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ABSTRACT

Carbon Based Nanomaterialsfor Electrochemical Energy Storage
Applications

by
LeiLi

Ever-growing energy needs, limited energy resources, and the need to decrease
soaring greenhouse gas emissions have brought about an urgent demand on the pursuit of
energy aternatives, including both renewable energy sources and sustainable storage
technologies. Electrochemical capacitors (ECs) and reversible lithium ion batteries (L1BS)
are two promising energy storage technologies that are well positioned to satisfy this need
in a green energy future. However, their large-scale deployment has been significantly
hindered by several major technological barriers, such as high cost, intrinsically poor safety
characteristic, limited life, and low energy density and/or power density. One promising
solution isto devel op advanced el ectrodes material sfor these devices. Inthisthes's, various
nanomaterials and nanostructures have been developed to improve the electrochemical

performance of ECsand LIBs.

My thesis begins with the introduction of energy storage systems of ECsand LIBs
in Chapter 1. Chapter 2 to 4 discuss the synthesis of nitrogen-doped carbonized cotton,
brush-like structured nanocomposites of polyaniline nanorods-graphene nanoribbons, laser
induced graphene-MnO-, and laser induced graphene-polyaniline and their applicationsin
ECs. All of them demonstrated excellent performance in energy storage, showing high

potential applications as electrode materials in ECs. Chapter 5 to 8 discuss a graphene

ii



wrapping strategy designed to synthesize graphene-metal oxide/sulfide-graphene
nanoribbons, including graphene-MnO>-GNRs, graphene-NiO-rGONRs, graphene-FesOas-
GNRs, and graphene-FeS-GNRs. This sandwich structure mitigated the pulverization of
these anode materials from their conversion reactions during extended cycling, leading to
a large improvement in the cycling stability of anodes in LIBs. To address the volume
change of SnO,-based anode materials, afacile and cost-effective approach was devel oped
to prepare a thin layer SnO> on reduced graphene oxide nanoribbons. Chapter 9 discusses
how this nanocomposite demonstrated excellent cycling stability with high capacity. For
LIBs cathode materias, a hierarchical polyaniline matrix was designed to reduce the
dissolution of the intermediate lithium polysulfide into the el ectrol yte as shown in Chapter

10. Thismaterial showed great improvement in cycling stability with high capacity.
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Chapter 1

I ntroduction to Energy Storage Devices

Current concerns about limited energy resources and the need to decrease soaring
greenhouse gas emissions has brought about an urgent quest to develop renewable
resources such as solar, wind, and geothermal that offer sustainable energy without
sacrificing environmental quality.l*3 In particular, solar and wind energy rely heavily on
natural conditions and therefore tend to be intermittent and/or diffuse in their output and
utility. Thus efficient energy storage is required to balance the off-peak electricity and
energy shortfalls during peak periods. Electrochemical capacitors (ECs) and lithium ion

batteries (LIBs) are very well positioned to satisfy this need in a green energy future.

ECsand LIBs play an important role in advanced energy storage and management
for efficient use of renewable energy. Figure 1.1 shows a Ragone plot comparing the
relations among different energy storage systems. ECs have a high power density (2-30
kW/kg) and low energy density (< 10 Wh/kg). Whereas, LIBs have a high energy density

(120-200 W hkg), but alower power density (0.4-3 kW/kg).[*? When LIBs and ECs are



hybridized, they play complementary functions taking the advantages of the former high

energy density and the latter high power density.
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Figure 1.1. Ragone plot showing the power density versus energy density for
different electrical energy storage systems. The times shown are the time
constants of the systems, which are obtained by dividing energy density by
power. (Reproduced with permission from reference 1 2008, Macmillan
Publishers Limited)



Currently, both technologies require further optimization due to the increasing
demand of new applications. In addition to having a higher energy density and power
density, and long cyclic performance, they need to be robust when working in extreme
temperature and pressure environments. They a so need to ensure environmentally safe and

low cost maintenance for future consumer, industrial, military, and space applications.[*

1.1. Current technologies. Electrochemical capacitorsand lithium

ion batteries

ECs, also named supercapacitors, have attracted great attention thanksto their high
long life time (> 100,000), power density (> 10,000 W/Kg), and low cost maintenance.!>®
ECs have been widely used in many fields, such as consumer electronics, memory back-
up systems, and energy management.l”® One example is to use ECs for powering the

emergency doors of an Airbus A380, which need the large scale implementation.*%

In 1991, Sony was the first company to commercialize rechargeable LIBs.'2
Since then, LIBs have been wildly used in various portable electronic devices, and
commercia electric vehicles due to their high energy density, good cycle life, design

flexibility, and low self-discharge rate.['22°

Recently, ECs drew researcher’s attention in the field of hybrid electric vehicles
and fuel cell vehicles. When coupled with LIBs or fuel cells, ECs can provide the power
for brakes and accel eration.[>1®1 ECs demonstrate an equal significance to batteries and fuel
cell. Asaresult, ECs have been designated as important as LIBs for future energy storage

systems by the US Department of Energy.[



1.2. Introduction to electrochemical capacitors

1.2.1. Construction

The construction of ECsisshown in Figure 1.2. ECs consist of two electrodes, two
current collectors, an electrolyte, and one separator. The electrode materials are the most
important component in the ECs. Charges are stored and separated at the interface between
the electrode and electrolyte. They determine the electrochemical performance of the ECs,
such as specific capacitance, life expectancy, resistance, and the cost of the devices.
Generally speaking, the electrode materials can be categorized into three classes: carbon

materials, conducting polymers, and transitional metal oxide or hydroxide.[>%"]

Carbon materials have many advantages, such as natural abundance, non-toxicity,
high chemical and physical stability, easy processing, good electronic conductivity, and
lower cost.[>*® They are one type of the prospective electrode materials in ECs. Carbon
materials mainly include activated carbon, carbon nanotubes, graphene, carbon fibers,

mesoporous carbon, carbide-derived carbon, and other templated carbons.[>81€l

Conducting polymers, such as polyaniling,*¥ polypyrrol,[?9 polythiophene,?Y
poly(3,4-ethylene-dioxythiophene),?? and poly(3-methyl thiophene) > are suitable
electrode materials in ECs, which store energy based on their redox reactions. They have
many advantages such aslow cost, high specific capacitance, good environmental stability,

electro-activity, and adjustable redox activity through chemical modification.[2+2¢]

Transition metal oxides and hydroxides are another type of electrode materia that

store energy based on reversible Faradic reactions at the interface in ECs. They have higher



specific capacitance and provide higher energy density compared to the carbon materials.
The characteristic transition metal oxide and hydroxides are RuO2, MnOz, C0304, NiO,

Sn0O;, V20s, Co(OH)z, and Ni(OH)2.[527]

Separator

Electrode

+

Current collector

>

Current collector

S

Electrolyte
Figure 1.2. Principles of electrochemical capacitors.

Electrolyte is another important component in ECs and can be classified into three
types: aqueous, organic, and ionic liquids. [ Aqueous electrol ytes, such as agqueous H2SOs,
NaOH, KOH, and N&SO,, are the most used in ECs. They all have a high ionic
concentration, smaller ionic radius, and low resistance, leading to a higher capacitance and
power in ECs. Meanwhile, agueous electrolytes simplify device fabrication in ambient
environments. However, amajor disadvantage of aqueous electrolyteisits small potentia
window range, typically less than 1 V, which limits both the energy density and power
density in ECs. Organic electrolyte is another type electrolyte, which can provide a high

potential window range of 0to 3 V. It contains organic salts, such as tetraethylammonium
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tetrafluoroborate, in a solvent of acetonitrile or propylene carbonate.l® However, the large
size of the organic electrolytes reduces the capacitance of ECs and presents safety issues
duetoitsflammability, and when used in the assembly of devices, the fabrication processes
and conditions should be strictly controlled without moisture and oxygen. lonic liquids are
molten salts existing in liquid form at designated temperatures. It demonstrates desirable
properties, such as low vapor pressure and flammability, high thermal and chemica
stability, and alarge potential window range. The most used ionic liquids are imidazolium
and pyrrolidinium with anions such as tetrafluoroborate or trifluoromethanesulfonate.
However, the issues of the lower conductivity and poor wettability between ionic liquids

and electrode materials should be addressed when ionic liquids are used in ECs.®!

In ECs, the separator allows the free transfer of charged ions but forbids electronic
contact between the electrodes. In an aqueous electrolyte, glass fiber separator, ceramic
separator, and paper are used in ECs, whereas in an organic electrolyte, atypical polymer

or paper separator are applied.l”
1.2.2. Mechanism

ECs can be categorized into three types based on the energy storage mechanisms.>
828 The first type of ECsis the Electrical double layer capacitors (EDLCs), which store
energy by electrostatic charge accumulation at the interface between the electrode and the
electrolyte. Electrons travel from the negative electrode to the positive electrode through
the external circuit in the charging process. The positive el ectrode has extra electric charge
and the negative el ectrode has a deficit of electric charge. In the electrolyte, the movement

of anions and cations meet the electron neutrality of the device. The reverse process takes



place during the discharge process. The properties of the electrode and the electrolyte play
an important role in the performance of EDLCs. The charge-discharge processes are non-
degradative between the electrode and the electrolyte due to the non-Faradic reactions.

Therefore, EDLCs can provide ultrahigh power and excellent life cycles.[?"%

The second type of EC is the pseudocapacitor. In the pseudocapacitor, areversible
Faradic reaction near the electrode surface takes place when a potential is applied. Unlike
EDLCs, the charges transfer across the interface between the electrode and the electrolyte
in a charge-discharge process similar to the process that occurs in batteries.
Pseudocapacitors have higher valuesin specific capacitance and energy densities compared
to EDLCs. However, their power densities is limited due to the relatively low Faradic
reaction. Generally speaking, there are three types of Faradic processes occurred on the
electrode surface. They are the redox reactions of transition metal oxides, reversible
electrochemical doping-dedoping in conductive polymer, and reversible adsorption,

respectively.[2"28l

The third type of EC is the hybrid supercapacitor, including the composite
symmetric supercapacitor, asymmetric supercapacitor, battery-supercapacitor hybrid.!”
Composite symmetric supercapacitors store energy based on both the electric double layer
absorption-desorption and faradic redox reaction in the same two electrodes. Asymmetric
supercapacitors consist of two different electrodes. During the charge discharge processes,
one electrode stores energy based on the double layer absorption-desorption (Non-Faradic
reaction), the other is the redox reaction (Faradic reaction) with or without a double layer
absorption-desorption. In this type of hybrid supercapacitor, both Faradic capacitance and

EDL Cs mechanisms occur simultaneously while one of them plays a greater role.[¥]
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1.2.3. Fabrication

ECs devices can be fabricated in five steps: the coating electrode, winding, filling
with an electrolyte, testing, and welding and sealing.! Active materials, binders and
conductive additives are mixed in acertain massratio to form ahomogeneous slurry, which
is then spread onto the current collectors forming the electrode. The electrode is dried and
roll-pressed to obtain a uniform electrode coating layer. Based on the types of electrolyte,
the electrolyte filling process is different. If organic electrolytes or ionic liquids are used
in the device, the electrodes should be put into a glove box with ultra-low moisture. The
electrolyteisfilled into the sandwiched device of electrode-separator-electrode. If aqueous
electrolyteis used in the device, the filling process can be done in an ambient environment
doing the same operation. The amount of electrolyte used in the device plays a significant
rolein the electrochemical performance because excessive gassing or leakage in operation
may happen if excess electrolyte is used. After the electrolyte filling, the device is tested,
normally two to five formation cycles to remove away the abnormal devices. The devices

may be cycled further to establish stable capacity, depending on applications.®

1.2.4. Measurement

Cyclic voltammetry, gavanostatic charge discharge experiments, and
electrochemical impedance spectroscopy are done in order to study the electrochemical
performance of the ECsin energy storage. Six criteriaare used to evaluate the performance
of ECs: specific capacitance, energy density, power density, cycling stability of electrode,

safe operation, and cost.



The gravimetric specific capacitance is calculated based on the information from

galvanostatic charge-discharge curve using equation 1.1:

C=4Bt/(BVxm) (1)

where | is the current applied, Bt is the discharging time, @V is the potential range after

the IR drop, and mis the mass of two electrode materials.
The maximum energy density is obtained by using equation 1.2:
E=CV48 (2

where C is the specific capacitance, V is the voltage, mis the mass of two electrode

materials.

The power densities include the maximum power density and average power

density obtained by using equation 1.3 and equation 1.4:
P=V4 (4xRxm) (3)
Plaverage) = E/ T (4)

respectively, where E isthe energy density, V isthe voltage, misthe mass of two electrode
materias, t is the total discharge time, and R is the equivalent series resistance obtained

from the IR drop by equation 1.5:

R= Vdrop/(ZI) (5)



Where Varop IS the potential difference at the beginning of the discharge and | is the

constant current.

Therefore, the high specific capacitance, large operating potential window range,
and small equivalent series resistance are required to obtain the high electrochemical

performancein ECs.

1.3. Introduction to lithium ion batteries

1.3.1. Construction

The construction of LIBs is depicted in Figure 1.3, which consists of an anode, a
cathode, a separator, two current collectors and an electrolyte. Copper foil and aluminum

foil are normally used as current collectors in the anode and cathode, respectively.
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Figure 1.3. Principle of the lithium ion batteries.

Electrode materials are the most important components in LIBs. Anode materials
in LIBs can be classified into three types based on energy storage mechanisms.[?¥ Thefirst
type isthe intercal ation/de-intercal ation mechanism. The materialsinclude sometransition
metal oxides and other compounds with a two-dimensional (2D) layer structure or three-
dimensional (3D) network structure, such as graphite and TiO2. They can reversibly
intercalate/de-intercalate Li ions into/from the lattice without destroying the crysta
structure. The second type is the alloying/de-alloying mechanism. Many elements, such as
Si, Sn, In, Bi, and Zn, and transition metal oxides such as SnO. and SnO belong to this
type. They react with Li forming aloys at low potentias (< 1.0 V vs Li).1?°%% The third
type is the conversion reaction or redox reaction mechanism. This type is genera and
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includes oxides, fluorides, oxyfluorides, sulfides, nitrides, and phosphides, such as MnOz,

MnS, FeO3, FeS, FeFs, NiO, NiS, and NiPs.[31

Cathodes aso play an significant role in the LIBs. The energy density of LIBs is
the result of the product’s capacity and voltage. When the anodes are fixed, the higher
voltage and capacity of the cathode, the higher the energy of the LIBs. Therefore, many
research efforts have been devoted to the development of the cathode materials. Generally
speaking, there are two major types based on the structure of the cathode materials. The
first type of cathode material is a layered structure, which enables the 2D diffusion of
lithium ions in the structure. The characteristic samples of this type include LiCoO.,
LizM 0Oz, Lio7MnOz, LiNiOz, and LiCrO.*? The cathode materialsin the spinal structure,
which enables the 3D diffusion of the lithium ions, can also be treated as a layer type
structure. The other group of cathode materias, such asVV Oz and LiFePO4, hasamore open
structures. Thistype materials generally have better safety and lower cost compared to the

first group.

[\ f_( P N W T
Y Y U T

Ethylene Propylene Dimethyl Diethyl
carbonate carbonate carbonate carbonate

Figure 1.4. Carbonate solvents of electrolytes used in lithium ion batteries.
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Electrolyte is another important component in LIBs that acts as an ionic conductor
to transport lithium ions back and forth between the cathodes (positive electrodes) and
anodes (negative electrodes) during charge-discharge processes in LIBs. The electrolyte
must be in good contact with the electrode materials for better performance in LIBs.
Normally, the commercialized electrolytes are non-aqueous electrolyte solutions in the
market, where lithium salts are dissolved in aprotic organic solvents. Lithium
hexafluorophosphate (LiPFs) isthe most popular lithium salt in electrolytes. Other lithium
sats, such as  lithium hexafluoroarsenate  (LiASFe) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), have also been developed.[*>% The aprotic
organic solvents are normally a mixture of carbonate solvents. Figure 1.4 shows the
common carbonate solvents used in electrolytes for LIBs. A characteristic sample of the
electrolytesis 1 M LiPFe in ethylene carbonate and diethyl carbonate (EC: DEC, 1:1 in
volume). Polymer electrolytes and agueous electrolytes are also developed according to

the application requirements.[*>34

Table 1.1. Major manufacturers of separators along with their typical products
for lithium ion batteries.

Manufacturer Structure Composition Process Trade name
Asalu Kasai single layer PE wet HiPore
Entek Membranes single layer PE Wet Teklon
Mitsm Chemical single layer PE Wet
Nitto Denko single laver PE Wet
DSM single layer PE Wet Solupur
Tonen single layer PE wet Setela
Ube Industries multi laver PP/PE/PP dry U-Pore
Celgard LLC single layer PP, PE Drv Celgard
Multilayer PP/PE/PP Drv Celgard
PVdF coated  PVdF, PP. PE, PP/PE/PP Dry Celgard
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Separators are an important component in LIBs. A separator is placed between
positive electrode and negative electrode in LIBs. It can allow the ionic flow but prevent
the directly electric contact of the electrodes. Many different separators have been
developed in LIBs. On the market, separators are manufactured in different format based
on the chemical and physical characteristics of materials, such as cellulosic papers,
nonwoven fabrics, foams, ion exchange membranes, and microporous flat sheet
membranes of polymeric materials. Table 1.1 shows the ma or manufacturers of separators

along with their typical products for LIBs.[*>3

1.3.2. Mechanism

Figure 1-3 shows the operating principle of a Li-ion battery. In the discharge
process, the Li* are moved from the anode to the cathode while the €l ectrons move through
an external circuit from the anode to the cathode. In this process, Li* are oxidized. In the
charge process, the reverse process happens and ions are reduced (Figure 1.3). The

electronsin the external circuit are produced by the oxidation reaction.

1.3.3. Fabrication

LIBs can be fabricated in five steps: coating active materials on current collectors,
winding them with a separator, assemble the wound electrodes into a battery case, filling

with electrolyte, and finally sealing the battery case, respectively.[*]

1.3.4. Measurement

CR2032 coin-type cells are used to study the electrochemical performance of the

electrode materials in LIBs. CV and EIS experiments are carried out on a CHI660D
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electrochemical station. The galvanostatic discharge charge experiments are done on the
LAND CT2001A battery system. All the experiments are carried out at room temperature.
Normally, there are three factorsto determinethe el ectrochemical performance of the LIBs,

which are the capacity, rate, and cycling performance.

1.4. Advantages and disadvantages of electrochemical capacitorsand

lithium ion batteries

Table 1.2 shows the advantages and disadvantages of ECs and LIBs. ECs
demonstrate many advantages, such as high power density, the long life expectancy,
environmental friendliness, good safety, and high efficiency. However, low energy density,
the high cost and high self discharging rate of ECslimitstheir applications. On the contrary
to ECs, LIBs show high energy density, low self-discharging rate, and low maintenance.
LIBs also suffer from many problems, such as the low power density, lacked safety, and
aging, which hinder their wild applications, especially in commercial electric vehicle

markets.[51527]

Table 1.2. Advantages and disadvantages of electrochemical capacitors and
lithium ion batteries.

Devices Advantages Disadvantages

Electrochemical capacitor High power density, long life expectancy, = Low energy density,
long shelf life, high efficiency, wide range  high cost, high self-
of operating temperatures, environmental ~ discharging rate
friendliness, good safety

Lithium 1on battery High energy density, low self-discharge Low power density,
rate, Low Maintenance bad safety, aging
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1.5. Current marketing

The global market for ECsis $470 millionin the world in 2010 and will reach $1.2
billion at the annual growing rate of 21.4% by 2015.1637] |t is projected to be $3.5 billion
in 2020, taking 5% of the battery market.*® The global market for LIBsis $11.8 billionin
the world in 2010.12°38 About 60% of LIBs are used in mobile phones and the rest are for
medical, power tools, notebook computers, and other uses.” It will be expected to

dramatically increase to $31.4 billion in 2015 and even up to $53.7 billion in 2020.12%%

1.6. References

1. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7,

845-854.

2. An, K. H.; Kim, W. S;; Park, Y. S.; Moon, J. M.; Bag, D. J;; Lim, S. C,; Leg, Y. S;;
Lee, Y. H., Electrochemical Properties of High-Power Supercapacitors Using Single-

Walled Carbon Nanotube Electrodes. Adv. Funct. Mater. 2001, 11, 387-392.

3. Béguin, F.; Presser, V.; Baducci, A.; Frackowiak, E., Carbons and Electrolytes for

Advanced Supercapacitors. Adv. Mater. 2014, 26, 2219-2251.

4. Cao, Z.; W, B., A perspective: carbon nanotube macro-films for energy storage.

Energy Environ. Sci. 2013, 6, 3183-3201.

5. Wang, G.; Zhang, L.; Zhang, J., A review of electrode materials for electrochemical

supercapacitors. Chem. Soc. Rev. 2012, 41, 797-828.

16



10.

11.

12.

13.

14.

15.

Simon, P.; Gogotsi, Y., Capacitive Energy Storage in Nanostructured Carbon-

Electrolyte Systems. Acc. . Chem. Res. 2012, 46, 1094-1103.

Zhang, L. L.; Zhao, X. S., Carbon-based materials as supercapacitor €l ectrodes. Chem.

Soc. Rev. 2009, 38, 2520-2531.

He, Y.; Chen, W.; Gao, C.; Zhou, J.; Li, X.; Xie, E., An overview of carbon materias

for flexible electrochemical capacitors. Nanoscale 2013, 5, 8799-8820.

ES. J. R. Miller and A. F. Burke, Electrochem. Soc. Interface Spring,2008, 17, 53.

Jang, H.; Lee, P. S; Li, C., 3D carbon based nanostructures for advanced

supercapacitors. Energy Environ. Sci. 2013, 6, 41-53.

Nishi, Y., Lithium ion secondary batteries; past 10 years and the future. J. Power

Sources 2001, 100, 101-106.

Kucinskis, G.; Bagars, G.; Kleperis, J.,, Graphene in lithium ion battery cathode

materials; A review. J. Power Sources 2013, 240, 66-79.

Kraytsberg, A.; Ein-Eli, Y., Higher, Stronger, Better A Review of 5 Volt Cathode

Materias for Advanced Lithium-lon Batteries. Adv. Energy Mater. 2012, 2, 922-939.

Scrosati, B.; Garche, J., Lithium batteries. Status, prospects and future. J. Power

Sources 2010, 195, 2419-2430.

Lithium Batteries: Science and Technology (Eds. G.-Abbas Nazri , G. Pistoia), Kluver

Academic Publishers, Boston/Dordrecht/New Y ork/London 2004.

17



16.

17.

18.

19.

20.

21.

22.

23.

Zhang, J.; Song, T.; Shen, X.; Yu, X.; Lee, S.-T.; Sun, B., A 12%-Efficient Upgraded
Metallurgical Grade Silicon-Organic Heterojunction Solar Cell Achieved by a Self-

Purifying Process. ACS Nano 2014.

Daiwon C.; Prashant N. K. Nanocrystalline TiN Derived by a Two-Step Halide

Approach for Electrochemical Capacitors J. Electrochem. Soc, 2006, 153, A2298.

Ghosh, A.; Lee, Y. H., Carbon-Based Electrochemical Capacitors. ChemSusChem

2012, 5, 480-499.

Li,L.;Rai,A.-R.O,; Fel, H.; Yang, Y.; Samuel, E. L. G.; Tour, J. M., Nanocomposite
of Polyaniline Nanorods Grown on Graphene Nanoribbons for Highly Capacitive

Pseudocapacitors. ACS Appl. Mater. Interfaces 2013, 5 (14), 6622-6627.

Clemente, A.; Panero, S.; Spila, E.; Scrosati, B., Solid-state, polymer-based, redox

capacitors. Solid Sate lonics 1996, 85 (1-4), 273-277.

Laforgue, A.; Simon, P.; Sarrazin, C.; Fauvarque, J.-F., Polythiophene-based

supercapacitors. J. Power Sources 1999, 80, 142-148.

Lota, K.; Khomenko, V.; Frackowiak, E., Capacitance properties of poly(3,4-
ethylenedioxythiophene)/carbon nanotubes composites. J. Phys. Chem. Solids 2004,

65, 295-301.

Sivaraman, P.; Thakur, A.; Kushwaha, R. K.; Ratna, D.; Samui, A. B. Poly(3-methyl
thiophene)-Activated Carbon Hybrid Supercapacitor Based on Gel Polymer

Electrolyte. Electrochem. Solid-State Lett., 2006, 9, A435.

18



24,

25.

26.

27.

28.

29.

30.

31

32.

Prasad, K. R.; Koga, K.; Miura, N., Electrochemica Deposition of Nanostructured
Indium Oxide: High-Performance Electrode Material for Redox Supercapacitors.

Chem. Mater. 2004, 16, 1845-1847.

Fan, L.-Z.; Maier, J., High-performance polypyrrole electrode materials for redox

supercapacitors. Electrochem. Commun. 2006, 8, 937-940.

B. E. Conway, Electrochemical Supercapacitors, Kluwer Academic/Plenum Press,

New Y ork, 1999.

Docherty, C. J.; Parkinson, P.; Joyce, H. J.; Chiu, M.-H.; Chen, C.-H.; Lee, M.-Y .; Li,
L.-J; Herz, L. M.; Johnston, M. B., Ultrafast Transient Terahertz Conductivity of

Monolayer MoS2 and WSe2 Grown by Chemical Vapor Deposition. ACS Nano 2014.

Wang, F.; Xiao, S.; Hou, Y.; Hu, C.; Liu, L.; Wu, Y., Electrode materials for aqueous

asymmetric supercapacitors. RSC Adv. 2013, 3, 13059-13084.

Reddy, M. V.; Subba Rao, G. V.; Chowdari, B. V. R., Metal Oxides and Oxysalts as

Anode Materialsfor Li lon Batteries. Chem. Rev. 2013, 113, 5364-5457.

Armstrong, M.; O’Dwyer, C.; Macklin, W.; Holmes, J. D., Evaluating the performance

of nanostructured materials as lithium-ion battery electrodes. Nano Res. 2014, 7, 1-62.

Cabana, J.; Monconduit, L.; Larcher, D.; Palacin, M. R., Beyond Intercalation-Based
Li-lon Batteries: The State of the Art and Challenges of Electrode Materials Reacting

Through Conversion Reactions. Adv. Mater. 2010, 22, E170-E192.

Wang, Y.; Cao, G., Developments in Nanostructured Cathode Materials for High-

Performance Lithium-lon Batteries. Adv. Mater. 2008, 20, 2251-2269.
19



33. Aravindan, V.; Gnanarg, J.; Madhavi, S.; Liu, H.-K., Lithium-lon Conducting

Electrolyte Salts for Lithium Batteries. Chem. Eur. J. 2011, 17, 14326-14346.

34. Xu, K., Nonagueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries.

Chem. Rev. 2004, 104, 4303-4418.

35. Arora, P.; Zhang, Z., Battery Separators. Chem. Rev. 2004, 104, 4419-4462.

36. Zhi, M.; Xiang, C.; Li, J.; Li, M.; Wu, N., Nanostructured carbon-metal oxide

composite electrodes for supercapacitors. areview. Nanoscale 2013, 5 (1), 72-88.

37. http:/mww.reportlinker.com/p0363454/Supercapacitors-Technol ogy-Devel opments-

and-Global-Markets.html, accessed 24 July 2012.

38. http://www.isuppli.com/semiconductor-val ue-chai n/pages/strong-growth-to-drive-

lithium-ion-battery-market-to-61-billion-by-2020.aspx (Accessed on Feb. 29, 2012).

20



Chapter 2

Nitrogen-doped Carbonized Cotton for
Highly Flexible Super capacitors

This chapter was entirely copied from reference 1.

2.1. Introduction

Supercapacitors have attracted great attention owning to their high power density,
fast charge-discharge rate, cycle efficiency, and low maintenance cost.l?® They can be
widely used in many critical areas, such as electronics, mobile electrical systems, energy
management, memory back-up systems, and industrial power.I> The urgent needs for
sustainable and renewabl e power sources in modern electronic industry have promoted the
increasing demand for the development of high performance energy storage systems that
arelightweight, flexible, and environmentally friendly.[®Y4 Flexible supercapacitors (FSCs)
become one of the most promising candidates that satisfy these demands in these
systems.*4 The electrode materials are the key part in FSCs. Therefore, developing the
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high performance electrode materials of FSCs becomes very necessary. Much effort has
been devoted on the development of the electrode materials and has made great
achievements. Based on the energy storage mechanisms, the electrode materials can be
classified into two types. The first type of electrode materias stores energy based on the
electrostatic charge accumulation on the surface between electrode and electrolyte.*3
Carbon materials with alarge specific surface area and good mechanical properties belong
to this type and have been widely used as electrode materials, such as graphene, 141
carbon nanotubes,!'® carbon fibers,'”] activated carbon,*¥ and mesoporous carbon.[*!
However, these electrode materials suffer from the low energy density, normally less than
5 KW/kg.l®! The other type stores energy depends on the fast and reversible faradic reaction
near the surface. The widely developed electrode materials of this type were transitional
metal oxide and hydroxide,?*?4 and conducting polymers.[?>?81 This type of electrode
materials greatly improved the energy density of the devices. However, they were limited
in applications due to their poor electrical conductivity, natural rigidity, and bad cycling

stability caused by the fragile structure in the redox processes.

Cotton is an inexpensive nature product, which mainly composited of cellulose fibers.[?”]
Thethermal treated cotton has high electrical conductivity, good mechanical propertiesand
structural compatibility. It represents one type of lightweight electrode materials for FSCs.
Xue et al. prepared the carbonized cotton that demonstrated high flexibility in FSCs.[?”]
The discharge capacity had no decay after 1,000 folding times. However, its specific
capacitance was only ~ 14 F/g at the current density of 0.216 A/g, which is too low to
practical applications. Therefore, improving the energy storage capacity of carbonized

cotton becomes the critical for its practical applicationsin FSCs.
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In this study, we describe the design and preparation of the free-standing microporous
nitrogen doped carbonized cotton (NCC) by a facile template-free method. NCC is
prepared through the thermal treatment of cotton in the flow of Ar and NH3. NH3 reacts
with carbon in cotton forming the microporous structure in NCC. NCC possesses the
unique features of the high electrical conductivity, interconnected porous structure, and
good mechanical flexibility. They provide multiple pathways for electron transport and
facilitate the access of electrolyte ions into and from its internal surface, resulting in the
high charge-discharge rate performance. The N doping increases the electronic
conductivity and induces the pseudocapacitive effects of NCC. It can also improve the
wettability of NCC, which is beneficia for the contact between electrode material and
electrolyte.[222% What is more, the free-standing NCC can simplify the device fabrication
processes with no need for the binder, conductive additives, and current collectors.
Compared to conventional supercapacitors, NCC reduces the overall weight and save the
gpace of the FCSs, widening its practical applications. NCC demonstrated excellent
performance in energy storage, showing high potentia applications as electrode materials

in the FSCs.

2.2. Experiments

2.2.1. Material Synthesis

Nitrogen doped carbonized cotton (NCC) was prepared in the CVD system. The
cotton was loaded into the CV D system in the mixture flow of Ar (100 sccm) and NH3 (65
sccm). The reaction chamber was evaporated to ~ 16 mT by completely open the vacuum
valve and kept this condition for 10 min in order to completely remove the oxygen in the

23



chamber. Then, the chamber pressure was adjusted to ambient pressure by turning off the
vacuum valve. The temperature was increased to 800 °C from room temperature at the
heating rate of 5 °C/min. The reaction time was varied for different samples at 800 °C.
After the reaction, the heating power was shut off and the sample was naturally cooled
down to room temperature in the flow of Ar. When the reaction timewas0.5h, 1 h, and 2
h, the nitrogen doped carbonized cotton were labeled as NCC-0.5h, NCC-1h, and NCC-2h,
respectively. CC-1h was obtained by the carbonizing cotton at the same condition of NCC-

1h excluding NHa.

2.2.2. Materials Characterization

Production were characterized by XRD (Rigaku D/Max Ultimall), XPS (PHI
Quantera), Raman (Renishaw Raman REO1 scope), BET (Quantachrome Autosorb-3b

BET Surface Analyzer), SEM (JEOL 6500), and TEM (JEM2100F TEM).

2.2.3. Devicefabrication

2.2.3.1. Fabrication of the conventional supercapacitor

The conventional supercapacitors were assembled using two-el ectrode system cells
with filter paper (Qualitative, Whatman, 1001-042) as separator between two symmetrical
working electrodes. The electrode material was the freestanding slice of the carbonized
cotton with/without NH3z treatment (~ 1.3 mg, 0.5 cm by 0.5 cm per electrode). 1 M H2SO4

was used as the el ectrolyte.
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2.2.3.2. Fabrication of the flexible super capacitor

Two pieces of the freestanding slices of NCC-1h (~ 7.5 mg, 1 cm by 2 cm) were
assembled with one piece of cotton as separator, sandwiched in between. In order to test
the device, two pieces of Au-PET were placed to improve the contact of NCC-1h with the
electrochemical workstation. The device was packed by plastic film (Stretch-tite,
POLYVINYL FILM INC.), forming the simple proof-of-concept prototype of flexible

supercapacitor. 1 M H2SO4 was used as the electrol yte.

2.2.4. Electrochemical measur ement

Electrochemical measurement The supercapacitors were characterized by cyclic
voltammetry, galvanostatic charge-discharge experiments, and el ectrochemical impedance
spectroscopy. An electrochemical station (CHI 660D) was used to perform the above
characterization. The gravimetric specific capacitance was obtained from galvanostatic
charge-discharge curve using equation 1.1. The energy density and power density were

obtained by using equation 1.2 and 1.4.
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2.3. Results and Discussion

2.3.1. Synthesisand structure analysis

d

Cotton N doped carbonized cotton

4L IIIIIHII i
] 2|

Figure 2.1. (a) Schematic illustration of the synthesis of nitrogen doped
carbonized cotton. (b) Digital images of natural cotton (left) and NCC-1h
(right) (c) NCC-1h in flat state. (d-f) NCC-1h in bent state. (g,h) SEM images of
NCC-1h at different magnifications.

The synthesis of NCC is depicted in Figure 2.1a. The natural cotton was used as
precursor. NCC was obtained after the thermal annealing of cotton at 800 °C at different
reaction timein the flow of Ar and NHz at ambient environment. NCC-0.5h, NCC-1h, and

NCC-2h were obtained by changing the reaction time from 0.5 h to 1 h and 2 h,
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respectively. Carbonized cotton (CC-1h) was also prepared at the same reaction condition
of NCC-1h excluding NHs. The white cotton (Figure 2.1b) became black NCC-1h after the
thermal annealing. According to application demands, NCC-1h can be dliced into pieces
with different size, which were flexible enough to be bended and folded as shown in Figure

2.1c-f.

The morphology of NCC-1h was characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Figure 2.1g,h showed the SEM
images of NCC-1h at different magnifications. The fibers with the width of ~ 7 um were
partially helical. They were entangled together forming the entirety. Figure 2-1i showed
the morphology of one piece fiber detached from NCC-1h because the fiber was too thick
to take the TEM image of whole fiber. From the high resolution TEM image of NCC-1h
(Figure 2.1j), it can be observed that the sample was defective even though the existence

of graphitic plane.

X-ray diffraction (XRD), Raman spectrum, and X-ray photoel ectron spectroscopy
(XPS) were also used to characterize the materias. Figure 2.2a showed the XRD patterns
of carbonized cotton with or without NH3 treatment. All the samples of CC-1h, NCC-0.5h,
NCC-1h, and NCC-2h demonstrated the diffraction peaks (002) and (100) of graphite at
25.37° and 43.89°, respectively.[?830-3 Figure 2.2b showed their Raman spectra. There
were two peaks centered at 1350 cm™ and 1596 cm?, respectively. The peak at 1350 cm™?
was D-band, which resulted from the vibrations of carbon atoms with dangling bonds in
plane terminations of the disordered graphite from the defects and disorders of structures
in carbon materials. The pesk at 1596 cm™ was G-band due to the vibration of sp?

hybridized carbon atoms in a 2D hexagonal lattice.3** As shown in Table 2.1, the
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intensity ratios of D-band to G-band (Rosc) of CC-1h, NCC-0.5h, NCC-1h, and NCC-2h
were 0.81, 0.89, 0.84, 0.86, respectively, demonstrating all of them in the high

graphitization.[>

Table 2.1. Structural, compositional analyses, and specific capacitance of CC-
1h, NCC-0.5h, NCC-1h, and NCC-2h.

Atomic Concentration (%) Deconvolution results (%]
5 Rpjs BET surface Specific capacitance
c N [4] Pyridinic Pyrrolic  Quaternary N-oxide area(m’g?) (Ffe) 11 A/e)
CC-1h 93.6 1} 6.4 1] 1] a 1] n.81 356.0 1.5
NCC-0.5h a82.7 11.5 58 45.4 36.3 11.7 6.6 0.89 713.0 1795
MNCC-1h 85.3 9.6 5.1 52.5 37.7 6.b 3.2 D.84 1085.0 206.7
NCC-2h 87.5 1.7 48 43.4 33.9 10.9 58 0.86 838.0 157.0

Figure 2.2c was the survey XPS spectra of these samples. It was seen that all of
NCC-0.5h, NCC-1h, and NCC-2h contained N, excluding CC-1h without NHz treatment.
This demonstrated that N doping was successfully obtained after NH3 treatment. NH3
treatment increased the defects in the carbonized cotton. As shown in Table 2.1, C atomic
concentration of CC-1h was 93.6 %. It decreased to 82.7 %, 85.3 %, 87.5 % for NCC-0.5h
(N concentration, 11.5 %), NCC-1h (N concentration, 9.6 %), and NCC-2h (N
concentration, 7.7 %), respectively. Therefore, the NH3 treated carbonized cotton had high
Ro/c. Meanwhile, long time thermal treatment will improve the crystallization of graphite.
O concentration decreased from 5.8 % of NCC-0.5h to 5.1 % of NCC-1h and 4.8 % of
NCC-2h. Ro/c of NCC-1hwasthelowest in all of NCC dueto both effects of NH3 treatment
and thermal treatment. As shown in Figure 2.2d, N1sin NCC-0.5h, NCC-1h, and NCC-2h
was detected in fine spectrum. It was deconvoluted into four peakslocated at 398.1, 400.4,
402.6, and 405.2 eV, which were assigned to pyridinic N, pyrrolic N, quaternary N, and N-

oxide, respectively.[?23% The relative proportion of the N statein NCC was shown in Table
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2.1. The proportion of N state varied with the reaction time. NCC-1h had the highest
content of pyridinic N and pyrrolic N and the lowest content of quaternary N and N-oxide
among these samples. All the data discussed above demonstrated that NCC was indeed

obtained after the thermal annealing of cotton in the environment of Ar and NHs.
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Figure 2.2. XRD patterns (a), Raman spectra (b), XPS (c) of CC-1h, NCC-0.5h,
NCC-1h, and NCC-2h. (d) N1s core level XPS of NCC-0.5h, NCC-1h, and NCC-2h.

In order to study the development of porosity in carbonized cotton with or without

NH3 treatment, the nitrogen adsorption-desorption isotherms of CC-1h, NCC-0.5h, NCC-
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1h, and NCC-2h were carried out as shown in Figure 2.3a. All the sasmples were in type |
isotherms, indicating that they were mainly microporous materials. NHz treatment
increased the microporous characteristic. Nitrogen sorption capacity of NCC was higher
than that of CC-1h. NCC-1h had the highest value in the sorption capacity. Corresponding
to BET surface area of these samples, NCC-1h had the highest value of 1085 m?g?, and
CC-1h was the lowest one of 356 m?g! (Table 2.1). Figure 2.3b showed the pore size
distribution curves regarding these samples. The pore size distribution wasin ~ 2nm. The
longer time treatment of NH3s reduced the contribution of microporous characteristic,
leading to the decrease of BET surface area (NCC-2h, 898 m?gl). The coexistence of
micro/meso scale pores in NCC provided multiple pathways for electron transport and
facilitated the access of electrolyte ions into and from the micropores, resulting in the

improved electrochemical performance in supercapacitors.
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Figure 2.3. Nitrogen adsorption-desorption isotherms (a) and pore size
distribution curves (b) of CC-1h, NCC-0.5h, NCC-1h, and NCC-2h.
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2.3.2. Electrochemical evaluation
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Figure 2.4. Cyclic voltammetry curves of NCC-1h (a), CC-1h (b), NCC-0.5h (c),
and NCC-2h (d) at the scan rate ranges of 2 to 100 mV/s in 1 M H2S04.

The electrochemical performance of NCC-1h was first evaluated in conventional
supercapacitor configuration (two-electrode system) by measurements of cyclic
voltammetry (CV), gavanostatic charge-discharge experiments, and electrochemical
impedance spectroscopy (EIS). Figure 2.4a showed the CV curves of NCC-1h at different
scan rates from 2 to 100 mV s? in the potential window range of 0 to 1.0 V. The current

response demonstrated a corresponding increase with the increase of scan rate.
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Furthermore, the composite electrode maintained the CV shape even at high scan rate up
to 100 mV s. These characteristics demonstrated a good capacitive behavior of NCC-1h.
CC-1h, NCC-0.5h, and NCC-2h had similar phenomena shown in Figure 2.4b-d. At the
same scan rate of 40 mV s, the CV curve of CC-1h was minuscule compared to the others.
This demonstrated that CC-1h had the lowest energy storage performance due to the small
area of the enclosed CV, which stood for the capacitance of the electrodes.*® For other
three materials, NCC-1h had the highest value of CV area, demonstrating that it had the

highest energy storage ability among all of them.

Figure 2.5a showed the galvanostatic charge-discharge curves of NCC-1h at
different current densities. The almost symmetrical charging and discharging curves
demonstrated that the materials had good capacitive behaviors. The discharging time
gradually decreased with the increase of the current density. NCC-0.5h, NCC-2h, and CC-
1h showed the similar trend as shown in Figure 2.5b-d. Figure 2-5e showed the
galvanostatic charge-discharge curves of CC-1h, NCC-0.5h, NCC-1h, and NCC-2h at the
same current density of 1 A/g. The galvanostatic charge-discharge curve of CC-1h was
almost a line, which was consistent with the variation of its CV. The specific capacitance
was obtained based on the galvanostatic charge-discharge curves as shown in Figure 2-5f.
NCC-1h produced the best performance. Its specific capacitance was as high as 206.7 F/g
at a current density of 1 A/g (Table 2-1). It decreased to 177.0 F/g at the high current
density of 14 A/g. It exhibited excellent rate performance with the capacitance retention of
85.5% as current density was varied from 1 A/g to 14 A/g. The specific capacitance of
NCC-0.5h and NCC-2h had similar trends with the variation of current density. At the same

current density, the value of specific capacitance of NCC-0.5h and NCC-2h was lower than
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that of NCC-1h (Table 2-1), especially in the high current density. The specific capacitance
of CC-1hwasonly 1.5 F/g at 1 A/g. It was minuscule compared to other three materials.
Therefore, the high specific surface area and the N functionalities in NCC-1h resulted in

the great enhanced capacitance in supercapacitors.
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Figure 2.5. Galvanostatic charge discharge curves of NCC-1h (a), NCC-0.5h (b),
NCC-2h (c), and CC-1h (d) at a current density ranges of 1 to 14 A/g. (e)
Galvanostatic charge discharge curves of CC-1h, NCC-0.5h, NCC-1h, and NCC-2h
at the same current density of 1 A/g. (f) The specific capacitance versus
current density for CC-1h, NCC-0.5h, NCC-1h, and NCC-2h.

The cyclic stability of NCC-1h was aso evaluated through the extended
gavanostatic charge-discharge experiment. As shown in Figure 2.6a, NCC-1h not only
showed no capacitance decay, but also increased with the augment of the cycle numbers.
It increased 34% when the cycle number reached 10,000. The phenomenon showed that

NCC-1h had an activation process. The contact between NCC-1h and electrolyte was not
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good due to its high hydrophobic nature. With more charge-discharge cycles, the internd
parts of NCC-1h became electrochemically active as they became contact with the
electrolyte. Figure 2-6b was the Ragone plot of energy density versus power density for
NCC-0.5h, NCC-1h, and NCC-2h. NCC-1h had the highest energy density of 7.18 Wh/kg
at the current density of 1 A/g. Its energy density decreased to 6.15 Wh/kg with the power
density of 3823.15 W/kg at the current density of 14 A/g. This value was far better than
that obtained in other carbon materials based on electrostatic charge adsorption as

electrodes in supercapacitors.®l

EIS is a powerful tool to study the electrochemical behavior of the electrodes.!*
Nyquist plots regarding of NCC-0.5h, NCC-1h, and NCC-2h were obtained in the
frequency ranges of 100 kHz to 0.01 Hz at the open circuit potential as shown in Figure
2.6c. The intersection by the x intercept of the Nyquist plot was the equivalent series
resistances (Rs), which was the combination of electrolyte resistance and electrode
resistance.l?38% They were 0.94, 0.80, and 1.90 Q for NCC-0.5h, NCC-1h, and NCC-
2h, respectively. It demonstrated that NCC-1h had the best electrical conductivity among
them. In the high frequency range of plots, the semicircles showed good electrode contact
between the electrode and electrolyte. The vertical linesin the low frequency range of the
plot implied that the supercapacitors showed the good ion diffusion in the electrode

structure. It showed the almost ideal capacitive behavior of NCC.
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Figure 2.6. (a) Cycling stability of NCC-1h at a current density of 6 A/g. (b)
Ragone plot of NCC-0.5h, NCC-1h, and NCC-2h. (c) Nyquist plots of NCC-0.5h,
NCC-1h, and NCC-2h (the inset is an enlarged view of the Nyquist curves).

In order to test the flexibility of NCC-1h and study the influence of the flexibility
in electrochemical performance, NCC-1h was assembled into FSCs. Since NCC-1h is
freestanding and electrical conductivity, no additional insulating binder and conductivity
additives were used when assembl e the devices. Thiswill reduce the whole mass of device
and increase its possibility in practical applications. In order to test the device, two pieces

of Au-PET were placed to improve the contact of NCC-1h with the electrochemical
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Figure 2.7. (a-c) Digital images of flexible supercapacitor and its different
bending states. (d) CV curves of the flexible supercapacitor at the scan rate of
10 mV/s when bent by 0°, 90°, and 180°. (e) Dependence of capacitance
retention ratio on bending cycles with ~ 90° bending angle.

workstation. Figure 2.7a showed digital image of a simple proof-of-concept prototype of
the FSCs. It can be bended to different angles as shown in Figure 2.7b,c. The
electrochemical performance of thisdevice wasfirst studied by CV experimentsat 10 mV/s
at different bending angles. As shown in Figure 2.7d, NCC-1h showed the amost

rectangular CV curve. When the flexible device was bent by 90°, 180°, and then recovery
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to 0°, no obvious CV changes were observed. This demonstrated that the electrochemical
performance of the flexible device was stable at different bending states. In addition, the
flexibility testswere also carried out by bending the device to ~ 90° for 4,000 times (Figure
2-7e). The capacitance increased with the augment of the bending number. It increased
40% after 4,000 bending cycles. The trend of the increased capacitance in FSCs was same
as that in conventional supercapacitor shown in Figure 2.6a. Bending process might
facilitate the contact between the electrode and electrolyte, leading to the increase of the
capacitance. The above results demonstrated that NCC-1h was a superb candidate for use

as electrode materialsin FSCs.

2.4. Conclusion

In summary, a novel strategy for preparing free-standing microporous nitrogen
doped carbonized cotton (NCC) is proposed and redlized. This material (NCC-1h)
demonstrated the enhanced specific capacitance (206.70 F/g at 1 A/g), energy density (7.18
Wh/kg a 1 A/g), power density (3823.15 W/kg at 14 A/g), and excellent cycling stability
(capacitance increase by 34% after 10,000 cycles), which resulted from its synergetic of
microporous structure and N functionalities. The material was assembled into a flexible
supercapacitor, which aso demonstrated excellent electrochemical performance,
especialy the flexibility (capacitance increase by 40% after 4,000 bending cycles). All
these results demonstrated that the material had great potential application in energy
storage for flexible and lightweight electronics. The design concert developed here opens
up a new avenue for constructing the electrode materials with the improved

electrochemical stability for flexible supercapacitors.
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Chapter 3

Nanocomposite of Polyaniline Nanorods
Grown on Graphene Nanoribbons for Highly
Capacitive Pseudocapacitors

This chapter was entirely copied from reference 1.

3.1. Introduction

Electrochemical capacitors are attracting interest due to their high power density,
long life cycle and well-known operational principles.[>4 Based on their energy storage
mechanism,!® electrochemical capacitors can be categorized as electrical double layer
capacitors (EDLCs) or pseudocapacitors. In an EDLC device, the electrostatic charge
accumulation occurs at the interface between the electrode and the electrolyte. The
performance of EDLCs is strongly dependent on the properties of the electrode and the
electrolyte. EDLCs can provide ultrahigh power and excellent life cycles because of the
nondegradative processes between the electrode and the electrolyte. The performance of
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EDLCs s determined by the available surface area of the electrodes and the finite charge
separation between the electrode materials and the electrolyte. 26 However, in a
pseudocapacitor (or redox supercapacitor), the fast and reversible faradic reaction near the
surface determines its energy storage capability.[>”1 Typically, the specific capacitance of
a pseudocapacitor electrode far exceeds that of an electrode operating as an EDLC.1®

Therefore pseudocapcitors are preferred in applications where high capacitanceisrequired.

Conducting polymers have been studied for their potential application as electrodes
in energy storage devices®*? Among conducting polymer, polyaniline (PANI) has
attracted interest dueto its high specific capacitance, good environmental stability, electro-
activity, and doping-dedoping chemistry.[**16l The major drawback that hinders the
application of PANI in energy storage is its poor cyclic stability due to the mechanical
degradation by the big volumetric change in the doping/dedoping process; it is not stable
to cycling through charge-discharge processes over long periods of time.! Interfacing other
carbon materials with PANI is one effective way to improve the electrochemical stability
of the composite. Results have been recently reported based on this strategy. Wu et al.
reported the synthesis of chemically modified graphene and PANI nanofiber composites
by in situ polymerization of aniline in the presence of graphene oxide; the composites had
a high specific capacitance of 480 F/g at a current density 0.1 A/g; 70% of the original
capacitance was retained after 400 cyclesin athree electrode system.!*”! Shi et al. prepared
composite films of chemically converted graphene and PANI nanofibers by vacuum
filtration. The composite films had a specific capacitance of 210 F/g at a current density
0.3 A/g. The capacitance only decreased 21% after 800 charging discharging cycles at a

current density 3 A/g.[*4 Zhang et al. grew oriented arrays of PANI nanorods on expanded
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graphite by in situ polymerization, and the composite showed a high specific capacitance
of 1665 F/g at a current density 1 A/g and 87% original capacitance retention after 2000
cycles at a scan rate of 100 mV/s in athree electrode system.[*®l Wang et al. synthesized
graphene-wrapped PANI nanofibers with a specific capacitance of 250 F/g at a current
density of 0.5 A/g and 74% capacitance retention after 1000 cycles at a current density of
1 A/g in a three eectrode system [*® Ruoff et al. reported that composites of PANI and
graphene oxide afforded a high specific capacitance that could reach 500 F/g at scan rate
of 50 mV s with aimost no loss of capacitance over 680 cycles in a three electrode
system.[??l However, | of these materials are either relatively complicated to produce, are

limited in scalability or still suffer from the electrochemical stability problem.

In this work, graphene nanoribbons (GNRs), due to their high surface area, high
electrical conductivity, and scalability, were selected as a template on which PANI
nanorods were grown.[?! A nanocomposite of PANI-GNRs was prepared by the in situ
polymerization of anilinein the presence of GNRSs. In this composite, GNRs not only work
as substrate to grow the PANI nanorods and improve the electrical conductivity of the
composite, but also increasethe effectively utilization of PANI and enhance the mechanical
property of the composite. The high specific capacitance of the PANI will increase the
capacitance of the composite. PANI-GNRs displayed good electrochemical properties in
energy storage. A specific capacitance 340 F/g was achieved at a current density of 0.25
A/gin atwo electrode system. The capacity retention was about 90% after 4200 cycles of
charging and discharging, making PANI-GNRs a superb electrode material for long-lived

energy storage devices.
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3.2. Experiments

3.2.1. Materials synthesis

GNRs were prepared by treatment of multiwalled carbon nanotubes with NaK in
1,2-dimethoxyethane and quenching of the reaction with MeOH as described
previously.[?!! Typically, 35 mL 1,2-dimethoxylethane and 0.29 mL NaK was added to 100
mg MWCNTs (MWCNT, Mitsui & Co, lot no. 05072001K 28) in a nitrogen dry box and
secured tightly with septum/copper wire. The mixture was carefully transferred outside dry
box and stirred for 4 d at room temperature. Theintercal ated K was quenched with CH30OH,
thus inducing splitting of the MWCNT to GNR through H> formation. The GNRs were
then oxidized in 3M HNO:g at reflux for 12 hin order to increase their wettability. PANI-
GNRs were prepared by direct polymerization of aniline on the HNOs-treated GNRS. In
the typical procedure for PANI-GNRs-40, 22.5 mg of HNOs-treated GNRs were added to
40 mL of 1 M H>SO4 solution and the mixture was ultrasonicated (2510 Branson) to fully
disperse the GNRs. Aniline (900 mg, 9.65 mmol) was added to the dispersion and it was
stirred to form a uniform mixture while cooling in a NaCl-ice bath (-3 °C to -5°C). The
APS oxidant (554 mg, 2.4 mmol), was dissolved in 40 mL of 1 M H2SO4 and kept in the
NaCl-ice bath for 10 min. The solutions were mixed with continued stirring in the NaCl-
ice bath for 10 h. The black solid sample was collected by vacuum filtration and
sequentially washing with water (400 mL) and acetone (100 mL). The final PANI-GNRs
(130 mg) were obtained after drying in avacuum oven overnight. In the control experiment,

PANI was prepared using the same method above without the HNOs-treated GNRSs. The
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composite samples were designated as PANI-GNRs-20, -40, or -64 based on the starting

weight ratio of anilineto GNRs.

3.2.2. Materials characterization

Products were characterized by XRD (Rigaku D/Max Ultima II); XPS (PHI

Quantera); SEM (JEOL 6500); and TEM (JEM2100F TEM).

3.2.3. Devicefabrication

The electrochemical performance analyses were done using two electrode system
cells with filter paper (Qualitative, Whatman, 1001-042) as separator between two
symmetrical working electrodes. The electrode material was a mixture of 90% active
materials and 10% binder polytetrafluoroethylene (PTFE, 60% dispersion in H20, Sigma
Aldrich). The well-mixed mixture was uniformly pasted on the platinum foil as the current
collector. Normally, the average mass per electrode was ~ 3.5 mg of active materials and

binder.

3.2.4. Electrochemical measur ement

The prepared two-€electrode cell was characterized by CV, gavanostatic charge
discharge test and EIS measurements. 1 M H2SO4 was used as the electrolyte in the
performance testing. An electrochemical station (CHI 660D) was used to perform the
above characterization. The gravimetric specific capacitance was obtained from
gavanostatic charge-discharge curve using equation 1.1. The energy density and power
density were obtained by using equation 1.2 and equation 1.3, respectively. R is the

equivalent series resistance from the IR drop obtained by equation 1.5.
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3.3. Results and Discussion

3.3.1. Synthesisand structure analysis

APS

& graphene nanoribbon @ aniline PANI-GNRs

Figure 3.1. Schematic illustration of the synthesis of the PANI-GNRs composite
with PANI polymerized directly on the GNRs using APS.

The GNRs were prepared through solution-based chemical splitting of carbon
nanotubes, the GNRs were edge functionalized with protons by quenching the reaction
with MeOH.? The GNRswere oxidized in 3M HNOgs for 12 h at reflux in order to increase
their wettability.?? The nanocomposites of PANI-GNRs were prepared by the direct
polymerization of PANI on GNRs. As depicted in Figure 3.1, aniline was adsorbed on
GNRs forming active nucleation sites. After the addition of ammonium persulfate (APS),
PANI grew outward from the initial nuclei. Ordered, vertically aligned PANI was thus
produced on the GNRs. The composite samples were designated as PANI-GNRs-20, -40
or -64 based on the weight ratio of anilineto GNRs: 20:1 (PANI-GNRs-20), 40:1 (PANI-

GNRs-40 or 64:1 (PANI-GNRs-64).
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Figure 3.2. SEM images of composite PANI-GNRs-40 at (a) low resolution and
(b); high resolution; (c) and (d) TEM images of composite PANI-GNRs-40.

As shown in Figure 3.2a,b, scanning electron microscopy (SEM) images showed
the interesting morphology of the nanocomposite. Figure 3.2a is a low resolution SEM
image and Figure 3.2b is a high resolution SEM image that shows ordered, vertically
aligned PANI directly growing on and around the GNRs, forming one dimensiona wires
with porcupine-like quills. The structural detail was also found in the transmission electron
microscopy (TEM) images, as shown in Figure 3.2c,d. TEM images of PANI-GNRs
revealed that PANI nanorods covered the external surface of the GNRs. They were ~ 20

nm wide and aimost 300 nm in length.
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Figure 3.3. (a) XRD patterns of GNRs, PANI, PANI-GNRs-40. (b) XPS scan
spectrum of PANI-GNRs-40. (c) N 1s core level XPS of PANI-GNRs-40.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were aso
used to characterize the nanocomposite PANI-GNRs. Figure 3.3a shows the XRD pattern
of GNRs, pure PANI, and the PANI-GNRs composite. The GNRs showed a strong
diffraction peak (002) of graphite at 26.5°.1°%?4 The XRD pattern of PANI showed three
characteristic peaks. The peaks at 26 of 15.3° and 25.6° resulted from the periodicity both
perpendicular and parallel to the polymer chain, respectively.[*82% The peak at 28 of 21.0°
is caused by the layers of polymer chains at alternating distances.[*®?8 The XRD pattern of
composite PANI-GNRs had similar peaks as PANI, excluding the obviousincrease in peak
intensity at 26.5° due to the incorporated effect of GNRs in the composite.[*¥l XPS was
used to analyze the composite PANI-GNRs. Figure 3.3b indicates that the composite
PANI-GNRs only contained four elements, C, N, O, and trace S from the APS and/or
sulfuric acid. As shown in Figure 3.3c, the deconvolution of the N 1s core-level XPS of
PANI-GNRs-40 led to three peaks resulting from three different electronic states: the

quinoid amine (-N=) with binding energy centered at 399.74 eV; the benzenoid amine (-
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NH-) with binding energy centered at 401.28 eV; and the positively charged nitrogen (-

NH*=) binding energy centered at 403.10 eV 1?72

3.3.2. Electrochemical evaluation

In order to evaluate the electrochemical performance of PANI-GNRs as active
electrode materias, cyclic voltammetry (CV), galvanostatic charge discharge experiments,
and electrochemical impedance spectroscopy (EIS) experiment were carried out using a
two-electrode configuration in 1 M H2SO4 aqueous solution. Figure 3.4 shows the CV
curves of the PANI-GNRs-20, PANI-GNRs-40, PANI-GNRs-64, GNRs, and pure PANI
in the potential window range of O to 0.8 V. As shown in Figure 3.4a, the CV curve of
GNRs was minuscule compared to the others, demonstrating that GNRs had almost no
contribution to capacitance. Therefore, GNRs improved the electrical conductivity of the
composite. The capacitance mainly resulted from the PANI. For PANI-GNRs-64, PANI-
GNRs-40, PANI-GNRs-20, and pure PANI, there were two pairs of redox peaksin the CV
curves at the 5 mV s scan rate. The pesks from 0.15 V to 0.08 V result from the redox
transitions of PANI from leucoemeradine to emeraldine. The transition in form between
emeraldine and pernigraniline leads to the peaks from 0.4 V to 0.3 V.*% Figure 3.4b shows
the CV curves of PANI-GNRs-40 at different scan rates from 5 to 100 mV s?. It is clear
that the current response demonstrates a corresponding increase with the scan rate increase.
Furthermore, the composite electrode maintained a broad CV shape even at high scan rate
up to 100 mV s. These characteristics demonstrate a good capacitive behavior of the

electrode using the composite materials.
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Figure 3.4. (a) Cyclic voltammetry curves of pure PANI, PANI-GNRs-20, PANI-
GNRs-40, and PANI-GNRs-64 at the scan rate of 5 mV s-1in 1 M H2S04; (b)
Cyclic voltammetry curves for PANI-GNRs-40 at the scan rate range of 5 to 100
mVs-1in1M H2S04.

The galvanostatic charge-discharge experiment was also carried out in order to
evauate the electrochemical properties of the composite. Figure 3.5a shows the
galvanostatic charge-discharge curves of the PANI-GNRs-40 composite in the potential
range from 0 to 0.8 V at varying current densities. The amost symmetrical charging and
discharging curves demonstrate that the el ectrode materials had good capacitive behavior.
With the increase of the current density, the discharging time gradually reduced. Figure
3.5b shows the galvanostatic charge-discharge curves of PANI, PANI-GNRs-20, PANI-
GNRs-40, and PANI-GNRs-64 at the same current density. Based on the galvanostatic
charge-discharge curves, the specific capacitance was obtained as shown in Figure 3.5c.
PANI-GNRs-40 produced the best performance. Its specific capacitance was as high as
340 F/g at acurrent density of 0.25 A/g. With the increase of the current density, the value

of specific capacitance decreased to 257 F/g at a current density of 4 A/g. Moreover, the
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specific capacitance of PANI and PANI-GNRs-20 had similar trends with the variation in
current density. At the same current density, the value of specific capacitance of PANI and
PANI-GNRs-20 was lower than that of PANI-GNRs-40. The former might result from the
low electrical conductivity compared to PANI-GNRs-40 embedded with GNRs, which are
presumed to increase the electrical conductivity of the composite. The latter resulted from
the high GNR content in the composite, which decreased the value of the specific
capacitance. Thedifferencein dischargetime of PANI, PANI-GNRs-20, and PANI-GNRs-
40 was also consistent with the variation of their CV curves at the same scan rates of 5 mV
st asshown in Figure 3.4a. The endurance gal vanostatic charge-discharge experiment was
also carried out to study the cyclic stability of the composite materials. As shownin Figure
3.5d, the capacity of PANI decreased quickly; 41% capacity was retained after 880 cycles.
Conversely, the capacity retention of PANI-GNRs-40 still remained at ~ 90% after 4200
cycles. The great improvement in the cycling performance resulted from the enhanced
mechanical strength of the composite due to the embedded GNRs. Moreover, the special
structure of PANI-GNRs-40 is also helpful for the relaxation of the volume expansion
during doping/dedoping process.!? This demonstrates that the incorporation of GNRS into
the composite greatly improves the cyclic stability and makes the PANI-GNRs-40

composite a suitable material for energy storage electrodes.
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Figure 3.5. (a) Galvanostatic charge discharge curves of PANI-GNRs-40 at a
current density range of 0.25 to 4 A/g. (b) Galvanostatic charge discharge
curves of PANI, PANI-GNRs-20, PANI-GNRs-40, and PANI-GNRs-64 at a current
density of 0.25 A/g. (c)The capacitance versus current density for the pure

PANI and composites. (d) Cycling stability of PANI and PANI-GNRs-40 ata
current density of 1 A/g.

Electrochemical impedance spectroscopy is a powerful tool to study the
electrochemical behavior of PANI, PANI-GNRs-20, PANI-GNRs-40, and PANI-GNRs-
64 in bulk and at the interface between the electrode and electrolyte.*:-*¥ The impedance
was tested in the frequency range from 20 kHz to 0.01 Hz at the open circuit potential as

shown in Figure 3.6a. At the higher frequency of 20 kHz, the value of impedance, which
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is obtained by the intersection between the line and real axes, is the combination of
electrolyte resistance and el ectrode resistance. 3¢ The 45° region in the plots demonstrated
the porous structure properties of the PANI-GNRs. At thelow frequencies, the straight line
is nearly perpendicular to the real y axes, demonstrating that PANI-GNRs had pure
capacitive behaviors.[?>%! The resistance of PANI-GNRs-20 was 0.73 Q. The value of
resistance increased as the GNR content decreased: 0.76 Q for PANI-GNRs-40, 0.79 Q for
PANI-GNRs-64, and 0.96 Q for PANI without GNRs. Therefore, more PANI loading in
the composite would reduce the conductivity of the electrode. This result was in agreement
with the potential variation of the IR drop (Viris5 mV for PANI-GNRs-20, 12.7 mV for
PANI-GNRs-40, 14.4 mV for PANI-GNRs-64, and 15.8 mV for PANI). Figure 3.6b isthe
Ragone plot of energy density versus power density for PANI, PANI-GNRs-20, PANI-
GNRs-40, and PANI-GNRs-64. PANI-GNRs-40 had the highest energy density of 7.56
Wh/kg with the power density of 3149 W/kg at the current density of 0.25 A/g. PANI-
GNRs-20 had the highest power density of 9467 W/kg with an energy density of 4.10
Wh/kg at acurrent density of 4 A/g. Thisvaluewas far better than obtained in conventional

supercapacitor.[>3
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Figure 3.6. (a) Nyquist plots of PANI, PANI-GNRs-20, PANI-GNRs-40, and PANI-
GNRs-64 (the inset is an enlarged view of the Nyquist curves). (b) Ragone plot
of PANI, PANI-GNRs-20, PANI-GNRs-40, and PANI-GNRs-64.

3.4. Conclusion

In summary, ordered, vertically aligned PANI nanorods were grown on GNRs by
the direct polymerization of aniline in the presence of GNRs. The nanostructures of the
composite PANI-GNRs were characterized by SEM, TEM, XPS, and XRD and the results
indicated that the PANI polymerized on the GNRs. Electrochemical studies demonstrated
that synergy between PANI and GNRs affords the composites showing good
electrochemical performance in energy storage, a high specific capacitance and greatly

improved electrochemical stability in the extended time charge discharge process.
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Chapter 4

High-performance Microsuper capacitors
from Laser Induced Graphene

This chapter was entirely copied from reference 1.

4.1. Introduction

The development and miniaturization of energy storage devices facilitate the
growth of modern micro-electronic systems.>4l Microbatteries are presently the major
power source for miniaturized electronic devices even though they suffer from sluggish
charge/discharge processes and then show a limited cycle life.l*® Microsupercapacitors
(MSCs), on the other hand, have high power density, fast charge/discharge rates, and long
service life, and with in-plane interdigitated electrodes show a promising future to replace
microbatteries.*¥ However, developing MSCs with a high energy density close to or
exceeding microbatteries without sacrificing other electrochemical characteristics is a
crucia challenge.!>® The most common strategy is the use of photolithography to prepare
interdigitated patterns of highly conductive carbon materialsto provide the el ectrochemical
double layer capacitance (EDLC).[®9 In order to improve their energy storing ability,

pseudocapacitive materials, such as transition metal oxides 131618 gnd eectrically
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conductive polymers,[**? are |oaded onto the electrodes to provide capacitance from
surface redox reactions. However, this fabrication strategy is limited by either high-cost
patterning processes or harsh synthetic conditions. Recently, laser writing technology has
also been used to reduce and pattern graphene oxide (GO) as interdigitated electrodes in
M SCs.[?223 However, the synthesis and post-reaction trestment of GO and the problematic

stability of the remaining GO in such devices presents commercialization challenges.[?+?°)

Recently, our group developed a simple and scalable method to prepare patterned
porous graphene on a polyimide (PI) substrate by laser writing patterns in air, and the
resulting laser induced graphene (L1G) showed its promising applications in miniaturized
energy storage devices.?628 Here, we combine the | aser induction process with subsequent
electrodeposition of pseudocapacitive materialsfor the fabrication of flexible M SC devices
that show greatly improved electrochemica performance. A CO: laser is first used to
convert the Pl into porous LIG with an interdigitated architecture, which works not only as
EDLC electrodes, but also as a flexible and conductive matrix for the electrodeposition of
pseudocapacitive materials. Two types of pseudocapacitive materias, manganese oxide
(MnOy) and polyaniline (PANI), representing characteristic transition metal oxides and
conductive polymers, are electrodeposited onto the LIG forming LIG-MnO. and LIG-
PANI composites. They are then assembled into all-solid-state flexible M SCs that are free
of current collectors, binder, and separator due to the well-defined pattern which avoids
short circuiting the electrodes. Both LIG-MnO2-M SCs and L1G-PANI-M SCs demonstrate
comparable energy densities to microbatteries without sacrificing their good rate

performance, cycling stability, and mechanical flexibility.
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4.2. Experiments

4.2.1. Materials synthesis

4.2.1.1. Synthesis of LIG

The synthesis and patterning of LIG from a polyimide sheet was done as we
described previously.[?”2l Kapton polyimide films (McMaster-Carr, Cat. No. 2271K3,
thickness: 0.005") were used as received. LIG was generated using a CO> laser cutter
system (Universal X-660 laser cutter platform) on Kapton polyimide film at a power of 4.8
W. All sampleswere prepared under room temperature and ambient air. LIG was patterned
into 12 interdigitated electrodes with a length of 4.1 mm, awidth of 1 mm, and a spacing
of ~300 pm between two neighboring microelectrodes (Figure S12). After that, Pellco®
colloidal silver paint (No. 16034, Ted Pella) wasfirst applied on the common areas of both
electrodes for better electrical contact. The electrodes were then extended with conductive
copper tape which were connected to an electrochemical workstation for testing. A Kapton
polyimide tape was employed followed by an epoxy (Machineable-fast set, Reorder #

04002, Hardman®) sealing to protect the common areas of the electrodes from electrol yte.

4.2.1.2. Synthesis of LIG-MnO2

Electrodeposition of MnO- on L1G was achieved with a three-electrode setup. L1G
on a Pl sheet served as the working electrode, which was immersed into an agueous
solution containing 0.01 M Mn(CH3COOQO); at ~ 60 °C. Platinum foil (Sigma-Aldrich) was
the counter electrode and Ag/AgCl (Fisher Scientific) was the reference electrode. A

constant current density of 1 mA/cm? was applied for a certain time to ensure good
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deposition of MnO- on the sample. The amount of MnO> onto LIG was controlled by
adjusting the deposition time. After electrodeposition, the sample was taken out and
washed with deionized water to remove excess electrolyte, and then placed in a vacuum

desiccator overnight (~120 mm Hg).

4.2.1.3. Synthesis of LIG-PANI

Electrodeposition of PANI on LIG was achieved with athree-electrode setup. LIG
on a Pl sheet served as the working electrode, which was immersed into an agueous
solution containing 0.1 M anilineand 1.0 M H2SO4. With a platinum counter electrode and
Hg/HQCl, (Fisher Scientific) reference electrode, PANI was electrochemically deposited
onto LIG by cycling within the potential window from -0.20 V to 0.95 V vs. Hg/HgClo.
The amount of PANI onto LIG was controlled by the cycle number of deposition. After
electrodeposition, LIG-PANI was treated with 1.0 M H>SO4 for 1 h. A uniform dark green
film was obtained after washing with deionized water to remove excess electrolyte and

drying in avacuum desiccator overnight (~120 mm Hg).

4.2.2. Materials characterization

Products were characterized by X-ray diffraction (XRD, Rigaku D/Max Ultimall);
X-ray photoelectron spectroscopy (XPS, PHI Quantera); scanning electron microscopy
(SEM, JEOL 6500; FEI Quanta 400 ESEM FEG); thermogravimetric analysis (TGA, TA

Instruments, Q50); and transmission electron microscopy (TEM, JEM2100F TEM).
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4.2.3. Device fabrication

Polymeric gel electrolytes of PVA/LICl and PVA/H2SO4 were prepared according
to the previously reported method!?#? and used in LIG-MnO2 and LIG-PANI,
respectively. For PVA/LICI, it was made by stirring 10 mL of DI water, 2.0 g of LiCl
(Sigma-Aldrich), and 1.0 g of PVA (M = 50000, Aldrich No. 34158-4) at 80 C overnight.
For PV A/H2S0Os, it was made by stirring 10 mL of DI water, 1.0 mL of sulfuric acid (98%,
Sigma-Aldrich), and 1.0 g of PVA at 80C overnight. ~ 0.25 mL of the electrolyte was
applied to the active area of the devices, and was dried under ambient conditions for 4 h.
Theall-solid-state M SCs were obtained after drying in avacuum desiccator (~120 mm Hg)

overnight for further solidification of the electrolyte.

4.2.4. Electrochemical measurement

The electrochemical performances of the flexible al-solid-state MSCs were
characterized by CV, gavanostatic charge-discharge experiments, and EIS using an
electrochemical station (CHI 660D). The area specific capacitance (Ca) and volumetric
specific capacitance (Cv) of electrode materials were cal culated from galvanostatic charge-

discharge curves according to eq 4.1 and eq 4.2, respectively:
Ca =4l / (Apevice x (dV/dt)) (1)
Cv =4l | (Vbevice x (dV/dlt)) 2

where | is the current applied, Apevice IS the total area of the device (Figure 4.12),
Vbevice ISthetotal volume of the device (Figure 4.12), and dV/dt isthe slope of the discharge

curve.
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Theareal capacitance (Cpevicea ) and volumetric capacitance (Cpevicev) Of the MSCs

were calculated by using eq 4.3 and 4.4, respectively:

Cpevicea =Ca / 4 3

Cpevicev = Cv /4 (4)

The areal energy density (Epevices) @nd volumetric energy density (Epevicev) Of the

MSCs were calculated by using eq 4.5 and 4.6, respectively:

Ebevicea = CDevice,AVZ/ (2 x 3600) 5

Ebevicev = CDevice,VVZ/ (2 x 3600) (6)

where V is the applied voltage.

The areal power density (Ppevicea) @nd volumetric power density (Ppevicev) Of the

MSCs were calculated by using eq 4.7 and 4.8, respectively:

PbeviceA = Epevicea X 3600/t (7)

Ppevicev = Epevicev % 3600/t (8)

wheret isthe discharge time.
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4.3. Results and Discussion

4.3.1. Synthesis and structure analysis

Laser Fabrlcatlon ;
Inductlon 3
4
Electrodeposition |
PANI or
Apply S
Electrolyte e

LIG

Figure 4.1. Scheme of the fabrication of MSCs with LIG-MnO: or LIG-PANI as
electrodes. 1, 2, 3, and 4 are epoxy adhesive, silver paste, Kapton tape and
copper tape, respectively.

The two-step syntheses of the hybrid materials, LIG-MnO; and LIG-PANI, and
their fabrication into MSCs are shown in Figure 4.1. COz laser induction of the Pl substrate
was first conducted to form a patterned LIG with 12 in-plane interdigitated electrodes (6
per polarity), onto which the pseudocapacitive material, MnO_ or electrically conductive
PANI, was then electrodeposited to form the composites of PANI-MnOz or LIG-PANI.
The amount of MnO2 or PANI in the composites was easily controlled by adjusting the
deposition time or cycles, and here labeled as LIG-MnO,-X (where X represents the
deposition time) and LIG-PANI-Y (where Y represents the number of deposition cycles).

Details for LIG synthesis and electrodeposition of MnO. or PANI can be found in the
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experimental section. Solid-state polymer el ectrol yte containing poly(vinyl acohol) (PVA)
was used to complete the fabrication of the MSC devices. MSCs of various sizes can be
prepared on demand by computer-controlled patterning during the laser induction process

(Figure 4.2).

finf

o P P L e e

Figure 4.2. Digital image of LIG on PI sheet with different sizes. The unit of the
ruler in the image is centimeters.
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Epoxy adhesive

Figure 4.3. (a) Digital photograph of a LIG-PANI-MSC device. (b, c) Cross-
sectional SEM images of PANI-MnO: and LIG-PANI. Scale bars are 100 um. SEM
images of top view of (d-f) LIG, (g-i) MnO: in LIG-MnO2, and (j-1) PANI in LIG-
PANI. The scale bars are 100 pm for Figure b, d, g, and j, 2 pm for Figure e, h,
and k, and 0.5 pm for Figure f, i, and 1.
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Figure 4.3a shows a digital photograph of one fully fabricated MSC device using
this method. Figure 4.3b,c show the cross-sectional scanning electron microscopy (SEM)
images of LIG-MnO>-2.5h and LIG-PANI-15, in which MnO2 or PANI was observed to
deposit onto the LIG layer. The average thickness of the composite depends on the
electrodeposition time or cycles and increases from 34 um of L1G aoneto 101 um of LIG-
MnO»-4.0h and 76 um of LIG-PANI-15 (Figure 4.4,5,6). Figure 4.3d-l show the top view
SEM images of LIG (Figure 4.3d-f), LIG-MnO- (Figure 4.3g-i), and LIG-PANI (Figure
4.3j-1) at different resolution, respectively. While L1G forms a porous thin film structure

that could work as a conductive matrix for the following electrodeposition, the deposited

MnO> forms a flower shape and PANI forms a nanofiber structure.

Figure 4.4. Cross-sectional SEM images of (a-c) LIG, indicating the height of the
samples is ~ 34 pm. The scale bars are 100 pm.
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Figure 4.5. Cross-sectional SEM images of (a-c) LIG-PANI-5, (d-f) LIG-PANI-10,
and (g-i) LIG-PANI-15, indicating the height of the samples are ~ 49 pm, ~ 61
pm, and ~ 76 pm, respectively. The scale bars are 100 pm.
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Figure 4.6. Cross-sectional SEM images of (a-c) LIG-MnO2-1.0h, (d-f) LIG-MnO:2-
1.5h, (g-i) LIG-MnO2-2.0h, (j-1) LIG-MnO2-2.5h, (m-0) LIG-MnO2-3.0h, and (p-r)
LIG-MnOz2-4.0h, indicating the height of these samples are ~ 76 pm, ~ 76 pm, ~
83 um, ~ 89 pm, ~ 96 pm, and ~ 101 pum, respectively. The scale bars are 100
pm.

The morphologies of PANI-MnO. and LIG-PANI are further characterized by

transmission electron microscopy (TEM) as shown in Figure 4.7. Crystallized MnO. and

nanofiber-shaped PANI were found to directly attach onto LIG.

Figure 4.7. TEM images of the LIG-MnO2 and LIG-PANI hybrid materials. (a)
The TEM image of the LIG-MnO2 hybrid material. (b-d) The TEM images of
MnO2 in LIG-MnO: at different resolutions. The scale bar is 400 nm for Figure
a, 20 nm for Figure b,c, and 10 nm for Figure d. (e) The TEM image of the LIG-
PANI hybrid material. The scale bar is 4 pm. (f) The TEM image of PANI. The
scale bar is 200 nm. (g) HRTEM image of LIG with graphitic edges. The scale
bar is 10 nm. (h) HRTEM image of PANI with amorphous character. The scale
bar is 10 nm.
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Raman spectra, X-ray diffraction (XRD), X-ray photoel ectron spectroscopy (XPS)
were also used to study the composites and proved their compositions (Figure 4.8).[2-31
Figure 4.8a shows the Raman spectra of LIG and LIG-PANI-15. The characteristic peaks
at ~ 1350 cmt, ~ 1597 cmt and ~ 2707 cm! from LIG sample represent the D band, G
band and 2D bands, respectively, indicating the graphitic structure of LIG.[?"% The
polyaniline peaks from 1000 cm™ to 1600 cm™ in LIG-PANI-15 sample confirm the
formation of PANI.I*Y Figure 4.8b shows the XRD patterns of LIG, LIG-PANI-15, and
LIG-MnO,-2.5h. LIG showed a strong diffraction peak (002) of graphite at 26°.12728 L1G-
PANI-15 show two peaks centered at 15.3° and 26°, resulting from the periodicity both
perpendicular and parallel to the polymer chain, respectively.[*% The XRD pattern of LI1G-
MnO2-2.5h can be indexed to a-MnO2.[3Y Due to the relatively small size of the crystals,
the XRD pattern peaks of MnO; in LIG-MnO,-2.5h become broad and weak.*3 The XRD
peak of LIG in LIG-MnO2-2.5h is covered by MnO.. Figure 4.8c shows XPS spectra of
LIG, LIG-PANI-15, and LIG-MnO»-2.5h. LIG-PANI-15 contained four elements, C, N, O,
and trace S from the sulfuric acid. LIG-MnO2-2.5h contained three main elements, C, O,
and Mn. The oxidation state of Mn in LIG-MnO2-2.5h is further confirmed by high-
resolution XPS as shown in Figure 4.8d. The spin energy separation of Mn 2ps> and Mn
2p12 centered at 642.5 eV and 654.2 eV is 11.7 eV, which is in good agreement with

reported data of Mn 2ps2and Mn 2py2 in MnO,.BY
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Figure 4.8. (a) Raman spectra of LIG and LIG-PANI-15, (b) XRD patterns of LIG,
LIG-PANI-15, and LIG-MnOz2-2.5h, (c) XPS spectra of LIG, LIG-PANI-15, and LIG-
MnOz2-2.5h, (d) Elemental XPS spectrum of Mn 2p for LIG-MnO2-2.5h. C1s peak
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(284.5 eV) was used as standard to corret the data.

4.3.2. Electrochemical evaluation

We firstly studied the electrochemical performance of LIG-MnO.-MSCs using
LiCl/PVA as the éectrolyte from cyclic voltammetry (CV) and galvanostatic charge-

discharge experiments in a potential window from 0 to 1.0 V. Figure 4.9a shows the CV
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curves of LIG-MnO.-X and LIG at a scan rate of 5 mV/s. Although LIG is known to

contribute capacitance by the EDLC mechanism,[?28 the CV curve of LIG is minuscule

compared to those of LIG-MnO».-X, demonstrating that most of the capacitance comes

from the pseudocapacitance of MnO». Also, aside from the much larger CV curve area, the

nearly rectangular CV shape of LIG-MnO2-X indicates good capacitive behavior.
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Figure 4.9. Electrochemical performance of LIG-MnOz and LIG-PANI MSCs. (a)
CV curves of LIG-MnO2-X and LIG at a scan rate of 5 mV/s. (b) Galvanostatic
charge discharge curves of LIG-MnO2-X and LIG at a current density of 0.5
mA/cm?. (c) Areal specific capacitance and (d) volumetric specific capacitance
of LIG-MnOz-X and LIG over a current density range of 0.5 and 8.0 mA/cm?. (e)
CV curves of LIG-PANI-Y and LIG at a scan rate of 10 mV/s. (f) Galvanostatic
charge discharge curves of LIG-PANI-Y and LIG at a current density of 0.5
mA/cm?, (g) Areal specific capacitance and (h) volumetric specific capacitance
of LIG-PANI-Y and LIG over a current density range of 0.5 and 20.0 mA/cm?. (i)
Cycling stability of LIG-MnO2-2.5h at the current density of 1.0 mA/cm?. (j)
Cycling stability of LIG-PANI-15 at the current density of 0.8 mA/cm2,
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Figure 4.10. Cyclic voltammetry curves of (a) LIG-MnQ02-4.0h, (b) LIG-MnO2-
3.0h, (c) LIG-MnO2-2.5h, (d) LIG-MnO2-2.0h, (e) LIG-MnO2-1.5h, (f) LIG-MnO2-
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window from 0 to 1.0 V.
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Figure 4.11. Galvanostatic charge discharge curves of (a) LIG-MnO02-4.0h, (b)
LIG-MnO2-3.0h, (c) LIG-MnO2-2.5h, (D) LIG-MnO32-2.0h, (E) LIG-MnO2-1.5h, (F)
LIG-MnO2-1.0h, and (G) LIG over a current density range of 0.5 to 8.0 mA/cm2
in the potential window from 0 to 1.0 V.

Figure 4.10 shows CV curves of LIG-MnO.-X at a scan rate ranging from 2 to 100

mV/s, demonstrating a proportional current increase with an increasing scan rate. The
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distorted CV shapes of the samples with more MnO: content at high scan rates may result

from the decreased electrical conductivity.[*d

Figure 4.9b shows the galvanostatic charge-discharge curves of LIG-MnO2-X at a
current density of 0.5 mA/cm?. The curve from LIG aone is nearly negligible, again
demonstrating little contribution in capacitance from LIG in the composite of LIG-MnOy,
which is consistent with the CV analysis.!® Figure 4.11 further shows the galvanostatic
charge-discharge curves of these samples at varying current densities. The nearly
symmetrical charging and discharging curves and small voltage drops at initia discharge
state indicate good capacitive behavior and high conductivity within the electrodes.[*®
Based on the galvanostatic charge-discharge curves, the areal and volumetric specific
electrode capacitance of LIG-MnO»-X are calculated as shown in Figure 4.9¢c,d. Here, the
total area of each MSC device (Apeiice) includes the interdigitated electrodes and the space
between them, and the volume is equal to Apevice Multiplied by the height of the composite
(Figure 4.12). It is equal to electrode width (W) multiplied by the length (L): Apevice = W X
L = 0.41 cm x 1.85 cm = 0.75 cm?. The device volume (Vbevice) iS estimated as: Vpevice = W
x L xH, where H stands for the height of the hybrid material and can be measured from
previous cross-sectional SEM images. More MnO; content in the LIG-MnO_ composite
tends to result in a higher capacitance at low current density, as evidenced by the highest
areal and volumetric capacitances of 934 mF/cm? and 93.4 F/cm?, respectively, from LIG-
MnO,-4.0h at a current density of 0.5 mA/cm?. At the same current density, the areal and
volumetric capacitance of LIG aoneislessthan 0.8 mF/cm? and 0.2 F/em?, indicating that
most of the capacitance is coming from the pseudocapacitance of MnOz in the LIG-MnO-

composite. With increasing current density, the capacitance from the sample with less
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MnO; tends to decrease more slowly. At a high current density of 8.0 mA/cm?, the
capacitance of LIG-MnO,-2.5h is maximized, with an areal value of 281 mF/cm? and a

volumetric value of 31.5 F/cm?, most likely due to the relatively higher conductivity of the

LIG-MnO_ composite when less MnO, was deposited.

Figure 4.12. The dimension of the MSCs with the interdigitated electrodes in
plane.

LIG-PANI-MSCs using H>SO4/PVA as the eectrolyte were also studied in a
potential window from 0 to 0.8 V. Figure 4.9e shows the CV curves of LIG-PANI-Y
samplesand L1G at a scan rate of 10 mV/s. Similar to LIG-MnO, the CV curveof LIG is
minuscule compared to the others, indicating little contribution from the EDLC of LIG in
the composite to the total capacitance. For LIG-PANI-15, LIG-PANI-10, and LIG-PANI-
5, there were two pairs of redox peaksinthe CV curves. The peak A at ~ 0.35V and peak
A’ a ~ 0.23 V result from the redox transition of PANI between leucoemeraldine and
emeraldine, and the peak B at ~0.47 V and peak B’ at ~ 0.30 V are caused by the transition
between emeraldine and pernigraniline.*>33 LIG-PANI-15 hasthe highest valuein the CV
curve area, demonstrating that it has the highest areal energy storage ability among all

tested samples. Figure 13 shows CV curves of these samples at a scan rate ranging from 2
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to 100 mV/s with an increased current, similar to that of LIG-MnO.. When compared to
LIG-PANI-Y, the galvanostatic charge-discharge curve of LIG aoneis negligible, further
demonstrating little contribution in capacitance from LIG in the composite of LIG-PANI
(Figure 4.9f). Based on the galvanostatic charge-discharge curves of these samples (Figure
4.14), the calculated areal and volumetric specific electrode capacitance of LIG-PANI-Y
are shown in Figure 4.9g,h. LIG-PANI-15 has the best performance among all the samples
with an areal and volumetric capacitance of 361 mF/cm? and 47.5 F/lcm?, respectively, at a
current density of 0.5 mA/cm?. In comparison, LIG itself isonly 8.4 mF/cm? and 1.8 F/cm?®
at the same current density. When the current density increases to 20 mA/cm?, the
capacitance of LIG-PANI-15 still remains at 271 mF/cm? and 35.6 F/cm® with a high
capacitance retention of 75 %, indicating the good rate performance of LIG-PANI-15.
Compare to LIG-MnO, samples, athough the capacitance of LIG-PANI samples is
smaller, they are advantageous to maintain high capacitance at higher current density

because of the better conductivity of PANI over MnO..
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Figure 4.13. Cyclic voltammetry curves of (a) LIG-PANI-15, (b) LIG-PANI-10, (c)
LIG-PANI-5, and (d) LIG over a scan rate range of 2 and 100 mV/s in the
potential window from 0 to 0.8 V.
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Figure 4.14. Galvanostatic charge discharge curves of (a,b) LIG-PANI-15, (c,d)
LIG-PANI-10, (e,f) LIG-PANI-5, (g,h) LIG over a current density range of 0.5 to
20.0 mA/cm?2 in the potential window from 0 to 0.8 V.
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Figure 4.15. Nyquist plots for EIS study. (a) LIG-MnO2-4.0h, LIG-MnO2-3.0h,
LIG-MnOQz2-2.5h, LIG-MnO2-2.0h, LIG-MnO2-1.5h, LIG-Mn02-1.0h, and (b) LIG in
PVA/LIiCl. (c¢) LIG-PANI-15, LIG-PANI-10, LIG-PANI-5 and (d) LIG in PVA/H2S04
in a frequency range of 100 kHz and 0.01 Hz.

Thisis aso supported by the electrochemical impedance spectroscopy (EIS) study
in the frequency range from 100 kHz to 0.01 Hz (Figure 4.15), as the calculated equivaent

series resistances (ESRs) from LIG-PANI-Y is lower than LIG-MnO,-X (Table 4.1). At
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low frequencies, the straight lines are nearly perpendicular to the y axis, demonstrating that
LIG-MnO2-X and LIG-PANI-Y have good capacitive behaviors.[®l The equivalent series
resistances (ESRs) obtained from the intercept of the x axis and plots are similar among
LIG-MnO»-X, LIG-PANI-Y and LIG, indicating good ionic conductivity of the electrolyte
and the low internal resistance of the electrode materials (Table 4.1).1% The increasing
content of MnO2 or PANI in the composites increases ESRs, which reduce the rate
performance of these hybrids in MSCs. This is consistent with the variation of their rate

performance.

Table 4.1. ESRs of LIG-MnO2 and LIG-PANI with different MnO2 and PANI
deposition amount. ESRs were obtained from the x intercept of the Nyquist
plots.

Electrode Electrolyte Equivalent Series Resistance (Q)
LIG-MnO,-4.0h PVA/LICI 21.6
LIG-MnO,-3.0h PVA/LICI 20.4
LIG-MnO,-2.5h PVA/LiCI 16.3
LIG-MnO,-2.0h PVA/LICI 17.2
LIG-MnO,-1.5h PVA/LICI 17.5
LIG-MnO,-1.0h PVA/LICI 17.2

LIG PVA/LICI 15.8
LIG-PANI-15 PVA/H,SO, 16.5
LIG-PANI-10 PVA/H,SO, 16.8
LIG-PANI-5 PVA/H,SO, 16.5

LG PVA/H,SO, 15.3

The cyclability of the fabricated devices from LIG-MnO; and LIG-PANI were aso

tested. After 6000 cycles of charge-discharging test, the capacitance of LIG-MnO»-2.5h
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and L1G-PANI-15 remained over 82 % and 97 %, respectively, showing excellent stability

of the devices based on these hybrid composites (Figures 4.9i ).
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Figure 4.16. Flexibility testing of LIG-MnO2-2.5h and LIG-PANI-15. (a) Digital
photograph of a device under bending. The angle labeled as aB in the image is
defined as the bending angle. (b) CV curves and capacitance retention of LIG-
MnO:2-2.5h under bending angles of 0°, 45°, 90°, 135°, and 180° at a scan rate of
40 mV/s. (c) CV curves and capacitance retention of LIG-PANI-15 under
various bending angles of 0°, 45°,90°, 135°, and 180° at a scan rate of 40
mV/s. (d) Capacitance retention of LIG-MnO2-2.5h and LIG-PANI-15 devices at
different bending cycles with a as of ~ 90°.

Theflexibility of MSCsfrom LIG-MnO; and LIG-PANI was also studied as shown
in Figure 4.16. Figure 4.16a shows a digital image of one MSC device that is manually

bent with a bending angle (ag) of ~ 135°. The CV curves at different og are nearly
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overlapped with each other, and the calculated capacitance remained almost the same,
indicating the stable performance of LIG-MnO,-2.5h and LIG-PANI-15 at these states
(Figure 4.16b, c). The flexibility tests carried out by bending the device with a ag of ~ 90°
(Figure 4.16d) show a good mechanical flexibility of these materials with only 10%
capacitance decay after 10000 bending cycles. These results demonstrate that both LIG-

PANI-15 and LIG-MnO»-2.5h are superb candidate electrode materialsin flexible M SCs.

Unlike traditional supercapacitors where the performance is evaluated per weight
of the active material, the footprint area of M SCs becomes the key consideration, making
the spacial energy and power density the most important performance metrics.*¥ Figure
4.17 shows the Ragone plots demonstrating the areal and volumetric energy and power
density of LIG-related MSCs and their comparison with commercially available energy
storage devices. In the LIG-MnO,-MSCs, the highest energy densities are 32.4 uWh/cm?
and 3.2 mWh/cm?q, which increase more than 1200 and 291 times, respectively, compared
with LIG at a current density of 0.5 mA/cm?. For LIG-PANI-MSCs, the highest energy
densities are 8.0 pWh/cm? and 1.1 mwWh/cm®, which are 41 and 15 times higher,
respectively, than that of LIG at a current density of 0.5 mA/cm? (Table 4.2). Such energy
densities from LIG-MnO. and LIG-PANI are much higher than the commercial
supercapacitors (SCs) (2.75 V/44 mF and 5.5 V/100 mF), and even comparableto Li thin-
film batteries (4 /500 pAh).[223% The maximum areal and volumetric power density are
2334.0 pW/cm? and 298.1 mw/cm?® for LIG-MnO. and 649.4 pw/cm? and 1511.4
mW/cm? for LIG-PANI, which are comparable to commercia SCs, and > 100 times higher
than Li thin-film batteries. The results of LIG-MnO; and LIG-PANI show much better

performance than our previously studied LIG-MSCs and boron doped LIG-MSCs in
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agueous or polymeric acidic electrolyte (Figure 4.18),[26,28] and also better performance
than most of other reported carbon and pseudocapacitive materials as shown in Table
4,3 91018233642 Note that in most of the results in Table 4.3, high-cost lithography for
electrode patterning and often a high temperature and multi-step synthetic processes are
required. In thiswork, the synthesis and patterning of LIG are ssmultaneously achieved in
the first step, and both the laser induction step and subsequent electrodeposition are done

under mild temperature and ambient atmosphere.
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Figure 4.17. Ragone plot of LIG-MnO: and LIG-PANI. Volumetric energy and
power density of (a) LIG-MnO2-X and (b) LIG-PANI-Y and their comparison
with commercially available energy storage devices. Areal energy and power
density of (c) LIG-MnOz-X and (d) LIG-PANI-Y with different MnO2 and PANI
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deposition amounts. The data for the Li thin-film battery, Al electrolytic
capacitor, commercial AC-SC and SC were reproduced from literature 9, 21, 22,
and 37.

Table 4.2. Electrochemical performances of MSCs of LIG-MnO2 and LIG-PANI
with interdigitated architectures in plane.

Specific capacitance” Energy density® Power density?
Electrode Electrolyte  Areal {mFfem?) Volumetric{Ffcm?  Areal (pWhjem?®)  Volumetric (mW/em?)  Areal [pWhjem?]  Volumetric (mW/cm?®)

LIG-PANI-15 PVA/H,50, 360.8 47.5 B.0 1.1 629.5 B28.3
LIG-PANI-10 PVA/H,50, 250.1 45.0 5.6 0.9 676.2 1108.6
LIG-PANI-5 PVA/H,50, 193.3 41.0 4.3 1.0 649.9 1511.4
UG PVA/H,50, 8.4 3.8 1.9x10° 7.5%102 653.9 2615.5
LG-MnO,-4.0h PVA/SLICI 933.6 924 324 3.2 2334.0 2311
UG-MnO,-3.0h PVA/LICI 799.6 833 27.8 2.89 2462.5 256.5
UG-MnO,-2.5h PVA/LICI 623.8 70.1 21.7 25 2248.0 252.6
UG-MnO,-2.0h PVA/LICI 524.2 €3.2 18.2 2.2 22934 2763
UG-MnO,-1.5h Pya/LIC] 3394 44.7 11.8 1k 2265.7 298.1
UG-MnO,-1.0h PVA/LICI 229.0 30.2 8.0 1.0 2256.7 297.0
LG PVA/LICI 0.8 031 2.7x10% 1.1x102 22872 914.9

Notes: 2 The specific capacitance and the energy density was calculated at the current
density of 0.5 mA/cm?. ® The power density of these samples was obtained at 20.0

mA/cm? for LIG-PANI, and 8.0 mA/cm? for L1G-MnOs..
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Figure 4.18. Comparison of the areal device capacitance and volumetric
energy density of LIG-derived MSCs. Data of LIG-MSCs in aqueous acid
electrolyte, LIG-MSCs in PVA/H+* electrolyte, and boron doped LIG-MSCs in
PVA/H* electrolyte are from literature 27 and 28.

Table 4.3. Electrochemical performances of MSCs based on carbon materials
and pseudocapacitive active materials with in-plane interdigital architectures.

specific capacitance Energy density Fower density

tlectrode® Electrokyte Hmbfom?) 1 iclkfom®)  Arealluwhion®)  volumetricimW/om®)  Areal [Whicm®)  Volumetric [W/cm®]  References
aC 1 M ERINBF, in PC 11.5at 0.5 Vfs 9.0 5t 0.01 Vifs _ 18 _ a1 ]
olc 1M FIANRE, in PO L7al1Vs 13al1Vs - -1.7 o 200-250 8
ac 1 M ERNET, in PC 2.1t 1mvfs 2.7 st 1mvjs & _ 44900 nr 35
CNTs BMIM/BF, 0,428 — —_ —_ 80 _ 44
GO Hydrated GO 0.51 34 _ 043 _ 94 22
GJCNTs 1M Nas0, 216 Al L1 myjs 10K al L1 myfs _ .16 _ 118 as
Graphene A H 50, 03228 at 001 Vs F1.6 08 001 Vs 25 495 a1
GO0s//Mn0, 0.5 Ma,50, 1.107 at 15 pA/jom® e 0.154 = 751 = 36
M, o 56.3 8t 27.2 phfem’ o 501 o 12020 o 17
NiD 1M HOH L24at 2.7 mifen® _ 10 _ 40000 _ a0
Vs, PUA-BMIVEF, a.76 _ _ _ _ _ 37
PRy/C-MEMS 1M KO 78.35 at 20 mvijs . . 530440 . 39
PANI PV, 50, 2252t 0.0 mAJom? 588 at0.1 mAjcm? a2 — 25 15

Notes: 2 AC: activated carbon, OLC: onion like carbon, CNTs. carbon nanotubes, rGO:
reduced graphene oxide, G/ICNTSs: graphene/carbon nanotubes, GQDs//MnO.: graphene
guantum dots//MnOz, PPy/C-MEMS: Polypyrrole/Carbon-microelectrochemical system,

PANI: polyaniline.
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Figure 4.19 Assembling of multiple devices in parallel and series
configurations. (a) A digital image of three fabricated devices on a single PI
sheet. (b) Three single devices are in parallel and series. (c) Galvanostatic
charge discharge curves of LIG-MnO:2-2.5h in single and parallel at a current
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density of 2.0 mA/cm? and comparison with a single device. (d) Galvanostatic
charge discharge curves of LIG-MnO2-2.5h in single and series at a current
density of 2.0 mA/cm?. (e) Galvanostatic charge discharge curves of LIG-PANI-
15 in single and parallel device at a current density of 2.0 mA/cm?. (f)
Galvanostatic charge discharge curves of LIG-PANI-15 in single and series at a
current density of 2.0 mA/cm?.

To meet the specific energy and power needs for practical applications, multiple
MSCsfrom LIG-MnO- or LIG-PANI can aso be scaled up and assembled in either series
or parallel configurations (Figure 4.19). Compared with asingle MSC, the discharge time
of three M SCs connected in parallel increased to 3x that of asingle M SC when operated at
the same current density. When the three M SCs were connected in series, it exhibited a 3x
higher voltage window with a similar discharge time at the same current density. These
results demonstrate the high potential of LIG-MnO. and LIG-PANI hybrid materials in

practical applications.

4.4. Conclusion

We have successfully demonstrated a simple route to make flexible MSCs with
interdigitated electrodes using a hybrid composite of LIG from laser induction and MnO-
or PANI from electrodeposition. Two types of pseudocapacitive electrode materials, LIG-
MnOz and LI1G-PANI, are prepared and both of them demonstrate high specific capacitance,
promising energy and power densities, excellent cycling stabilities and mechanical
flexibilities. Thisfinding not only simplifies device fabrication processes with easy control
of the size of devicesand scalability, but also demonstrates the applicability to awiderange

of other pseudocapacitive materials, beyond that of justMnO, and PANI. Therefore, the
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design strategy devel oped here opens up a new avenue for constructing high performance,

flexible MSCs with in-plane interdigitated el ectrodes
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Chapter 5

Graphene-Wrapped MnO,-Graphene
Nanoribbonsas Anode Materialsfor High
Performance Lithium lon Batteries

This chapter was entirely copied from reference 1.

5.1. Introduction

Lithium ion batteries (LI1Bs) are considered among the most practical and effective
technologies for electrochemical energy storage.!?® LIBs can be wildly used in electric
vehicles, multifunctional electric devices, communication equipment, and the renewable
energy integration.[*s  Therefore, developing LIBs with high energy density, power
density, and excellent cycling performance becomes critical. Numerous efforts have been
devoted to develop the new electrode materials to meet these demands of LIBs.[24]
Electrochemically active transition metal oxides (MOy), such as FexOs,["8 Fes0y
SNO2,1*9 Co304,%3 and TiO*** are used as promising candidates for anode materials
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due to their high theoretical capacity and natural abundance. Among these metal oxides,
manganese dioxide (MnO») has attracted great attention due to its high theoretical capacity
(1230 mAh/g), low cost, natural abundance, and environmental friendliness.67]
However, intrinsic low electrical conductivity and rapid capacity fading of MnO> due to
volume expansion and aggregation in the discharge-charge process hinder its application
in energy storage.' An effective way to overcome these obstacles is to fabricate
nanostructures and new composites made of electrically conductive carbon materials and
MnOz, in order to improve the electrical conductivity and structural stability of the anode

material 11!

In spite of the favorable properties, little research using MnO- as anode materials
has been reported.[**?d Reddy et al. reported that the coaxial MnOz/carbon nanotube
(CNT) array electrodes can deliver a reversible specific capacity of 500 mAh/g after 15
cycles at the rate of 50 mA/g between 0.02 and 3.2 V vs. Li/Li*, but they show serious
capacity decay.[*! As reported by Xia et al., nanoflake MnO2/CNT composite electrodes
delivered ahigher reversible capacity of 801 mAh/g for the first 20 cycleswithout capacity
decay and 77% capacity retention after 50 cycles at a current density of 200 mA/g in the
potential range of 0.01 V and 3.0 V vs. Li/Li*.?? La et al. prepared MnOg/carbon
nanohorns (CNHs) composites, which showed the the reversible capacity of MnO2/CNHs
remained at 565 mAh/g after 60 cycles with 98% capacity retention at a current density of
100 mA/g in the potential range of 0.05 V and 3.0 V vs. Li/Li*.*! Yu et al. synthesized
graphene-MnO2 nanotubes with the reversible specific capacity of 495 mAh/g at a current

density of 100 mA/g after 40 cycles with varying current rate from 100 mA/g to 1600
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mA/g.?4l However, these materials have limited scalability, or low specific capacity, or

still suffer from electrochemical stability problems.

In this study, we designed a unique hierarchical structure, where the graphene
wraps the porous MnO; directly growing from graphene nanoribbons (GNRs). GNRs?)
are scalable and have high surface area and high electrical conductivity, making them a
suitable template on which the MnO: in directly grown by a hydrothermal reaction to form
MnO2-GNRs (MG).12228 Graphene was produced by the reduction of graphene oxide with
hydrazine and then coated on the surface of MG by electrostatic interaction, forming the
hierarchical sandwiched structured graphene-MnO,-GNRs (GMG).[22% |n this structure,
graphene and GNRs are in good contact with MnOz, improving the electrical conductivity
of the composite GMG. More importantly, graphene and GNRs can buffer the volume
changes and prevent the loss of MnO2 during Li ion conversion reaction with Li, thus
improving the composite’s electrochemical stability performance. The GMG as anode
material demonstrates excellent rate capabilities and the cycling performance. The
reversible specific discharge capacity can reach 890 mAh/g at 0.1 A/g after 180 cycleswith
varying current rates from 0.1 to 1.0 A/g and aso almost increase about 24% compared to
theinitial capacity after 245 cycles at a current density of 0.4 A/g. Thus GMG is a superb

candidate for use as an anode el ectrode material for energy storage of LIBs.
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5.2. Experiments

5.2.1. Materials synthesis

GNRs were prepared by intercalalation of NaK into multiwalled carbon nanotubes
in 1,2-dimethoxyethane as described previously.[?® The GNRs were then oxidized in 3 M
HNO:s at reflux for 12 hin order to increase their wettability. MnO2>-GNRs were prepared
by direct redox reaction of KMnO4 on the HNOs-treated GNRS. In atypical procedure, 20
mg GNRs was added to 40 mL in-house deionized water (D.l. water) and the mixture was
ultrasonicated (2510 Branson ultrasonicator) to disperse the GNRs. 63 mg KMnOs was
added to the dispersion and the dispersion was magnetically stirred for 3 h at room
temperature. The dispersion wastransferred to a Teflon-lined autoclave. After sealing, the
autoclave was kept in the oven at 180 °C for 5 h to carry out the hydrothermal reaction,
and then it was removed from the oven and cooled to room temperature. MnO2-GNRs (51
mg) were obtained after vacuum filtration and washing sequentially with water (400 mL)
and acetone (100 mL); the filter cake was dried in a vacuum oven at 85 °C for 10 h.
Graphene-wrapped MnO.-GNRs (GMG) was synthesized in two steps. The first step was
to positively charge the MnO>-GNRs by coating it with agueous
polydiallyldimethylammonium chloride (PDDA, Sigma-Aldrich). 40 mg of MnO>-GNRs
was dispersed in 40 mL D.l. water containing 0.4 mL of PDDA. After 5 h stirring at room
temperature, positively charged PDDA-MnO2-GNRs (40 mg) was obtained via vacuum
filtration and washing the solid with D.1. water (400 mL) and ethanol (100 mL), and drying
it in avacuum oven at 85 °C for 10 h. Then, 30 mg PDDA-MnO>-GNRs was dispersed in

40 mL D.l. water by ultrasonic treatment and the solution was adjusted to pH ~8 using 1
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M ammonia in ethanol. The PDDA-MnO>-GNRs suspension was added to a negatively
charged graphene solution that was prepared by the reported method, 12”28 and the mixture
wasstirred for 2 h. GM G (32 mg) was obtained after vacuum filtration followed by washing
sequentially with D.I. water (400 mL) and ethanol (100 mL), followed by drying in a

vacuum oven at 85°C for 10 h.

5.2.2. Materials characterization

Products were characterized by XRD (Rigaku D/Max Ultima II); XPS (PHI

Quantera); SEM (JEOL 6500); and TEM (JEM2100F TEM).

5.2.3. Devicefabrication

The anode was prepared by mixing 80 wt% of the active composite, 10 wt% of
carbon black (Super P), and 10 wt% of polyvinylidene difluoride (PVDF, Alfa Aesar)
dissolved in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to form aslurry that then was
coated on a copper foil substrate. Electrochemical tests were performed using CR2032
coin-type cells with lithium metal foil as the counter electrode. The electrolyte was 1 M
LiPFe in ethylene carbonate and diethyl carbonate (EC: DEC, 1:1 in volume) and the

separator was Celgard 2300 membrane.

5.2.4. Electrochemical measur ement

CV tests were done on a CHI660D electrochemical station at a current density of
0.60 mV/s, EIS measurements were carried out on the CHI660D at the open circuit
potential in the frequency range of 100 kHz to 10 mHz, and the galvanostatic discharge

charge test was carried out on the LAND CT2001A battery system at room temperature.
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5.3. Results and Discussion

5.3.1. Synthesisand structure analysis

GNRs MnO,-GNRs

lPDDA
. o~

Graphene-MnO,-GNRs (GMG) PDDA-MnO,-GNRs

Figure 5.1. Schematic illustration of the synthesis of the GMG composite.

The synthesis of composite GMG is schematically depicted in Figure 5.1. The
GNRs were prepared through solution-based chemical unzipping of multiwalled carbon
nanotubes.?* The GNRs were heated to reflux in 3 M HNO;z for 12 h in order to increase
their wettability. MG was prepared by direct redox reaction between KMnO4 and GNRs.[9]
Then, MG was positively charged by dispersing it in  agueous

polydiallyldimethylammonium chloride (PDDA). Finally, the GMG was obtained by an
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electrostatic interaction between the PDDA positively charged MG and the negatively

charged graphene, which was prepared by reduction of graphene oxide with hydrazine

(Figure 5.1).1%8

Figure 5.2. (a, b) TEM images of MG; (c, d) SEM images of MG and (e, f) GMG.
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The morphology of the intermediate MG and GMG was characterized by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) as
shown in Figure 5.2. Figure 5.2a shows the morphology of MG. Nanosized MnO- has
grown around the GNRs after the hydrothermal treatment. From the high resolution TEM
image of MG in Figure 5.2b, the synthesized MnO. was nanorod-shaped. The GNRs were
uniformly coated by MnO- and formed a porous structured MG as shown in Figure 5.2c,d.
Figure 5.2e and f show the morphology of GMG at different resolutions. The images
indicate that the MG was covered by graphene, playing a role as binder of the MG. MG

stripes still can be observed at the edge or surface of the GMG as shown in Figure 5.2f.

X-ray diffraction (XRD) and X-ray photoel ectron spectroscopy (XPS) are also used
to characterize the composites. Figure 5.3a shows the XRD pattern of GNRs, MnO., MG,
and GMG. The GNRs have the strong diffraction peak (002) of graphite at 26.5°.% The
XRD pattern of pure MnO2 can be indexed to a-MnO2, which is suitable for energy
storage.®¥ The characteristic peaks of GNRs and MnO; can be observed from the XRD
pattern of MG and GMG. Due to the relatively small size of the nanocrystals, all of the
XRD pattern peaks of MnO. in MG and GMG became broad and weak and some peaks
were too small to discern when compared to pure MnO2.2l X PSwas used to determine the
oxidation state of Mnin the composite. Figure 5.3b shows the X PS spectra obtained from
the composite GMG. The spin energy separation of Mn 2pz2 and Mn 2py/2 centered at 642.5
eV and 654.2 eV, respectively, is 11.7 eV, which is in good agreement with reported data
of Mn 2pz2 and Mn 2pyz in MnO2.[23%3 The data demonstrates that MnO, was indeed

grown on the GNRs after the hydrothermal treatment.
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Figure 5.3. (a) XRD patterns of GNRs, Mn02, MG, and GMG. (b) XPS spectrum of
Mn2p for GMG.

5.3.2. Electrochemical evaluation

The electrochemical performance of GMG and MG as anodesin LIBswas studied.
A wider potential window of 0.01 to 3.0 V was applied in this study because the
electrochemical performance of LIBs is strongly dependent on the potential windows.[*
Figure 5.4 shows the cyclic voltammetry (CV) and the first two discharge-charge profiles
of GMG, MG, MnO, and GNRs. As shown in Figure 5.4a, the cathodic peak at 0.55V in
the first cycle of the CV was a characteristic of the solid electrolyte interface (SEI)
formation in the electrode surface. It disappeared in the second cycle, confirming that the
formation of SEI occursin thefirst cycle. Thetwo anode peaksat 1.3V and 2.3V indicate
that the electrochemical oxidation reaction may process in two steps. This was further
shown by the discharge-charge profiles of GMG. As shown in Figure 5.4b, there were two
plateaus, around 1.3V and 2.3 V in the charge process, according to the anode peaksin the

CV. There was one plateau in the discharge process, demonstrating the reduced reaction of
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MnOz with Li ions in one step. MG and MnO: displayed similar phenomena as shown in
Figure 5.4c,d and Figure 5.4ef. The specific capacity of MnO: in the second cycle of
discharge-charge process shown in Figure 5.4f decreased steeply compared to the first
cycle: only 22% capacity retention was attained due to its poor electrical conductivity.
When the GNRs and reduced graphene oxide were introduced to form the composite
system, the specific capacity improved, with over 58% capacity retention for MG (Figure
5.4d) and 77% for GMG (Figure 5.4b). The unique hierarchical structure of GMG greatly
improved the utility of the MnO; in the composite when considering that the MnO. content
was 74% for MG and 32% for GMG as determined by thermogravimetric analyses (TGA)
(Figure 5.5). In addition, the first discharge specific capacities of these four materials,
GNRs, MnO2, MG, and GMG, have higher values than the theoretical capacities, which
might result from the irreversible reactions of the electrodes, the SEI formation on the

surface of the electrodes, and the decomposition of e ectrolyte.[*"]
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Figure 5.4. Cyclic voltammetry curves in the potential range of 0.01 and 3V
(vs. Li/Li+) for (a) GMG, (c) MG, (e) MnO2, and (g) GNRs at the scan rate of 0.6
mV/s. The first two discharge charge curves in the potential range of 0.01 and
3V (vs. Li/Li+) for (b) GMG, (d) MG, (f) MnOz, and (h) GNRs at the current
density of 0.1 A/g.
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Figure 5.5. TGA curves of (a) MG showing 74% MnO2 content and (b) GMG
with a 32% MnO2 content, recorded in argon at a heating rate of 10 °C min-1.

The rate performance of the GMG was studied in the potential window of 0.01 to
3.0V asshowninFigure5.6a. The stable capacity at different current densitiesisobserved.
When the current density reduced back from 1.0 A/g to 0.1 A/g, the value of specific
capacity of GMG not only returned, but more importantly, it increased with the increasein
cycle numbers at the same current density. For example, the value of specific capacity
increased to 890 mAh/g at the 180" cycle from 672 mAh/g at the 2" cycle in the current

density of 0.1 A/g. The rate performance demonstrates GMG electrode remained stable

after extended rate cycles.
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Figure 5.6. (a) Rate performance of GMG at various current rates from 0.1 A/g
to 1.0 A/g with respect to the cycle numbers. (b) Cycling performance of
MnO2, MG, and GMG at the 0.1 A/g for the first 5 cycles and the 0.4 A/g for the
following cycles.

The cycling performance for GMG was evaluated by the discharge-charge

experiments in the potential window of 0.01 to 3.0 V. Figure 5.6b shows the cycling

performance of GMG, MG, and MnO: used as electrodes in LIBs. The first five cycles

were carried out at a current density of 0.1 A/g and the current density was increased to 0.4

Alg in the following cycles. For MnO», the specific capacity decreased steeply to 105

mAh/g in the 6™ cycle, although the following cycles were stable. For MG, the specific

capacity was 753 mAh/g at the second cycle and decreased to 470 mAh/g as the cycle

numbers increased from the second cycle to the 5™. From the 6" cycle, the current density

was increased to 0.4 A/g and the specific capacity dropped to 160 mAh/g at the 50™" cycle
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from 339 mAh/g, so that 47.6 % capacity remained after 45 cycles. The cycling
performance of the MG electrode is better than that shown in the pure MnO- electrode due
to the introduction of GNRs into the composite that improved the electrochemical
performance of MnO>. The MnO: in the fresh MG electrode (Figure 5.7a) merged into the
bulk solid after 50 cycle discharge-charge processes as shown in Figure 5.7b. The changed
morphology of MnO: in the MG electrode after 50 cycle discharge-charge processes was
further supported by TEM as shown in Figure 5.7c,d. However, without the graphene
encapsulation, the MnO2 might peel away from the GNRs during the repeated discharge-
charge process due to the large volume change in MnO», thereby resulting in the decay of
the specific capacity of MG.[?2 For GMG, in the first 5 cycles, the specific capacity
decreased as had been seen with MG. After 5 cycles, the value of GMG discharge capacity
decreased from 571 mAh/g at the 6™ cycle to 464.7 mAh/g at the 20" cycle, but then
increased to 648 mAh/g at the 170" cycle. Even after 250 cycles, the GMG still maintained
a specific capacity of 612 mAh/g. Moreover, the Coulombic efficiency of GMG was
maintained at over 99%, excluding the first several cycles. The graphene encapsulation
apparently hindered direct contact between MnO. and the electrolyte. With more
discharge-charge cycles, the internal materials become electrochemically active as they
come in contact with the electrolyte.®¥ Therefore, the unique hierarchical structure greatly

improves the cycling performance of GMG in LIBs.
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Figure 5.7. (a) SEM image of the fresh MG electrode. (b) SEM image of a MG
electrode after 50 cycles discharge-charge processes in the potential range of
0.01 to 3.0 V. (c) and (d) TEM images of a MG electrode after 50 cycles
discharge-charge processes in the potentioal range of 0.01 to 3.0 V.

GMG has made significant improvements in specific capacity, rate performance,
and cycling stability in energy storage. In order to understand the GMG electrode’s
enhanced electrochemical performance relative to GNRS, electrochemical impedance
spectroscopy (EIS) measurements were carried out after 3 cycles, as shown in Figure 5.8.
Figure 5.8e shows the equivalent circuit model of this system. In this model, Rs is the
internal resistance of the tested battery, Rser and Ret represents the SEI surface and charge-

transfer resistance, CPE and Cy are associated with constant phase element and double
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layer capacitance across the surface, Zw is the Warburg resistance related to the lithium
diffusion process, and the Ci is the interaction capacitance.[’>% |n the Figure 5.8a, the
plots consist of two semicircles in the high and intermediate frequency range (100 kHz to
10 Hz) and a sloping line with an angle ~ 45" to the real axisin the low frequency region.
The two semicircles result from the Li* ion transport through the SEI film and the
interfacial charge transfer reaction (Rszr and Re) combined with the electrochemical
double-layer capacitive behavior CPE and Cq, respectively. The sloping line is attributed
to the solid-state Li diffusion into the active materials (Zw).>* The experimental Nyquist
plots are modeled based on the equivalent circuit.**31 The fitted impedance parameters
arelisted in Table 5.1. Both Rsg (15.45 Q) and Ret (45.35 Q) of GMG are lower than that
of MG (Rser = 16.64 Q and Ryt = 69.38 Q). This demonstrates that the incorporation of
graphene can greatly increase the electrica conductivity, resulting in significant

improvement in the electrochemical performance.

Table 5.1. The EIS simuation parameters of GMG and MG.

Active  R,(Q) CPE(WF) Re(Q) R.(Q) CuluF)  Z,(Q  GumF)
material
GMG 3.36 81.11 15.45 45.35 26.82 129.45 27.02
MG 2.95 34.74 16.64 69.38 11.24 24.49 925.00
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5.4. Conclusions

In summary, we successfully designed and synthesized a unique hierarchical

structure composite of graphene-wrapped MnO.-GNRs (GMG). In this composite,

graphene flakes tightly sandwiched nanosized MnO- that grew directly on the GNRs.
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Electrochemical experiments demonstrate that the GMG exhibit enhanced specific

capacity and improved cycling stability as anode materials compared to MG and pure

MnO: because of the synergic effect between the graphene, GNRs, and MnO2. The

synthesis of the GMG composite has been shown to produce an effective component to

improvethe el ectrochemical stability of the electrode materiasfor thelithium ion batteries.
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Chapter 6

Graphene-NiO-reduced Graphene Oxide
Nanoribbons Sandwich Structured
Compositeas Lithium lon Battery Anode

This chapter was entirely copied from reference 1.

6.1. Introduction

Lithium ion batteries (LIBs) are practicd and effective technologies for
electrochemical energy storage due to their high voltage, high capacity, low cost, and
environmental friendliness.*® LIBs can be widely used in eectric vehicles,
multifunctional electric devices, communications equipment, and the integration of
renewable energy with energy storage.[>® Therefore, developing LIBs with high energy
density, power density, and excellent cycling performance would be valuable to meet
society’s goal for energy sustainability and diversity. Electrochemically active transition
metal oxides have evolved as an important family of anode materials as graphite
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alternatives, due to their high theoretical capacity and natural abundance.[”-®! Among these
transition metal oxides, nickel oxide (NiO) has attracted attention because of its high
theoretical capacity (718 mAh/g), low cost, and natural abundance.®'% However, the
conversion reaction between NiO and Li ions in the discharge-charge process causes
volume expansion and aggregation within the battery. The volume variation leads to the
pulverization of the NiO and might lead to NiO loss, producing capacity decay.
Unfortunately, NiO hasalow intrinsic electrical conductivity. These drawbacks hinder the
use of NiO in energy storage.”*Y Extensive efforts have been made to overcome the
drawbacks of NiO and improveit electrochemical performance in LIBs.[*22% One strategy
isto prepare a NiO nanocomposite using conductive carbon materials, which would act as
amatrix for NiO and improve the electrical conductivity of the composite.[*>*1 Another
strategy is to combine NiO with other metal oxides to form mixed composites that take
advantage of their strengths and minimize their weaknesses.!l'”-*¥ |ntroduction of metals
into a NiO composite has proven to be another effective method to improve its
electrochemical performance in LIBs.?>% However, a drastic capacity decay was noted
after 20 cyclesin amost all of these cases.!”! Therefore, developing new structurally stable

materials based on NiO is an important goal.

In this study, we designed a sandwich-structured composite of graphene-NiO-
reduced graphene oxide nanoribbons (G-NiO-rGONRS) in order to improve the electrode
stability. The synthesis of graphene oxide nanoribbons (GONRS) is scalable. GONRs have
high surface area, making them a suitable template on which to form NiO; this mixture was
converted into NiO-rGONRs.[?"% Graphene was synthesized by the reduction of graphene

oxide with hydrazine. Electrostatic interaction of the graphene with the surface of the NiO-
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rGONRs was used to, form the G-NiO-rGONRs.[?2? The close contact of graphene and
rGONRswith NiO should improvethe electrical conductivity of the composite. In addition,
the graphene and rGONRs should buffer the volume changes suffered during the Li ion
conversion reaction with Li, thus improving the composite’s electrochemical stability
performance and prevent NiO loss. The reversible discharge capacity of the G-NiO-
rGONRs composite was as high as 977 mAh/g at 0.1 A/g after 55 cycles, at current rates
varying from 0.1 to 1.0 A/g. More importantly, there was no capacity decay, with little
increase after 100 cycles. Thus G-NiO-rGONRs is an excellent candidate for use as an

anode electrode material for energy storagein LIBs.

6.2. Experiments

6.2.1. Materials synthesis
6.2.1.1. Synthesis of Ni(OH)2-rGONRs

Graphene oxide nanoribbons (GONRS) were synthesized according to the protocol
previously reported.[?®) Ni(OH).-rGONRs were prepared in two steps. The Ni(OH)2-
GONRs hybrid was prepared by dispersing 250 mg of GONRs in 100 mL of DI water by
bath sonication (60 min, using Cole Parmer ultrasonic cleaner). Then, 900 mg of
NiSO4-6H20 was added, and this solution was stirred for 15 min. After that, 500 mg of
NaOH as added, and the reaction mixture was left for 17 h at room temperature with
magnetic stirring. The product obtained was purified by centrifugation (2 cycles/60 min)
with DI water. Then, this materia (dispersed in 100 mL H20 by bath sonication within 5

min) underwent reduction with hydrazine at 90 °C within two h by the addition of 0.3 mL
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hydrazine hydrate solution and 0.75 mL ammonia hydroxide solution. The final product
was purified by filtration with DI water, methanol and diethyl ether and dried under

vacuum at 60 °C. The resulting Ni(OH)2-rGONR weighed 470 mg.

6.2.1.2. Synthesis of NiO-rGONRs

NiO-rGONRs (136 mg) was obtained by the heat treatment of Ni(OH)>-rGONRs

(180 mg) at 350 °C in Ar (500 sccm) for 3 h.

6.2.1.3. Synthesis of G-NiO-rGONRs

G-NiO-rGONRs was prepared in two steps. Thefirst step was to positively charge
the NiO-rGONRs by coating the composite with agueous polydiallyldimethylammonium
chloride (PDDA, Sigma-Aldrich). 80 mg of NiO-rGONRs was dispersed in 80 mL DI
water containing 0.8 mL of PDDA. After 5 h stirring at room temperature, the PDDA-NiO-
rGONRs (75 mg) was obtained via vacuum filtration and washing with DI water and
ethanol, followed by drying in avacuum oven at 85 °C for 10 h. Then, 60 mg PDDA-NiO-
rGONRs was dispersed in 60 mL D.I. water by ultrasonic treatment and the solution was
adjusted to pH ~ 8 using 1 M ammoniain ethanol. The PDDA-NiO-rGONRs suspension
was added to a negatively charged graphene solution that was prepared by the reported
method,?"% and the mixture was stirred for 5 h. G-NiO-rGONRs (65 mg) was obtained
after vacuum filtration followed by washing sequentially with DI water (400 mL) and

ethanol (400 mL), followed by drying in a vacuum oven at 85 °C for 10 h.
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6.2.2. Materials characterization

Products were characterized by XRD (Rigaku D/Max Ultima II); XPS (PHI
Quantera); SEM (JEOL 6500); TEM (JEM2100F TEM); and thermogravimetric analysis

(TGA, TA Instruments, Q50)

6.2.3. Devicefabrication

The anode was prepared by mixing 80 wt% of the active composite, 10 wt% of
carbon black (Super P), and 10 wt% of polyvinylidene difluoride (PVDF, Alfa Aesar)
dissolved in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to form aslurry that then was
coated on a copper foil substrate. Electrochemical tests were performed using CR2032
coin-type cells with lithium metal foil as the counter electrode. The electrolyte was 1 M
LiPFs in ethylene carbonate and diethyl carbonate (EC:DEC, 1:1 by volume) and the
separator was a Celgard 2300 membrane. The capacity was obtained based on the total

mass of the active materials.

6.2.4. Electrochemical measur ement

CV tests were done on a CHI660D electrochemical station at a current density of
0.40 mV/s, EIS measurements were carried out on the CHI660D at the open circuit
potential in the frequency range of 100 kHz to 10 mHz, and the galvanostatic discharge
charge test was carried out on the LAND CT2001A battery system at room temperature.

The capacity value was based on the total mass of the active materials.
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6.3. Results and Discussion

6.3.1. Synthesisand structure analysis

ST C C
. N ¢ .
NiSO,, NaOH .( C Hydrazine
_— . (( e —>
e C
C
& -
GONRs Ni(OH),-GONRs Ni(OH),-rGONRs
350 °C, Ar
Anneallng
Reduced
graphene oxide PDADMAC
+ —
G-NiO-rGONRs PDADMAC -NiO-rGONRs NiO-rGONRs

Figure 6.1. Schematic illustration of the synthesis of the G-NiO-rGONRs
composite.

The synthesis of the composite G-NiO-rGONRsisdepicted in Figure 6.1. Ni(OH)2-
rGONRs were synthesized by with the reaction of nickel sulfate hexahydrate with sodium
hydroxide in the presence of an agueous solution of GONRS. GONRs were subsequently
chemical reduction hydrazine hydrate. After an annealing treatment at 350 °C in an Ar
environment, the Ni(OH)2-rGONRs were converted to NiO-rGONRs. Figure 6.2a,b shows
the morphol ogy of the NiO-rGONRs at different magnifications. Nanosized NiO uniformly

coated on the surface of rGONRs. Graphene appears to work as a binder to connect the
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NiO-rGONRs, forming the G-NiO-rGONR composite, as shown in Figure 6.2c. Individual
NiO-rGONRs are observed at the edge and surface of the composite, as shown in Figure
6.2d.The structure of the composite was supported by the TEM images shown in Figure
6.2ef that reveal that the rGONRs are homogenously coated with NiO. The structure of
NiO-rGONRs was further studied by the elemental mapping of carbon, nitrogen, oxygen,

and nickel. As shown in Figure 6.2g-j, these elements were uniformly distributed in the

NiO-rGONRs.

Figure 6.2. SEM images of NiO-rGONRs (a, b) and G-NiO-rGONRs(c, d). TEM
images of NiO-rGONRs (e, f) and corresponding elemental mapping of carbon
(g), nitrogen (h), oxygen (i), and nickel (j). The scale bars in e-h are 0.3 pm.
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X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used
to characterize the composites. Figure 6.3a shows the XRD patterns of rGONRs, Ni(OH)2-
rGONRs, NiO-rGONRs, and G-NiO-rGONRs. The rGONRs have the strong diffraction
peak (002) of graphite at 26.5°.13% Ni(OH). was changed to NiO after the heat treatment in
the Argon environment.*:%¥ The G-NiO-rGONRs XRD pattern was not obviously
changed after the NiO-rGONRs were wrapped by graphene. This demonstrated that NiO-
rGONRs were stable during the graphene wrapping process. The diffraction peak (002) of
rGONRs became broad and weak due to the NiO covering of its surface. G-NiO-rGONRs
only contained four elements: carbon, nitrogen, oxygen, and nickel as shown in Figure
6.3b. Figure 6.3c showed the fine XPS spectra of Cl1s of G-NiO-rGONRs, which was
divided into five peaks. They were located at 284.5, 285.7, 286.8, 288.2, and 289.7 V.
They were assigned to C=C (sp? C), C-C(sp® C), C-O, C=0, O-C=0, respectively.?¥l The
weakly oxidized groups of G-NiO-rGONRs suggested that graphene oxide were well
reduced by hydrazine. The two characteristic peaks of Ni 2p, as shown in Figure 6.3d,

further supported the conclusion that NiO was in the G-NiO-rGONRs.*®)
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Figure 6.3. (a) XRD patterns of rGONRs, Ni(OH)2-rGONRs, NiO-rGONRs, and G-
NiO-rGONRs. (b) XPS spectrum of G-NiO-rGONRs.

Figure 6.4 is the thermogravimetric analysis (TGA) of G-NiO-rGONRs and NiO-
rGONRSs. Before graphene wrapping, the NiO content of the NiO-rGONRs was 73%. After

graphene wrapping, the NiO content in the composite decreased to 56%.
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Figure 6.4. TGA curves of G-NiO-rGONRs with 56% NiO content and NiO-
rGONRs with 73% NiO content recorded in Air at a heating rate of 5 °C min-1.

6.3.2. Electrochemical evaluation

The electrochemical performance of G-NiO-rGONRs as anodes in LIBs was
studied in the potential window of 0.01 to 3.0 V. Figure 6.5a shows the cyclic voltammetry
(CV) and the first five discharge-charge profiles of G-NiO-rGONRs. The first cathodic
scan started at the open circuit potential. The cathodic peak at 0.36 V in the first cycle
corresponds to the reaction of NiO with lithium to form Ni and Li>O with the characteristic

solid electrolyte interface (SEI) formation on the surface of the electrode.
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Figure 6.5. Cyclic voltammetry curves of G-NiO-rGONRs (a) and NiO-rGONRs
(b) in the potential range of 0.01 and 3.0 V (vs. Li/Li+) at the scan rate of 0.4
mV/s. The first five discharge charge curves of G-NiO-rGONRs (b) and NiO-
rGONRs (d) in the potential range of 0.01 and 3.0 V (vs. Li/Li*) at the current
density of 0.1 A/g.

There were two broad anode peaks at 1.53 V and 2.52 V, indicating the decomposition of
SEI and the electrochemical oxidation reaction, respectively.**337 During the first cycle,
the formed Ni nanoparticles and reformed NiO enhance the reactivity and reduce the
overpotential .13 Therefore, the cathodic peaks shifted to 0.85 V in the following cycles.
Thiswasfurther shown by the discharge-charge profiles of G-NiO-rGONRsin Figure 6.5b.

There were two plateaus, ~ 1.50 V and 2.50 V in the charge process, corresponding to the
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anode peaks in the CV. There was one obvious plateau around 0.85 V in the discharge
process. NiO-rGONRs displayed similar phenomena as shown in Figure 6.5c,d. The first
discharge capacities of NiO-rGONRs and G-NiO-rGONRs had higher values than their
theoretical capacities, which might result from the irreversible reaction of the electrodes,

the SEI formation on the surface of the electrodes, and the decomposition of e ectrolyte.[3

The rate and cycling performance of the G-NiO-rGONRs were studied at the same
potential window. Stable capacity at different current densities as observed as shown in
Figure 6.6a. When the current density was reduced from 1.0 A/g to 0.1 A/g, the capacity
value of G-NiO-rGONRs not only returned, but more importantly, it increased with the
increase in number of cycles at the same current density. For example, the discharge
capacity value increased to 977 mAh/g at the 55" cycle from 900 mAh/g at the 2™ cycle
in a current density of 0.1 A/g. This data demonstrates the good rate performance of G-
NiO-rGONRs. Figure 6.6b shows the cycling performance of G-NiO-rGONRs and NiO-
rGONRs used as anodes in LIBs at a current density of 0.4 A/g. For NiO-rGONRs, the
discharge capacity gradually decreased to 830 mAh/g at the 20" cycle from 938 mAh/g at
the second cycle. Then, the capacity decreased quickly to 185 mAh/g at 100" cycle, with
only 20% capacity remaining. After graphene wrapping of NiO-rGONRs, the discharge
capacity of G-NiO-rGONRs decreased to 740 mAh/g at 5" cycle from 791 mAh/g at the
second cycle. Then, the capacity increased with the increase in cycle numbers and reached
801 mAh/g at the 100" cycle. Based on this result, the hierarchical structure of the

composite greatly improves the cycling performance of G-NiO-rGONRsin LIBs.
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Figure 6.6. (a) Rate performance of G-NiO-rGONRs at various current densities
from 0.1 A/g to 1.0 A/g with respect to the cycle numbers. (b) Cycling
performance of G-NiO-rGONRs at the current density of 0.4 A/g.

As shown in Figure 6.7a, electrochemica impedance spectroscopy (EIS)
experiments were carried out in order to understand the enhanced electrochemical
performance of the G-NiO-rGONRs electrode. Figure 6.7b, shows the equivaent circuit
model of this system.®*4%41 |n Figure 6.7a, the compressed semicircle in the high-medium
frequency region isaresult of the Li* ion transport through the SEI film and the interfacial
charge transfer reaction (Rsei+ct), combined with the electrochemical double-layer
capacitive behavior CPE and Cq, respectively. The sloping line was attributed to the solid-
state Li diffusion into the active materials (Zw).[*3 The experimental Nyquist plots were
modeled based on the equivalent circuit and the impedance parameters that were fit to the
data are listed in Table 6.1. The Rsei+ct) (139.40 Q) of G-NiO-rGONRs was much lower
than that of NiO-rGONRS (Rsei+cty = 219.70 Q). This demonstrated that the incorporation
of graphene can greatly increase the electrical conductivity, resulting in significant

improvement in the electrochemical performance.
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Table 6.1. The EIS simuation parameters of NiO-rGONRs and G-NiO-rGONRs.

Active material R, (Q) CPE(UF) Rse.q(Q) Z,(Q) G (mF)
G-NiO-rGONRs 8.21 80.79 139.40 216.97 0.20
NiO-rGONRs 2.40 20.53 219.70 21.21 41.13
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Figure 6.7. (a) Nyquist plots of NiO-rGONRs and G-NiO-rGONRs. (b) Equivalent
circuit that is used to fit the experimental data of NiO-rGONRs and G-NiO-
rGONRs.

6.4. Conclusion

In summary, we successfully designed and synthesized a unique hierarchical
structured composite of G-NiO-rGONRs. In this composite, graphene flakes tightly

sandwiched nanosized NiO that was grown directly on the rGONRs. Electrochemical
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experiments show that the composite has a high specific capacity, good rate performance,
and grealyt improved cycling stability when used as an anode material due to the synergic
effect between the graphene, rGONRs, and NiO. The electrochemica performance of the
composite shows thisit is an potential component that would improve the el ectrochemical
stability of the electrode materials for LIBs. The strategy used here might be appropriate
for other anode materials synthesis to produce improved electrochemical performance in

LIBs.
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Chapter 7

Enhanced Cycling Stability of Lithium lon
Batteries Using Graphene-FesO4-Graphene
Nanoribbons as Anode M aterials

This chapter was entirely copied from reference 1.

7.1. Introduction

Rechargeable lithium ion batteries (LIBs) are considered among the most practical
and effective technologies for electrochemical energy storage.>® LIBs have attracted
significant attention due to their wide range of applications including uses in electric
vehicles and mobile communications.[*® With rapidly increasing demand for improved
LIBs, the development of energy storage devices with high energy density, power density,
and excellent cycling performance has become critical. Numerous efforts have been
devoted to develop new electrode materials to meet these demands including using iron
oxide (FesO4) which has attracted great attention due to its high theoretical reversible
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capacity (928 mAh/g), low cost, natural abundance, and eco-friendly properties.[2¢-10
However, the volume expansion and contraction during reversible discharge/charge
processes leads to pulverization of FesO4 electrodes, resulting in fast capacity decay and
poor cycle life. Therefore, development of Fe3Os-based anodes with high capacity and

enhanced cycling stability is necessary.

To address these problems, various strategies have been developed to improve the
electrical conductivity while enhancing the structural stability of FesOs-based anode
materials. One strategy is to prepare nanostructured materials that can relax the strain
caused by the volume variation during discharge/charge processes and thereby improving
the rate performance due to the short diffusion length of nanosized materials.[3
Nanomaterials prepared on different carbon substrates, such as carbon nanotubes,*>1%
graphene, 8191629 and amorphous carbon,®2*22 not only improve eectrical conductivity,
but also mitigate volume variation, resulting in improved cycle stability of the composites.
Another strategy is carbon coatings or encapsulation of active materials which improves
electrical conductivity and prevents their exfoliation of the inner active materials and
aggregation of the active materials.[382327) However, since the cycling stability of FesOs-
based anode materialsis still reduced by pulverization of the active materials, preparation
of Fe3O4-based anode materials with a specialized structure that prevents the negative

effect of pulverization is still challenging and necessary.

In this study, we combined these design criteria into a hierarchical structured
composite of the graphene-wrapped FezO4-graphene nanoribbons (G-Fes0s-GNRS). In this
structure, reduced graphene oxide and GNRs are in good electrical contact with FezOs,

which improves composite conductivity and also buffers volume changes to prevent loss
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of FesO4 during Li-ion conversion, thus improving the overall electrochemical stability.
Moreimportantly, reduced graphene oxide isasofter coating layer when compared to other
carbon coatings that are formed through calcinations or encapsulation of the active
materials.>®2! The soft graphene-based layer would alleviate the problems of having a
more rigid carbon framework, which could not effectively release strain caused by volume
changes and impede the lithium ions in the core of the active material. G-Fe30s-GNRs as
anode materials demonstrate high capacity, good rate performance, and improved cycling
performance. Thus G-Fes0O4-GNRs are a superb candidate composite for use as an anode

electrode material for energy storage of LIBs.

7.2. Experiments

7.2.1. Materials synthesis
7.2.1.1. Synthesis of FesO4-GNRs

GNRs were prepared by treatment of multiwalled carbon nanotubes with NaK in
1,2-dimethoxyethane and quenching of the reaction with MeOH as described
previously.[?® Fes04-GNRs were synthesized according to the multi-step protocol. Two
intercalation steps are needed to achieve high content of FesOs4 in the composite. The
Fes0s-GNRs were synthesized by adding 100 mg of GNRs and 300 mg of FeCls to aglass
ampule that was sealed under vacuum using an acetylene torch. The ampule was placed in
an oven at 350 °Cfor 24 h to afford intercalation of the FeClsz into the GNRs. The FeCls-
GNRswas transferred into a 250 mL round bottom glass flask, sealed and carefully purged

with nitrogen. Next, 35 mL of freshly distilled 1,2-dimethoxyethane (DME) and 1 mL of
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Na/K aloy were added to the flask and the solution was stirred for 15 h at room
temperature. The reaction was quenched with 30 mL of methanol, and then carefully
filtered by vacuum filtration and washed with DI water, methanol, acetone and diethyl
ether and dried under vacuum (~ 7 mmHg) at 100 °Cfor 24 h. 426 mg of this product was
placed in a glass ampule with 600 mg of FeCls, sealed under vacuum and placed at 350 °C
in the oven for 24 h for final intercalation. 35 mL of freshly distilled DME and 1.2 mL
Na/K aloy were carefully added and reacted at room temperature with stirring for 20 h. 30
mL of methanol was added to quench the reaction mixture. 778 mg of Fes0Os-GNRs was
obtained after vacuum filtration followed by washing sequentially with water, methanol,
acetone and diethyl ether, followed by drying in avacuum oven (~ 7 mmHg) at 100 °C for
24 h. Fes04-G, Fes04-GO, and Fes0s was prepared using the same procedure without the

addition of GNRs.

7.2.1.2. Synthesis of G-FesO4-GNRs

G-Fes04-GNRs were synthesized in two steps. The first step was to positively
charge FesOs-GNRs. 70 mg of FesOs-GNRs was dispersed in 70 mL of D.l. water
containing 0.7 mL of poly(dialyldimethylammonium chloride) (PDADMAC, Sigma-
Aldrich). After stirring for 5 h at room temperature, positively charged PDADMA C-Fez0s-
GNRs (62 mg) was obtained via vacuum filtration followed by washing with 500 mL of
D.I. water, 100 mL of ethanol, and then drying in a vacuum oven (~ 7 mmHg) at 80°C for
10 h. Next, 60 mg of PDADMAC-Fes04-GNRs was dispersed in 60 mL of D.I. water by
ultrasonication (Cole-Parmer Instrument company, 17 W) and the solution pH was adjusted
to~8using 1 M ammoniain ethanol. Reduced graphene oxide was prepared by reduction

of 30 mg of graphene oxidein 60 mL of D.I. water adjusted to pH ~8 using 1 M ammonia
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with 33.9 pL of hydrazine. The PDADMA C-Fe304-GNRs suspension was added to the
reduced graphene oxide solution and the mixture was stirred for 5 h. 60 mg of G-Fe3Os-
GNRswas obtained after vacuum filtration followed by washing sequentially with 500 mL
of D.I. water and 100 mL of ethanol, followed by drying in avacuum oven (~ 7 mmHg) at

80°C for 10 h. G-Fe304 was prepared using the same method as above.

7.2.2. Materials characterization

Products were characterized by X-ray diffraction (XRD, Rigaku D/Max Ultimalll);
X-ray photoelectron spectroscopy (XPS, PHI Quantera); scanning electron microscopy
(SEM, JEOL 6500); thermogravimetric analysis (TGA, TA Instruments, Q50); and

transmission electron microscopy (TEM, JEM2100F TEM).

7.2.3. Devicefabrication

The anode was prepared by mixing 80 wt% of the active composite, 10 wt% of
carbon black (Super P), and 10 wt% of polyvinylidene difluoride (PVDF, Alfa Aesar)
dissolved in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to form adlurry that was
then coated onto a copper foil substrate. Electrochemical tests were performed using a
CR2032 battery with alithium metal foil as the counter electrode. The electrolyte was 1
M LiPFs in ethylene carbonate and diethyl carbonate (EC: DEC, 1:1 in volume) and the

separator was a Celgard 2300 membrane.

7.2.4. Electrochemical measur ement

CV tests were done on a CHI660D electrochemical station at a current density of

0.40 mV/s, EIS measurements were carried out on the CHI660D at an open circuit potential
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from 100 kHz to 10 MHz, and the galvanostatic discharge charge tests were carried out on
aLAND CT2001A battery system at room temperature. Capacity values were based on the

mass of the active composite.

7.3. Results and Discussion

7.3.1. Synthesisand structure analysis
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Figure 7.1. Schematic illustration of the synthesis of G-Fe304-GNRs.

The synthesis of G-Fe30s-GNRs is depicted in Figure 7.1. GNRs are scalable and
have high surface area and electrical conductivity, making them a suitable template for
loading FesOs. The GNRs were prepared using a previously described solution-based
chemical splitting of multi-walled carbon nanotubes in 1,2-dimethoxyethane.?8 Fe;O,-
GNRs were synthesized according to a multi-step protocol, where FeCls is loaded onto
GNRs forming FeClz-GNRs, which is then reduced by Na/K alloy to form Fe-GNRs and
finaly oxidized to FesOs-GNRs under ambient conditions.[?® Next, Fes04~-GNRs were
dispersed in an aqgueous solution of poly(dialyldimethylammonium chloride)

(PDADMAC) to form positively charged PDADMAC-Fe30s-GNRs. Findly, G-FesOs-
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GNRs were obtained through electrostatic interaction between PDADMA C-Fes04-GNRs
and reduced graphene oxide3**3 Reduced graphene oxide-FesOs (G-Fes0s), Fe3Os-
reduced graphene oxide (FesO4-G), and FesOs-Graphene oxide (FesO4-GO) as control

samples were also prepared using the same procedures.

The morphologies of G-FesOs-GNRs, FesOs-GNRs, G-Fes04, Fez04-G, Fes0s-GO,
FesOs4, and GNRs were studied by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Figure 7.2a,b show SEM images of FesOs-GNRs at different
magnifications where FesO4 had grown around GNRs (Figure 7.3a,b). Figure 7.2c shows
a TEM image of one strip of FesOs-GNRs, where FesO4 nanoparticles have uniformly
coated the GNR surface. High resolution TEM imaging of Fe3Os-GNRs (Figure 7.2d)
shows that the diameter of FesOs nanoparticles is ~ 10 nm. Without GNRs, Fes0s is
consistent with different size particles and flakes as shown in Figure 7.3c,d, demonstrating
GNRs induce the formation of uniform FesOs4 nanoparticles. Figure 7.3e,f show SEM
images of G-Fe304 at different magnifications, indicating FesOs is in reduced graphene
oxide. TEM images of G-Fe3O4 further show the FesOa4 in the form of nanoparticles and
flakesin reduced graphene oxide (Figure 7.3g-h). Figure 7.3i,j show SEM images of Fez0s-
G at different magnifications indicating FesO4 in graphene, which is further confirmed by
TEM images in Figure 7.3k,l. FesO4-GO demonstrates the similar morphology as shown
in Figure 7.3m-p. Figure 7.2e shows an SEM image of G-Fe30s-GNRs, where reduced
graphene oxide serves as a binder to connect the separated Fe3Os-GNRs together forming
the entirety of G-FesO4-GNRs. The ribbon-like morphology of FesOs-GNRs was still

observed within G-FesOs-GNRs (Figure 7.2f).
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Figure 7.2. (a, b) SEM images of Fe304-GNRs at different magnifications. (c, d)
TEM images of Fe304-GNRs at different magnifications. (e, f) SEM images of G-
Fe304-GNRs at different magnifications.
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Figure 7.3. (a,b) SEM images of GNRs at different magnifications, showing
GNRs with widths of ~ 300 nm and a length of ~ 5 pm that were used in the
syntheses of the Fe304-GNRs and G-Fe304-GNRs. (c,d) SEM images of Fe304 at
different magnifications, showing Fe304 with different size particles and
flakes, which are not uniform. (e,f) SEM images of G-Fe304 at different
magnifications. (g,h) TEM images of G-Fe304 at different magnifications,
showing the morphology of Fe304 in graphene. (i,j) SEM images of Fe304-G at
different magnifications. (k,1) TEM images of Fe304-G at different
magnifications, showing the morphology of Fe304 in graphene. (m,n) SEM
images of Fe304-GO at different magnifications. (o,p) TEM images of Fe304-GO
at different magnifications, showing the morphology of Fe304 in graphene.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were also
used to characterize the composites. Figure 7.4a showed the XRD patterns of GNRs,

Fes0s-GNRs, and G-FesO4-GNRs. The GNRs demonstrated the strong diffraction peak
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(002) of graphite at 26.5°.124% The XRD pattern showed that the iron oxide growing from

the GNRs was Fe304.1343¢ Both the characteristic peaks of GNRs and FesO4 can be

observed from the XRD patterns of Fe304-GNRs and G-Fez04-GNRSs.
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Figure 7.4. (a) XRD patterns of GNRs, Fe304-GNRs, and G-Fe304-GNRs. (b) XPS
spectra of G-Fe304-GNRs. (c) Fe 2p XPS spectrum of G-Fe304-GNRs. (d) XPS
spectrum of C 1s for G-Fe304-GNRs.

Figure 7.4b showed XPS spectra of G-FesOs-GNRs revealing that the composite

contains Fe, C, O with trace amounts of N from hydrazine introduced by reduced graphene

oxide. The two characteristic peaks of Fe 2p3/2 and Fe 2p1/2 depicted in the fine spectra

of Fe 2p were centered at 711 and 725 eV, confirming the formation of FesO4 in the

composite (Figure 7.4c), hence the graphene coating process did not change el ectronic state
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of FesOq4 in the composite.l*”*8 Figure 7.4d showed the fine XPS spectra of Cls of G-
Fes0O4-GNRs with four peaks located at 284.5, 285.4, 286.4, and 287.4 eV assigned to
C=C/C-C, C-O, C=0, O-C=0, respectively.***! The analysis of Cls of G-Fes0s-GNRs
showed that the graphene oxide was not completely reduced by hydrazine. The data

demonstrates that FesOs nanoparticles were indeed grown on the G-Fe3Os-GNRs.
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Figure 7.5. TGA curves of (a) G-Fe304-GNRs showing 60.4% Fe304 content, (b)
Fe304-GNRs showing 79.1% Fe304 content, (c) G-Fe304 showing 53.4% Fe304
content, (d) Fe304-G showing 55.4%, and (e) Fe304-G showing 71.0% Fe304
content, recorded in air at a heating rate of 10 °C/min. The residential of G-
Fe304-GNRs, Fe304-GNRs, G-Fe304, Fe304-G, and Fe304-GO, is Fe203. Fe304
content in the composites was calculated based on the TGA plots considering
the weight gain of Fe203 transformed from Fe304.

TGA experimentswere carried out to determine the FesO4 content in the composites

(Figure 7.5). After graphene wrapping, the FesO4 content decreased from 79.1% to 60.4%
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(Figure 6.5a,b). G-Fe304, Fes04-G, and Fes04-GO as control samples show 53.4%, 55.4%,

and 71.0% Fe3O4 content, respectively (Figure 7.5c-€).

7.3.2. Electrochemical evaluation

au.n b 10 C 2 d
0.5 . 14 il .
5 54 /'-»\I /——”' 1 E.u.ﬁ?'\.‘ _a’/ gn
g 101 ¥ g 2 ] g;
s o 4 o8

2nd
e a3 1 0 15 20 25 3

Voltage [V va Lili')

0.04 ,/.- = = et
/

.

0]

=

@ = @

Current {ma)
LAk _
b

=

Voltage (v vs. LILI) :

s @
> =

0 200 400 €00 800 1000 1200 1400
Capacity (mAhig)

"
a

i

Voltage (V vs LILI")
S &

s =
n e

Current (m#)
Voltage (V vs LILI')

- dis
\ i 2nd charg
1.2 it Y/
2nd o
1.8 —3rd =
oo =

200 400 600 SO0 1000 1200 08 05 10 15 20 25 30 0 50 100 150 200 250 300 350 400
Capacity (mAhig) Voltage [V vs LilLi’) Capacity (mAhig)

-
)

Figure 7.6. Cyclic voltammetry curves of G-Fe304-GNRs (a), Fe304-GNRs (c), G-
Fe304 (e), Fe304-G (g), Fe304-GO (i), and GNRs (k) in the potential range of
0.01 and 3.0 V (vs. Li/Li+) at a scan rate of 0.4 mV/s. The first two discharge
charge curves of G- Fe304-GNRs (b) in the potential range of 0.01 and 3.0 V (vs.
Li/Li*) at a current density of 0.1 A/g, Fe304-GNRs (d), G- Fe304 (f), Fe304-G (h),
Fe304-GO (j), and GNRs (1) at a current density of 0.4 A/g.

The electrochemical performance of G-FexOs-GNRs as anodes in LIBs was
studied. Figure 7.6 showed the cyclic voltammetry (CV) curves and the first two discharge
charge profiles of G-Fes04-GNRs, FesO4-GNRs, and GNRs. As shown in Figure 7.6a,

there were three cathodic peaksat 1.47 V, 0.73V, and 0.50 V in thefirst cycle of CV. The
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cathodic peak at 1.47 V corresponded to the structure transition caused by lithium
interaction with crystalline FesOs, as shown in the equation 7.1 (FesOs + XLi*™ + xe =
Lix(FesO4) (0 < x < 2)). The peak at 0.73 V resulted from further reduction of Lix(FesOs)
to Fe(0) as shown in the equation 7.2 of Lix(Fe3Os) + (8 - X)Li" + (8 - x)e" = 3Fe + 4Li20
(0 < x < 2).112424 The cathodic peak at 0.50 V was a characteristic of the solid electrolyte
interface (SEI) formed on the electrode surface which mainly occurred in the first cycle,
and disappeared in the second cycle. There were two anodic peaks at 1.69 V and 2.00 V
corresponding to the gradual oxidation of Fe(0) to Lix(FesOs) and further to Fe** in two
steps during the first cycle of CV. Figure 7.6b showed the discharge-charge profiles of G-
Fes0s-GNRs at a current density of 0.1 A/g. There was a plateau at ~ 0.80 V in the
discharge process and two plateaus at ~ 1.5V and 2.0 V in the charge process, which was
consistent with peaks in the corresponding CV curves. FesO4-GNRs, G-Fe30a, Fes04-G,
and Fe304-GO display similar phenomena (Figure 7.6¢-j). Figure 7-6k,l show the CV and
charge discharge curves of GNRs. All the discharge capacities of GNRs, Fez04-GO, FezOs-
G, G-Fe304, FesOs-GNRs and G-Fe304-GNRs had a great loss in the second cycle
compared to the first cycle likely dueto the irreversible reaction of the electrodes, the SEI

formation on the surface of the electrodes, and the decomposition of electrolyte.[*221

The rate performance of G-FezOs-GNRs was studied in the potential window of
0.01to 3.0V as shown in Figure 7.7a. The stable capacity at different current densities
was observed. When the current density reduced from 1.0 A/g to 0.1 A/g, the value of
specific capacity of G-Fe30s-GNRs amost had no decay. For example, the value of
discharge capacity was 787 mAh/g at the 30" cycle and 796 mAh/g at the 55" cycle in the

same current density of 0.1 A/g. The results demonstrated the good rate performance of G-
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FesO4-GNRs after extended rate cycles. After 55 cycles of rate test, the morphology of G-

Fes0s-GNRs has no obvious change as shown in Figure 7.8.
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Figure 7.7. (a) Rate performance of G-Fe304-GNRs at various current densities
from 0.1 A/g to 1.0 A/g. (b) Cycling performance of G-Fe304-GNRs, Fe304-GNRs,
G-Fe304, Fe304-G, Fe304-GO, and GNRs at a current density of 0.4 A/g.
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Figure 7.8. (a,b) SEM images of G-Fe304-GNRs electrodes after 55 cycles
discharge-charge processes at different current densities from 0.1 to 1 A/gin
the potential range of 0.01 to 3.0 V. The particles on surface are LiFeFs which
are not completely cleansed by the mixture solution of ethylene carbonate and
diethyl carbonate (1:1 vol:vol).

The cycling performance for G-Fe3O4-GNRs was also evaluated. Figure 7.7b
compared the cycling performance of G-FesOs-GNRs, Fes04-GNRsS, G-Fez04, Fe304-G,
Fes04-GO, and GNRs in LIBs at a constant current density of 0.4 A/g within the same
potential window. GNRs showed a very low, yet stable discharge capacity that increased
from 172 mAh/g at the 2" cycle to 186 mAh/g by the 100" cycle. Fes04-GNR, Fes04-G,
and Fe30s-GO electrodes exhibited a sharp decline in discharge capacity from 926, 752,
and 703 mAh/g in the 2" cycle to 544, 211, and 95 mAh/g by the 25" cycle and finally
only 442, 77, and 57 mAh/g by the 100" cycle, respectively. G-FesO4 el ectrodes show the
low discharge capacity, and gradually decreased from 513 mAh/g at the second cycle to
447 mAh/g at the 100" cycle. However, after graphene wrapping of FesOs-GNR, the
discharge capacity of G-Fe3s0s-GNRs slowly decreased from 800 mAh/g at the second

cycleto 652 mAh/g at the 25" cycle and then rose to 740 mAh/g at the 100" cycle. It finally
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reached a stable discharge capacity of 708 mAg/g after 300 cycles. More importantly, the
Coulombic efficiency of G-FesOs-GNRs was maintained ~ 99.5%, excluding the first
several cycles. Therefore, these results demonstrated that the unique hierarchical sandwich
structure effectively reduced the capacity decay and greatly improved the cycling

performance of G-FezOs-GNRs with a higher Coulombic efficiency in LIBs.

Electrochemical impedance spectroscopy (EIS) experiments were carried out to clarify the
enhanced electrochemical performance of G-FesOs-GNRs (Figure 7.9a). An equivalent
circuit model for this system was established as shwon in Figure 7.9b. In this model, Rsis
the internal resistance of the tested battery, Rsei and Rt represents the SEI surface and
charge-transfer resistance, CPE; and CPE; are associated with constant phase element, Zw
is the Warburg resistance related to the lithium diffusion process, and the Cin is the
interaction capacitance.[*! In the Figure 7.9a, the plots consist of two semicircles in the
high and intermediate frequency range, which result from the Li* ion transport through the
SEl film (Rsei) and the interfacial charge transfer reaction (Rt) combined with CPE; and
CPE., respectively. They aso have a sloping line because of the solid-state Li diffusion
into the active materials (Zw).[*>*® Table 7.1 showed the fitted impedance parameters based
on the experimental Nyquist plots using the established model in Figure 6.9b. Both Rsgi
(32.46 Q) and R (9.60 Q) of G-FesOs-GNRs are lower than that of FesOs-GNRS (Rsel =
47.42 Q and Ry = 21.66 Q), G-Fes04 (Rsi = 73.22 Q and Ret = 35.73 Q), Fes04-G (Rsel =
52.01 Q and Ry = 53.34 Q), and Fes04-GO (Rsei = 46.11 Q and Ry = 97.53 Q), which
means G-Fex0s-GNRs have a more stable surface film and faster charge transfer process

than the other control samples.[*9l |t indicates that incorporation of graphene and GNRs on
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G-Fes0s-GNRs can greatly improve its electrical conductivity and mechanical stability,

resulting in significant improvement in the electrochemical performance.
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Figure 7.9. (a) Nyquist plots of G-Fe304-GNRs, Fe304-GNRs, G-Fe304, Fe304-G,
Fe304-GO, and GNRs. The insert is the enlarged high frequency region. (b)
Equivalent circuit that is used to fit the experimental data.

Table 7.1. The EIS simulation parameters of G-Fe304-GNRs, Fe304-GNRs, G-
Fe304, Fe304-G, and GNRs.
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Active material
G-Fe,0,-GNRs
Fe,0,-GNRs
G-Fe;0,
Fe;0,-G
Fe;0,-GO
GNRs

R, (Q)
5.05
5.70
6.34
7.60
6.24
5.62

CPE, (uF)
96.88
63.46
40.00
38.68
30.08
33.88

Rse (Q)
32.46
47.42
73.22
52.01
46.11
46.98

R.(Q)
9.60
21.66
35.73
53.34
97.53
2.16

CPE, (1F)
5.89
456.40
709.70
587.60
85.48
14.92

Z,(Q)
1770
96.62
79.43
93.37
119.15
64.06

CineMF)
31.26
31.80
53.00
101.9
63.58

9.16

7.4. Conclusion

In summary, we successfully designed and synthesized a nanoscale sandwiched

composite of graphene-FezO4-graphene nanoribbons. In this composite, graphene flakes

tightly sandwiched the nanosized FesO4 which grew directly on the GNRs. Electrochemical

experiments demonstrate that the G-FesOs-GNRs exhibit good rate performance and

improved cycling stability as anode materials due to the synergy among FesOs, reduced

graphene oxide, and GNRs. The design concept devel oped here opens up anew avenue for

constructing anodes with an improved el ectrochemical stability for lithium ion batteries.
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Chapter 8

Sandwich Structured Graphene-FeS-
graphene Nanoribbonswith | mproved
Cycling Stability for Lithium lon Batteries

This chapter was entirely copied from reference 1.

8.1. Introduction

Environmental issues and the decreasing supply of fossil fuels become the serious
socia problems nowadays. They have triggered great research efforts on sustainable and
renewable energy resources.!?? As an important part of energy conversion, energy storage
devices provide a way to use energy in a clean, efficient, and versatile manner in
applications. Lithium ion batteries (LIBs) are considered among the most practical and
effective technologies for electrochemical energy storage.[* LIBs can be wildly used in
electric vehicles, multifunctional electric devices, communication equipments, and the
renewable energy integration.®” Therefore, developing LIBs with high energy density,
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super power density, and excellent cycling performance becomes critical. Numerous
efforts have been devoted to devel op the new el ectrode materials satisfying these demands
of LIBs.>" Electrochemically active metal sulfide (MSx) are used as promising candidates
for anode materials due to their high theoretical capacity and natural abundance.®*®
Among these metal sulfide, iron sulfide (FeS) has attracted great attention thanks to its

outstand electrochemical properties, low cost, and natural abundance.[*>28l

However, there are still two obstacles hindered the applications of FeS-related
anode materials in LIBs. The first problem is the large volume variation of FeS in
conversion reaction. The 200% volume change of FeS results in the pulverization of the
electrode materials, leading to the quick capacity decay.[*®! The other one is that the
intermediate of lithium polysulfide (LisSx 1<x<8) produced in the discharge/charge
processes is soluble in electrolyte. This causes the loss of the active materials. The soluble
polysulfide can also migrate to the cathode side and react with both the cathode and
anode.'®*"1 Thisresults in poor cycling stability of the electrodesin LIBs. Large amounts
of efforts have been devoted to solve these problems based on carbon coating and
nanosized FeS.'®1 For example, Xu et al. reported the carbon coated FeS nanosheet
demonstrated high capacities with stable cycling stability at fast charge/discharge rates.
The discharge capacity can retain at 260 mAh/g at a current density of 6,000 mA/g (10C)
at the 100th cycle.[*™ Wang et al. prepared TiO, modified FeS nanostructures showed the
reversible capacity of 510 mAh/g after 100 discharge/charge cycles at 200 mA/g.[8
Recently, our group developed sandwich structured nanocomposites of graphene-MnOa-

graphene nanoribbons demonstrated great improvement in cycling stability of anode

171



materials based on the conversion reactions.*¥ This nanostructure might solve the

problems regarding the FeS related anode materials.

In this study, the sandwich structured graphene-FeS-graphene nanoribbons
(G@FeS-GNRs) were designed and prepared. In this structure, graphene and graphene
nanoribbons (GNRs) improve the electrical conductivity of the composite G@FeS-GNRs
dueto their high electrical conductivity and the good contact with FeS. They can also buffer
the volume change and mitigate the negative effect of pulverization caused by volume
change. More importantly, they can prevent the direct contact between the polysulfide and
electrolyte, reducing the solubility of intermediate polysulfide during Li ion conversion
reaction with Li, thus improving its electrochemical stability. G@FeS-GNRs as anode
materials demonstrate high capacity, excellent rate and cycling performance. The
reversible discharge capacity of G@FeS-GNRs can reach 693 mAh/g at 0.1 A/g at second
cycle and retained 536 mAh/g after 100 cycles at 0.4 A/g. Thus, G@FeS-GNRs are the

superb candidates of the anode materialsin LIBs.

8.2. Experiments

8.2.1. Materials synthesis
8.2.1.1. Synthesis of FesOs+-GNRs

GNRs were prepared through the solution-based chemical unzipping multi-walled
carbon nanotubes in 1,2-dimethoxyethane as described previously.?? 50 mg of GNRs and
150 mg of FeClz were placed in the glass ampule and sealed under vacuum using acetylene

torch. The ampule was placed in the oven at 350 °C for 24 h to conduct the intercalation
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process. After this, the FeClz-GNR intercalation product was transferred into the glass
flask, sealed and carefully purged with nitrogen. Next, 17.5 ml of freshly distilled DME
and 0.5 ml of Na/K alloy was added in the flask. The reaction mixture was stirred within
15 h at room temperature. After the end of the reaction, methanol was added, and the
obtained product was carefully purified by filtration with water, methanol, acetone and
diethyl ether and dried under vacuum. In a next step, the synthesized iron oxide-GNR
product was placed in the glass ampule with 300 mg of FeCls, sealed under vacuum and
placed at 350 °C in the oven for 24 h for the second intercalation step. The product of
double intercalation was transferred into the glass flask, sealed and purged with nitrogen.
Freshly distilled DME (17.5 ml) and N&/K alloy (0.6 ml) were added and reacted at room
temperature under magnetic stirring within 20 h. Finaly, methanol was added to the
reaction mixture and the target product was collected, filtered with water, methanol,

acetone and diethyl ether and dried under vacuum. 0.38 g of product was obtained in final.

8.2.1.2. Synthesis of G@Fe304-Gs

G@Fe304-Gs were prepared in two steps. The first step was to positively charge
the Fe3s0s-GNRs by dispersing it in agueous polydialyldimethylammonium chloride
(PDADMAC, Sigma-Aldrich). 50 mg of FesOs-GNRs was dispersed in 50 mL D.I. water
containing 0.5 mL of PDADMAC. After 5 h stirring at room temperature, positively
charged PDADMAC-Fe304-GNRs (38 mg) was obtained via vacuum filtration and
washing the solid with D.I. water (400 mL) and ethanol (100 mL), and drying itinavacuum
oven (~ 6 mmHg) at 80 °C for 10 h. Then, 38 mg of PDADMAC-Fe30s-GNRs was
dispersed in 40 mL D.I. water by ultrasonic treatment and the solution was adjusted to pH

~8 using 1 M ammonia in ethanol. The PDADMA C-Fe304-GNRs suspension was added
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to a negatively charged graphene solution that was prepared by reduction of 20 mg of
graphene oxide in 40 mL D.I. water adjusted to pH ~8 using 1 M ammonia with 22.6 pL
of hydrazine, and the mixture was stirred for 5 h. 40 mg of G-Fe304-GNRs was obtained
after vacuum filtration followed by washing sequentially with D.l. water (400 mL) and

ethanol (100 mL) and drying in avacuum oven (~ 6 mmHg) at 80 °C for 10 h.

8.2.1.3. Synthesisof G@FeS-GNRs

G@FeS-GNRs were prepared by vulcanization of G@Fez0s-Gs in the CVD
system. G@Fe304-GNRs (30 mg) were loaded into the CVD system in the mixture flow
of Ar (190 sccm) and H2 (10 scem). The sulfur source (1 g) was placed ~ 15 cm away from
the G@Fe304-GNRs at the upstream zone of the horizontal quartz tube at in the furnace.
The reaction chamber was evaporated to ~ 16 mT by completely open the vacuum valve
and kept this condition for 10 min in order to completely remove the oxygen in the
chamber. Then, the vacuum valve was turn off and the chamber pressure was adjusted to
ambient pressure. The temperature was increased to 380 °C from room temperature at the
heating rate of 20 °C/min and kept at 380 °C for 1 h. After the reaction, the heating power
was shut off and G@FeS-GNRs (29 mg) was obtained after the sample was naturaly

cooled down to room temperature in the flow of Ar.

8.2.2. Materials Characterization

Products were characterized by XRD (Rigaku D/Max Ultima 1), XPS (PHI
Quantera), SEM (JEOL 6500), TEM (JEM2100F TEM), and thermogravimetric analysis

(TGA, TA Instruments, Q50).
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8.2.3. Devicefabrication

The anode was prepared by mixing 80 wt% of the active composite, 10 wt% of
carbon black (Super P), and 10 wt% of polyvinylidene difluoride (PVDF, Alfa Aesar)
dissolved in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to form adlurry that was
coated on a copper foil substrate. The electrode was dried in vacuum oven (~ 6 mmHg)
at 100 °C for 10 h. Electrochemical tests were performed using CR2032 coin-type cells
with lithium metal foil asthe counter electrode. The electrolyte was 1 M LiPFe in
ethylene carbonate and diethyl carbonate (EC: DEC, 1:1 in volume) and the separator

was Celgard 2300 membrane.

8.2.4. Electrochemical measur ement

CV tests were done on a CHI660D electrochemical station at a current density of
0.40 mV/s. EIS measurements were carried out on the CHI660D at the open circuit
potential in the frequency ranges of 100 kHz to 10 mHz. The galvanostatic discharge
charge tests were carried out on the LAND CT2001A battery system at ambient

environment. The capacity was obtained based on the total mass of the active materials.

8.3. Results and Disussion

8.3.1. Synthesisand Structure Analysis

The synthesis of G@FeS-GNRs is depicted in Figure 8.1. FeClz was loaded on
GNRs forming the FeCl3-GNRs, which were reduced by Na/K alloy to Fe-GNRs. Fe30s-

GNRswere obtained by the oxidation of Fe-GNR under ambient condition. Following this,
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Fes0s-GNRs were positively charged by dispersing them in aqueous solution of
polydialyldimethylammonium chloride (PDADMAC) forming PDADMAC-FeOs-
GNRs. G@Fes04-Gs were obtained through the electrostatic interaction between the
positively charged PDADMA C-Fes04-GNRs and the negativel y charged reduced graphene
oxide, which was prepared by reduction of graphene oxide in hydrazine. Finally, G@FeS-
GNRs was obtained after the vulcanization of G@Fe:04-GNRs. As a control, FeS-

graphene nanoribbons (FeS-GNRs) were prepared in the same procedure without the

graphene wrapping process.
FeCl; Na/K -
‘ - : . A
GNRs FeCl;-GNRs Fe-GNRs

380°C - (2) Reduced

G@FeS-GNRs G@Fe;0,-GNRs Graphene oxide Fe;0,-GNRs

Figure 8.1. Schematic Illustration of the Synthesis of G@FeS-GNRs.

The morphologies of the FeS-GNRs and G@FeS-GNRs were characterized by
scanning el ectron microscopy (SEM) and transmission electron microscopy (TEM). Figure
8.2a,b showed the structure of FeES-GNRs at various magnifications. FeS homogeneously
grew on the surface of GNRs. The high resolution TEM image of FeS-GNRs demonstrated
that the synthesized FeS were nanosized particles with the size of ~ 30 nm as shown in
Figure 8.2e,f. The morphology of FeS-GNRswas further studied by the elemental mapping

of C, O, Fe, and S. As shown in Figure 8.2e-h, these elements were uniformly distributed
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in the GNRs. After the graphene wrapping, the morphology of G@FeS-GNRs was
characterized by SEM as shown in Figure 8.2¢,d. Graphene connected FeS-GNRs forming

a utility. The separated FeS-GNRs can be observed on its surface in the high resolution

(Figure 8.2d).

Figure 8.2. SEM images of FeS-GNRs (a,b) and G@FeS-GNRs (c,d). TEM images
of FeS-GNRs (e,f) and corresponding elemental mapping of (e) C, (f) O, (g) Fe,
and (h) S.

The composites were also characterized by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and thermogravimetric analysis (TGA). Figure 8.3a
showed the XRD pattern of GNRs, G@Fe304-Gs, and G@FeS-GNRs. The GNRs

demonstrated a strong diffraction peak (002) of graphite centered at 24.6°.[1%2U This peak
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was obvious in the composites of G@Fe30s-GNRs and G@FeS-GNRs. All the other

diffraction peaks of G@FeS-GNRs can be attributed to FeS (JCPDS 65-9124).17 |t

demonstrated that FezO4 was totally converted to FeS in the composites. Figure 8.3b was

the survey XPS spectrum of G@FeS-GNRs. It can be seen that G@FeS-GNRs contained

C, N, Fe, and O. O probably arises from the oxidation of FeS forming the iron oxide.[?3
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Figure 8.3. (a) XRD patterns of GNRs, G@Fe304-Gs, and G@FeS-GNRs. (b) XPS

spectrum of G@FeS-GNRs.

TGA experiment was also carried out to determine the FeS content in the

composite. As shown in Figure 7-4, the TGA curve showed 37.4 wt% loss of G@FeS-

GNRs heated in air up to 900 °C, implying that the FeS content in the composite was 68.9

%.
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Figure 8.4. TGA curve of G@FeS-GNRs.

8.3.2. Electrochemical Evaluation

The electrochemical performance of G@FeS-GNRs as anodes in LIBs was
analyzed. Cyclic voltammetry (CV) was taken place in order to understand the redox
reaction of the electrode materials as shown in Figure 8.5a. In thefirst discharge cycle, the
peak at 1.60 V was related to the reduction of Li with FeS forming LiFeS.[*5"2 The
sharp cathodic peak at 1.05 V resulted from the conversion reaction between Li and FeS,
which formed LizS and Fe.?*? The pesk at 0.66 V was from the formation of solid

electrolyte interface (SEI) on the surface of the electrode materials.[11%24 |n the following
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charging process, the anodic peak at 1.97 V was caused by the oxidation of Feto Li>xFeS,
(0=x<2).[52728 There was a sharp anodic peak at 2.40 V, which was also showed in the
discharge charge curves with asmall plateaus at 2.33 V in Figure 7-5b. In the second cycle
and subsequent cycles, the cathodic peak at 0.66 V disappeared demonstrated that SEI
mainly formed at the first cycle. The anodic peak at 2.40 V in CV (2.33 V in discharge
charge curves) also disappeared. At the same time, the new cathodic peaks at 0.75 V
became weaker and weaker with the augment of cycles number. All these abnormal peaks
might result from the oxidation of FeS forming the iron oxide in the composite.?*?2 This
phenomena were also observed in other published works using FeS related materials as
anodes.[*>18 The peaks at 1.90 V and 1.32 V were related to the formation of Li2FeS from
Lio.xFeS. The anodic peaks around 2.00 V was the reversible processes from LizxFeS to
Li2FeS.I?8 In the first two discharge-charge profiles, the plateaus in the discharging and
charging processes were consistent with the CV data. In addition, the first discharge
capacity of G@FeS-GNRswere higher in value when compared to the theoretical capacity,
which might result from decomposition of electrolyte, irreversible electrode reactions
and/or the surface formation of SEI on the electrodes.[*® FeS-GNRs demonstrated the

similar phenomenain CV and discharge charge curves as shown in Figure 8.5¢,d.
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Figure 8.5. Cyclic voltammetry curves of G@FeS-GNRs (a) and FeS-GNRs (c) in
the potential range of 0.01 and 3.0 V (vs. Li/Li+) at the scan rate of 0.4 mV/s.
The discharge charge curves of G@FeS-GNRs (b) and FeS-GNRs (d) in the
potential range of 0.01 and 3.0 V (vs. Li/Li*) at the current density of 0.1 A/g.

The rate characteristics of G@FeS-GNRs were measured in the potential range of
0.01and 3.0V (vs. Li/Li*) asindicated in Figure 8.6a. The stable capacity is observed at
the same current densities in the range of 0.1 A/g to 1.0 A/g. At a current density of 0.1
Alg, the capacity of G@FeS-GNRswas 693 mAh/g at the second cycle. At thehigh current
density of 1.0 A/g, its discharge capacity was 498 mAh/g at the 25th cycle. When the
current density was reduced back from 1.0 A/gto 0.1 A/g, the value of capacity at different

current densities not only returned, but also increased with the augment of cycle numbers,
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such as the discharge capacity of 731 mAh/g at the 55th cycle in the current density of 0.1
A/g. On the contrary, FeS-GNRs showed low capacity that was only 78 mAh/g at the 25th
cycle and bad rate performance. These results demonstrate that G@FeS-GNRs have

improved rate performance in high capacity.
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Figure 8.6. (a) Rate performance of G@FeS-GNRNRs at various current
densities from 0.1 A/g to 1.0 A/g with respect to the cycle numbers. (b) Cycling
performance of FeS-GNRs and G@FeS-GNRs at the current density of 0.4 A/g.
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The cycling performance for G@FeS-GNRs was aso evauated using extended
discharge-charge experiments at a current density of 0.4 A/g in the same potential range as
indicated in Figure 8.6b. The reversible discharge capacity of G@FeS-GNRs was 616
mAh/g at second cycle. It still maintained a high capacity and reached 536 mAh/g after
100 cycles. FeS-GNRs suffered the rapid capacity decay. The discharge capacity decreased
from 826 mAh/g on second cycle to 324 mAh/g after 10 cycles, only 157 mAh/g retained
after 100 cycles. G@FeS-GNRs demonstrated a greatly improved cycling performance in
LIBs compared to FeS-GNRs. Therefore, the design strategy worked efficiently and

resulted in good el ectrochemical performance of G@FeS-GNRsin the LIBs.

EIS was utilized to study the kinetic properties of the G@FeS-GNRs, which have
made significant improvements in capacity, rate performance, and cycling stability in the
LIBs. Figure 8.7 shows the Nyquist plots of initiadl G@FeS-GNRs and FeS-GNRs. The
insert is the equivalent circuit model.[1%192%3U The intercepts between the plot of G@FeS-
GNRs and FeS-GNRs and x-axis stand for the internal resistance of the tested battery (Rs).
The semicircles in the high and intermediate frequency range result from the Li* ion
transport through the SEI film and the interfacial charge transfer reaction (Rsgi+ct)
combined with the constant phase element and the el ectrochemical double-layer capacitive
behaviors CPE. The sloping line with an angle ~ 45° to the real axisin the low frequency
region is attributed to the solid-state Li diffusion into the active materias (Zw).*¥ The
experimental Nyquist plots are modeled based on the equivalent circuit. The fitted
impedance parameters are listed in Table 8.1. The Rsei+«t Of FES-GNRs is 188.7 Q and

decreases to 39.6 Q for G@FeS-GNRs. This demonstrates the graphene wrapping greatly
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enhances the electrical conductivity of G@FeS-GNRs. This change is consistent with the

variation in rate performance and cycling performance of G@FeS-GNRs and FeS-GNRs.
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Figure 8.7. Nyquist plots of FeS-GNRs and G@FeS-GNRs. The insert is the

equivalent circuit that was used to fit the experimental data.
Table 8.1. The EIS simulation parameters of G@FeS-GNRs and FeS-GNRs.

Active material R,(Q) CPE (pUF) R¢rhee (Q) Z,(Q) Ci(mF)
G@FeS-GNRs 5.8 1.9 39.6 94.2 32.0
FeS-GNRs 3.0 0.4 188.7 303.0 135

8.4. Conclusion

In summary, we have successfully designed and synthesized sandwich structured
graphene-FeS-graphene nanoribbons (G@FeS-GNRS). In this composite, the nanosized

FeS particles were sandwiched between the graphene and graphene nanoribbons.
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Electrochemical experiments demonstrate that G@FeS-GNRs exhibit high capacity, good
rate performance, and improved cycling stability as anode materials due to the synergic
effect among the graphene, graphene nanoribbons, and FeS. The method devel oped hereis

practical for the large-scale development of anode materials for lithium ion batteries.
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Chapter 9

SnO2-Reduced Graphene Oxide Nanoribbons
AsAnodefor Lithium lon Batterieswith
Enhanced Cycling Stability

This chapter was entirely copied from reference 1.

9.1. Introduction

The electrochemical storage of energy using lithium ion batteries (L1Bs) is a most
effective and practical technology.>® LIBs need high power and energy density with
excellent performance during cycling to meet critically important needs of growing
applications in electric vehicles, multifunctional electrical devices and communications
equipment. LIBs will also be important in storing the energy produced using renewable
energy sources since such sources may be far from existing electrical grids.* The
development of better electrode materials has been the subject of intense research.>28 Tin
oxide (SnO») has attracted attention because it has a theoretical reversible capacity of ~
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790 mAh/g, which is almost two times higher than that of anodes based on graphite.[” !
However, the reversible charging and discharging process is accompanied by a large
volume variation. The volume change can result in the pulverization of SnO» and the loss
of electric contact. These causes quick capacity decay upon extending cycling.!”9
Therefore, the devel opment of SnO--based anodes with enhanced cycling stability and high

capacity is becoming important.

Research based on different strategies for improvement of SnO»-based anodes has
been reported. One approach is to prepare the SnO2-based composites using different
carbon materials, such as amorphous carbon,®*? graphene,***" carbon nanotubes,[*82
and graphene nanoribbons.[?!! The carbon materials not only relax the volume variation,
but aso improve the electrical conductivity of the composites. Another approach isthe use
of nanostructured SnO; such as nanotubes, 23 nanowired?! and nanosheets,[* to buffer
the volume variation. At the same time, the nanostructures can improve the kinetic
properties of the electrode materials, stabilize the solid electrolyte interface (SEI), and
improve the rate performance.l*? To prepare the SnO, composites with other matrix
elements or metal oxides and control the proper voltage range of the batteries can be also
helpful to reduce the negative effect caused by the volume changes.[*"*8272 These
strategies have made improvements in the electrochemical performance of the SnO. based
anode materials. However, the cycling stability of the SnO- based anode materials has not
been similarly improved. Therefore, preparation of high capacity SnO»-based anode

materials with improved cycling stability remains a challenge worth pursuing.

In this study, we developed a facile strategy to fabricate SnO2-reduced graphene

oxide nanoribbons (SnO,-rGONRs), which have both the merits of SnO. nanostructures
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and carbon materials amed at the improvement of LIBs energy storage, especialy the
cycling performance. The synthesis of graphene oxide nanoribbons (GONRYS) is scalable;
GONRSs have a high surface area, making them suitable templates on which to directly
grow SnO> nanoparticles without aggregation using a wet chemistry process in water to
form the Sn0O»-GONRs!*3U SnO,-rGONRs were produced by reduction with
hydrazine.®® rGONRs maintain contact with the SnO, nanparticles, producing good
electrical conductivity of the SnO>-rGONRs. More importantly, rGONRs improve the
electrochemical stability characteristics of the composite, thereby buffering volume
changes, thus. The non-aggregated, nanosized SnO; particles effectively relieve volume
change stress due to their high surface area. What is more, the nanosized structure can
reduce the diffusion path length of the metal particles that are forming through the alloy-
dealloy process, increasing the concentration of Li ion in the active materias, leading to
the enhancement of the anode kinetic and current rate capabilities.[?® SnO,-rGONRs as
anode materials demonstrate high capacity, good rate performance, and excellent cycling
operation. The reversible discharge capacity was 640 mAh/g at 3.0 A/g after 160 cycles
and 1027 mAh/g at 0.1 A/g after 165 cycles with current rates varying from 0.1 to 3.0 A/g.
The discharge capacity shows no decay and increases about 2.2% after 600 cycles
compared to the second cycle at a current density of 1.0 A/g. Based on this data, SnO--
rGONRs are superb candidates for use as anode materias with great cycling stability in

LIBs.
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9.2. Experiments

9.2.1. Materials synthesis
9.2.1.1. Synthesis of graphene oxide nanoribbons

Graphene oxide nanoribbons (GONRS) were prepared as previously described.[?9]
Briefly, 300 mg of MWCNTSs were suspended in the mixture of concentrated H>SO4 (72
mL) and H3PO4 (8 mL), and 1500 mg of KMnO4 were added. The reaction mixture was

then heated to 65 °C for 2 h and worked up as previously described.

9.2.1.2. Synthesis of SnO2-reduced graphene oxide nanoribbons

SnO»-graphene oxide nanoribbons (SnO2-rGONRS) were prepared by a modified
polyol method followed by the chemical reduction of GONRSs. In a typica procedure,
GONRSs (200 mg) were dispersed in a solution of deionized water (D.l. water, 50 mL) and
ethylene glycol (150 mL) by bath sonication (30 min, Cole Parmer ultrasonic cleaner) and
tip sonication (5 min, Misonix Sonicator 3000). SnCl> (1000 mg, 4.4 mmol) was added to
the above dispersion and the mixture was bath sonicated for 5 min, followed by adding
NaOH (solid, 400 mg, 10 mmol). The reaction was kept at 160 °C for 2 h. SnO>-GONRSs
(750 mg) was collected after centrifugation with D.1. water and methanol (4 cycles of 20
min each) and drying in a vacuum oven of 3.1 inch Hg at 60 °C for 20 h. Finaly, SnO»-
GONRs were dispersed in D.l. water and were reduced by hydrazine (0.035 mL, 0.72
mmol) and NH4OH (0.15 mL, 2.1 mmol) at 95 °C for 2 h. SnO>-rGONRS were obtained
after centrifugation with D.I. water (50 mL, 2 times) and methanol (50 mL, 2 times),

followed by drying in avacuum oven of 3.1 inches Hg at 60 °C for 20 h.
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For comparison purposes, rGONRs without SnO. were obtained after the reduction

of GONRs with hydrazine similar to the procedure described above.

9.2.2. Materials characterization

Products were characterized by XRD (Rigaku D/Max Ultima II); XPS (PHI

Quantera); SEM (JEOL 6500); TGA (TA Instruments, Q50); and TEM (JEM2100F TEM).

9.2.3. Device abrication

80 wt% of active composite, 10 wt% of carbon black (Super P), and 10 wt% of
polyvinylidene difluoride (PVDF, Alfa Aesar) were dissolved in N-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich) to form the slurry. The slurry was coated on a copper fail
substrate and was dried in vacuum oven at 120 °C for 10 hours forming the anode. The
mass laoding of the electrodes is ~ 0.7g/cm?. Electrochemical tests were performed using
CR2032 coin-type cells with lithium metal foil as the counter electrode. The electrolyte
was 1 M LiPFs in asolution of ethylene carbonate and diethyl carbonate (1:1 vol:val).

Celgard 2300 membrane was used as separator.

9.2.4. Electrochemical measur ement

Cyclic voltammetry (CV) tests were done on a CHI660D electrochemical station at
a current density of 0.60 mV/s, Electrochemical impedance spectroscopy (EIS)
measurements were carried out on the CHI660D at the open circuit potential in the
frequency range of 100 kHz to 10 mHz, and the galvanostatic discharge charge test was
carried out on the LAND CT2001A battery system at room temperature. The capacity

value was based on the mass of the active materias of SnO,-rGONRSs.
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9.3. Results and Discussion

9.3.1. Synthesisand structure analysis

KMnO,

>
H,P0O,/H,S0,

MWCNTs GONRs

SnCl, NaOH
C,H¢0,

ogsis o‘.
LYY g‘.‘-‘{{!:é"n-
.'..Ov

Sn0O,-rGONRs Sn0,-GONRs

Figure 9.1. Schematic illustration of the synthesis of Sn02-rGONRs.

The preparation of SnO>-rGONRs is shown in Figure 9.1. Multiwalled carbon

nanotubes (MWCNTS) were used to prepare the GONRS by unzipping using solution

chemistry. Then, SnO,-GONRs were obtained through the reaction between SnCl> and

NaOH in the presence of GONRsin ethylene glycol. Finally, SnO,-rGONRs was obtained

by hydrazine reduction. In order to well study the morphology of SnO,-rGONRs, rGONRs

were also prepared in the same way of SnO,-rGONRSs.
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The structure of the SnO2-rGONRs and rGONRs was characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Figure 9.2a-d
show the morphology of rGONRs at awidth of ~ 300 nm and ~ 8 um length. Figure 9.2ef
depict the structure of SnO>-rGONRSs at various magnifications. Nanosized SnO- particles
homogeneously grew on the surface of rGONRs. The high resolution TEM images of

SnO,-rGONRSs in Figure 9.2g,h demonstrate that the synthesized SnO- were nanosized

particles, which formed athin surface layer on rGONRs.

Figure 9.2. SEM images of rGONRs (a, b), Sn02-rGONRs (e, f), and Sn0O2-
rGONRs-200 (i, j) at different resolutions. TEM images of rGONRs (¢, d), Sn02-
rGONRs (g, h), and Sn02-rGONRs-200 (k, 1) at different resolutions.

The composites were also characterized by X-ray diffraction (XRD) and X-ray
photoel ectron spectroscopy (XPS). The XRD pattern of rGONRs and SnO>-rGONRS is

shown in Figure 9.3a. The rGONRs demonstrated the diffraction peak (002) of graphite
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centered at 24.6°.1%¥ This peak was absent in the SnO2-rGONRs because SnO:
nanoparticles covered the surface of the rGONRs and the strong XRD peaks of SnO2
overlapped those of the rGONRs. Figure 9.3b is the survey XPS spectrum of composite
SnO2-rGONRs. From this analysisit is seen that SnO,-rGONRs only contained Sn, C, O,
and trace amounts of N, the last probably arises from the hydrazine. Moreover, Sn 3d3/2
and Sn 3d5/2 were detected in the fine spectrum of Sn 3d, confirming the formation of
SnO2-containing SnO.-rGONRs (Figure 9.3c). Figure 9.3d shows the fine XPS Cls
spectrum of of SnO>-rGONRs, which was deconvoluted into five peaks located at 284.5,
285.5, 286.4, 287.6, and 289.1, which were assigned to C=C (sp? C), C-C (sp® C), C-O,
C=0 and O-C=0, respectively.3%334 The low concentration of oxidized carbon in the
SnO2-rGONRs suggests that the GONRs were amost completely reduced by
hydrazine.[3*3¥ The data demonstrates that SnO nanoparticles are indeed grown on the

rGONRs.
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Figure 9.3. (a) XRD pattern of Sn02-rGONRs and rGONRs. (b) XPS spectra of
Sn02-rGONRs. (c) Sn 3d XPS spectra of Sn02-rGONRs. (d) C1s XPS spectra of
Sn02-rGONRs.

TGA experiment was aso carried out to determine the SnO2 content in the
composite. Figure 9.4 showed the TGA curve of SnO>-rGONRs demonstrating 70% SnO>

content in the composite measured in air at the heating rate of 5 °C min™.
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Figure 9.4. TGA curves of Sn02-rGONRs showing 70% Sn0O2 content recorded
in air at a heating rate of 5 °C min-1.

9.3.2. Electrochemical evaluation

The electrochemical performance of SnO>-rGONRs as anodes in LIBs was
anayzed. Figure 9.5a shows the first two cycles of CV. In the first discharge cycle, there
are three cathodic peaks centered at 1.3V, 0.8V, and 0.06 V. The peak at 1.3 V results
from the reduction of SnO- to SnO and the formation of Li2O; the broad cathodic peaks ~
0.8 V result from the reduction of SnO2 to Sn and Li20, SnO to Sn, and the formation of

solid electrolyte interface; the peak at 0.06 V is from the aloying of Sn and Li and the
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intercalation of lithium ion into the rGONRSs. At the same time, there are two anodic peaks
at 0.57V and 1.26 V. The former peak isthe dealloying of Sn and Li, the other peak results
from the partial conversion of Snto SnO2 and SnO.[%% |n the second cycle, the broad peak
at 0.8 V disappears and a new appears at 0.96 V. This demonstrates that the formation of
SEI mainly occurs in the first cycle and the new peak results from the peak shift of the
reduction reaction of SnO..[ The CV curves mostly overlap, indicating the good
reversibility of the electrochemical reaction. In the first two discharge-charge profiles, two
plateaus in the discharging and charging processes are consistent with the CV data (9.5b).
In addition, thefirst discharge capacity of SnO,-rGONRsis higher in value when compared
to the theoretical capacity, which might result from decomposition of electrolyte,

irreversible electrode reactions and/or the surface formation of SEI on the electrodes.®®
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Figure 9.5. (a) CV voltammograms of Sn02-rGONRs at the scan rate of 0.4 mV/s
in the potential range of 0.01 and 3.0 V (vs. Li/Li+). (b) The first two discharge-
charge curves of Sn02-rGONRs at a current density of 0.1 A/g in the potential
range of 0.01 and 3.0 V (vs. Li/Li*).
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Figure 9.6. Rate performance of Sn02-rGONRs (a) at various current rates
from 0.1 A/g to 3.0 A/g with respect to the cycle number. (b) Cycling
performance of Sn02-rGONRs, Sn02 (c), and rGONRs (d) at 1.0 A/g.

The rate characteristics of the SnO>-rGONRs were evaluated in the same potential
window as indicated in Figure 9.6a. The stable capacity is observed at different current
densities from 0.1 A/g to 3 A/g. At a current density of 0.1 A/g, the capacity of SnOo-

rGONRs was 942.8 mAh/g at the 2" cycle. At the high current density of 3 A/g, the
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discharge capacity of SnO2>-rGONRs was ~ 640 mAh/g. When the current density was
reduced back from 3.0 A/g to 0.1 A/g, the value of specific capacity at different current
densities returned to its original value and then, at the same current density, increased as
the cycle numbers increased. An increase in the capacity to 1027 mAh/g at the 165" cycle
was obtained at a current density of 0.1 A/g. These results demonstrate that SnO,-rGONRS

electrode materials have high capacity and good rate performance.

The cycling performance for SnO>-rGONRs was also measured using discharge-
charge repetition at a current density of 1.0 A/g asindicated in Figure 9.6b. Thereversible
discharge capacity of SnO>-rGONRs was 737 mAh/g on its second cycle. The value
dropped slowly to 598 mAh/g at the 30" cycle, but then increased in the following cycles
and reached 806 mAh/g at the 448" cycle. The increase of the capacity in the following
cycles indicated that the materials of SnO>-rGONRs might have an activation step. The
electrolyte did not well contact with inner part of SnO>-rGONRS. It took some time for the
electrolyte to flood the inner part of the active materials. When they contacted with each
other with the augment of the cycle numbers, the inner part of SnO2>-rGONRS became
electrochemically active, leading to the capacity increase. It still maintained a high capacity
and reached 753 mAh/g after 600 cycles. In addition, the Coulombic efficiency of SnO.-
rGONRs remained at > 99.5% excluding the first several cycles. On the contrary, the
discharge capacity of pure SnO2 was only 322 mAh/g at the 2" cycle as shown in Figure
8-6¢. It also suffered serious capacity decay with less than 20% capacity retained after 40
cycles from the 2" cycle. Figure 9.6d showed the cycling performance of rGONRS.
Therefore, the materials of SnO>-rGONRs demonstrate a greatly improved cycling

performancein LIBs. The morphology of SnO2-rGONRs after 200 cycles discharge-charge
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processes (SnO2-rGONRs-200) (Figure 9.2i,j) amost has no change compared to theiinitial
morphology of SnO,-rGONRs in Figure 9.2e,f. The morphology of SnO,-rGONRs-200
was also analyzed by TEM shown in Figure 9.2k,|. The particle still had good crystal
structure. Therefore, the design strategy worked well and resulted in good el ectrochemical

performancein the LIBs.

EIS was utilized to study the kinetic properties of the SnO.-rGONRs, which have
made significant improvements in rate performance, capacity, and especialy the excellent
cycling stability in the LIBs. Figure 9.7a shows the Nyquist plots of initial SnO>-rGONRs
and SnO.-rGONRs-200. The insert is the enlarged part in the high frequency region. For
this system, Figure 9.7b illustrates the equivalent circuit model. In Figure 9.7b, Rsis the
internal resistance of the tested battery, RSEl and Rct represents the SEI surface and
charge-transfer resistance, CPE1 and CPE2 are associated with constant phase element and
double layer capacitance across the surface, Zw is the Warburg resistance related to the
lithium diffusion process, and the Cint is the interaction capacitance.l*®*” In Figure 8-7a,
the inset plot of SnO2-rGONRs-200 shows two semicircles in the high and intermediate
frequency range and asloping line with an angle ~ 45" to the real axisin the low frequency
region. The two semicircles result from the Li* ion transport through the SEI film (Rsg/)
and the interfacial charge transfer reaction (R«) combined with the constant phase element
and the electrochemical double-layer capacitive behaviors CPEL and CPE;, respectively.
The sloping lineis attributed to the solid-state Li diffusion into the active materials (Z).[%%
The experimental Nyquist plots are modeled based on the equivalent circuit. The fitted
impedance parameters arelisted in Table 9.1. The Rsg of fresh SnO>-rGONRsis0.8 Q and

increases to 13.16 Q for SnO,-rGONRs-200. The stable SEI film is beneficia for the
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cycling stability of the electrodes.*® Therefore, SnO2-rGONRSs have demonstrated greatly
improved LIBs cycling life. The Ret of SnO2-rGONRSs decreases to 5.47 Q after 200 cycles
from 33.37 Q of the fresh SnO>-rGONRSs. This change is consistent with the variation in

rate performance and cycling performance of SnO2>-rGONRs.
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Figure 9.7. (a) Nyquist plots of SnO2-rGONRs. The insert is the enlarged high
frequency region. (b) Equivalent circuit that was used to fit the experimental
data.

Table 9.1. The EIS simulation parameters of Sn02-rGONRs and SnO2-rGONRs-
200.
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Active material R.(Q) CPE,(uF) Ry (Q) R.(Q) CPE,(puF) Z,(Q) Ce{mF)
SnO,-rGONRs 4.60 142.10 0.82 33.37 149.40 110.41 12.00
Sn0O,-rGONRs-200 4,93 178.80 13.16 5.47 213 35.00 15.76

9.4. Conclusion

In summary, we successfully designed and synthesized nano-structured composite
of SnO,-rGONRs. In this composite, the nanosized SnO» particles formed directly on the
rGONRs. Electrochemical experiments demonstrate that SnO.-rGONRs exhibit high
capacity, good rate performance, and excellent cycling stability as anode materials due to
the synergic effect between the rGONRs and SnO». The synthesis of the composite SnO»-
rGONRs produces a component that is effective in improving the electrochemical stability

of the electrode materials for the lithium ion batteries.
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Chapter 10

Enhanced Cycling Stability of Lithium Sulfur
Batteries Using Sulfur-Polyaniline-Graphene
Nanoribbons Composite Cathodes

This chapter was entirely copied from reference 1.

10.1. Introduction

The development of high capacity energy storage systems is important for portable
electronic devices, power tools, and electric vehicles.!?® Lithium sulfur batteries (LSBS)
have attracted attention as potential energy storage devices because the sulfur cathode in
L SBs has a high theoretical capacity of 1672 mAh/g and energy density of 2567 Wh/kg,
almost 5 x higher than conventional cathodes, presuming compl ete reaction of lithium with
sulfur to form Li2S.[5% Elemental sulfur is inexpensive, nontoxic, and abundant in

nature.’>1% However, the practical applications of L SBsarelimited by two challenges. The
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first challenge is that the sulfur is eectrically insulating.[***3 The second is the severe
degradation of the lithium sulfur battery cycle life; aresult of the volume change and high
solubility of the polysulfide products.[®*3'4 When sulfur is fully converted to Li,S, the
volume increases as much as 80%, which leads to the fading capacity because of the
pulverization of battery materials. The high solubility of polysulfide products makes it
more likely that they will take part in the sulfur shuttle mechanism, resulting in capacity
decay due to the loss of sulfur active materials through redox reactions of lithium

polysulfide at both the cathode and anode surfaces.

Extensive effort has been devoted to address these challenges of sulfur’s insulating
nature and the capacity decay. The poor electrical conductivity of sulfur can be improved
by the introduction of conducting materials that form composites, such as graphene,!*>1¢)
carbon nanotubes,[*” conducting polymers,[*41819 and other carbon matrixes.[?>23 Many
strategies have been developed to enhance the cycling life of LSBs. For example, the
electrolyte additive LINO3 has been shown to be effective in reducing the capacity decay
because it enhancesthe stability of polysulfidein the electrol yte, protects the lithium anode
from electrochemical and chemical reactions, and reduces the viscosity of the liquid
electrolyte.[?#281 Another method is to protect the anode in LSBs, which can reduce the
sulfur shuttle effect, improving the cycling performance.?4?"28 Various matrixes have
been developed to trap the soluble intermediate lithium polysulfide, such as mesoporous
carbon,!?® amorphous carbon,? carbon nanotubes,*”3% graphene,!*>¢ hollow carbon
spheres,?132 metal oxides,®334 and conducting polymers.*4183 Among all these
matrixes, conducting polymers open new possibilities for the cycling life improvement in

the LSBsdueto their easy preparation and scal e-up, mechanical structure, self-healing, and
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good electrical conductivity.l'**®l For example, Wu et al. prepared the composite
sulfur/polythiophene with a core-shell structure, which showed good cycling stability of
67.5% capacity retention after 80 cycles.[*¥l And Xiao et al. synthesized acomposite sulfur-
polyaniline that improved the cycling life of LSBswith only 24% capacity decay after 500
cycles* Polyaniline is an interesting conducting polymer because it works as a substrate
to load sulfur and can be used as a cathodein lithium sulfur batteries. However, polyaniline
suffers from two major problems, which hindersits application in lithium sulfur batteries.
The first problem is the limited electrical conductivity, and the other is the mechanical
degradation caused by its large volumetric change, leading to its poor cycling stability in
energy storage devices. Therefore, to mitigate these negative effects, it is important to

improve polyaniline related materials for lithium sulfur batteries.

In this study, a unique structure where sulfur was loaded on polyaniline-graphene
nanoribbons (PANI-GNRs) was designed to reduce the capacity decay in lithium sulfur
batteries. The PANI-GNR composite was prepared by the in situ polymerization of aniline
in the presence of GNRs.[*"*® GNRs serve as the substrate for polyaniline growth, and
increase the electronic conductivity and effective utilization of PANI in the composite. The
GNRs adso improved the mechanical properties of the composite, resulting in an
enhancement of its ability to recover from the volume expansion.*l Therefore, PANI-

GNRs effectively overcome the negative deficience of PANI alone.

Sulfur-PANI-GNRs (SPGs) were prepared by heat treatment of a mixture of
elemental sulfur and PANI-GNRs.[* |n the SPGs, PANI-GNRs work as an electronic

conductivity framework for sulfur and they enhance the mechanical properties of SPGs. A

213



fraction of sulfur reacts with polyaniline to form a cross-linked network with the inter-
chain or intra-chain disulfide bond interconnectivity during the vulcanization process.*¥
The rest sulfur diffuses into the hierarchical network of PANI-GNRs and new formed
polymer networks. PANI traps the soluble intermediate lithium polysulfide through strong
physical and chemical absorption effects.[** The GNRs reinforcement reduces the damage
that normally occurs from volume change during the electrochemical reaction. Therefore,
SPGs as cathode material s demonstrate excellent cycling performance due to the synergetic
effect of GNRs, PANI, and sulfur. The stable reversible specific discharge capacity is 567
mAh/g at the 26" cycle and it only decays 9% in the following 374 cycles, at the rate of
0.4 C. Therefore, SPGs are outstanding candidates for use as cathode materials for energy

storagein LSBs.

10.2. Experiments

10.2.1. Materials synthesis
10.2.1.1. Synthesisof PANI-GNRs and polyaniline (PANI)

GNRs¥, PANI and PANI-GNRs were prepared as described previously.*® GNRs
were prepared by treatment of multiwalled carbon nanotubes with NaK in 1,2-
dimethoxyethane and quenching of the reaction with MeOH. In order to increase their
wettability, GNRs (100 mg) were refluxed in 3M HNOs (400 mL) for 12 h. HNOs-treated
GNRs (22.5 mg) were added to 1 M H>SO4 solution (40 mL) and the fully dispersed GNR
solution was formed by intense sonication (2510 Branson) for 2 h. Aniline (900 mg, 9.65

mmol) was added to the above dispersion solution and kept stirring to form a uniform
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mixture in aNaCl-ice bath (-3 °C to -5 °C). The oxidant ammonium persulfate (APS) (554
mg, 2.4 mmol) was dissolved in 40 mL of 1 M H>SO4 and cooled in the NaCl-ice bath for
10 min. Then, the two solutions were mixed with continuous stirring in the NaCl-ice bath
for 10 h. The black solid sample was collected by vacuum filtration with sequential
washing with water and acetone. The final PANI-GNRs (130 mg) were obtained after
drying in a vacuum oven at 85 °C for 10 h. PANI was prepared using the same method

above without the addition of GNRs.

10.2.1.2. Synthesis of SPGsand SP

Sulfur (200 mg) was dissolved in carbon disulfide (1 mL). PANI-GNRs (50 mg)
were added to the solution with continued magnetic stirring for 30 min at room temperature
in order to achieve a good dispersion. Then, the mixture was stirred in an open reaction
flask in the hood until the carbon disulfide evaporated. The resulting solid mixture was
sealed in avessel under N2. The heat treatment of the mixture proceeded in two steps. The
mixture was first heated at 155 °C for 12 h and then the temperature was raised to 280 °C
for another 12 h to compl ete the vul cani zation reaction. SPGs (100 mg) were obtained after
the mixture was permitted to cool to room temperature. Unreacted sulfur remained on the
walls of the flask. For comparison purpose, SP was obtained using a similar procedure

between polyaniline and sulfur.

10.2.2. Materials characterization

Products were characterized by X-ray diffraction (XRD, Rigaku D/Max Ultimall);

X-ray photoelectron spectroscopy (XPS, PHI Quantera); scanning electron microscopy
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(SEM, JEOL 6500); thermogravimetric analysis (TGA, TA Instruments, Q50); and

transmission electron microscopy (TEM, JEM2100F TEM).

10.2.3. Devicefabrication

80 wt% active materials (SPGs, SPs, and S), 10 wt% carbon black (Super P,
TIMCAL), and 10 wt% polyvinylidene difluoride (PVDF, Alfa Aesar) were dissolved in
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to form aslurry. Then, the slurry was
coated on an aluminum foil substrate to form the cathodes. The typical mass |oading of
the active materials is around 1.2 mg/cm?. Electrochemical tests were performed using
CR2032 coin-type cells with lithium metal foil asthe counter electrode. The electrolyte
was 1 M lithium bis(trifluoromethane) sulfonamide (LiTFSI) dissolved in a mixture of
1,3-dioxolane (DOL) and dimethyoxyethane (DME) (1:1 vol:vol) with 1 wt % LiNOsz and

the separator was a Celgard 2300 membrane.

10.2.4. Electr ochemical measur ement

CV tests were done on a CHI660D electrochemical station at a current density of
0.60 mV/s. The gavanostatic discharge charge test was carried out on a
LAND CT2001A battery system at room temperature. The capacity was eval uated based

on the mass of the sulfur in the composite.
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10.3. Results and Discussion

10.3.1. Synthesisand structure analysis

& _-,'_'.:.' 'o ® o. o @ -
é_. ..- . .... .....l ..
Aniline e, il T
" ® .. -] ®
GNRs ° o ©
APS

Sulfur-PANI-GNRs (SPGs) PANI-GNRs

Figure 10.1. Schematic illustration of the synthesis of SPGs.

The synthesis of the SPGs, as described in the experimental section, is

schematically depicted in Figure 10.1.1*4
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Figure 10.2. (a, b) SEM images of SPGs at different resolution. (c, d) TEM
images of SPGs and corresponding elemental mapping of (e) carbon, (f)
nitrogen, (g) oxygen, and (h) sulfur. The scale bars in e-h are 0.2 pm.

The morphology of SPGs, SP, PANI-GNRs and PANI were characterized by SEM
and TEM as shown in Figure 10.2 and Figure 10.3. Figure 10.2a,b are the low and high
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resolution SEM images of SPGs, respectively. The ordered, vertically aligned PANI was
directly growing on and around the GNRs with brush-like structure. The morphology was
well maintained after the sulfur loading compared to PANI-GNRs as shown in Figure
10.3a. The structure was also established by the TEM images as shown in Figure 10.2c,d.
The structure of SPGs was further studied by the elemental mapping of carbon, nitrogen,
oxygen, and sulfur. As shown in Figure 10.3e-h, these elements were uniformly distributed
inthe SPGs. TEM images of SPGsreveal ed that sulfur was homogenously loaded on PANI
nanorods and the morphology of PANI-GNRs was still well-maintained. As shown in
Figure 10.3b, irregular PANI was intertwined together. PANI could not form the brush-

like structure without the graphene nanoribbons. After the sulfur loading, the morphologies

of SPs had no obvious change as shown in Figure 10.3c-f.

Figure 10.3. SEM images of (a) PANI-GNRs (b) PANI and (¢, d) SPs. (e, f) TEM
images of SPs at different resolutions.
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Figure 10.4. (a) XRD patterns of PANI, PANI-GNRs, S, SPs, and SPGs. (b) XPS
scan spectrum of SPGs. (c) C 1s core level XPS of SPGs. (d) XPS scan spectrum
of SPs.

XRD and XPS were used to characterize the SPGs and SPs. Figure 10.4a showsthe
XRD pattern of PANI, PANI-GNRSs, S, SPs, and SPGs. The XRD pattern of PANI-GNRs
showed the four characteristic peaks at 28 of 15.3°, 21.0°, 25.6°, and 26.5°.1%%% The XRD
pattern of composite SPGs had similar peaks as sulfur, including the obvious increase in

peak intensity of 20 at 26.1° due to the incorporation of sulfur into PANI-GNRs and a new
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peak at 21.0° because of the PANI-GNRs in the composite. XPS indicates that the
composite SPGs only contained four elements, S, C, N, and trace O from the APS and/or
sulfuric acid (Figure 10.4b). As shown in Figure 10.4c, the deconvol ution of the C 1s core-
level XPS of SPGsleadsto three peaks, resulting from three different el ectronic states. The
peaks with binding energy of 284.5 eV can be attributed to sp? hybridized carbon atoms,

285.0 eV to sp® hybridized carbon atoms, and 286.2 eV to carbon-sulfur chains.4Y

TGA experiments were also carried out to analysis the sulfur content in SPGs and
SPs. The samples were measured in argon at a heating rate of 5 °C min. As shown in

Figure 10.5a, SPGs had 62% sulfur, while 59% sulfur content in SPs (Figure 10.5b).
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Figure 10.5. TGA curves of (a) SPGs and (b) SPs.
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10.3.2. Electrochemical evaluation

In order to evaluate the electrochemical performance of SPGs as cathodesin LSBS,
cyclic voltammetry (CV) and galvanostatic discharge charge experiments were carried out
in CR2032 coin cells. Figure 10.6a showed the CV that was used to study the
el ectrochemical reaction mechanism of the SPG cathodesin the LSBsin the potential range
of 1.7 to 3.0 V.[?! During the cathodic reduction process, there are two peaks at 2.25 and
1.88V (vs. Li/Li*). According to the reaction mechanism of sulfur reduction and oxidation
during the discharge and charge processes,[2?4? the peak at 2.25 V results from the
reduction of sulfur to higher-order polysulfides. The peaks at 1.88 V correspond to the
reduction of sulfur from higher-order polysulfides to Li>Sy/Li2S. In the subsequent anodic
scan, a broad oxidation peak was observed at 2.56 V with ashoulder at 2.67 V in the first
cycle; the peak shifted to 2.60 V with a shoulder peak at 2.67 in the following cycles. The
two overlapping oxidation peaks related to the conversion among Li2S, polysulfides and
elemental sulfur. After the first cycle, both the peak positions and area of the CV peaks
remain almost without obvious change, demonstrating relatively good capacity retention.
For comparison, Figure 10.6b,c show the CV profile of SPsand sulfur with little difference
between the two. Figure 9-6d shows the voltage profile of SPGs at therate of 0.1 C. There
were two obvious plateaus in the discharge curve, relating to the formation of higher-order
polysulfides and Li>Sy/Li»S. Thisresult was consistent with the CV. The stable, reversible

discharge capacity of the 2" cycle can reach 714 mAh/g.
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Figure 10.6. The first five cyclic voltammograms of the composite SPGs (a), SPs
(b), and S (c) at a sweep rate of 0.4 mVs-1. The discharge and charge voltage
vs. specific capacity profiles of SPGs (d) at3.0to 1.7 Vat 0.1 C.

Therate performance of the SPGs was studied in the same potential range as shown
in Figure 10.7a. For thefirst five cycles, the capacity decreased with theincreasein cycle
numbers at therate of 0.1 C. A stable capacity at different current densities was observed.
When the rate was reduced from 1.0 C to 0.1 C, the value of specific capacity of SPGs was
still 688 mAh/g at the 80" cycle. The rate performance demonstrates that the SPGs
remained stable after extended rate cycles. The cycling performance for SPGs was also

evaluated by discharge-charge experiments. For comparison, SPs and sulfur were first
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tested as cathodes in the LSBs at the rate of 0.4 C. The specific capacity of SPs can reach
614 mAh/g at the 9™ cycle as shown in Figure 10.7b. However, it deceased quickly in the
following cycles with only 417 mAh/g at the 90" cycle. For the pure sulfur cathode, the
specific discharge capacity quickly decreased to 120 mAh/g at the 100™" cycle from 291
mAh/g a the 2" cycle; only 41% capacity remained as shown in Figure 10.7c. This
demonstrated that PANI increased the specific capacity and cycling stability of sulfur
cathodes. Figure 10.7d shows the cycling performance of SPGs tested under the same
conditions. The specific discharge capacity was 673 mAh/g in thefirst cycle and decreased
to 567 mAh/g in the 26" cycle due to the loss of sulfur at the surface of SPGs. Then, the
specific discharge capacity increased dlightly with the increase in cycle numbers, and
reached 588 mAh/g at the 113" cycle. In the following cycles, the value of the specific
discharge capacity decreased slowly as the cycle numbers increased and reached 514
mAh/g at the 400" cycle. A capacity decay of 9% occurred after 374 cycles from the 26"
cycle. The coulombic efficiency of SPGs quickly increased to aimost 100% in several
cycles and stayed optimal for more than 30 cycles. Then, it decreased with the increasein
cycles but was maintained over 90% when the cycles increased to 400. It is presumed that
the PANI-GNRs could not completely trap the polysulfide, and the additive LiNOs was
consumed during the discharge and charge process.”® The shuttle effect was still present,
leading to alower Coulombic efficiency when the batteries operated for extended periods.
The graphene nanoribbons indeed enhanced mechanical properties of PANI-GNRs, which
improved the cycling stability of SPGs during the extended cycles. Therefore, PANI-GNRs
effectively trapped the polysulfide during the discharge and charge processes, resulting in

great improvements in the cycling performance of the LSBs.
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Figure 10.7. Rate performance of SPGs (a) at various rates from 0.1 Cto 1.0 C
with respect to the cycle numbers. Cycling performance of SPs (b), S (c), and
SPGs (d) at a rate of 0.4 C.

In order to study the SPGs electrochemical performance in LSBs, electrochemical
impedance spectroscopy (EIS) experiments were carried out after 5 cycles for sulfur, SPs,
and SPGs as shown in Figure 10.8a. Figure 10.8b shows the equivaent circuit model of

this system.[*84% |n this model, Rsis the internal resistance of the tested battery, R, and Ry
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represent the passivation film and charge-transfer resistance, respectively, CPE: and CPE>
are associated with constant phase element of space charge capacitance and double layer
capacitance, respectively, and Zy is the Warburg resistance related to the lithium diffusion
process. In Figure 10.8a, the plots consist of two semicircles in the high and intermediate
frequency range and asloping line with an angle ~ 45’ to the real axisin the low frequency
region. The two semicircles result from the Li* ion transport through the passivation film
and theinterfacial charge transfer reaction (R, and Ret) combined with the el ectrochemical
capacitive behaviors CPE; and CPE, respectively. The sloping line is attributed to the
solid-state Li diffusion into the active materials (Zw). The experimental Nyquist plots are
modeled based on the equivalent circuit. The fitted impedance parameters are listed in
Table 10.1. The sum value of Ry (159.10 Q) and R« (100.70 Q) of SPs was 259.80 Q,
which was significantly lower than that of sulfur (494.25 Q) with Ry (66.15 Q) and Re
(428.10 Q). This demonstrated that the incorporation of polyaniline can improve the
electrical conductivity of the composite of SPs. After the introduction of GNRS in
polyaniline, the sum value of R, (95.29 Q) and R (82.58 Q) in SPGs became to 177.87 Q
compared to 259.80 Q in SPs. This proved that the GNRs enhanced the electrical
conductivity of the SPGs, resulting in the improvement in the electrochemical

performance.

Table 10.1. The EIS simulation parameters of sulfur, SPs, and SPGs.
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Cathodes  R,(Q)  CPE; (uF)  R,(Q) R (@) CPE(puF)  Z_ {Q)
Sulfur 3.50 199.10 66.15 428.10 12.90 32:5)

SPs 4.06 23.06 159.10 100.70 17.91 29.46
SPGs 7.58 376.20 95.29 82.58 12.40 9.91
7
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Figure 10.8. (a) Nyquist plots of sulfur, SPs, and SPGs. (b) The equivalent
circuit that is used to fit the experimental data.
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10.4. Conclusion

In summary, we successfully designed and synthesized a hierarchical structure
composite of sulfur-polyaniline-graphene nanoribbons. In this composite, GNRs greatly
improved the mechanical properties of the whole system. PANI-GNRs provided a good
platform for loading sulfur with improved electronic conductivity. Electrochemical
experiments demonstrate that the SPGs exhibit good rate performance and high cycling
stability as cathode materials, compared to pure elemental sulfur and sulfur-polyaniline,
due to the synergic effect between the PANI, GNRs and sulfur. The synthesis of the SPGs
composite has been shown to produce an effective component to improve the

electrochemical stability of the electrode materials for LSBs.
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