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This research focuses on a simple facile route to prepare a rGO-based nanocom-
posite through a one-pot hydrothermal approach. Graphite oxide (GO) was prepared from
graphite powder by a modified Hummers method. rGO and rGO-based nanocomposites
were prepared by a simple facile hydrothermal method. Graphite powder was used as raw
material for graphite oxide (GO) preparation with KMnO, in 98% H,SO,. A characteristic
peak of graphite at 26.8 °C with 0.33 nm of d-spacing was shifted to 10.70 °C with 0.83 nm
d-spacing. GO powder was used as the precursor for 0.5 mg/ml graphene oxide solution
by dispersion GO powder in DI water with ultrasonication for 30 min. Reduced graphene
oxide (rGO) was synthesized by reduction of graphene oxide using hydrazine monohy-
drate (H4N, - H,O) as a reducing agent at 200 °C for 24 h. The formation of rGO could
be confirmed by XRD, TEM and Raman spectroscopy. After reduction, A characteristic
peak of rGO was shown as amophous carbon due to the random orientation of rGO sheet at
25.5°. Experimentals, Fe(NQOj3);3 - 9H50, Mn(NO3), - 6H,0 and , Co(NO3), - 6H,O were
used as the precursors for the preparation of rGO-based nanocomposites. The formation
of rGO-based nanocomposites was confirmed by XRD, TEM, FTIR, and Raman spec-
troscopy. The specific surface area of the prepared composite performed by BET analysis
was lower than that of pure rGO but higher than that pure ferrite. Consequently, the elec-
trochemical performance was investigated by using the three-electrode cell system within
6.0 M KOH. The results showed that the specific capacitances were obtained to be 190.3,
276.94, 144.5 and 203.5 F /g at a scan rate of 10mV /s, 194.9, 274.6, 134.4 and 223.1F /g
at a current density of 5.0 A /g for rGO, rGO/MFO05, rGO/MFO10, and rGO/CFO05
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spectroscopy. The specific surface area of the prepared nanocomposites performed by
BET analysis was lower than that of pure rGO but higher than that of pure ferrite.
Consequently, the electrochemical performance was investigated by using the three-
electrode cell system within 6.0 M KOH. The results showed the high specific
capacitances of 190.3, 276.9, 144.5, and 203.5 F/g at a scan rate of 10 mV/s, 194.9,
274.6, 134.4 and 223.1 F/g at a current density of 5.0 A/g for the rGO, rGO/MFOO05,
rGO/MFO10, and rGO/CFO05 nanocomposites, respectively. These results suggest
that composite of ferrite nanoparticles onto rGO nanosheet can improve the capacitive
behavior of the fabricated electrode, but the electrochemical properties are also
reduced when the ferrite concentration ratio is high, because of the decreases of
specific surface area, mean pore size, and large number of oxygen-containing groups
on the working electrode, and the increase of diffusion resistance towards the transfer

of ions into the electrode pores.
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CHAPTER 1

INTRODUCTION

1.1 Principle and reason

Graphene was first discovered in 2004 (Novoselov et al., 2004). It is a single layer
of carbon atoms in 2D honeycomb structure with extremely interesting properties such as
electronic, mechanical, optical, and thermal properties (An et al., 2010). Graphene has
the highest surface area of 300 — 900 m?/g and a broad pore size distribution of about
2—200nm (J. Li et al., 2006). Graphene and graphene-based nanocomposites play an im-
portant role in the development of electrochemical capacitor or supercapacitor. Reduced
graphene oxide (rGO) is graphene nanosheet which can be functionalized by remaining
epoxy and hydroxyl groups (G. Shao et al., 2012). rGO can be prepared from reduction
of graphite oxide (GO) and has been achieved via the modified Hummers method (Hum-
mers Jr and Offeman, 1958). There are many kinds of reducing agents used for preparation
of GO such as hydrazine (Gao, Alemany, Ci and Ajayan, 2009; D. Li, Mueller, Gilje,
Kaner and Wallace, 2008), hydroquinone (W. Chen and Yan, 2010), sodium borohydride
(NaBH,) (Shin et al., 2009) , or ascorbic acid (X. Zhu et al., 2012).

Nowaday, the demand of energy requirement increases dramatically. One of the
demanding devices with ultra-high power density (1072 — 10~* W /g), fast charging, and

exceptionally long cycling life (> 100,000 cycles) (Dai et al., 2011) is supercapacitor
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(G. Wang, Zhang and Zhang, 2012). Recently, various porous carbon materials with high
specific surface area, such as activated carbons, carbon nanotubes, have been widely used
as supercapacitor electrodes, because of their stable physicochemical properties, good con-
ductivity, low cost, and long cycle life. (Béguin, Presser, Balducci and Frackowiak, 2014;
Simon and Gogotsi, 2008). rGO is one of carbon materials having high surface area, high
electrical conductivity, and good electrochemical stability (X. Huang, Zeng, Fan, Liu and
Zhang, 2012; C. Liu, Li, Ma and Cheng, 2010). However, the re-stacking of the rGO layer
during fabrication of the electrode, results in a decrease of electrochemical properties due
to the decrease of its specific surface area. To overcome this problem,the introduction of
graphene-based nanocomposites (Chakrabarti et al., 2013; X.-m. Chen, Wu, Jiang, Wang
and Chen, 2011; Stankovich et al., 2006a) by decoration metal (Jagannadham, 2012), or
metal oxide (Jiang et al., 2012) onto rGO nanasheet has been received much attention.
Metal ferrite material is another material that can be used to prevent rGO nanosheet from
re-stacking. It has high theoretical capacity but has poor electrical conductivity and elec-
trode induced by large volume change between charge-discharge processes (M. Zhang, Jia,
Jin, Wen and Chen, 2013). Thus, metal ferrite material is alone not suitable for using as
electrochemical electrodes.

To improve the high cycling stability and high rate capability of metal ferrite for
novel electrodes with high performance, decoration of metal ferrite onto rGO sheets has
been investigated. Recently, Tang et al. (Tang, Gao, Xing, Tian and Bao, 2014) reported
the preparation of rGO/MnFe,O4 and rGO/CoFe;O4 nanocomposite by a one-pot low-
temperature process by coprecipitation of Mn and Co ions produced in the modified Hum-
mer’s method and in situ reduction of GO at 90 °C. In this work, FeCl; and MnCl, - 4H,O

were used as starting materials for preparation of MnFe;O4 and rGO/MnFe; O, nanocom-
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posite. Coprecipitation route was separately carried out for preparation of MnFe, O, nanopar-
ticles. The rGO/MnFe,O, nanocomposite exhibited excellent electrochemical perfor-
mance, retaining a reversible capacity of 581.2mA - h/g, about 70% of the theoretical
capacity, at a specific current of 1 A /g after 200 cycles.

In the present study, a simple facile route to prepare a rGO/MnFe,O4 and
rGO/CoFeyO4 nanocomposite is carried out through a one-pot hydrothermal approach
using GO, Mn(NO3),-6H50, Co(NO3)2-6H,0, and Fe(NO3)3-9H, O as starting materials.
The rGO/MnFe;O4 and rGO/CoFe,O4 nanocomposites were synthesized with different
ratio under the similar quantity of rGO precursor, and the resulting products were character-
ized by X-ray diffraction (XRD), Raman spectroscopy (Raman), and transmission electron
microscopy (TEM). The effect of MnFe;O4 and CoFe;O4 nanoparticles concentration on
the electrochemical properties of rGO /MnFe, O, and rGO/CoFe, 04 nanocomposites was

investigated under the long charge-discharge process upto 1000 cycles

1.2 Objectives of the thesis

1.2.1 To synthesize rGO-based nanocomposites reinforced with metal oxide by

the one-pot hydrothermal method.

1.2.2 To characterize the microstructure and phase composition of the synthe-

sized rGO-based nanocomposites.

1.2.3 To study the electrochemical properties of the synthesized rGO-based
nanocomposites by using cyclic voltammetry (CV), galvanostatic charge -
discharge (GCD), and electrochemical impedance spectroscopy (EIS)

technique.



1.3 Limitation of the study

1.3.1 Synthesis of GO, rGO, and rGO-based nanocomposites reinforced with

metal oxide.

1.3.2 Study of microstructure and phase composition of the synthesized

materials by using the XRD, and TEM techniques.

1.3.3 Study of reflectance of the synthesized rGO-based nanocomposites by

using FTIR techniques.

1.3.4 Study the electrochemical properties of the synthesized rGO-based nanocom-

posites.

1.4 Location of research

1.4.1 Advanced Materials Physics Laboratory (AMP), School of Physics,
Institute of Science, Suranaree University of Technology (SUT), Nakhon

Ratchasima, 30000 Thailand.

1.4.2 The Center for Scientific and Technological Equipment (SUT), Suranaree

University of Technology (SUT), Nakhon Ratchasima, 30000 Thailand.

1.4.3 Department of Physics, Faculty of Science, Khon Kaen University, Khon

Kaen, 40002 Thailand.

1.4.4 Faculty of Science, Chiang Mai University, Amphur Muang, Chiang Mai,

50200 Thailand.



1.5 Anticipated outcomes

1.5.1 Knowhow of synthesis of rGO-based nanocomposites with excellent elec-

trochemical properties.

1.5.2 Understanding of the effec of ferrite nanoparticles on the electrochemical

properties of rGO-based nanocomposites.

1.5.3 International publications (ISI).

1.6 Thesis structure

This thesis is divided into five chapters. Chapter I is the introduction of the project.
Review of literature is presented in Chapter I, including the background of graphene,
supercapacitor, electrode materials, and electrolyte. The preparation, physical and electro-
chemical properties characterization of all the samples are presented in Chapter III. And
then, the results obtained in this research and discussions of the results are given in Chapter
I'V. Finally, conclusions and suggestions are described in Chapter V, and future works are

proposed in this chapter too.



CHAPTER 11

LITERATURE REVIEW

This chapter presents a review of the background of graphene and graphene-based
nanocomposites, basic properties, synthesis and characterization. Moreover, an application
of graphene and graphene-based nanocomposite as raw material for fabrication of supeca-

pacitor electrode, one type of energy storage system (ESSs), is reviewed.

2.1 Graphene

Graphene, which was discovered in 2004 (Novoselov et al., 2004), is an atomically
thin sheet of carbon arranged in a two dimensional honeycomb crystal. It was surprising
when graphene was first observed. Graphene has an intrinsic roughness and can be wrapped
up into 0D fullerenes, rolled into 1D nanotubes or stacked into 3D graphite as shown in
Figure 2.1 (Geim and Novoselov, 2007) and its morphology has been shown in Figure 2.2

(Thakur and Karak, 2012).



Figure 2.1 Graphene structure. Graphene is a 2D building material for carbon
materials of all other dimensionalities. It can be wrapped up into 0D
buckyballs, rolled into 1D nanotubes or stacked into 3D graphite (Geim

and Novoselov, 2007).



(a)

Figure 2.2 HRTEM images of rGO at different resolution (a) 200 nm and (b) 5nm.

(Thakur and Karak, 2012)

In the recent years, graphene is an exciting material. It has a large specific sur-
face area (2630 m?/g) (Cai et al., 2008), high electric carrier mobility of 200 000 cm?/V - s
(Bolotin et al., 2008), high Young’s modulus of about 1.0 TPa (Lee, Wei, Kysar and Hone,
2008) and thermal conductivity in the range ~ 4840 W/m - K to ~ 5300 W/m - K (Ba-
landin et al., 2008), and its optical transmittance of ~ 97.7% and good electrical conduc-
tivity merit attention for applications such as for transparent conductive electrodes (Cai,
Zhu, Li, Piner and Ruoff, 2009)

2.1.1 Graphene preparations

There are many methods which have been developed to prepare graphene. In
2004, Geim and his coworkers (Novoselov et al., 2004) reported the graphene nanosheets
prepared by mechanical exfoliation of highly oriented pyrolytic graphite (HOPG), which
is called scotch-tape method. Although, this method is still widely used in many laborato-
ries to prepare grapheme for basic scientific studying and for making basic devices base on

graphene, it is not suitable for mass production. Therefore, the other methods for synthe-
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sis graphene have been considered. For electronics applications, graphene has also been
prepared by chemical vapor deposition method (CVD) growth on some of metal substrates
e.g., Ni(Y. Huang et al., 2010; Kim et al., 2009), and Cu (X. Li et al., 2011) or by substrate-
free CVD (C. Liu et al., 2010) as shown in Figure 2.3, which is a potential mass-production
method. Another mass-production method is chemical reduction (Dai et al., 2011; Pei and
Cheng, 2012), and thermal reduction (S. Chen, Zhu, Wu, Han and Wang, 2010; H. Wang
and Hu, 2011) of graphite oxide (GO).

Heating component / Furnace

[
>
Ar Outgas
T

-
Camphor

Graphene

Figure 2.3 Experimental scheme of substrate-free synthesis of graphene film

(adapted from C. Liu et al., 2010).

2.1.2 Graphite Oxide and reduced Graphene Oxide

Graphite oxide (GO) (Gémez-Navarro et al., 2007) is a layered material produced
by the oxidation of graphite using concentrate acids as an oxidants (Hummers Jr and Offe-
man, 1958; Park and Ruoff, 2009) with C : O atomic ratio of 2.0 — 2.9 and the interlayer
spacing ranging from 0.6 — 1.1 nm depending on preparation procedure. GO behaves as
an insulator because it contains oxygen-containing groups, hydroxyl (C — OH), and epoxy
(C — O) groups on their basal planes, and carboxyl (C = O) groups located at the sheet
edges. The presence of these functional groups makes graphite oxide sheets strongly hy-

drophilic, which allows graphite oxide can be dispersed in water (Stankovich et al., 2006b).
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Figure 2.4 Illustration of the preparation of rGO based on glucose reduction (C. Zhu

et al., 2010).

Reduced graphene oxide (rGO) is a product of reduction of GO by using reduc-
ing agents. The electrical transport in rGO occurs when the electron hops over varying
distances between nonoxidized graphene islands, therefore rGO can exhibit as the conduc-
tor (Gémez-Navarro et al., 2007).

Chemical reduction of graphite oxide (GO) as shown in Figure 2.4 is the proce-
dure to prepare graphene in large quantities. GO is ultrasonicated in DI water to form a
homogeneous colloidal dispersion of graphene oxide. rGO with properties similar to that
of graphene nanosheet (GNYS) is prepared by chemical, thermal, or electrochemical reduc-
tion of exfoliated graphite oxide. The reducing agents that are used for reducing aqueous
dispersions of graphene oxide are hydrazine monohydrate (Z. Fan et al., 2012; Z.-J. Fan
et al., 2010), NaBH, (Shin et al., 2009), hydroxylamine (Zhou et al., 2011) glucose (X.-
H. Li, Kurasch, Kaiser and Antonietti, 2012), and ascorbic acid (Vitamin-C) (J. Zhu and

He, 2012) as shown in Table 2.1.
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Table 2.1 Reduced graphene oxide preparation by different reducing agents.

Reduction Method C/O ratio References

Hydrazine hydrate 10.3 Stankovich et al., 2007
Vitamin C 12.5  Wang et al., 2008
Hydrazine monohydrate 12,5 Wang et al., 2008

150 mM NaBH, 8.6 Shin et al., 2009
Hydrazine vapor ~ 8.8 Yang et al., 2009
NaBH, solution 8.57 Gao et al., 2009

55% HI > 14.9 Pei et al., 2010
Glucose N/A  Zhu et al., 2010

2.2 Supercapacitors

The increasing cost of fuels, pollution, global warming and geopolitical concerns

are among the problems connected with the dependence of modern societies on fossil fu-

els. Reducing these issues is an increasingly important goal that can be achieved through

developing other energy sources and storage technologies. As a result, recently there has

been a growing interest in high power and high energy density storage systems. A more

wide- spread use of renewable sources and a better efficiency of transportation systems are

two important goals to be pursued to overcome this problem.

Energy storage systems (ESSs) are the key to deal with the intermittent nature

of renewable energy sources and increase the power transmitted into the grid from systems
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such as wind and solar power. In addition, an increase in the efficiency of a vehicle requires
kinetic energy to be stored somewhere whenever the vehicle slows down or stops. Although
these operations have been successfully performed with batteries on a low-power scale,
new methods for efficiency enhancement will require large amounts of power that can only
be provided by other energy storage technologies such as supercapacitors. These have
attracted significant attention due to their high power capabilities and long cycle-life, giving
a very good chance to build more advanced hybrid ESSs, for both on-board and stationary
applications.

Supercapacitors are devices capable of managing high power rates compared to
batteries. Although supercapacitors provide hundred to many thousand times higher power
in the same volume (Simon and Gogotsi, 2008), they are notable to store the same amount of
charge as batteries do, which is usually 3 — 30 times lower (Simon and Gogotsi, 2008). This
makes supercapacitors suitable for those applications in which power bursts are needed,
but high energy storage capacity is not required. Supercapacitors can also be included
within a battery-based ESSs to decouple the power and energy characteristics of the ESSs,
thus improving the sizing while fulfilling the power and energy requirements, and probably
enlarging its lifetime. The power output of supercapacitors is lower than that of electrolytic
capacitors, but can reach about 10 kW /kg.

Supercapacitors have high power capabilities, fast charged propagation within sec-
onds and can be charged-discharged. They have very long cyclic life (usually greater than
100, 000 cycles), require low maintenance, and exhibit low self-discharging (K. Zhang,
Zhang, Zhao and Wu, 2010); they have larger energy densities when compared to conven-
tional capacitors, although, energy densities are lower than batteries and fuel cells (K. Zhang

et al., 2010). For these advantages of thess devices, they are passive and static electrical
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energy storage devices, utilized in applications such as portable electronics devices, mem-
ory back-up systems, and hybrid cars, where extremely fast charging is a valuable feature
(Yan, Wei, Shao et al., 2010; K. Zhang et al., 2010).

On the other hand, their specific energy is several orders of magnitude higher
than the one of capacitors (Pandolfo and Hollenkamp, 2006). These devices are interesting
because they fill the gap between aluminum electrolytic capacitors and batteries, which
are capable of storing large amounts of energy, but do not offer very high power densities
(< 1 kW/kg) due to their storage mechanism. This can be graphically explained in a
Ragone plot, in which the energy and power densities are represented in horizontal and
vertical axes, also showing the discharge time of the devices in diagonal lines (£ = Pt).
Different storage technologies are represented in a Ragone plot in Figure 2.5. However,
the Ragone plot does not reflect many other performance parameters such as cost, safety
and cycle life. They need to be mentioned separately for a complete understanding of
advantages and limitations of a particular energy storage technology. Thus, it is extremely
important to note that supercapacitors can not only be discharged in a matter of seconds, but
also be charged in such a short time period. This is an important benefit for energy recovery
systems, e.g. for dynamic braking of transport systems. Table 2.2 shows comparation of

supercapacitors with capacitors and batteries.
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Figure 2.5 Sketch of Ragone plot for various energy storage and conversion de-

vices. The indicated areas are rough guide lines (adapted from Ko6tz and

Carlen, 2000).

Table 2.2 Comparation of supercapacitors with capacitors and batteries. (adapted

from Kotz and Carlen, 2000).

Characteristics Capacitor Supercapacitor  Battery
Specific energy (W -h/kg) < 0.1 1-10 10 — 100
Specific power (W /kg) >> 10,000 500 — 10,000 < 1000
Discharge time 1076 —1073 s to min 0.3—3h
Charge time 1076 — 1073 s to min 15h
Coulombic efficiency (%)  About 100 85 — 98 70 — 85
Cycle-life Almost infinite >> 500, 000 About 1000

Another great advantage of supercapacitors is their cycle life. These devices can



15

withstand millions of cycles thanks to their charge storage mechanism, which does not in-
volve irreversible chemical reactions, storing charges physically at the surface of the elec-
trodes in an electric double layer. This allows exceeding the cycle life of batteries, which
are at best capable of withstanding a few thousand cycles. The highly reversible electro-
static storage does not produce changes in the electrode volume, eliminating the swelling
occurring in typical redox reactions in the bulk of a battery’s active material during charge
and discharge cycles. A supercapacitor electrode has no such rate limitations as those of
redox battery electrodes due to electrochemical kinetics through a polarization resistance
(K6tz and Carlen, 2000). The main disadvantage related to the charge storage mechanism
is the operating voltage of a supercapacitor cell, which should be kept low in order to avoid
the chemical decomposition of electrolytes. Table 2.3 compares the main differences in the

properties of batteries and supercapacitors.

Table 2.3 Comparison between batteries and supercapacitors properties (Miller and

Simon, 2008).

Comparison parametr Battery Supercapacitor
Storage mechanism Chemical Physical
Power limitation Reaction kinetic, Electrolyte conductivity

mass, transport

Energy storage High (bulk) Limited (surface area)
Charge rate Kinetically  limited High same as discharge
Cycle life limitations Mechanical stability, Side reaction

chemical reversibility




2.3 Supercapacitors classification

Depending on the charge-storage mechanisms, capacitors can be classified into

two types: electrochemical double layer capacitors (EDLCs) and faradaic pseudocapacitor

as shown in Figure 2.6. The descriptions of which are explained in the following section.
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Figure 2.6 Classification of different supercapacitors (adapted from Gonzalez et al.,

2016).
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2.3.1 Electrochemical double layer capacitors (EDLCs)

Electrochemical double layer capacitors (EDLCs) can store the electric charge di-
rectly across the layer of both electrode (Danaee, Jafarian, Forouzandeh, Gobal and Mah-
jani, 2009). Because there is no charge transfer across the interface, this is a true capacitance
effect. Figure 2.7 shows a schematic of EDLCs charge storage mechanism. The electric
charge is generated on the electrode surface and can be enumerated as: surface dissocia-
tion, ion adsorption from solution, and crystal lattice defect. The capacitance arises from
an electrochemical DL directly analogous to a parallel plate capacitor. As an excess or
deficiency of charge builds up on the electrode surface, ions of the opposite charge build
up in the electrolyte near the electrode/electrolyte interface in order to provide electroneu-
trality. The thickness of the DL depends on the concentration of the electrolyte and the size
of ions, which is in the order of 5 — 10 A for concentrated electrolytes. The capacitance
of the EDLC as shown in Figure 2.8 is about 10 — 20 mF /cm? for a smooth electrode in

concentrated electrolyte solution and can be estimated according to equation (2.1)
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Figure 2.7 EDLC charge storage mechanism.

C = g,

A
= (2.1)

where ¢ is the dielectric constant of vacuum, ¢, is the electrolyte dielectric con-

stant, which is assumed as 10 for the water in the DL (K&tz and Carlen, 2000), d is the
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thickness of the double layer, which is the charge separation distance, and A is the surface

area of each electrode.
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Figure 2.8 Symmetric supercapacitor schematic diagram (adapted from Gonzilez

et al., 2016).

The corresponding electric field in the electrochemical DL is as high as 106 V/cm.

Eqn. (2.2) can be used to calculate the capacitance for a symmetrical capacitor.

1 1 1

e 2.2
Ccell Cl + 02 ( )

where C and (', represent the capacitance of the first and second electrodes (Pandolfo and
Hollenkamp, 2006)

The capacitance of a double layer capacitor is in the range of 5 and 20 uF /cm?
depending on the electrolyte used (Pandolfo and Hollenkamp, 2006). Although, the specific
capacitance used aqueous alkaline and acid solutions is generally higher than in organic
electrolyte, organic electrolytes are more widely used. The organic electrolyte can sustain a

higher operation voltage. For the symmetric double layer capacitor, their operation voltage
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can be up to 2.7V and they can store more energy, which is propotional to the square of

voltage according to

1
E= 5(JV2 (2.3)

where F is the energy density of the double layer capacitor, C' is the capacitance, and V' is
the voltage across the capacitor.
The maximum power P, that a supercapacitor is able to deliver, depends on the
voltage and the internal resistance R as follows
V2

Pma:r:i 2.4
ip (2.4)

There is no faradaic or redox reaction at EDLC electrode. Therefore, there is
no effect from the electrochemical kinetics through a polarization resistance. The storage
mechanism of double layer capacitor is on the surface of the electrode, so it consume very
short time for charge or discharge process with high power performance. For battery, there
is faradaic reaction between solid and electrolyte. This can limit the battery life with a
few thousand cycles of charge-discharge process, but for EDLC, it can sustain millions of
cycles.

Considering to the electrode with a small amount of pore size, the electrode surface
with pores wider than 2 nm (mesopore) and micropores, the capacitance can be investigated
with difference condition. For carbon electrode with mesopores (mesoporous carbon) with
cylindrical pores, the capacitance can be calculated by the traditional model according to

(J. Huang, Sumpter and Meunier, 2008)
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A
bln (ﬁ)

where 0 is the pore radius of carbon electrode, and d is the distance between ion and carbon

C = egpe, (2.5)

electrode
For microporous carbon electrode, the ion could be fully desolvated, because ionic

radius is close to the bare ion size. Therefore, the capacitance is calculated from (J. Huang

et al., 2008)

C = eper (2.6)

i 4
bin (L)
where b is the effective size of the ion.

Feng et. al. (Feng, Qiao, Huang, Sumpter and Meunier, 2010) shows that, the
more relativistic approximation of carbon’s pore shape is not in cylindrical pore, but it is a
narrow slit. Therefore, the capacitance model can be shown as
A

o S 2.
C 505%_&0 (2.7)

For the realistic capacitor test, the constant current tests are performed to determine
the main characteristics of devices. The parameters that have to consider when calculate
the capacitance of the capacitor consist of the equivalent system resistance (ESR), which is
the resistance associate to the cell and the equivalent distributed resistance (EDR), which
represents the resistance in the electrode’s pores. These are calculated using the notation

in Figure 2.9 with the following expressions:
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Figure 2.9 Constant current discharge supercapacitor cell test (adapted from

Gonzélez et al., 2016).

Also the current (/) across the supercapacitor will be

Jl 0= 2.
Cdt (2.8)

where dV/dt is a slope of the curve during discharge process. Therefore, for the capaci-

tance, ESR and EDR can be caculated from

([dischm’getdischarge)
C = 2.9
(O — 0) (2.9)
BSR— Y1 (2.10)
[dischm‘ge
EDR— -5 (2.11)

Idischarge
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The electrical properties of a supercapacitor are mainly determined by compo-
nents such as electrode materials, electrolytes, separators and current collectors. Electrode
fabrication is made through coating a metallic current collector with an about 100 gm thin
layer of high surface area material. This active material is mixed with a binder so as to
form slurry. The thickness of the slurry should be controlled for making the coated layer of
active material sufficiently thin to be conductive throughout the material. Since the ESR
of supercapacitor cells must be very low, special attention must be paid to the contact resis-
tance between the active material and the current collector. The surface of current collectors
should be treated before coating it with active materials. Surface treatments decrease the
Ohmic drop at the current collector/active material interface (Portet, Taberna, Simon and
Laberty-Robert, 2004). For supercapacitors designed to work with organic electrolytes,
treated aluminum foils or grid current collectors are used. Using nanostructured current
collectors with increased contact area is a way to control the current collector/active mate-
rial interface (Gogotsi, 2011).

2.3.2 Pseudocapacitance

Pseudocapacitors is one of electrochemical capacitor, which arises on electrodes
when the application of a potential induces faradaic current from reactions such as elec-
trosorption or from the oxidation—reduction of electroactive materials such as, RuO,, [rO,,
and Co30,. The first process is electrosorption, which is occurs when chemisorption of

electron donating anion such as C'l~, B, I—, or CNS™ as following equation

M+ A~ +— MAT 4 §e~ (2.12)

The electrosorption reaction of A~ anions occurs on the surface of an electrode

with the quantity de™ are related to the so-called valence electrosorption.
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The second process of pseudocapacitor is an oxidation-reduction reactions, which
is an exchange of charge across the DL, rather than a static separation of charge across a

finite distance. The reaction indicated as

Oua +ne~ —> Ry (2.13)

The charge, ne™, is exchanged in this reaction, and resulting the indirect and anal-
ogous energy storage to a battery.

The supercapacitor system concludes both of the two different storage mechanisms
of EDLC and pseudocapacitance are, Generally, it was well known that one of the storage
mechanisms occupies the leading position, and the other is relatively weak.

2.3.3 Hybrid electrochemical capacitors

In recent years, several types of an asymmetrical configuration capacitor, which
so-called hybrid electrochemical capacitors (HECs). These type of the capacitors consist-
ing of a DL carbon material and a pseudocapacitance material, have attracted significant
attention (Kisacikoglu, Uzunoglu and Alam, 2009). Most of the HECs developed to date
have used pseudocapacitive materials as the cathode.

The pseudocapacitance electrodes accumulate charge through redox reaction so-
called faradic electrochemical process. This process can not only increase the specific ca-
pacitance of the capacitor, but also extends the working voltage of the energy storage mech-
anism. For the conventional EC, the working potential ranges from 0.8 t0 2.7V vs. Li/L™,
whereas the potential range of an advanced HEC at the cathode is extended to the whole po-
tential window of activated carbon (AC), specifically from 1.5 to 4.5V vs. Li/Li*, which

is wider potential range than the conventional EC.
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2.4 Electrode materials

The well known materials used as supercapacitor electrode consist of three types,
carbon-based materials, metal oxides, and conducting polymers.

2.4.1 Carbon based materials

Carbon-based materials are low cost materials and widely used in many applica-
tions. They can play very closely to ideal capacitor with nearly rectagular shape of cyclic
voltammogram as shown in Figure 2.10 which presents cyclicvoltammograms for carbon

materials in both, aqueous (Figure 2.10a) and organic electrolytes (Figure 2.10b).
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Figure 2.10 Cyclic voltammogram of an EDLC cell at 5mV /s in various electolytes

(Gonzalez et al., 2016).
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2.4.1.1 Activated carbon

Activated carbon is very low cost and has high surface area, and thus this material
is the most widely used to fabricate the supercapacitors electrodes (Simon and Gogotsi,
2008). Activated carbon with high porosity can be prepared by carbonization process using
heat treatment of carbon-rich organic precursors such as coconut shell wood, fossil fuels
and their derivetives (pitch, coal or coke), and polymer under inert atmosphere (Simon and
Gogotsi, 2008). The specific surface area of the different activated carbon precursors are

shown in Table 2.4
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Table 2.4 BET specific surface areas of different carbon precursors (adapted from

Wei and Yushin, 2012).

Carbon precursor

Activation Sppr (m2/g)

Specific

method capacitance (F/g)

Furfurol Steam 1040 111
Coconut shell KOH 1660 79

Eucalyptus wood KOH 2970 236
Fir wood Steam 1130 142
Bamboo KOH 1290 35

Cellulose KOH 2460 185
Potato starch KOH 2340 335
Starch KOH 1510 194
Sucrose COs 2100 163
Beer lees KOH 3560 188
Banana fiber ZnCl, 1100 74

Corn grain KOH 3200 257
Sugar cane bagasse  ZnCl, 1790 300
Apricot shell NaOH 2335 339
Sun flower seed shell KOH 2510 311
Coffee ground ZnCl, 1020 368
Wheat straw KOH 2316 251
Fish scale 2270 168
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2.4.1.2 Carbon nanotubes (CNT)

Carbon nanotube (CN'T) is one of carbon structure with fully accessible external
surface area and high electric conductivity. It consists of two nanostructures, single walled
carbon nanotubes (SWCN'T's) and multi-walled carbon nanotubes (MWCNTs), depend-
ing on the diffrence of the catalytic decomposition of certain hydrocarbons. The different
nanostructures of CN'T formations depend on the manipulating different parameters. The
purity and the morphology of the CN'T can contol its specific capacitance. The surface of
CNT electrodes is mainly mesoporous, associated to the external face of the tubes. Be-
cause of its high specific surface area and good electrical conductivity, this material can be
developed to increase the specific capacitance by tuning the distance between tubes. More-
over, CNT has very high stability specific capacitace retaintion, it can be widely used in

energy storage system application.

2.4.1.3 Graphene

Today the electrochemical energy storage devices are becoming less appropriate
for the ever increasing range of high demand applications. The enegry storage technology
becomes increasingly more advanced and powerful the requirements of the increasing of
the energy storage systems. In order to produce energy storage devices that can sufficiently
support demands of consumers are the exploration and exploitation of new electrode ma-
terials. One of new materials for energy storage system production is graphene, which is
extremely attractive for energy storage applications due to its unique reported properties
(L. L. Zhang, Zhou and Zhao, 2010).

A supercapacitor unit cell is usually comprised of two porous carbon electrodes

that are isolated from electrical contact by a porous separator, the current collectors of metal
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foil or carbon impregnated polymers are used to conduct electrical current from each elec-
trode (Stoller and Ruoff, 2010). The separator and the electrodes are impregnated with
an electrolyte, this allows ionic current to flow between the electrodes whilst preventing
electronic current from discharging the cell (Stoller and Ruoff, 2010). In supercapacitors,
energy is stored due to the formation of an electrical double layer at the interface of the elec-
trode (electrical double layer capacitors) (Du, Guo, Song and Chen, 2010) or due to elec-
tron transfer between the electrolyte and the electrode through fast Faradiac redox reactions
(pseudocapacitors) (Vivekchand, Rout, Subrahmanyam, Govindaraj and Rao, 2008), often
the capacitance of a supercapacitor is dependent on its ability to utilise both of the previous
energy storage capabilities with high efficiency, where these two mechanisms can function
simultaneously depending on the nature of the electrode material (L. L. Zhang et al., 2010).
To develop a supercapacitor device, an active electrode material with high capacity perfor-
mance is indispensable (Yan, Wei, Shao et al., 2010), however, all of the components are
important factors. Current research on electrochemical capacitors is aimed at increasing
both power and energy densities as well as lowering fabrication costs - whilst using en-
vironmentally friendly materials. The core materials studied for supercapacitor electrodes
are carbons, metal oxides, and conducting polymers (D.-W. Wang et al., 2009), with recent
advancements having focused on CN'Ts. However, graphene-based materials have shown
immense theoretical and practical advantages, such as a high surface area, excellent con-
ductivity and capacitance, and relatively low production costs (mass production). The use
of graphene as a supercapacitor material has been widely reported, with many studies re-
porting graphene as a far superior supercapacitor material than existing carbon and polymer
based materials. According to the energy-storage mechanisms noted above, the key to en-

hancing specific capacitance is to enlarge the specific surface area and control the pore size,
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layer stacking, and distribution of the electrode material, thus Du et al. (Du et al., 2010) in-
vestigated graphene as a potential electrode material. The authors reported mass-produced
GNSs with a narrow mesopore distribution of ~ 4 nm from natural graphite via oxidation
and rapid heating processes, and found the GNSs to maintain a stable specific capacitance
of 150 F/g under the specific current of 0.1 A /g for 500 cycles of charge-discharge (Du
et al., 2010). Wang et al. (Y. Wang et al., 2009) also investigated graphene as a poten-
tial supercapacitor electrode material, where a maximum specific capacitance of 205 F/g
was measured with a power density of 10 kW /kg at an energy density of 28.5 W - h/kg,
and excellent cyclic ability was obtained also with ~ 90% specific capacitance remain-
ing after 1200 cycles. Interestingly, other work (Y. Chen, Zhang, Yu and Ma, 2010) has
shown that using an electrophoretic deposition method to deposit GNSs onto nickel foams
with three-dimensional porous structures; the high specific capacitance of 164 F /g is ob-
tained from cyclic voltammetry (CV) measurement at a scan rate of 10 mV /s, and it was
noted that after 4700 cycles the specific capacitance remains 61% of the maximum capac-
itance, work encompassing the deposition of silver nanoparticles onto graphene sheets has
shown that increased specific capacitance and improved charge transfer occur with evi-
dence of a reduced resistance. Yet further exciting prospects emerge when considering
work by Vivekchand et al (Vivekchand et al., 2008). who have shown graphene prepared
via graphitic oxide whilst utilising an ionic liquid, thus enabling the operating voltage to
be extended up to 3.5V, exhibits a specific capacitance and energy density of ~ 75 F/g
and 31.9 W - h/kg respectively, surpassing those of both SWCNT and MWCNTs, 64 and
14 F /g respectively; the authors claim that the energy density is one of the highest values
reported to-date of this kind, inferring that the performance characteristics of graphene are

directly related to its quality in terms of numbers of graphene layers and the inherent sur-
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face area. It is likely however that the highest energy value claimed in this case will most
probably be surpassed in coming months given the intense research in this area. These com-
parable results suggest potential for GNS based electrochemical capacitors to be fabricated,
but scalability might be an issue. However, it is evident that the general specific capaci-
tance of graphene is not as high as expected, and thus it is notable that many researchers
have turned to the incorporation and fabrication of graphene based hybrid materials in the
pursuit for improved capacitance performance. Wang et al. (D.-W. Wang et al., 2009) re-
port a novel high performance electrode material based upon fibrillar polyaniline (PANT)
doped with graphene oxide sheets. The authors obtained a nanocomposite with a mass ra-
tio of PANI/graphene, 100 : 1, which exhibited a high specific capacitance of 531 F/g,
obtained by charge-discharge analysis, and when compared to individual PANI (216 F/g)
it was clear that doping (and the ratio of graphene oxide) has a profound effect on the elec-
trochemical capacitance performance of nanocomposites; graphene exhibits great potential
for application in supercapacitors and other power source systems of the future.

Having overviewed the application of graphene as a supercapacitor, it is clear that
it has already made a significant impact and revealed itself to be a promising material for
future research within this area. With the possibility of hybrid graphene materials emerging
in the near future, we may witness the fabrication of a supercapacitor composite that is able
to acquire currently unachievable capacitance levels and greatly improved cyclic abilities;
of course a major limitation is the current cost of graphene, reproducibility, scalability, and
characterisation, where drawing from the latter many reports are emerging where claims
of the utilisation of graphene aremadewithout adequate characterization being performed
and in such cases perhaps graphene is not present, rather multiple layer or greater — thus

appropriate control experiments need to be performed where results are compared to other
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appropriate carbon forms such as graphite or activated carbons. This is an issue evident
throughout each aspect of graphene’s utilization within energy related applications, and
consequently should be borne-in-mind when considering each topic covered below.

2.4.2 Metal oxides

Metal oxides have high specific capacitance and conductivity. Therefore, they
are suitable to use as electrode materials for high energy and high power supercapaci-
tors (Sharma and Bhatti, 2010). The widely used metal oxide in supercapacitor applica-
tion are RuO, (Ahn, Song, Jo, Park and Kim, 2006; Patake, Lokhande and Joo, 2009),
IrOy (Hu, Huang and Chang, 2002), MnO, (Yan, Wei, Cheng, Fan and Zhang, 2010;
Yu, Zhai, Liu and Li, 2016), NiO (Nelson and Owen, 2003; Patil, Salunkhe, Gurav and
Lokhande, 2008), Co30, (Kandalkar, Dhawale, Kim and Lokhande, 2010; Kandalkar,
Gunjakar and Lokhande, 2008), NiO (Hu, Huang and Chang, 2008; Lai et al., 2012), and
MoO (Babakhani and Ivey, 2010; Nakayama, Tanaka, Sato, Tonosaki and Ogura, 2005).
Table 2.5 summarizes potential metal oxide materials used for electrode materials in super-

capacitors.
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Table 2.5 Summary of metal oxide materials of electrode material investigation.

Electrode material Electrolyte Working Specific

voltage capacitance

(V) (F/g)
RuO, 0.5M H,SO, 1.2 534
(Ahn et al., 2006)
RuO, 0.5M H,SO, 1.2 650
(Patake et al., 2009)
MnO, 2.0mol/1 1.0 241
(Yan, Wei, Cheng et al., 2010) (NHy)2SO4
Co304 1.0M KOH 1.0 165
(Kandalkar et al., 2008)
Ni(OH), 3% KOH 0.8 578
MoyN /TasO5 3.5 mol/l HySO4 0.8 106
MnFe; Oy 1.0M LiPFg 2.5 126
(Kuo and Wi, 2007) +EC/EMC
NiO 2.0M KCl 0.7 262

(Lao et al., 2006)

2.4.3 Conductive polymers
Polymers electrodes have high electric conductivity, upto 104 S/cm for doped

polyacetylene, high electroactivity, which is the ability of an electrode coated with a poly-

mer film to reversibly change its oxidation-reduction state in a solution under the applica-
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tion of an external electric field, the ability to form passive layers on metal surfaces, and
the semiconductor band structure. Table 2.6 summarizes conductive polymers used for

electrode materials in supercapacitor applications.

Table 2.6 Summary of conductive polymer materials of electrode material investi-

gation.
Electrode material Electrolyte Working Specific
voltage capacitance
(V) (F/g)
Poly(3-methylthiophene) PYR4TFSI 3.6 25
(Ahn et al., 2006)
Poly(3-methylthiophene) /MnO, 1.0 mol/1 NaySO, 1.0 381
(Patake et al., 2009)
PANI/MNO, 0.1 M NaySOy4 1.2 715
(Yan, Wei, Cheng et al., 2010)
PANI/AC 6 M KOH 0.9 588

(Kandalkar et al., 2008)

The typical cyclic voltammogram of a polymer electrode is not rectangular, as
expected for a capacitor, but exhibits a current peak at redox potential of the polymer,
while metal oxide electrode scan exhibits a series of redox reactions, giving an almost
rectangular cyclic voltammogram shape. Regarding charge and discharge kinetics studied
by cyclicvoltammetry, devices made of these materials are battery-like. As a result the
shape of a galvanostatic test is not triangular anymore, as expected for capacitors. Figure

2.11 shows an example of pseudocapacitor cycling along with the shape obtainable from a
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supercapacitor.

Voltage

Charge

Figure 2.11 Galvanostatic cycling with potential limitation of an ideal pseudocapac-
itor cell and a cell based on conducting polymers. Cells using conduct-
ing polymers in black, ideal pseudocapacitor in dashed red (K. Chen

and Xue, 2014).

2.5 Electrolytes

The electrolyte is very important for the supercapacitor performance. Its concen-
tration has to be high so as to avoid depletion problems during the charge of the superca-
pacitor, especially for organic electrolyte(Pell and Conway, 2001). The performance of a
supercapacitor cell will be decreased, if the electrolyte reservoir is too small as compared
to the large electrode surface the performance of a supercapacitor cell. The normally suf-

ficient concentration of electrolyte are higher than 0.2 M (K&tz and Carlen, 2000).
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2.5.1 Aqueous and organic electrolytes

Electrolytes widely used in supercapacitors can be classified as aqueous and or-
ganic. Aqueous electrolytes have limited their cell voltage typically to 1 V due to the water
decomposition at 1.23 V, whereas cells based on organic electrolytes can reach voltages of
2.7V and higher (G. Wang et al., 2012).

2.5.2 Ionic electrolytes

Ionic liquids (ILs) are resistant to the reduction and the oxidation in a wide voltage
potential window, which depends on the counter ion, providing a cell voltage of around
4.5 volt, with some of them being able to reach 6 V (Galinski, Lewandowski and Stepniak,
2006). Since ILs are solvent free, as shown in Figure 2.12, there is no solvation shell,
therefore the ion size is better known (Largeot et al., 2008). The most important properties
of ionic liquids from the point of view of the electrochemistry are, conductivity, viscosity,
and the potential range of electrochemical stability. The main draw back of ILs electrolytes
is their low electrical conductivity, which is typically less than 10 mS/cm (Galinski et al.,
2006), and is significantly lower compared to aqueous electrolytes. The conductivity of
ionic liquids is strongly correlated to their viscosity, with strong temperature dependence
(H. Liu, Liu and Li, 2010). In order to overcome the low conductivity, a dilution with
organic solvents is sometimes applied (G. Wang et al., 2012). Some ILs have a reasonably
good ionic conductivity, comparable to the best organic solvent electrolytes (H. Liu et al.,

2010).
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Figure 2.12 Schematic difference between ionic liquids and conventional electrolytes

based on dissolved salts (Diaz et al., 2014).



CHAPTER III

EXPERIMENTAL PROCEDURE

This chapter describes the experimental method for the preparation of rGO-based
nanocomposites. GO was synthesized by a modified Hummers method and nanocom-
posite materials were synthesized by a hydrothermal method. The physical properties of
synthesized products were characterized by X-ray diffraction (XRD), Transmission elec-
tron microscope (TEM), Fourier transform infrared (F'TIR). The Raman spectroscopy,
and elecrochemical properties were evaluated by cyclic voltammetry (CV), galvanostatic

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS).

3.1 Powder preparation

3.1.1 Graphite oxide preparation

In this study, GO powder was synthesized by a modified Hummers method, rGO
and rGO-based (Co, Mn) nanocomposites were synthesized by a hydrothermal method.

The materials used in this research are shown in Table 3.1
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Table 3.1 List of raw materials used for rGO-based nanocomposites and working

electrodes preparation, quoting their source and purity.

Material Manufacture Purity
Graphite powder Aldrich 99%
Sodium hydroxide (NaOH) MERCK kGaA  99%
Sodium nitrate (NaNOj3) BDH 99%

Iron (III) nitrate enneahydrate (Fe(NOgs)s - 9H,0O) Kento chemical 99.9%
Co (II) nitrate hexahydrate (Co(NOs3), - 6H20) Kento chemical 99.95%

Mn (II) nitrate hexahydrate (Mn(NOj), - 6H,O)  Kento chemical 99.95%

Sulphuric acid (HSO,) Ajax 98%
Hydrochloric acid (HCI) Ajax 36%
Potassium hydroxide (KOH) Aldrich 90%
Potassium permanganate (KMnOy) Aldrich 99%
Hydrogen peroxide (Hy05) Fisher 30%
Poly (vinylidene fluoride) (PVDF) Aldrich 99%
N-Methyl-2-pyrrolidone (NMP) Aldrich 99%
Sodium borohydride (NaBH,) Fluka 99%

3.1.2 Synthesis of graphite oxide (GO)

Graphite oxide (GO) with some of function group as shown in Figure 3.1 was
prepared from graphite powder by a modified Hummers method (Hummers Jr and Offeman,
1958) as shown in Figure 3.2. A typical procedure, 5.0 g of graphite powder and 2.5 g of

NaNO; were first added into 115.0 ml of 98% H,SO,. The mixture was then cooled down
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in ice-bath under continuous stirring for 0.5 h. After that, 15.0 g of KMnO,4 was slowly
added at the temperature lower than 10°C. The mixture was removed from the ice-bath
and was then continuously stirred at 356 °C for 24 h. Next, 230 ml of de-ionized water
was slowly added to dilute the reaction mixture obtained with the temperature lower than
60 °C. The mixture was continuously stirred for 0.5 h and the reaction was maintained at
98 °C for 15 min. After that, it was diluted with 400 ml de-ionized water and stirred until
the temperature was about 60 °C. The reaction was terminated by adding 20 ml of 30%
H50O,, filtered, and washed with 10% HCI. The as-prepared GO was washed and dried for

the further application.

® Carbon
® Oxygen
® Hydrogen

Figure 3.1 Graphite oxide structure (adapted from Joshi et al., 2014).
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Figure 3.2 A schematic diagram of graphite oxide (GO) preparation.

3.1.3 Synthesis of rGO

rGO as shown in Figure 3.3 was prepared by a one-pot hydrothermal approach
as shown in Figure 3.4. GO solution was prepared by dispersion of GO powder in de-
ionized water (DI). Then, 1.0 M NaOH solution was added to the mixture to control pH
value to be about 12 and followed by adding 6.0 ml of hydrazine monohydrate solution.

The obtained mixture was transferred into a Teflon line and the reaction was maintained at
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200 °C for 24 h. Finally, the as-prepared rGO nanosheet was washed and dried for further

characterization and used as a precursor for preparation of rGO-based nanocomposites.

® Carbon
® Oxygen
s Hydrogen

Figure 3.3 Reduced graphene oxide structure (adapted from Joshi et al., 2014).
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Figure 3.4 A schematic diagram of rGO nanosheet preparation.

3.1.4 Synthesis of rGO/MnFe,O4 nanocomposite

rGO/MnFe, O, nanocomposite were prepared by a one-pot hydrothermal approach

as shown in Figure 3.5. Typically, Fe(NOs3)s - 9H;0 and Mn(NOs), - 6H,0 with ratio
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1 : 1 by mole were dissolved in 20 ml of ethylene glycol (EG) under stirring and fol-
lowed by adding 3.0 ml of 25% ammonia solution. The mixture was added into 150 ml of
0.5 mg/ml exfoliated GO prepared by dispersion of GO powder in de-ionized water (DI).
Then, 1.0 M NaOH solution was added to the mixture to control pH value to be about 12
and followed by adding 6.0 ml of hydrazine monohydrate (H4N5 - H,O) solution. The ob-
tained mixture was transferred into a Teflon line and the reaction was maintained at 200 °C
for 24 h. Finally, the as-prepared rGO/MnFe,O, nanocomposite was washed and dried
for further characterization. The rGO-based nanocomposites were also prepared with dif-
ferent concentrations of MnFe,O4 nanoparticles decorated on rGO nanosheet. rGO and
MnFe;O4 were also prepared using the same process except no MnFe,O4 solution was
added for the preparation of bare rGO whereas no exfoliated was added for the preparation
of bare MnFe, 0,4 nanoparticles. The abbreviations rGO, rGO/MFO05, and rGO/MFO10
are used for the prepared samples composed of 0.0, 0.5, and 1.0 mmol of MnFe;Oy, respec-

tively.



45

Precursor preparation

Ammonia solution

Mu(NOg)2 6H0 ~— ,/'_ =
o ~
/ N DI water ’a S
Ethylene glycol (EG) < _iFE(NOS)Q'gHQO ! Graphite oxide (GO)
Metal particle source preparation 1.OM NaOH 0.5 mg/ml GO solution preparation

Hydmzme monohydrate

— S solution
Adjust pH to be 12 \

rGO based nanocomposite -
Add reductance material

6 Drying in oven

for 24 h at
60°C
Magnetic bar

Wy

As-prepared

material e
‘Wash with DI water
and filter

g-.-

Reduce by hydrothermal

’ method at 200°C for 24 h

Figure 3.5 A schematic diagram of rGO/MnFe;O, nanocomposite preparation.
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3.1.5 Synthesis of rGO/MnFe;O4 nanocomposite

rGO/CoFe, 04 nanocomposite were prepared by a one-pot hydrothermal approach.
Typically, Fe(NOs3)s3 - 9H50 and Co(NOj), - 6H2O with ratio 1 : 1 by mole were dissolved
in 20 ml of ethylene glycol (EG) under stirring and followed by adding 3.0 ml of 25% am-
monia solution. The mixture was added into 150 ml of 0.5 mg/ml exfoliated GO prepared
by dispersion of GO powder in de-ionized water (DI). Then, 1.0M NaOH solution was
added to the mixture to control pH value to be about 12 and followed by adding 6.0 ml
of hydrazine monohydrate solution (NaBH,). The obtained mixture was transferred into
a Teflon line and the reaction was maintained at 200 °C for 24 h. Finally, the as-prepared
rGO/CoFeyO4 nanocomposite was washed and dried for further characterization. The
rGO-based nanocomposites were also prepared with different concentrations of CoFe, O,
nanoparticles decorated on rGO nanosheet. rGO and CoFe,O4 were also prepared using
the same process except no rGO/CoFe,O, solution was added for the preparation of bare
rGO whereas no exfoliated was added for the preparation of bare CoFe;O, nanoparticles.
The abbreviations as rGO, and rGO/CFO05 are used for the prepared samples composted

of 0.0 and 0.5 mmol of CoFe, Oy, respectively.
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Figure 3.6 A schematic diagram of rGO/CoFe,O4 nanocomposite preparation.
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3.2 Physical characterization

Crystallographic structures of as-prepared rGO, rGO-based nanocomposites were
characterized by X-ray diffraction (XRD). The functional groups of as-prepared prod-
ucts were investigated by using Fourier transform infrared spectroscopy (FTIR). Raman
spectroscopy was used to investigate Raman vibration of as-prepared product, whereas
the surface morphology was studied by using (TEM). The specific surface area and pore
size distribution of the as-prepared material were investigated by Ny adsorption-desorption
isotherm using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) tech-
nique.

3.2.1 X-ray diffraction (XRD)

The prepared GO, rGO, and rGO-based nanocomposites were characterized for
identification of a crystallite size by using the XRD using a CuK,, radiation with A =
0.154060 nm by using Bruker D2, Germany as shown in Figure 3.7a. In the XRD pattern
as shown in Figure 3.7b, a collimated beam of X-ray is incident on a specimen and is
diffracted by the crystalline phases in the specimen according to Bragg’s law as shown in

equation (3.1)
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(b) Bragg diffraction by crystal planes (Leng, 2008).

Figure 3.7 XRD pattern study using Bragg’s law.

2dsin @ = nA (3.1)

where, d is the spacing between atomic planes in the crystal phase, n is a positive
integer, \ is the wavelength of the X-ray radiation, and 6 is the diffraction angle of incident
beam made with the crystal plane. The path differences between the two beams in Figure

3.7 can be simply calculated by using Bragg’s law. This parameter depends on incident
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angle (20) and spacing between the parallel crystal planes. In order to keep these beams
in phase, their path difference (SQ + Q7T = 2d sin #) has to equal one or multiple X-ray
wavelength (\).

The intensity of the diffracted X-ray is measured as a function of the diffraction
angle and orientation of a specimen. In this thesis, the XRD pattern were recorded within
a 5° — 80° angle range of 20; the scan step was 0.02 °/s. The crystalline phase identi-
fication was carried out by comparison with the Jiont Committee on Powder Diffraction
Standards (JCPDS) diffraction files. The Rietveld refinement of X-ray diffraction pattern
for as-prepared materials at room temperature was performed using X’Pert Plus program
to determine the average crystallite size in this thesis.

The estimated crystalline size of the samples were calculated from X-ray line

broadening of the diffraction peak by using Scherrer’s equation as given by equation (3.2)

) (3.2)

where K is a constant depending on the XRD equipment and has been determined
to vary between (.89 —1.39, but is usually taken as close to unity. For this study, K = 0.90,
A is the wavelength of the X-ray radiation, 6 is the diffraction angle, and f is the full-width
at half maximum (FWHM) of XRD peak.

3.2.2 Transmission electron microscope (TEM)

Transmission electron microscope (TEM) is an electron microscopy technique
used to examine the powder structure, phase composition or properties in submicroscopic
detail. Zeiss CEM 902 as shown in Figure 3.8 was used in this work. A beam of electrons
is transmitted through an ultra-thin specimen, interacting with the specimen as it passes

through. An image is formed from the interaction of the electrons transmitted through the
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specimen; the image is magnified and focused onto an imaging device, such as a fluorescent

screen, on a layer of photographic film, or to be detected by a sensor such as a CCD camera.

Figure 3.8 Zeiss CEM 902 TEM (University of Puket Sound)

A diffraction pattern is formed on the back focal plane of the objective lens when
an electron beam passes through a crystalline specimen in a TEM. In the diffraction mode, a
pattern of selected area electron diffraction (SAED) can be further enlarged on the screen or
recorded by a camera. The diffraction angle in the TEM is very small (commonly 6 < 1°),
because the reflecting lattice planes are nearly parallel to the primary beam. Using the

approximation sin f ~ 6 for a small angle, we can rewrite Bragg’s Law as the following.

A = 2d6 (3.3)

AL = Rd (3.4)

where L is the camera length of a TEM, whitch is a distance between the crystal

and photographic plate of camera. This parameter is an equivalent camera length for cal-

culating the spacing of the lattice plane. L (equation (3.3)) is called as the camera constant
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of the TEM. equation (3.4) is the basic equation for calculation of the crystallographic
spacing planes by measuring the distance from the central spot of the transmitted beam to
diffraction spot (R) in diffraction pattern image using equation (3.4) L can be changed in
a TEM.

In this work, the specimens of rGO-based nanocomposites were prepared by dis-
persing the as-synthesized samples in ethanol, ultrasonication for 15 min and followed by
drop-casting onto a copper grid. TEM also provided selected area electron diffraction
(SAED) patterns of the samples, which were used to compliment XRD results.

3.2.3 Fourier transform infrared spectroscopy (FTIR)

In this research, the prepared rGO-based nanocomposites were mixed with KBr
and grinding together and then collected into a circular tablet mould and pressed with a
pressure of 1 MPa. The as-prepared sample was placed onto the holder of Bruker Vertex
70 spectrophotometer (Figure 3.9) for obtaining an infrared spectrum in the wavenumber

of 4,000 — 400 cm ™! range.

Figure 3.9 Bruker Vertex 70 spectrophotometer at SUT.

The key component in the FTIR system is the Michelson interferometer, the in-
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frared radiation from a source enters the Michelson interferometer and composed of one
beam-splitter and two mirrors. The beam-splitter transmits of the infrared (IR) beam from
the source and reflects the other half. The two split beams strike a fixed mirror and moving
mirror, respectively. After reflecting from the mirrors, the two split beams combine at the
beam splitter again in order to the irradiation of the sample before the beam are received
by the detector.

3.2.4 Raman Spectroscopy

In this work, JOBIN YVON HORIBAT 64000 Raman spectroscopy system Figure
(3.10) was used to study mophology of rGO and rGO-based nanocomposites. Raman
spectroscopy (Ferrari et al., 20006) is one of the most powerful characterization techniques
for carbon materials. Graphite and graphene can be identified by Raman scattering spectra.
As shown in Figure 3.11, graphite has three most intense Raman, (G-band, which is due to
doubly degenerate E», mode at the Brillouin zone centre, is located at ~ 1580 cm ™, D-
band, which arises from defect mediated zone-edge (near K-point) phonons, is located at
~ 1350 cm™!, and 2D-band, which originates from second order double resonant Raman

scattering from zone boundary, is located at ~ 2700 cm !
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(a) JOBIN YVON HORIBAT64000 Raman spectroscopy system at Chiang Mai University.
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Figure 3.10 JOBIN YVON HORIBAT64000 Raman spectroscopy system at Chiang

Mai University.
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Figure 3.11 Raman spectra of graphite and graphene (Ferrari et al., 2006).

3.2.5 Brunauer-Emmett-Teller (BET)

Stephen Brunauer, Paul Hugh Emmett, and Edward Teller published the first ar-
ticle about the BET theory in 1938 (Brunauer, Emmett and Teller, 1938). Brunauer—
Emmett—Teller (BET) theory (Figure 3.12) can be used to explain the physical adsorption
of gas molecules on a solid surface and this technigue is very important for the specific
surface area measurement of a material. A surface area data can be determined by measure
the adsorption of were studied by nitrogen isothermal adsorption as shown in Figure 3.12a.
The pore size distribution of materials was further verified by BJH technigue as shown in
Figure 3.12b. The specific surface area of rGO-based nanocomposite were investigated by

using Bel Sorp mini II as shown in Figure 3.13.
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(b) BJH desorption pore size distribution curves in the pore size distribution plot is a little larger

than that of rGO, which further confirms the 3D structure with more separated graphene sheets

Figure 3.12 The specific surface area (SSA) and the pore structure of rGO and

IL — rGO (Q.

Shao et al., 2015).
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Figure 3.13 Bel Sorp mini II (sut.ac.th)

3.3 Electrical properties measurement

The electrochemical properties of the prepared electrodes were carried out us-
ing three-electrode cell system in which an Ag/AgCl in 3.0 M HCI and a platinum wire
(0.5 mm of diameter) were used as reference and counter electrodes, respectively. Cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) were carried out in a three-electrode cell system in 6.0M KOH aqueous
electrolyte. The electrochemical properties were performed on Metrohm Autolab PGSTAT

302N (Figure 3.14) and the data information was analyzed by using NOVA 1.11 software.
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Figure 3.14 Metrohm Autolab PGSTAT 302N

3.3.1 Electrolyte preparation

The electrolyte solutions in this work was 6.0 M KOH aqueous solution, which
was prepared by dissolving the KOH powder in distilled water. The concentration in molar
(M) was calculated by following the equation:

Amount of KOH in mole (mol)

~ Volume of KOH solution of 1000 ml (3.5)

Molar concentration (M)

KOH powder of 84.1590 gram was added into DI water of 150 ml in volumetric
flask and sonicated until the powder was well dissolved. After that, DI water was added
into the flask untill volume of the solution was 250 ml and sonicated to form 6.0 M KOH
electrolyte solution for electrochemical measurement of the working electrode.

3.3.2 Working electrode preparation

Active materials, were mixed with acetylene black (AC) and polyvinylidene flu-

oride (PVDF) at the ratio of 80 : 10 : 10%w. Then, the mixture was made more homo-
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geneous by adding with a small amount of N-Methyl-2-pyrrolidone (NMP). The working
electrodes were fabricated by pressing the mixture onto a nickel foam sheet of 1.0 cm x
1.0 ¢cm as shown in Figure 3.15 and dried at 120°C for 5 h and soaked into 6.0M KOH for

6 h before performing an electrochemical measurement.

Figure 3.15 rGO-based material were fabricated onto Ni foam substrate.

3.3.3 Electrochemical properties measurement

Cyclic voltammetry (CV), Galvanostatic charge-discharge (GCD) and Electro-
chemical Impedance Spectroscopy (ELS) methods are the widely known important tech-
niques for analyzation of the electrochemical properties of the fabricated supercapacitor
electrodes.

3.3.4 Cyclic voltammetry

In this study, the pseudocapacitance of metal oxides and conducting polymers has
been evaluated by cyclic voltammetry (CV) method. One of electrode system measurement
is three-electrode system consisting of working electrode, counter electrode and reference

electrode in appropriate supporting electrolytes at various scan rates. The CV was measured
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within potential windows of —1 — 0 V to avoid the oxygen and hydrogen evolution at scan
rates of 10, 20, 50, 100, and 200 mV /s within 6.0 M KOH. The effect of voltage potential

windows on specific capacitance was also studied by the following equation (3.6).

1
Co=— / Idt (3.6)

where, [ is the discharge current, m is the weight of electrode, and AV is the
potential window.

3.3.5 Galvanostatic charge-discharge (GCD)

The galvanostatic charge-discharge (GCD) or by chronopotentiometry method
was carried out over the same potential windows and electrolyte solution as CV measure-
ment at 2, 5, 10, 15, and 20 ampere/g . The average specific capacitance of the working

electrodes can be evaluated from the following equation (3.7)

At

NG

(3.7)

where, 7 is the current density, AV is the potential window, and At is the discharge
time (Yan, Liu, Fan, Wei and Zhang, 2012).

The stability measurement was observed by using GC'D method for 1000 cycles
of charge-discharge process at current density of 10 A /g.

3.3.6 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is one of the technique, which has been

used to evaluate the specific capacitance value. In this study the EIS was monitored over

the frequency range of 10 mHz to 100kHz at 0.1 V.



CHAPTER IV

RESULTS AND DISCUSSION

This chapter presents the experimental results and discussion for rGO-based
nanocomposite and its electrochemical properties. The physical properties of the
as-prepared products are shown in the result of XRD, TEM, FTIR, and BET. The elec-
trochemical properties of working electrode are measured by using CV, GCD and EIS. In

addition, the specific capacitance retention have been investigated and discussed.

4.1 Reduced graphene oxide (rGO) preparation

As following rGO preparation process in Sec. 3.1.3, Figure 4.1 shows the prepa-
ration of rGO using hydrothermal method at 200 °C for 24 h. After oxidized by KMnO,
in strong acid 98% of HySO, by a modified Hummers method. A d-spacing of 0.33 nm of
graphite was expanded to 0.83 nm to form GO powder with functional groups of oxygen.
GO powder dispersed in DI water with concentration of 0.5 mg/ml by ultrasonication for
30 min. After dispersion, GO was form graphene oxide with random orientation of mono-
layer of GO. A solution of graphene oxide was reduced by hydrothermal method using
hydrazine monohydrate (H,N, - H,O) as a reducing agent at 200 °C for 24 h. Finally,
some of oxygen-containing groups was removed, it formed rGO nanosheets with some
disorder and functional group. The formation of rGO could be confirmed by XRD, TEM

and Raman spectroscopy.
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Figure 4.1 Reduced graphene oxide (rGO) preparation by reduction of grahite oxide
(GO) with hydrazine monohydrate (H4Ns - H,O) as reagent material by

using graphite powder as raw material (adapted from Joshi et al., 2014).

Figure 4.2 shows bright-field TEM images of the objects typically observed, which
generally fall into monolayer rGO nanosheets. The normal-incidence electron diffraction
pattern of the flake in Figure 4.2 shows the typical sixfold symmetry expected for graphite/

graphene allowing us to label the peaks with the Miller—Bravias (hkil) indices. The result
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shows that the inner peaks, (0110) and (1010), are more intense than the outer ones, (1210)
and (2110), confirming that both the flake in Figure 4.2 are monolayers (Hernandez et al.,

2008).

-1-120

-1-210 0-110 -1010

-2110

-

Figure 4.2 TEM images of as-prepared reduced graphene oxide (rGO).

The formation of rGO is confirmed by Raman spectroscopy in Figure 4.3. The
Raman spectrum of rGO shows the two provident peaks at 1337 cm~! and 1580 cm™!
of D — peak and G — peak, respectively. The D — peak is associated with the defects
and disorder in lattice structure of graphitic material, whereas the G — peak peak is corre-
sponded to the vibrations of sp?-bond of C. To obtain the information of defects and degree
of graphitization, the I, /I ratio was evaluated using the intensity values of D — peak and
G — peak. In case of rGO, the Ip /I ratio is 1.50, which is higher than the value of 0.91

for GO. It can be suggested that the degree of defects of rGO is higher than that of GO.
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After adding MnFe, O, nanoparticles onto the rGO nanosheets, the sp? domains of graphitic

structure is decreased.

— graphite
—GO
rGO

Intensity (a.u.)
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1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
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Figure 4.3 Raman spectroscopy of graphite, graphite oxide (GO), and reduced

graphene oxide (rGO).

After oxydation of graphite powder by KMnQOy, in strong acid of 98% H,SOy,,
graphite powder was formed into graphite oxide. A characteristic peak of graphite at 26.8°
with 0.33nm of d-spacing was shifted to 10.70° with 0.83 nm d-spacing. GO powder
was dissolved in DI water with 0.5 mg/ml by sonicate with ultrasonic for 30 min. After
reduction, A characteristic peak of rGO shows as an amophous carbon structure due to the

random orientation of rGO sheet at 25.5°.
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4.2 rgo/MnFe;O4 nanocomposites

4.2.1 Physical properties

Figure 4.4 shows the XRD patterns of the as-prepared rGO, MnFe;O,,
rGO/MFO05 and rGO/MFO10. It can be seen that the XRD patterns of rGO exhibit two
weak and broad diffraction peaks at 26 values of about 25.02° and 43.00°, which relate to
a poorly crystallized compound originating from the small particle size and approximately
amorphous nature of the sample. The peak at a 20 value of about 25.02° with d-spacing
of 0.356 nm corresponds to the (002) plane of rGO. This peak is shifted from a 26 value
of 10.27° (d-spacing 0.824 nm) after reduction of GO. This phenomenon occurrs because
of the removal of some oxygen-containing functional groups, indicating the reduction of
GO and the exfoliation of the layered rGO nanosheet. Broad peaks relate to a poorly crys-
tallized compound originating from the small particle size and approximately amorphous
nature of the sample. The peak at a 260 value of about 43.00° with d-spacing of 0.210 nm
corresponds to the (100) crystal plane of graphene (Yan, Wei, Fan et al., 2010). In the
case of MnFe; Oy, rGO/MFO05, and rGO/MFO10, the diffraction peaks corresponding
to (111), (220), (311), (400), (422), (511), (440), and (533) planes, which can be indexed to
the FCC structure of MnFe,O,4 (JCPDS-10-0319) (K. Zhang et al., 2010). Additionally, for
rGO/MFO05 and rGO/MFO10 nanocomposites, the rGO characteristic diffraction peak
at a 260 value of about 25.02° with low intensity was also observed. It is seen from the XRD
results that the FWHM of the MnFe,O,4 peak in rGO/MFOO05 is broader than that of the
rGO/MFO10. This is due to the MnFe, Oy size effect. To confirm this we have calculated
the crystallite size of MnFe,O, in the samples using Scherrer’s equation (Yan, Wei, Fan et

al., 2010) (D = 0.89\/f3 cos 6, where A is the wavelength of X — ray radiation, @ is the
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diffraction angle, and [ is the line broadening at half the maximum intensity (FWHM),
after subtracting the instrumental line broadening, of the most intense peak corresponds
to the (311) plane measured in radians), and the crystallite sizes of the as-prepared sam-

ples are obtained to be 27.37, 12.15, and 21.15 nm for the MnFe,O4, rGO/MFO05 and

rGO/MFO10, respectively.
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Figure 4.4 XRD patterns of rGO, MnFe,O4, rGO/MFO05, and rGO/MFO10.

Figure 4.5 shows TEM images of rGO, MnFe,0Oy4, and rGO/MFO05 nano- com-
posite prepared by hydrothermal approach. The bare MnFe,O4 nanoparticles show a spher-
ical shape with agglomeration, having average particle size of about 25.2 nm, whereas
the rGO/MFOO05 nanocomposite shows thin rGO sheet decorated with well dispersed
MnFe,O4 nanoparticles with smaller average particle size of about 15.3 nm. This is pos-
sibly ascribed to the intimate interaction between bare rGO/MFOO05 nanoparticles and
graphene nanosheets, which limits the agglomeration of rGO/MFOO05 nanoparticles to

some extents. The results of electron diffraction patterns of rGO/MFO05 and



rGO/MnFe;Oy are in good agreement with the XRD results.

Figure 4.5 TEM images of (a) rGO, (b) MnFe;Oy4, and (c) rGO/MnFe;0y.
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Figure 4.6 shows the FTIR spectra of GO, rGO, and rGO/MFO05 nanocompos-

ite. The typical peaks of GO at 3385 cm ™! can be attributed to O — H stretching vibra-
tion of absorbed water molecules and structural OH groups, the presence of the carboxylic
(C = O) functional groups can also be observed at 1725 cm~!. The peak at 1622 cm ™! is
ascribed to the O — H bending vibration and the peak at 1226cm~! and 1057 cm™!
indicate the presence of epoxide groups (C — O — C). After the reduction to form rGO
and rGO/MnFe, 0, nanocomposite, the peaks at 1725 cm ! disappears and the peaks at
1622 cm ™1, 1226 cm ! and 1057 cm ! gradually decrease while a new peak is appeared at
1558 cm ™! reflecting the skeletal vibration of graphene sheets (Y. Zhu, James and Tour,
2012). These evidences confirm that the rGO and rGO-based nanocomposite can be pre-

pared by the reduction of graphite oxide and manganese iron oxide precursor.

1558 cm’™
/ 1224 cpn”
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- 3385 cm” e 1057 \dn”’
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™
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Figure 4.6 FTIR spectra of GO, rGO, and rGO/MFOO05.
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The specific surface area and pore structure of the prepared samples were inves-
tigated by No adsorption-desorption isotherms and the results are shown in Figure 4.7.
The specific surface area values of the as-prepared rGO and MnFe;O4 measured by BET
technique are 414.38 m? /g and 47.83 m? /g, respectively. After decoration by MnFe,Oy,
the specific surface area of TGO /MnFe,O4 nanocomposite decreases to 294.24 m? /g with
mean mesopore size of 4.11nm obtained by the mean of BJH equation. The large
specific surface area and large mean pore size of the material are very important for
allowing the electrolyte ions to penetrate pore surface of the electrode for providing a high

specific capacitance.

—-ﬂ—rGO/MnFezo4
—— MnFe204

—— GO
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Figure 4.7 Nitrogen adsorption-desorption isotherm of rGO, MnFe,O4, and

I'GO/MIIF@Q 04 .

Figure 4.8 shows Raman spectra of as-prepared samples, which are operated at 100
to 4000 cm~!. The Raman spectrum of rGO shows the two provident peaks at 1337 cm™*

and 1580 cm ™! of D — peak and G — peak, respectively. The D — peak is associated with
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the defects and disorder in lattice structure of graphitic material, whereas the G — peak
corresponds to the vibrations of sp?-bonded of C (Casiraghi, Pisana, Novoselov, Geim
and Ferrari, 2007; Eda and Chhowalla, 2010). To obtain the information of defects and
degree of graphitization, the I, /I ratio is evaluated using the intensity values of D — peak
and G — peak. In case of rGO, the I, /I ratio is 1.50, which is higher than the value of
0.91 for GO. It can be suggested that the degree of defects of rGO is higher than that of
GO. After adding MnFe,0, nanoparticles onto the rGO nanosheets, the sp?> domains of
graphitic structure is decreased. Therefore, it can be found that the I, /I ratio of MnFe, Oy
is lower than rGO and the D — peak and G — peak are blue-shifted to 1338, and 1381 cm ™!
compared to those of rGO, respectively. Moreover, the vibrational modes of MnFe, O, can

be observed at the wavenumber lower than 700 cm '
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I/, = 1.39
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Figure 4.8 Raman spectra of rGO, MnFe;O,, and rGO/MnFe,Oy.
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4.2.2 Electrochemical performance

The cyclic voltammetry measurements (CV) were performed within the potential
range of —1.0to 0.0 V at room temperature over a scan rate of 10, 20, 50, 100, and 200 mV /s
and the galvanostatic charge-discharge (GCD) were used to study a capacitive behavior of
the working electrodes at a current density of 2.0, 5.0, 10.0, 15.0, and 20.0 A /g. Figure 4.9
- 4.14 shows the CV and GCD curves of rGO, rGO/MFO05, and rGO/MFO10 within
6.0 M KOH aqueous electrolyte. These results indicate that the specific capacitance (C's)
of electrodes are increased when the scan rate and current density, which are applied to the

electrode increase.
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Figure 4.9 Cyclic voltammograms of rGO in 6.0 M KOH aqueous electrolyte at scan

rate of 10mV/s.
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Figure 4.10 Galvanostatic charge-discharge of rGO in 6.0 M KOH aqueous elec-

trolyte at current density of 5.0A/g.
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Figure 4.11 Cyclic voltammograms of rGO/MFO05 in 6.0 M KOH aqueous elec-

trolyte at scan rate of 10mV/s.
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Figure 4.12 Galvanostatic charge-discharge of rGO/MFOO05 in 6.0 M KOH aqueous

electrolyte at current density of 5.0 A/g.
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Figure 4.13 Cyclic voltammograms of rGO/MFO10 in 6.0 M KOH aqueous elec-

trolyte at scan rate of 10mV/s.
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Figure 4.14 Galvanostatic charge-discharge of rGO/MFO10 in 6.0 M KOH aqueous

electrolyte at current density of 5.0 A/g.

Figure 4.15 shows comparison of the C'; obtained from cyclic voltammograms at a
scanrate of 10 mV /s. The measured C values of the rGO, rGO /MFO05, and rGO/MFO10
are obtained to be 190.3, 276.9, and 144.5 F' /g, respectively. These values, respectively,
correspond to the values of 194.9, 274.6, and 134.4 F' /g obtained from GCD measurement

at a current density of 5.0 A /g as shown in Figure 4.16.
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Figure 4.15 Cyclic voltammograms and galvanostatic charge-discharge of rGO,

rGO/MFO05, and rGO/MFO10 in 6.0 M KOH aqueous electrolyte at

scan rate of 10mV /s.
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Figure 4.16 Galvanostatic charge-discharge (GCD) of rGO, rGO/MFO05, and
rGO/MFO10 at scan rate of 10mV -s in 6.0 M KOH aqueous elec-

trolyte at current density of 5.0 A/g.
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Figure 4.17 shows the specific capacitance plots of rGO, rGO/MFO05, and

rGO/MFO10 at different applied current densities. It can be found that the frabricated elec-
trode of rGO/MFOO05, has the highest capacitance than those of the rGO, and rGO/MFO10
at all applied current densities. This can be seen that decoration of MnFe;O4 nanoparticle
on rGO nanosheet can improve the capacitive behavior of rGO, but for rGO/MFO10, the
decrease of specific surface area, mean pore size and large number of oxygen-containing
groups on the working electrode is possibly due to the poor rate capability. Consequently,
these results are evidence of the increasing diffusion resistance towards the ions transfer
into the electrode pores and thus causing a decrease of a specific capacitance (Stoller, Park,

Zhu, An and Ruoff, 2008).
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Figure 4.17 The specific capacitance plots of rGO, rGO/MFO05, and rGO/MFO10

at different current densities.

Figure 4.18 shows the Ragone plot, which shows a relation curve of the energy
density and power density. It can be seen that, as the power density of rGO/MFOO05 in-

creases from 2.28 kW /kg t0 9.15 kW /kg, the energy density decreases from 37.7 kW - h /kg
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to 31.64 kW - h/kg. While, the power density of rGO/MFO10 increases from 2.23 kW /kg
to 8.40 kW /kg, the energy density decreases from 20.7 kW - h/kgto 13.3 kW - h/kg. These

results indicate that the energy loss of the rtGO/MFO10 is less than that of the rtGO/MFOO05.
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Figure 4.18 Ragone plot of the specific energy and specific power densities of rGO,

rGO/MFO05, and rGO/MFO10.

The EIS analysis was also used to investigate the electrochemical behavior of the
working electrode within the frequency range of 100 kHz — 0.1 Hz and amplitude of 0.01 V.
The Nyquist plots of the electrodes and electrochemical equivalent circuit are shown in
Figure 4.19. The solution resistance (ESR) is referred to the resistance of the electrolyte,
which is obtained from the intersection of the high frequency region at x-axis, and known
as equivalent series resistance (ESR) (Lu et al., 2010). The total resistance at the interface
between the electrode and electrolyte and charge-transfer resistance (R,.;) corresponds to
the total resistance at the interface between the electrode and electrolyte. rGO has ESR of
0.375Q and R, of 0.047 © which is lower than that of rGO/MFOO05 (ESR = 0.457 2, and

R, = 0.069 Q). Therefore, the rGO/MFO05 has higher specific capacitance than rGO and
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rGO/MFO05. The Warburg resistance, considered at the portion of the with slope of 45°,
is caused by the ions diffusion or transport in the electrolyte in the surface of the electrode
and was depended on the frequency (Stoller et al., 2008). At the low frequency region, the
oblique of the vertical line is shown the ideal capacitor. The knee frequencies, which are
the lowest value with a slope of 45° before behaving an ideal capacitor are 3.29 and 2.31 Hz
for the rGO/MFOO05, and rGO/MFO10, respectively. This suggests that rGO/MFO05
has higher knee frequency and more vertical than rGO/MFO10. This can demonstrate that
rGO/MFO05 behaves more closely to ideal capacitor than rGO/MFO10. The @; or CPE,
is referred to a phase constant device. The n value of CPE depends on the behavior of the
electrode. The rGO/MFO05 and rGO/MFO10 has 0.995 and 0.992 of the n, respectively.
This indicates that both of electrodes imply the ideal capacitor (L. Chen, Gu, Ding, Qi and

Wang, 2013).
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Figure 4.19 Nyquist impedance plots of rGO/MFO05, and rGO/MFO10 electrodes.
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Figure 4.20 Equivalent circuit of 4.20a rGO/MFO05, and 4.20b rGO/MFO05 elec-

trodes.

Moreover, to study the long-term cycle stability of the fabricated electrodes, the
specific capacitance retention was evaluated by galvanostatic charge-discharge at 10.0 A /g
for 1000 cycles. Figure 4.21 shows the relation between specific capacitance retention and
cycle number of the 1000 cycles charge-discharge process. It can be found that all elec-
trodes provide the excellent cycling stability. The rGO working electrode has the highest
retention. Before 500 cycles of the charge-discharge, The capacitance of rGO/MFO05
decreases more quickly than rGO/MFO10, but after 500 cycles it becomes more stable

than rGO/MFO05
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Figure 4.21 Cycling stability of rGO, rGO/MFO05, and rGO/MFO10 using gal-

vanostatic charge-discharge at current density of 10 A/g.

4.3 rGO/CoFe;0O, nanocomposites

4.3.1 Physical properties

Figure 4.22 shows the XRD patterns of the as-prepared rGO, CoFe,O4, and
rGO/CFOO05. It can be seen that the XRD patterns of rGO exhibit two weak and broad
diffraction peaks at 26 values of about 25.02° and 43.00°, which relate to a poorly crys-
tallized compound originating from the small particle size and approximately amorphous
nature of the sample. The peak at a 260 value of about 25.02° with d-spacing of 0.356 nm

corresponded to the (002) plane of rGO. This peak shifted from a 26 value of 10.27°
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(d-spacing 0.824 nm) after reduction of GO. This phenomenon occurred because of the
removal of some oxygen-containing functional groups, indicating the reduction of GO and
the exfoliation of the layered rGO nanosheet. Broad peaks relate to a poorly crystallized
compound originating from the small particle size and approximately amorphous nature
of the sample. The peak at a 26 value of about 43.00° with d-spacing of 0.210 nm corre-
sponds to the (100) crystal plane of graphene (Yan, Wei, Shao et al., 2010). In the case of
CoFey0y4, and rGO/CFO05, the diffraction peaks corresponding to (111), (220), (311),
(400), (422), (511), (440), and (533) planes, which can be indexed to the FCC structure
of CoFe;O4 (JCPDS card no. 01-077-0426) (Houshiar, Zebhi, Razi, Alidoust and Askari,
2014). Additionally, for rGO/CFO05 nanocomposites, the rGO characteristic diffraction
peak at a 26 value of about 25.02° with low intensity was also observed. It is seen from
the XRD results that the FWHM of the CoFe,O,4 peak in rGO/CFOO05. This is due to
the CoFe; Oy size effect. To confirm this we calculated the crystallite size of CoFe,Oy4 in
the samples using Scherrer’s equation (Yan, Wei, Fan et al., 2010) (D = 0.89\//3 cos 6,
where X is the wavelength of X-ray radiation, @ is the diffraction angle, and (3 is the line
broadening at half the maximum intensity (FWHM), after subtracting the instrumental line
broadening, of the most intense peak corresponds to the (311) plane measured in radians),
and the crystallite sizes of the as-prepared samples were obtained to be 27.37, 12.15, and

21.15nm for the CoFe,O,4, and rGO/CFO05, respectively.
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Figure 4.22 XRD patterns of (a) rGO, (b) CoFe;Oy, and (¢) rGO/CFO05.

As shown in Figure 4.23, TEM images of rGO, CoFe,Oy4, and rGO/CFO05
nanocomposite prepared by hydrothermal approach. The bare CoFe;O4 nanoparticles
showed in spherical particles with aggregation, having average particle size of about
27.3nm, whereas the rGO /CFO05 nanocomposite shown that rGO sheet decorated with
well dispersed CoFe, O, nanoparticles with smaller average particle size of about 22.4 nm.
This is possibly ascribed to the intimate interaction between bare CoFe;O,4 nanoparticles
and graphene sheets, which limits the agglomeration of CoFe;O4 nanoparticles to some
extents. The results of electron diffraction patterns of CoFe;O4 and rGO/CFO05 are in

good agreement with the XRD results.



Figure 4.23 TEM images of (a) rGO, (b) CoFeyOy, and (¢) rGO/CFO05.
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The FTIR spectra of GO, rGO, and rGO/CFOO05 are shown in Figure 4.24.

The typical peaks of GO at 3385 cm™" can be attributed to O — H stretching vibration
of absorbed water molecules and structural O — H groups. The presence ofthe carboxylic
(C = O) functional groups can also be observed at 1725cm 1. The peak at 1622 cm™!
is ascribed to the O — H bending vibration and the peaks at 1226 and 1057 cm ™" indi-
cate the presence of epoxide groups (C — O — C). After the reduction to form rGO and
rGO/CFO05 nanocomposite, the peaks at 1725 cm ™! disappears and the peaks at 1622,
1226, and 1057 cm~! gradually decrease while a new peak is appeared at 1558 cm ™! re-
flecting the skeletal vibration of graphene sheets. This evidence confirms that the rGO and

rGO-based nanocomposite can be prepared by the reduction of graphite oxide and cobalt

iron oxide precursor.

1558 cm”
Vi

1226 cm’”
S

1725 cm’™
\

e W H oo

1622 cm—T|| ——rGo
' — GO

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Transmittance (a.u.)

- 3385 cm”

Figure 4.24 FTIR spectra of GO, rGO, and rGO/CFO05.
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The specific surface area and pore structure of the prepared samples were inves-
tigated by N, adsorption-desorption isotherms and the results are shown in Figure 4.25.
The specific surface area values of the as-prepared rGO and CoFe,O,4 measured by BET
technique are 414.38 m?/g and 68.31 m? /g, respectively. After decoration by CoFe,Oy,
the specific surface area of rGO/CFO05 nanocomposite decreases to 302.17 m? /g with
mean mesopore size of 5.04 nm obtained by the mean of BJH equation. The large specific
surface area and large mean pore size of the material are very important for
allowing the electrolyte ions to penetrate pore surface of the electrode for providing a high

specific capacitance.
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Figure 4.25 Nitrogen adsorption-desorption isotherm of rGO, CoFe;O4, and

rGO/CFO05.

Raman spectra of rGO and rGO/CFOO05, which operated at 100 to 4000 cm ™

are shown in Figure 4.26. Two provident peaks of the Raman spectrum of rGO show
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at 1337cm ™! and 1580 cm ™! of D — peak and G — peak, respectively. The D — peak is
associated with the defects and disorder in lattice structure of graphitic material, whereas
the G — peak is corresponded to the vibrations of sp2-bonded of carbon. To obtain the
information of defects and degree of graphitization, the I /I ratio was evaluated using
the intensity values of D — peak and G — peak. In case of rGO, the I /I ratio was 1.50,
which is higher the value of 0.91 for GO. It can be suggested that the degree of defects of
rGO is higher than than that of GO. After adding CoFe;O,4 nanoparticles onto the rGO
nanosheets, the sp® domains of graphitic structure was decreased. Therefore, it can be
found that the Ip /I ratio of rGO/CFOO05 was 1.38 which lower than rGO and GO the
D — peak and G — peak were blue-shifted to 1338, and 1381 cm ! compared to those of

rGO, respectively.
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Figure 4.26 Raman spectra of rGO, CoFe;Oy4, and rGO/CFO05.
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4.3.2 Electrochemical performance

Figure 4.27a shows comparison of the C's obtained from cyclic voltammograms

at a scan rate of 10mV/s. The measured C's values of the rGO, and rGO/CFO05 were

obtained to be 190.3, and 203.5 F' /g, respectively. These values, respectively, correspond

to the values of 194.9, and 223.1 F'/g obtained from GCD measurementat a current density

of 5.0 A/g as shown in Figure 4.27.
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Figure 4.27 Cyclic voltammograms at scan rate of 10mV/s, and galvanostatic

charge-discharge at current density of 5.0 A/g of rGO, and rGO/CFO05

in 6.0 M KOH aqueous electrolyte.



88

Figure 4.28 shows the specific capacitance plots of 5.0A/g of rGO, and
rGO/CFO05 in 6.0 M KOH aqueous electrolyte at different applied current densities. It
can be found that rGO/CFOO05 has highest capacitance thanrGO and at all applied current
densities. This can be seen that decoration of CoFe,O,4 nanoparticles on rGO nanosheet
can improve the capacitive behavior ofrGO. Consequently, these results are evidence of
the increasing diffusion resistance towards the ions transfer into the electrode pores and

thus causing a decrease of a specific capacitance (Stoller et al., 2008).
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Figure 4.28 The specific capacitance plots of rGO, and rGO/CFO05 at different

current densities.

Figure 4.29 shows the EIS analysis was also used to investigate the electrochemi-
cal behavior of the working electrode within the frequency range of 100 kHz — 0.1 Hz at an
amplitude of 0.01 V. The solution resistance (F;) or the equivalent series resistance (ESR)

(Luetal., 2010), which is obtained from the intersection of the high frequency region at the
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x-axis. TGO/CFO05 has an ESR of 0.435Q and an R.; of 0.115 2, which is lower than

those of CoFesO4 with ESR = 0.62 Q. This result show that, the decoration of CokFe;Oy
nanoparticles on to rGO nanosheet can improve conductive performance of the materials
by reducing agglomeration (Guan et al., 2014). The total resistance at the interface between
the electrode and the electrolyte with the charge-transfer resistance (£2ct) corresponds to the
total resistance at the interface between the electrode and the electrolyte. For the charge-
transfer resistance (Rct) of electrode, which is considered as the semi-circle capacitive arc
high frequency region. This resistance occur between electrolyte and active material based
on reaction kinetics control process. The Ret for CoFe,O4 and rGO/CFO05 are 0.67 €
and 0.23 €2, respectively. The semi-circle of Nyquist plot show that the conductivity of
CoFeyQy is lower than rGO/CFO05 nanocomposites. The Warburg resistance, consid-
ered at the portion of the width slope of 45°, is caused by the diffusion or transport of ions
in the electrolyte on the surface of the electrode and depends on the frequency (Stoller et
al., 2008). The knee frequencies of the rGO/CFOO05 which is the lowest values with a
slope of 45° before behaving as an ideal capacitor is 1.48 Hz. ()1 or CPE indicates a phase
constant device. The n value of CPE depends on the behavior of the electrode is 0.998, and
this can indicate that rGO/CFO05 working electrodes imply an ideal capacitor (L. Chen

etal., 2013).
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Figure 4.29 Nyquist plot of CoFe,O4 and rGO/CFO05 electrodes.

Moreover, to study the long-term cycle stability of the fabricated electrodes, the
specific capacitance retention was evaluated by galvanostatic charge-discharge at 10.0 A /g
for 1000 cycles. Figure 4.30 shows the relation between specific capacitance retention
and cycle number of the charge-discharge process. After 1000 cycles of charge discharge
process, the C's of rGO/CFOO05 remains 64.5% of initial capacity. It can be found that all

electrodes provided the excellent cycling stability.
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Figure 4.30 Cycling stability of rGO, and rGO/CFO05 using galvanostatic charge-

discharge at current density of 10 A/g.



CHAPTER V

CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

5.1.1 Reduced graphene oxide (rGO) preparation

We have demonstrated the synthesis of rGO, and rGO-based nanocomposite by a
simple facile hydrothermal method. As following rGO preparation process, graphite oxide
(GO) was prepared by oxydized graphite powder with KMnO, in 98% H,SO,. A charac-
teristic peak of graphite at 26.8 °C with 0.33 nm of d-spacing was shifted to 10.70 °C with
0.83 nm d-spacing. GO powder was used as the precursor for 0.5 mg/ml graphene oxide
solution by dispersion GO powder in DI water with ultrasonication for 30 min. Reduced
graphene oxide (rGO) was synthesized by reduction of graphene oxide using hydrazine
monohydrate (H4N, - H,O) as a reducing agent at 200 °C for 24 h. The formation of rGO
could be confirmed by XRD, TEM and Raman spectroscopy. After reduction, A charac-
teristic peak of rGO was shown as amophous carbon dueto the random orientation of rGO
sheet at 25.5 °C.

5.1.2 rGO-based nanocoposites preparation
The formation of the nanocomposite can be confirmed by the results of XRD and
TEM. For rGO-based nanocomposites, its surface area is significantly higher than the

surface area of metal ferrite (MnFe,O,4, and CoFe;O,) nanoparticle but lower than pure
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rGO. Interestingly, the specific capacitance values of 190.3, 276.9, and 144.5 F /g at a scan
rate of 10mV /s and 194.9, 274.6, and 134.4 F /g at current density of 5 A /g were obtained
for the, rGO, rGO/MFO05 and rGO/MFO10, respectively.

rGO/CoFe;O4 nanocomposite were succesfully prepared by a hydrothermal
method. The surface area of as-prepared material is significantly higher than the surface
area of CoFe;O4 nanoparticle but lower than pure rGO, and this result is similar to the
result of rGO/MnFe,O, nanocomposite. The specific capacitance values of 190.3 and
240.5 F /g at a scan rate of 10 mV /s and 194.9, and 224.8 F' /g at current density of 5.0 A /g
were obtained for the rGO, and rGO/CFO05, respectively.

The addition of MnFe,O4 and CoFey,O4 nanoparticles onto rGO nanosheet can
improve the electrochemical properties of rGO electrode, and the retainsion specific
capacitance more than 80% after contibuous charge-discharge process for 1000 cycles.
However, the specific capacitance of rGO-based nanocomposite will be lower than pure
rGO electrode effected from the metal oxide concentration.

After decoration rGO nansheets by ferrite material, it can be found that the
frabricated electrode of rGO-based nanocomposites, has the highest capacitance than those
of the rGO. This can be seen that decoration of ferrite nanoparticles on rGO nanosheet can
improve the capacitive behavior of rGO, but for moreover quantities of nanocmoposites,
the specificapacitance is decreased. The decreases of specific surface area, mean pore size,
and large number of oxygen-containing groups on the working electrode are possibly due to
the poor rate capability. Consequently, these results are evidence of the increasing diffusion
resistance towards the transfer of ions into the electrode pores, and thus causing a decrease

in specific capacitance.
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5.2 Suggestions

From the results obtained in this study, there are some important points that are

not well understood and further study is needed. These include the following issues:

5.2.1 Investigation of local structures of rGO-based nanocomposite is needed to
confirm the formation of nanometal oxide onto the rGO-based nanocom-

posite system.

5.2.2 Investigation of electrochemical properties measurement of the working
electrodes using various electrolyte in any concentration is required to con-

firm the suiltable for fabrication of supercapacitor electrodes.
5.2.3 Investigation of the substrate material effect to the electrochemical prper-

ties is needed to confirm the result.

All these issues would allow more understanding on the structure and properties of rGO-

based nanocomposite material.
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