the pores but the narrow space leads to stronger coulombic

repulsion. Therefore, the distance between ions can’t be very close and some regions of surface area are

wasted, resulting in smaller capacitance. When the pores are in the range of two to three times of size of

EMI*, namely (0.76 nm < r < 1.14 nm), the ions packing changed to the two abreast type since the pores are

larger than twice size and electric force aligns the ions along the pore walls. This packing configuration

realizes the high density of charge and the full utilization of surface area in pores. Hence this type of pores

has the largest capacitance per unit area. For the pores larger than 1.14 nm, the ion packing tends to be loose
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again since the constraint of pore walls becomes weaken. At the same time, some anions are likely to enter
into the space between cations (the purple ones shown in Fig 6). As a result, the density of effective cations

decreases and leads to less contribution to capacitance per unit area according to Eqgn 3.

Pores Pores Pores
(0.38 nm < r<0.76 nm) (0.76 nm < r<1.14 nm) (r>1.14 nm)
Pore Wallr\ - - - = - - = -

Cation €—— v Vv U“““ ° °
Pore Wall & — - ?g—?¥ WY

Fig. 6 Schematic explaining effects of ion configuration on capacitance in different pores.

Then we come to the fitting results for BF,. As shown in Fig 7 and Table 7, the variation trend of
capacitance per unit area in different pores is similar to that of EMI*. The result indicates that the model we
build can be applied in both cation and anion in ionic liquids. Besides, the capacitance per unit area is
smaller that of EMI™ in all kinds of pores. It is also corresponding to our assumption that the anionic
behaviors in the form of ion-pair or ion-cluster. Considering the size of pores with the largest capacitance per
unit area, we suppose that anions is more likely to move as ion-pairs instead of ion clusters since the size of
two BF, with one EMI" is 0.86 nm.
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Fig.7 Measured specific capacitance (black) and fitted specific capacitance (red) of BF, by multi-linear fitting method.

The coefficient of determination (R?) is 0.978.
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Table 7 Fitted Specific Capacitance of BF,

Deviation from Measure Value

Electrode Fitted Specific Capacitance / )
Materials Fg* 4
Fg
RGO 107 17
RMGO-12 99 25
RMGO-10 135 5
RMGO-8 220 25
RMGO-6 172 0
RMGO-4 171 3

It should be mentioned that certain deviation still exists between fitted capacitance and measure value.
We suggest that it were due to the existence of ink-bottle pores [22, 23]. The “neck” of the ink-bottle pore is

exposed to electrolyte while the other end of the pore is closed [24]. If the width of “necks” is smaller than

the electrolyte ions, the ink-bottle pores are difficult to be accessed even though the “bottles” are larger than

the electrolyte ions (Fig. 8). Considering the larger surface area of pores (r < 0.38 nm) in RMGO composites

(Table 4), some of these pores may have narrow “necks” and make the larger pores inaccessible to

electrolyte.
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Fig.8. Schematic of ink-bottle structure and exposed structure of pores. Pores larger than ions would become difficult to

be accessed by ions since the smaller “necks” hinder ions.
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4.4. Conclusions

In summary, we have discussed the ionic behaviors in pores with different sizes by two kind of fitting
method. According to the linear fitting between C/A (38 nm<r<o76nm)y aNd A ¢>076nm) / A (0.38 nm < r < 0.76 nm)»
pores with r larger than 0.76 nm, namely twice of the size of EMI" ions, contributed more to the specific
capacitance than pores with other sizes. A model has been proposed that the pores with r in the range of 0.38
nm to 0.76 nm result stronger ion-ion correlations due to the shorter distance between the electrolyte ions.
The stronger ion-ion correlations would reduce the contributions to capacitance and make the capacitance
more dependent on the current density. Then we have analyzed the behavior of cation and anion separately
by the multi-linear fitting method. Firstly, anions prefer to move in the form of ion-pairs while cations move
as the isolated ions. Secondly, for both cations and anion-pairs, pores with radii in the range of two to three
times of cation and anion-pairs are the most efficient pores. It is due to the changed ion packing
configuration in different pores. In addition, pores smaller than the ion sizes could hinder the utilization of

larger pores when the ink-bottle structure is present.
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Chapter 5

lonic behaviors in Different Pores at Different Voltage and Their

Different Contributions to Specific Capacitance

5.1. Introduction

To enhance the energy density of supercapacitors, two apparent strategies have been explored intensively
according to Eqn 1: E = CU%8 that governs the energy density E with C being the specific capacitance of

single electrode materials, and U being the working voltage across the positive and negative electrode.

One strategy is to increase the specific capacitance (C). Recently, graphene has been recognized as an
attractive material to provide large specific capacitance due to its excellent conductivity and large specific
surface area [1]. In our continuing study on graphene supercapacitors, great efforts have been invested to
develop the CNT and graphene (CNT/graphene) composites for supercapacitor applications [2-5]. The
specific capacitance has been enlarged since the specific surface area has been increased by using CNT to
prevent re-stacking between graphene layers. The resulting electrode materials are porous CNT/graphene

materials we synthesized in Chapter 3.

Another approach to enlarge the energy density E is to increase the working voltage (U). Using an
electrolyte with a wider electrochemical stability window is a direct way to reach a larger U. lonic liquid has
been investigated as a new-type electrolyte since its electrochemical window is usually much wider than both
aqueous electrolyte and the commonly used organic electrolytes [6]. In this study, we has preferred a kind of
ionic liquid, 1-methyl-1-propylpiperidinium bis (trifluoromethyl sulfonyl) imide (MPPp-TFSI), since its
electrochemical stability window is larger than the ionic liquids, 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMI-BF,), we used in Chapter 3 and Chapter 4. Considering some reported discussions
[7-9], ionic behaviors in pores would be different when voltage increases. Therefore, we have taken
multiple-linear fittings between specific surface area of different pores and specific capacitance of when
supercapacitors are charged to 4.0V and 4.5V respectively. The fitting results could help us figure out the
behaviors of cation and anion of MPPp-TFSI in our porous CNT/graphene at different voltage. A hypothesis
has been made that more ions are likely to be squeezed into accessible pores by increased voltage. In
addition, some smaller pores could be expanded by ions at high voltage (4.5 V), which lead to the increase of

specific capacitance.
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5.2. Experimental

The electrode materials are synthesized by co-reduction of oxidized multi-wall carbon nanotubes (MWNTS)
and graphene oxide (GO). The resulting CNT/graphene composites are designated as RMGO. Details of the
synthesis have been described in Chapter 3.The ionic liquid electrolytes, 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMI-BF,;) and 1-methyl-1-propylpiperidinium bis (trifluoromethyl sulfonyl) imide
(MPPp-TFSI), were purchased commercially from Toyo-Gosei. The purity of ionic liquids is 99.9%.

The electrochemical stability windows of EMI-BF, and MPPp-TFSI are measured in a three-electrode
system with Pt as both working electrode and counter electrode, and silver-silver ion (Ag/Ag®) as reference
electrode. The potential limitations of electrode materials in MPPp-TFSI is measured in a three electrode
system a three-electrode system with RMGO composites as working electrode, Pt as counter electrode, and
Ag/Ag” as reference electrode. The electrochemical stability window is characterized by the linear scan
voltammetry at 5 mV s from the open-circuit potential to positive and negative potential, respectively. The
potential limitations of RMGO composites are measured by charging process with the constant current
density, 0.2 Ag™.

In order to figure out the specific capacitance on both positive and negative electrodes at the same time,
the charging-discharging process was performed using a three-electrode system with Ag/Ag+ as the
reference electrode and RMGO composite as both the positive and negative electrode. The voltage between
two electrodes is from 0 to 4.0V and 4.5V, respectively. The current density of charging-discharging process
is1.0Ag™

5.3. Results and Discussions

5.3.1. Electrochemical Stability Window of Electrolytes and Electrochemical Window of Electrode
Materials in MPPp-TFSI

According to the results of linear scan voltammetry (Fig 1), it is obvious that the stability window of
MPPp-TFSI (5.8V) is much larger that of EMI-BF, (4.6) V as shown in Table 1. The potentials

corresponding to inflection points are the decomposition potentials of ions in electrolytes.

Table 1. Electrochemical Stability Windows of Electrolytes

Electrolytes Electrochemical Window
EMI-BF, -28V~18V (A=4.6V)
MPPp-TFSI 34V~24V (A=58V)

59



Chapter 5

3
| ——mPPp-TFsi
2] ——EMI-BF,
<L 14
g |
- 0-
e
@
-
5 14
(]
2
34
4 3 2 4 0 1 2 3

Potential vs Ag/Ag”/ V
Fig.1 Electrochemical stability windows of EMI-BF4 (black) and MPPp-TFSI (red). The MPPp-TFSI has the larger

stability window.

However, the electrochemical window of electrode materials in MPPp-TFSI, namely the difference
between positive and negative potential limitation (2.23 V and — 2.67V), is only 4.9V, which is much smaller
than the stability window of the electrolyte. Considering a reported work of our group, is attributed to the
reactions between MPPp-TFSI and the oxygen-containing groups in the SWNT/graphene electrodes [10].

The charging-discharging curves used to characterize the potential limitation of RMGO-4 are shown in Fig.2.
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Fig 2. (a) Positive and (b) negative potential limitations of RMGO-4 in MPPp-TFSI.
5.3.2 Performance of Electrode Materials in MPPp-TFSI at Different Voltage

The energy density of supercapacitors based on RMGO composites in MPPp-TFSI shown in Table 2 are
calculated from the charging-discharging curves in Fig.3. The current density is 1.0 A g™ and the applied
voltage is 4.0 V and 4.5 V. The highest energy density, 73 Wh kg™, is achieved in RMGO-8 at 4.5V. We also
have characterized the performance of positive and negative electrode, separately in a three-electrode system.

The charging-discharging curves are shown in Fig 4 and Fig 5. Since the positive electrode approximates to
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its potential limitation when the applied voltage is 4.5 V (Fig.5), supercapacitors based on RMGO composite

can’t be further charged to higher voltage even though their electrochemical window is 4.8 V.
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Fig.3 Charging-discharging curves in MPPp-TFSI at (a) 4.0 V and (b) 4.5 V. The current density is 1.0 Ag™.

Table 2 Energy Density of Supercapacitors at 4.0V and 4.5V

Electrode Materials Energy Density at 4.0 V /Wh kg™ Energy Density at 4.5V /Wh kg™
RMGO-10 15 43
RMGO-8 29 73
RMGO-6 22 46
RMGO-4 25 60
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Fig. 4 Charging-discharging curves at 1.0 A g™* in a three-electrode system. The applied voltage is 4.0V.
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Fig. 5 Charging-discharging curves at 1.0 A g™ in a three-electrode system. The applied voltage is 4.5V.

Table 3 Specific Capacitance of Cation and Anion (Applied Voltage: 4.0V)

) Specific Capacitance of MPPp* Specific Capacitance of TFSI
Electrode Materials . )
IFg IFg
RMGO-10 28 29
RMGO-8 57 51
RMGO-6 44 39
RMGO-4 55 42

Table 4 Specific Capacitance of Cation and Anion (Applied Voltage: 4.5V)

) Specific Capacitance of MPPp* Specific Capacitance of TFSI’
Electrode Materials . L
IFg IFg
RMGO-10 64 63
RMGO-8 104 116
RMGO-6 73 67
RMGO-4 95 85

It is worth noting that specific capacitance of both cation and anion have increased when applied voltage
increase from 4.0 to 4.5 V (Table 3 and Table 4). Since all charging-discharging processes are in the range of
electrochemical window, we suppose that the excessive specific capacitance is not from the trigger redox
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process at higher voltage. Therefore, an assumption has been made that the ionic behaviors could be affected

by voltage and the changed behaviors in pores lead to the increase of specific capacitance [7-9].The detailed
discussions are shown in the next section.

5.3.3 Behaviors of Cation and Anion in Different Pores at Different Voltage

To clarify the influence of voltage on ionic behaviors, the multi-linear fittings have been taken between
specific surface area of different pores and specific capacitance when the applied voltage is 4.0V and 4.5V,
separately. Considering the size of MPPp* (0.34 nm) and TFSI" (0.32 nm) as well as the higher viscosity of

MPPp-TFSI compared with EMI-BF, [7-9, 11, 12], the models of cation and anion used for fittings are built
as below:

Ceation=Clr<0.68nm) Ar<0.68mm) +  Cpr=0.68nm) A>0.68nm) (22)
Canion=Cr<0.96mm) Ar<0.960m) +  Cp>0.96nm) A (1>0.96nm) (2b)

in which A (ange of ry are the specific surface area of different types of pores described above, C (angeofry are
capacitance per unit surface area of the corresponding type of pores. The specific surface areas of different
pores are shown in Table 5, which are calculated from the pore distribution shown in Fig. 6 (Chapter 3). The
threshold size 0.68 nm and 0.96 nm are twice the size of MPPp™ and triple the size of TFSI', respectively. It
should be noted that since all pores in RMGO composites are smaller than 2.5nm, the pores (r > 0.68 nm)
and pores (r > 0.96) are pores (0.68nm < r < 2.5nm) and pores (0.96nm < r < 2.5nm), actually.
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Fig. 6 Measured specific capacitance (black) and fitted specific capacitance (red) of MPPp* by multi-linear fitting

method. The applied voltage is 4.0 V and R?is the coefficient of determination. The error bar is the deviation.
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Fig. 7 Measured specific capacitance (black) and fitted specific capacitance (red) of TFSI™ by multi-linear fitting method.

The applied voltage is 4.0 V and R?is the coefficient of determination. The error bar is the standard deviation.

Table 6 Fitted Specific Capacitance (Applied Voltage: 4.0V)

Electrode Fitted Specific Capacitance of Cation Fitted Specific Capacitance of Anion
Materials IFgt IFgt

RMGO-10 31 32

RMGO-8 62 52

RMGO-6 43 39

RMGO-4 53 41

The fitting results at 4.0 V are shown in Fig.6, Fig.7 and Table 6. For cations, the pores smaller than
0.68 nm have little contributions to specific capacitance. It implies that MPPp* moves as ion-clusters rather
than isolated ions. Then for anions, the capacitance pre unit area in pores pores (0.96nm < r < 2.5nm) is

much larger than that in pores (r < 0.96 nm). Similarly, TFSI" also moves as ion-clusters due to the higher
viscosity of MPPp-TFSI.

When the applied voltage increases to 4.5 V, the capacitance per unit of pores (0.68nm < r < 2.5nm)
increases from 0.142 to 0.256 F m™for cations. It is supposed that more ions could be pushed into ions due
to higher voltage (Fig 10). Similarly, the capacitance per unit of pores (0.96nm < r < 2.5nm) increases from
0.128 to 0.324 F m™for anions partially from the same reason. In the contrary, the value of capacitance in
pores (r <0.96nm) decreases from 0.025 to 0.012 F m™. According some reported discussions [8, 11, 12], a
possible reason is that some pores slightly smaller than 0.96nm are expanded by ion-clusters forced by

higher voltage (Fig 11). This behavior of anion-clusters also leads to the increase of fitted capacitance per
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unit area in pores larger than 0.96nm. The fitting results at 4.5 V are shown in Fig.8, Fig.9 and Table 7.
Combining with the conclusions for ionic behaviors in EMI-BF, discussed in Chapter 4, the deviations

between fitted and measured values are due to the ink-bottle structures, which hinder the access of ions into
larger pores.
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Fig. 8 Measured specific capacitance (black) and fitted specific capacitance (red) of MPPp* by multi-linear fitting

method. The applied voltage is 4.5 V and R?is the coefficient of determination. The error bar is the deviation.
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Fig. 9 Measured specific capacitance (black) and fitted specific capacitance (red) of TFSI™ by multi-linear fitting method.

The applied voltage is 4.5 V and R?is the coefficient of determination. The error bar is the deviation.

65



Chapter 5

Table 7 Fitted Specific Capacitance (Applied Voltage: 4.5V)

Electrode Fitted Specific Capacitance of Cation Fitted Specific Capacitance of Anion
Materials IFg* IFg*

RMGO-10 64 63

RMGO-8 111 120

RMGO-6 70 66

RMGO-4 95 83

Applied Voltage is 4.0 V

Applied Voltage is 4.5V

6000
0000

More ions are
pushed into pores

Fig 10 Schematic of increased specific capacitance due to increased amount of ions in pores when applied voltage

increases from 4.0 to 4.5 V.

lons

Applied Voltageis 4.0 V

+ +

Pore Wall

Applied Voltage is 4.5V

Pores are expanded by ions

Fig 11 Schematic of increased specific capacitance due to expansion of smaller pores when applied voltage increases

from4.0Vto4.5V.
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5.4. Conclusions

According to the results of multi-linear fittings, the most efficient pores for cations are pores (0.68nm < r <
2.5nm) while those are pores (0.96nm < r < 2.5nm) for anions. It is due to the existence of ion-clusters in
MPPp-TFSI electrolyte due to its high viscosity. In addition, we have also figured out the change of ionic
behaviors when applied voltage increases. For both cations and anions, more ions can be pushed into
accessible pores by voltage. And for anions, some smaller pores can be expanded by anion-clusters forced by
higher voltage. The two behaviors above are the reasons for the larger specific capacitance at the higher

applied voltage of supercapacitors.
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Chapter 6

Enhancement of Energy Density of CNT/Graphene Supercapacitors

by Improved Pore Structure and Asymmetric Configuration

6.1. Introduction

To enhance the energy density of supercapacitors, enlarging the working voltage has been considered as an
effective way according to Eqn 1: E = CU%8, in which E is the energy density, C is the specific capacitance

of single electrode materials, and U is the working voltage across the positive and negative electrode.

Except for choosing ionic liquid electrolyte with wider electrochemical stability window, asymmetric
configurations of a supercapacitor can also raise U by making a full use of the different potential windows of
the two electrodes [1]. The term “asymmetric” here means either using two different electrode materials in
one device or using the same electrode material in both electrodes with unequal mass [2]. The latter is often

considered to be more practical as it can be easily implemented in industrial production [3].

Positive Potential
S 8 N Limit
A A
e
® o u,
&)
® U
= Electrochemical
= Window of U
Electrode -
In Series Materials v
- ]i Q=0 | + Waste
|: | Range
C. ¢ * Negative Potential
U. U, Limit

Fig. 1 (a) Schematic of supercapacitor and (b) potential ranges of two electrodes. The two EDLCs on two electrodes are
in series so that the electric charge is the same. When one electrode reaches the potential limit before the other does, a
potential range will be unutilized so that the actual working voltage (U) is smaller than the electrochemical window of

electrode materials.
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The mechanism for raising working voltage U using unequal electrode mass is illustrated in Fig. 1 and
Egn. (2-5) below:

Q.=Q. 2
Q=mcu 3)
M. CanionU+ = M_CeationU- (4)
Us _ m+Canion
U - m_C ®)

in which Q. and Q. represent the electric charge on the positive and negative electrodes, respectively, U, and
U. are potential windows for the two electrodes, respectively, Canion and Ceaiion are the specific capacitance of
the two electrodes, respectively, and m.. and m. are the mass of the two electrodes, respectively. Since the two
single EDLCs on the positive and negative are connected in series in a full supercapacitor device, the electric
charge on the two electrodes is the same (Eqgn. 2). Then the potential windows for the two electrodes are

determined by the specific capacitance and mass of the two electrodes (Egn. 5).

In a symmetric supercapacitor, a situation has been reported by several literatures [4-13] that the
specific capacitance of two electrodes could be different since the behaviors of cation and anion are different
in supercapacitors. As a result, one electrode will reach the potential limit sooner than the other. In such a
case a range of potential on the opposite electrode will not be utilized in charging/discharging. Therefore, by
adjusting the mass ratio of the two electrodes, the potential window for each electrode could be utilized fully

— the operating voltage U on the device is also uplifted.

In the present study we have improved the pore structure of CNT/graphene compared with the ones we
used in previous chapters by eliminating the pores accessible for neither cations nor anions, which are
supposed to have negative effect on specific capacitance. It is realized by the better dispersion of CNTs in
water by using a surfactant. And a greater working voltage has been achieved using unequal carbon nanotube
(CNT)/graphene electrodes in ionic liquid 1-methyl-1-propylpiperidinium bis (trifluoromethyl sulfonyl)
imide (MPPp-TFSI). When the ratio of m_to m, was set to 1.5, the supercapacitor could be charged to 4.7 V
and a high energy density of 118 Wh kg™ was obtained at a charging/discharging current density of 1.0 Ag™.

6.2. Experimental

Graphene oxide (GO) was synthesized from graphite using the Hummers’” method [14]. Carbon nanotubes

(CNTSs) were dispersed in aqueous solution of sodium dodecylbenzenesulfonate (SDBS), which serves as the

71



Chapter 6

surfactant, by sonication. And GO was dispersed in deionized water by the same method. The mass ratio of
CNTs to GO is 1/4. After mixing the two dispersions by sonication, CNT/GO composite was obtained and
then was reduced by hydrazine at 98 °C for 24 hours. The reduced material was rinsed with deionized water
for several times until it became neutral and SDBS removed. The CNT/graphene composite was eventually

obtained as black powders. The schematic of the co-reduction is shown in Fig.2.

Scanning electron microscope (SEM, JEOL JSM-6500F) was used to observe the morphology of
electrode materials. Surface chemistry of the electrode materials was characterized by x-ray photoelectron
spectroscopy (XPS, ULVAC-PHI Quantera SXM) with a twin anode Al Ko x-ray source and hemispherical

energy analyzer. The energies were calibrated against the aliphatic carbon C1s peak at 284.5 eV.

In order to find out the potential limitation on both the positive and negative electrode, the charging process
was conducted using a three-electrode system with Pt as the counter electrode, silver-silver ion (Ag/Ag+) as
the reference electrode, and SWNT/graphene composite as the working electrode. In order to reach designed
values of U, and U. at the same time, the charging-discharging process was performed using a
three-electrode system with Ag/Ag+ as the reference electrode and CNT/graphene composite as both the

positive and negative electrode.

All electrochemical characterization was carried out using an electrochemical workstation (Biologic
VSP-300). The ionic liquid electrolyte used in our study, 1-methyl-1-propylpiperidinium bis
(trifluoromethyl- sulfonyl) imide (MPPp-TFSI) with purity 99.9%, was purchased commercially from
Toyo-Gosei. Graphite was purchased commercially from Alfa Aesar and CNTs were purchased from Cheap

Tubes Inc. Other chemicals were purchased from Wako Pure Chemical Industries, Ltd.

Reduction
by
Hydrazine
+ _
& 5z g Ppmne, oo
Aqueous Dispersion of Aqueous Dispersion of CNT/Graphene
Graphene oxide (GO) CNTs with SDBS Composite

Fig.2 Schematic of co-reduction of CNT and GO

6.3. Results and Discussion

6.3.1 Characterization of Electrode Materials

After chemical reduction of the SWNT/GO composite, there remain some oxygen-containing functional
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groups on the surface of the SWNT/graphene composite according to XPS analysis (Fig 3). The existential
forms were C-O (286.5 eV) and C=0 (287.8 eV) [15]. The atomic ratio of oxygen to carbon (Table 1) is
similar in CNT/graphene composite and RMGO-4 composite, indicating that we have realized the

modification the pore structure without the change of chemical structures.

Table 1. Ratio of oxygen to carbon in materials characterized by XPS

Materials Ratio of O to C (%)
CNT/graphene 12.5
RMGO-4 11.7

CNT/graphene c=C

Intensity (a.u.)
Intensity (a.u.)

294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

Fig. 4 C 1s spectra of XPS showing the chemical structures of RMGO-4 and CNT/graphene composites
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Fig. 4 Raman spectra of RMGO-4 (pink) and CNT/graphene (dark blue) composites.

Fig. 4 shows the Raman spectra of SWNT/graphene composite and RMGO-4 composite, which reflect
the structural defects of materials. The ratio of intensity of D peak to G peak (Ip/lg) is 0.73 and 1.27 in
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SWNT/graphene and RMGO-4, respectively. The less defects in SWNT/graphene, which is indicated by the
smaller value of Ip/lg, is mainly due to the less defects on SWNTs since they are not oxidized before
co-reduction process. Fig 5 shows the morphology of SWNT/graphene composite and RMGO-4 composite.

The CNTs could be seen clearly in both of the two composite as indicated in the SEM image.

Fig.5 SEM image reveals the presence of CNTs in (a) RMGO-4 and (b) SWNT/graphene composite.
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Fig. 6 (a) Pore distribution and (b) charging-discharging curves of RMGO-4 (pink) and CNT/graphene (dark blue). The
current density is 1.0 A g™ and the applied voltage is 4.0 V.

Compared with the reduced oxidized multi-wall carbon nanotube/graphene oxide (RMGO) composite,
the pores smaller than 0.54nm are eliminated due to the well-dispersed CNTs (Fig 6a). Considering the
analysis of ionic behaviors of MPPp-TFSI in pores with different sizes, the pores smaller 0.68nm are
accessible for neither MPPp* nor TFSI. By decreasing pores in this range, we can decreases the negative
effect of ink-bottle structure due to the inaccessible pores. The effect improved pore structure is reflected in
the performance in MPPp-TFS as shown in Fig 6b and Table 2. The specific capacitance of RMGO-4 and
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CNT/graphene is almost the same at 4.0 V and 1.0 A g* even though the specific surface area of
CNT/graphene (219 m? g) is much smaller than that of RMGO-4 (542 m? g*). However, it is worth noting
that the pores in the range from 0.68 nm to 0.96 nm, which are mainly accessible for MPPp™ rather than
TFSI-, still exist in CNT/graphene composite. This kind of pores is possible to result in the unequal specific

capacitance of cation and anion

Table 2. Specific Capacitance and Specific Surface Area of Electrode Materials

Electrode Materials Specific Capacitance /F g™ Specific Surface Area /m* g™
CNT/graphene 46 219
RMGO-4 48 542

6.3.2 Potential Limits

The positive and negative potential limits were characterized separately by a charging process at current
density of 0.2 A g™. As shown in Fig. 7, the positive potential limit was 2.45 V and the negative limit was —
2.33 V. Therefore, the electrochemical window of electrode in MPPp-TFSI was 4.8 V, though it is still much
smaller than the electrochemical stability window of MPPp-TFSI (5.8 V) as shown in Fig 1 (Chapter 5). The
smaller electrochemical window of electrode materials is attributed to the reactions between MPPp-TFSI and
the oxygen-containing groups in the CNT/graphene electrodes [16].
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Fig. 7 (a) The positive and (b) negative potential limit measured in three-electrode system. The upper limit is 2.45 V and

the lower limit is —2.33 V.
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6.3.3 Underutilization of Potential Window in Symmetric Supercapacitor
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We applied the charging/discharging process in a three-electrode system at 1.0 A g™* as shown in Fig. 8. The

values of U, and U. were calculated using Egn. 6:
U+ = E+ - EO (6&)
U=E-E (6b)

in which E. and E. are the anodic potential and cathodic potential, respectively, and E, is the potential of
electrodes when the voltage between the positive and negative was zero. When the working voltage reached
4.0 V, the negative electrode would almost reach the potential limit though there was still a small gap
between the positive potential and its upper limit, i.e., the potential range from 1.67 to 2.45 V was not
utilized. Even though the supercapacitor could be charged to 4.2 V, some reactions would be triggered
because E. (-2.51 V) exceeded the negative limit (-2.33 V). Since the smaller working voltage was due to
the larger U. (2.12 V) for the supercapacitor, we could lower it by increasing the mass ratio m./m, according
to Eqgn (5).

6.3.4 Different Capacitance of Positive and Negative Electrode

The unutilized potential range in the symmetric supercapacitor was due to the larger U, which was
determined by larger C,nion as shown in Table 2. If the capacitance on the positive and negative electrode
were solely due to the adsorption of anions and cations, respectively, this phenomenon means that the
specific capacitance of the MPPp* layer is smaller than that of TFSI™ layer. However, this conclusion is
inconsistent with fitting results we mentioned in previous chapters in which Cg,ion should be the smaller one.
This seemingly contradictory phenomenon may be attributed to different charging mechanism. As having
reported in the literature, desorption of ions of the same charges and ion exchanges also existed in the
charging process [12-18]. For example, Forse et al. reported that the electrolyte ions behaved differently on
anode and cathode in Pyl13-TFSI, which has a similar structure to MPPp-TFSI [12]. The electrode
capacitance would also be impacted when ions diffuse differently in MPPp-TFSI [16-18]. We suggest that
the different charging mechanisms exist on the positive and negative electrode in our supercapacitors and it
is one of the reasons causing the different capacitance on the two electrodes. More research is needed to
validate this hypothesis and to find out the fundamental contributions to the different capacitance of each

electrode.
6.3.5 Asymmetric Supercapacitor Using Unequal Electrodes

Table 3 shows the results of electrochemical characterization of supercapacitors with different ratio of
electrode mass. The selected current density was 1.0 A g*, calculated basing on the total mass of two
electrodes. When same voltage was applied on the supercapacitor, U. was lowered with increasing ratio
m./m.. As a result, the supercapacitor using unequal electrodes could be charged to a voltage higher than 4.0

V before either the positive electrode or the negative electrode reached its potential limit.
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Fig. 9 Charge-discharge process of supercapacitor at (a) 4.0 V and (b) 4.2 \VV when electrode mass ratio m./m.. is 4/3. The
current density is 1.0 A g% (c) The positive potential and negative potential show that U. becomes smaller compared
with symmetric configuration (Fig. 8). The largest working voltage of supercapacitor with this configuration is 4.2 V

before the negative electrode reaches its limit.
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Table 3 Electrochemical Characterizations of Supercapacitor with Different Electrode Mass Ratio of m _/m..

Applied C i C i
m./m, P u. /v U. IV e "
\oltage / V IFg IFg
4.0 2.11 (-0.22 ~ -2.33) 1.89 (-0.22 ~1.67) 43 48
1:1
4.2 2.35(-0.16 ~-2.51)  1.85 (-0.16~1.71) 71 77
4.0 1.74 (-0.54 ~ -2.30) 2.26 (-0.54~1.70) 45 48
4:3
4.2 2.00 (-0.34~-234) 220 (-0.34~1.86) 75 94
4.0 1.59 (-0.48 ~-2.09)  2.41 (-0.48 ~1.90) 45 45
3:2 4.2 1.80 (-0.37 ~-2.17)  2.40 (-0.37 ~2.03) 83 93
4.7 1.93 (-0.35 ~ -2.28) 277 (-0.35~242) 158 165
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Fig. 10 Charge-discharge process of supercapacitor at (a) 4.0 V, (b) 4.2 V, and (c) 4.7 V with electrode mass ratio m./m..
= 3/2. The current density is 1.0 A g™. (d) The positive potential and negative potential show further reduced U. and the

largest working voltage is 4.7 V, close to the electrochemical window of electrode materials (4.8 V).
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Table 4 Energy Density of Supercapacitor with Different Electrode Mass Ratio of m./m..

Energy Density (Wh kg™)

m.J/m..
4.0V 4.2V 4.7V
1:1 25 45 -
4:3 25 50 -
3:2 24 52 118

For the supercapacitor with an electrode mass ratio of 4/3, the largest working voltage was 4.2 V. It is
still smaller than the electrochemical window of the electrode materials (4.8 V) since the negative electrode
would reach the lower limit before the positive electrode would its own upper limit (Fig. 9). When we further
increased the electrode mass ratio from 4/3 to 3/2, the lowest potential of the negative electrode was changed
from —2.34 to —2.27 V owing to the reduced U.(Fig. 10b). The largest working voltage was therefore raised
to 4.7 V when the electrode mass ratio was 3/2 (Fig. 10c) and the energy density was increased from 25 Wh
kg' at 4.0 V in symmetric configuration to 118 Wh kg™ at 4.7 V for the supercapacitor with unequal
electrodes (Table 4).

The increased energy density due to improve pore structures and asymmetric configuration was shown
in Fig 11a. The energy density of the asymmetric supercapacitor based on CNT/graphene at 4.5 V was 102
Wh kg™, increased by 85% compared with the symmetric supercapacitor based on RMGO-4. And the energy
density could be further enlarged since the asymmetric CNT/graphene supercapacitor could be charged to
4.7V. The cycle stability of this asymmetric at 4.7V and 1.0 A g-1 was shown in Fig 11b. The retention ratio

of energy density was 92% after 6000 cycles, indicating the good stability of our supercapacitors.

a b
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Fig. 11 (a) Charge-discharge curves of supercapacitors in MPPp-TFSI at 1.0 A g* and (b) the cycle stability of
asymmetric supercapacitor measured at operation voltage of 4.7 V and current density of 1.0 A g™. The mass ratio of the
electrodes is m./m, = 1.5. The retention ratio of energy density is 92% after 6000 cycles, indicating a good stability of

the supercapacitor.
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6.4. Conclusions

The pore structure has been improved in SWNT/graphene composite compared with RMGO composite since
the pores smaller than 0.54 nm, which may have negative effects on specific capacitance, are eliminated. As
a result, these two kinds of materials have the similar specific capacitance at 4.0 V even though the specific

surface area of SWNT/graphene composite is much smaller than that of RMGO-4 composite.

The electrochemical measurement showed that the positive and negative electrostatic potential limits of
SWNT/graphene electrode in MPPp-TFSI electrolyte were 2.45 and -2.33 V, respectively, and the
electrochemical window of electrode materials in MPPp-TFSI was 4.8 V. However, the largest working
voltage of symmetric supercapacitors using SWNT/graphene electrode is only 4.0 V due to the unutilized
potential range on the negative electrode and unequal voltage on the positive and negative electrode are
owing to the different specific capacitance of the two electrodes. According to the analysis of ionic behaviors
in MPPp-TFSI in Chapter 5, the unequal specific capacitance is due to the pores (0.68 nm < r < 0.96 nm),

which are mainly accessible for MPPp* rather TFSI".

To fully utilize the potential range for each electrode, we have optimized the respective voltage U, on
positive electrode and U. on negative electrode by adjusting the electrode mass ratio m./m,. When the
electrode mass ratio was changed from 1 to 1.5, the working voltage window was raised from 4.0 to 4.7 V
and the energy density was increased from 25 to 118 Wh kg™ with good cycle stability (92 %) by taking

advantage of both higher working voltage and larger capacitance.
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Conclusions and Prospective

7.1. Conclusions

7.1.1 Carbon Nanotube/Graphene Composite with Adjustable Porous Structures as Electrode Materials in

Supercapacitors
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Fig. 1 (a) SEM image of RMGO-4, (b) pore distribution and (c) rate performance of RMGO composites. The current

density in rate performance is from 0.2 to 6.0 Ag™ and the electrolyte is EMI-BF,.
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CNT/graphene composites, designated as reduced oxidized MWNT/GO composite (RMGO), with

different pore structures (Fig. 1a and Fig. 1b) are designed by adjusting the CNT/graphene mass ratios.

The improved dispersity of oxidized MWNTSs in water contributes to the enlarged specific surface area

(A) of the resulting CNT/graphene composite. The value of A increases with the ratio of spacers until

1/16 and largest one from RMGO-6 is 742 m* g™.

RMGO-4 shows a high specific capacitance of 206 F g™* at current density of 0.2 A g™ and the best rate

capability with 79% capacitance retention at 6.0 A g in an EMI-BF,electrolyte (Fig 1c), even though

its specific surface area is smaller than that of RMGO-6. An explanation of this phenomenon is that the

capacitance is also affected by pore distribution except for the specific surface area of total pores.
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7.1.2 lonic behaviors in Different Pores and Their Different Contributions to Specific Capacitance
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Fig.2 Schematic showing the influence of (a) ion packing and (b) ink-bottle structure on specific capacitance in pores

with different sizes.

(1) The behaviors of EMI™ and BF4 in pores with different sizes have been discussed by two kind of fitting
method. The linear fitting between C/A ©3snm<r<076nm) aNd A (>0.76nm) / A (0.38 nm<r <076 nm) IS Dased on
the assumption that the behaviors of cation and anion is the same While the multi-linear fitting between
specific capacitance and specific surface area of different pores is applied for cation and anion

separately.

(2) Combining the fitting results of the two methods, a model has been built that anions prefer to move in

the form of ion-pairs while cations move as the isolated ions.

(3) For both cations and anion-pairs, pores with radii in the range of two to three times of cation and
anion-pairs are the most efficient pores. It is due to the changed ion packing configuration in different
pores (Fig 2a). In addition, pores smaller than the ion sizes could hinder the utilization of larger pores

when the ink-bottle structure is present (Fig 2b).
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7.1.3 lonic behaviors in Different Pores at Different Voltage and Their Different Contributions to Specific
Capacitance
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Fig. 3 Schematic of higher specific capacitance due to (a) more ions pushed into pores and (b) the expansion of pores

forced by voltage.
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According to the results of multi-linear fittings, the most efficient pores for cations are pores (0.68nm <
r < 2.5nm) while those are pores (0.96nm < r < 2.5nm) for anions. It is due to the existence of
ion-clusters in MPPp-TFSI electrolyte due to its high viscosity.

The changes of ionic behaviors when applied voltage increases have been figured out. For both cations
and anions, more ions can be pushed into accessible pores by voltage. And for anions, some smaller
pores can be expanded by anion-clusters forced by higher voltage (4.5 V). The two behaviors shown in
Fig 3 are the reasons for the larger specific capacitance at the higher applied voltage of supercapacitors.
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7.1.4 Enhancement of Energy Density of CNT/Graphene Supercapacitors by Improved Pore Structure

and Asymmetric Configuration
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Fig. 4 (a) Pore distribution of CNT/graphene and RMGO-4 composites, and (b) voltage distribution of asymmetric

supercapacitors when the mass ratio of two electrodes is 1.5.

(1) The pore structure has been improved in CNT/graphene composite compared with RMGO composite

since the pores smaller than 0.54 nm, which may have negative effects on specific capacitance, are

eliminated as shown in Fig 4a.

(@) The largest working voltage of symmetric supercapacitors using CNT/graphene electrode (4.0 V) is

smaller than the electrochemical window of electrode in MPPp-TFSI (4.8 V) due to the unutilized

potential range on the negative electrode owing to the different specific capacitance of the two

electrodes.

(3) The largest working voltage of supercapacitors has been realized in a designed asymmetric

configuration when the electrode mass ratio is 1.5 (Fig 4b). The working voltage window has been

raised from 4.0 to 4.7 V and the energy density has been increased from 25 to 118 Wh kg™ with good

cycle stability (92 %) by taking advantage of both higher working voltage and larger capacitance.
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7.1.5 Summary

Improve Pore Structure

Improve Pore

Structure & Voltage CNT/Graphene Electrodes
Distribution 216 Wh kg

Asymmetric Supercapacitor with
CNT/Graphene Electrodes
118 Wh kg*

Increases Specific Surface

Area by CNT Spacers CNT/Graphene
Composite

98 Wh kg
Graphene
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Fig. 5 Schematic showing the realization of high energy density in supercapacitors by improved CNT/graphene
materials and designed asymmetric configuration. The improvement of materials is based on the clarified ionic

behaviors in this study.

In this study, we firstly enlarge the specific capacitance of graphene-based electrode materials by using
carbon nanotubes (CNTSs) as spacers. The improved dispersion of CNTs treated by oxidization method has
effectively prevented the aggregations between nanotubes. Subsequently, we have modified the pore
structure of CNT/graphene composite according to the ionic behaviors in different pores, which has been
figured out by the fitting analysis between various pore surface area and specific capacitance of different ions.
The inaccessible pore, which may hinder the contribution of accessible pores, has been eliminated in the
improved materials. Finally, the energy density has been enhanced by designing an asymmetric configuration
of supercapacitors based on the improved CNT/graphene composite. The high energy density, 118 Wh kg™,

is realized by both increased specific capacitance and the designed voltage distribution on electrodes (Fig. 5).

7.2. Future Prospect

The porous graphene composites have attracted tremendous attentions due to its potential in the application

of energy storage. The study of ionic behaviors in supercapacitors and design of suitable pore structures of
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materials are two crucial points to improve the performance of supercapacitors based on porous graphene

composites.

Since the methods we used to figure out the ionic behaviors are indirectly ones, more directly
experimental tools will be explored in the future. Recently, nuclear magnetic resonance (NMR) method and
guartz crystal microbalance (QCM) method have been applied in the investigation of ionic behaviors and
charging mechanism in supercapacitors, which have provided some guidance for the future work in the field.
For the design of pore structures, many methods have been developed to realize the more precise control of
pore size, such as using templates and further improve the dispersion of spacers in shear flows. Combining
the clarified ionic behaviors, the breakthrough in the performance of supercapacitors can be realized by the
design of porous graphene composite with suitable pore structures. The supercapacitors with larger power

density and enhanced energy density can be applied in many fields, such as the constitution of smart city.
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