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Abstract

To address the energy crisis and environmental pollution issues, lyngeet
to develop an inexpensive, environmentdilgndly, and safe electrochemical energy
storage system (EES). Supercapacitors (Stésg@nsidered promising energy storage
device candidates due to their fast delivery rate, high power density, and long cycling
life. However, finding an ecériendly, low-cost, and higtenergy density SC to meet
commercial applications is still a challend® target the abowveentioned challenges,
four aspectsvereinvestigated in this research: 1) energy storage mechanism through
these functional nanocomposites, especially characterization and understanding of the
electron and ionic transport behavior aomplex interface, which could give us
better design of the nanocomposite to improve the performances of the devices; 2)
low-cost, sustainable raw materials (graphene, metal oxide, conducting polymer,
cellulose) were chosen to synthesize electrodes faerloproduction cost; 3)
functional nanocomposite electrodes were designed and fabricated to overcome the
disadvantages of single component electrode material to enhance the performance of
SC; 4) establish of facile, ul#fast and high energy efficient aach for
manufacturing ofunctionalnanocomposites, with scalg possibilities.

In the first project (Chapter 2§ high energy efficienand ultrafast microwave
heating technique was usedftbricate NiQ@graphene electrod&lectrochemical
studiesindicated that the combination of Ni@nd graphene leado a high specific
capacitance of 623 F/g and excellent cycling stability due to the synergistic effect

between NiQ and grapheneFurthermore three differenttypes metal precursors
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((Ni(OH)2, Ni(Ac)AH ;O and Ni(NQ)BH ,0) were used to prepare the
NiOx@graphene nanocomposite, and exploreelieetrodeformation mechanism. It
demonstrated that the microstructure and morphology of electrode materials were
metal precursedependent, and directly related to the electrochemical performance.
This work provides experimental suppéot the designof nanocompase electrode
architectures with high electrochemical performance for next generation energy
storage devices.

Vanadium pentoxide (>0s) possesses layered structuee,high theoretical
specific capacity (2120 F/g), and a wide working potential window (up.20V in
H,O). According to the definition of energy densityo( -6w ), which is
proportional to the electrochemical potential windowQYis believed to be one of
the most promising electrode materials for the preparation of supercapacitors. In
projed¢ 2 (Chapter 3), YOs@polypyrrole (\MOs/PPy) coreshell nanofiber was
synthesized by combining an economical, easprocess, and eemiendly solgel
with anin situ polymerization method to improve the energy density of SC. The PPy
coating, with high conductivity, facilitated charge transfer and protected the
dissolution of Os in the aqueous solution. The symmetdevice of V,0s/PPy
device exhibited a maximum eggrdensity of 37 Wh/Kg when the power density
was 161 W/kg. The synergistic effect between th®vand PPy and the individual
role of each component in the electrochemical process were studied to further
understand the growth mechanism and provide thenaltdesign electrode material
fundamental in the future



With the development of rechargeable consumer electronics, portable and
wearable electronic devices are rapidly appearing in oyrslifeh as rotup displays,
smart textiles, etc. Flexible supapacitor has become an emerging frontier research
area. In project 3 (Chapter 4), nature abundant, renewablgpxion biocompatible
and biodegradable nanocellulose was used as building blocKabt@ate the
freestanding, binddree flexible polypyrrole/poly(styrene sulfonatexllulose
nanopaper (PPy:PSS/CNP) electrode by a facile and fast vacuum filtration method.
The optimized PPy:PSS/CNP exhibited high areal specific capacitance of 338 F/cm
anenergy densi t §anddood Ly2ling stalityh(80O% capacitance
retention rate, 5,000 cycles), which was superior to other celtblsed composite
materials. It is worth noting thatPPy:PSS/CNPfunctions well as a flexible
supercapacitor electrode materia¢cause of the following reasons: 1) poly(styrene
sulfonate) (PSS) serves as a dopant and forms a-satdie polymer network
(PPy:PS$with PPy,effectively improving the dispersity and processibility BPY, 2)
PPywith high conductivity enhances tlobharge transport rates and electrochemical
properties (high specific capacitance, long cycling life, high power density); 3)
Cellulose (CNF) is chosen as the flexible substrate, which provides good flexibility
and mechanical strength for the electrodes tdukarge number of hydrogen bonds
among cellulose molecules.

Compared to PPy, polyaniline (PANI) hasigher doping level of 0.5 (i.e. two
monomer units per dopardphda higher theoretical specific capacitance (750 F/g). In
project 4 (Chapter 5), we u$d’ANI, instead of PPy used in project 3, to synthesize
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another promising flexible PANI:PSS/CNP electrode. The optimiZadl:PSS/CNP
electrodeexhibiteda lower specific capacitanc®.66 F/cm), better cycling stability
(81.5% capacitance retention ra8800 cycles), and highenechanical strength (29.1
MPa) than PPy:PSS/CNP. THewer specific capacitance &ANI:PSS/CNP care
attributed to the lower conductivity of PANI (0:5 S/cm) than PPy (280 S/cm). The
better cycling stability and higher mechaad strength properties of PANI:PSS/CNP
might be explained bg stronger interaction between PANI and CNFcomparson

to the PANI:PSS/CNP, the crasectional morphology of PPy:PSS/CNP displayed
obviously expanded interior lamellar structureglicatinga possible interruption of
more hydrogen bonds among CNFs. The number of intermolecular and intramolecular
hydrogen bonds reducing in nanocellulose will affect the mechanical properties of
nanopaper.

In summary, we have successfully desigaad prepared four higherformance
nanocomposite electrodes through simple, fast, high energy effieiethtlowcost
approachesnficrowave heatingin situ polymerization, andracuum filtration). The
charge transport and energy storage mechanism in #m®composites were
investigated during the chargléscharge proces®©ur work is expectedto provide
experimental support to design functional nanocomposite electrodes with high

electrochemical performance for ngdneration energy storage devices.
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Chapter 1. Introduction

With the rapid development of the wotltathas led to the gradual exhaustion of
fossil fuels, glolal warming,and thepollution situation;there is an urgent need to
develop secure, sustainable endgggatisfy the future development of laarbon and
sustainable economieldowever, some renewable energy sources such as solar, wind,
ocean, and biomass are intermittent and geographical, which limits their applications.
Therefore safeelectrochental energy storage systems (&g play a critical rolein
utilizing sustainable and renewable energy resouesseciallywith the adventof
electric vehicles, smart grids, amarious portable and integeatof wireless devicem
our life. The conventionaknergy storagsystemssuch agbatteries,capacitors, and
fuel cellg that convert energy through diffusion and migration of ions \&igely
employed in high technology industrigdmong them batteries dominate the market
for electrical energy storagkevicesbecause aheir good energy density. However, the
rechargeable batteries store the charge through electrochemical reactions within the
crystalline structurgof electrode materials e sul t i n-gr ansboépmaseondd
electrode materiakignificantlyredugng the power density antattey charging and
dischargingates Theconventional dielectricapacitor can provide high power density
and fast charging and discharging procbssits energy densitis lessthan1-2 orders
of magnitudehanthat ofbattery.lt is worth noting that neithdraditionalbatteries nor
capacitors can meet the requirements of modern technology with high power density

and high energy density



As shown inFigure 1.1, the ragone plot can explain the performagap between
batteries and capacitors. This plot explains that capacitors are high power systems,
whereas batteries and fuel cells are Feglergy systemsThe sipercapacitor(SC)
overlapswith traditional capacitors and batteries, which means that it maintains the
high power nature of the capacitor and high energy density characteristics of the battery
at the same time, filling the power/energy gap between the battery and the capacitor.
Besidesit is clear thadeveloping high energy densi§Csthat are close to current
rechargeable batteries is a major challenge in the futuaeldition,SCs store electrical
energy through the ion adsorption/desorption process between the electrode and
eledrolyte interfaceand the surface faradic redox reactioriBhe electrostatic work
mechanismmakes them lowen internal resistancexhibiting a very high degree of
reversibility with good cycle stability .= 50D@® cycle¥ compared to batterie$able
1.1 gives the comparison &Cswith capacitors and batterigd] The great advantages
of SCsmake it best suit applications such as bapkdevices formobile electronic
equipment (telephone, laptop, camera,)eturgepower delivery devices for hybrid
electrical vehicles, andolar lighting systemetc (Figure 1.2). SC asan advanced

energy storage device has fascinated massive attérdrarthe world
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Figure 1.1Ragone plot of different electrochemical energy conversion systems

Table 1.1 The comparison adupercapacitorwith capacitors and batteries

Features Capacitor Supecapacitor Battery

Specific energy

0.1 1-10 10-100
(Wh/kg)
Specific power (WKQ) 010, 0 500-10,000 100
Discharge time 10°to0 10°s s tomin 0.33h
Charge time 10°t0 10°s s to min 1-5 h
Cyclelife Almost infinite 500, 0 About1000
Storage mechanism Physical Physical Chemical




Figure 1.2 Applications of supercapacitors

Normally, the SC device is composed of two electrodes separated by a
semipermeable membrane separator, electrolyte solution, and current céligater
1.3.[2] The electrode material directly determines the characterisB€gfparticularly,
the surface area and the distributiof poresize Hence, the selection and design of
electrode materials and their modification are very imporiarthe developnent of
advanced higiperformanceSCs. Researchers usually prefer to use larger specific
surfacearea carbotbbased materials, multiple oxidation states metal oxides, and high
conductivity conducting polymers as electrode materials. Atsomprove theSC
performance, various synthesis techniques were applied to control the structures and
properties 6 the materials for suitable electrochemi&C applications including
electrochemical deposition, hydrothermal/solvothermal methods, micreassisted
method, and sejel method based on the reported articles. The electrolyte is another
important constitentthat deerminesthe performance of &C and thainfluences the
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operating voltage. For exampl®nic liquids electrolytes allow the cell operating
voltages range from 2 to 6 V, which is much higher than that of the aqueous electrolytes,
operating within 1.23 V, with low conductivity10 mS/cm. On account of tifect that

the energy density% -0w ) is proportional to the square of the cell voltage and the
energy density is mostly influenced by the electrolyte. Clearly, the fabrication of

high-performancesCshould consider the combined effect of the above factors.

b. lon adsorption during
charging

c. lon desorption during
discharging

Electrode
Metal charge
collector

O Negative ion

0 Positive ion 0 e

a. Major components of supercapacitor

Figure 1.3 (a) Shematicdiagram of supercapacitor; (Bhe charging stage (ion

adsorption) and (c) dibarging stage (ion desorption)
1.1 History of supercapacitors

The capacitor originated fromie famousLeyden jar experiment in 175Z&he
device consigidof a metal foil served as the electrode and a glass vessel served as the
dielectric. During the charging process, the positive and negative charged imove

the opposite direction and accumulated on the electrode, forming the cagacitor.
5



1879,the concept of doubleyer was proposebly Von Helmholtzto define this type

of charge staage mechanism by Von Helmha[& Unfortunately, the concept was
applied inpractice until 1957 whethe first patentechnologyof electric doubldayer
capacitor(EDLC) was granted to General Electric CompaRgr the firstSC, the
activated charcoal electrode was separated by apaoneable film and immersed in

an electrolye. During the charging process, the carbon pores were used to store
energyf4] The device showed high specific capacitance due to the porous structure of
activated charcoal witta high surface areaAt this time, the EDLCs were not
commercialized.In 1968, SOHIO,the standard oil company of Ohimbtained
another patent for a device with a capacigdmgherthan Becker to further prommt

the development d8Cs. However, they had to transfer the paterNEC in 1975lue

to the companyos IndWd NECibsgarrta applytee devkesta e
el ectric vehicles and named them HASuperc
commercial applications have openedtos and until now it has been widalged in
various fields.Nowadys, to further improwe the energy storage performanceS,
various active electrochemical materials have been studied from traditional carbon
materials with high surface areas such as graphene, carbon nanotubes @ONTS)
activated carbos (ACs) to a variety of pseudapacitive materiaJsvhich normally

have a higher capacitance and energy density than EDLC materials, for example,
metal oxideand conducting polymejs-11] Moreover,companiesuch asPanasonic,
Maxwell, and NESS have also invested a great deal of inter&Z.im general, the
research and commercialization $Cs mainly developedn Japan, United States,

6



South Korea, Russia, Switzerthrand Francat the early stagélowever,the current

SCmarketalmost filledthe productgrom the United States, Japan, and Russia.
1.2 Fundamentals ofsupercapacitors

Understanding the ion storage and transport mechanisms of energy storage
systems is extremely important, which gives a diredtoadvancehe performance of
devices According to the charge storage mechanism, SCs can be classified into two
types of capators: electric doubléayer capacites (EDLCs) and pseudocapacitt]

The EDLC stores energy through the electrostatic storage process,pndvents the
produdion of defectdn the electrode by forming/opening the chemical boretsilting

in excellentcycle life, high power density, and rapid charge rate compared to
conventional batteriesn Figure 1.4, when thepotentialis applied to the electrodes,
opposite ions in the electrolyte accumulate on the surface of each eleletaoliiey to
doublelayer, which separated by solvent molecules. The eneaggtored during the

charge adsorptioprocesg13]
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The storedtotal charge Q. for EDLCs is a linear function of the potential
differenceqp U
Q=C U (1.1
The capacitance of the electrochemical double layer capacitor is given by:
o6 - - - 1.2
WhereC is the capacitance afsingle electrode
Alis thearea of theslectrode;
D is the dstance between thaouble layes;
- is the dectric constanof free space;
- is thedielectric constant aheinsulating material betwedhe electrods.
The specific capacitand€) is directly proportional to the surface arkaf each
electrode and inversely proportional to the distdbdetween the double layer
When the capacitance ofie EDLC is constant, the response current can be
presented by
0 — 00— 13
WhereV is the applied voltage and the charge timé i§ using theb present
the scan rate
v — (14
The equation converts to
O o0 (15)
This equation can better explain why the electrochemical behavior of electric

double layer capacitors is triangular galvanostatic charge/discharge curves and



rectangular in cyclic voltammogram curves.
The energy stored calculated according'to
0O -o0w (1.6)
WhereC is the specific capacitance in Faradss the nominal voltage, and is
the energy densityThe storedenergyin a capacitor is directly proportional to its
capacitance The specificpower @) of SC is dependent on the voltagiuring
dischargeof the capacitor and the equivalent series resistance (ESR) in ohms, given
by thefollowing equation[16]. Ideal the ESR is expected to be as low as possible.
0 — (1.7
This equation shows theslationbetweernthe ESRandthe maximum power of a
capacitor
The mpeudocapacitor is another kindQ€E, considered as a comphentary form
of EDLC, which stores energynot depenihg on the electrostatic in origin but relies
on the faradaic redox reaction or ion intercalation between or near the surface of the
electrode ad electrolytes. Similarly to th&DLC, which present a continuous,
highly reversible change in the oxidation state during charge/discharge, the
electrochemical signatures of ideal pseudocapacitors exhibit the (creangular
cyclic voltammetry(CV) curves andalmost lineargalvanostatic chargdischarge
(GCD) curves.The relationship betvem the potential and the tinamd between the
potential and the stored charge is demonstrated from the figure of the voltage versus

capacity under a constant curremeasurementAccording to eqation 1.1, the

capacitance can be estimatsd



0 <5 (1.8)
Although both batteries and pseudocapacitors store charges via redox reaction,

nevertheless, batterieepend on the intercalation/teercalation of cations (Hor
Li") within the crystalline framework othe active material which is often
accompanied by a phase transformation of matefihls characteristic can be
presented in the CV curves with distinct peaks and in the galvanostatic
chargedischarge profiles with plateau®©n the other handthe electrochemical
feature of pseudocapacitive materials is the glisar relationship betweecapacity
and voltage compared to battagpe materialsTo sum upwhetherwe havwe aredox
reaction omot, from the definition of pseudocaptce proposed by B. E. Conway

we can have a clear boundarylEtweenEDLC and pseudocapacitorSigure 1.5

summarizes the electrochemical behavior of diffetgme electrode materiald 4]
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electrodes based on nanomaterials have been developed in bditanescale size

materialsdecrease the diffusion distance of ions and increésie specific surface

In recent years, with the rapid development of hanotechnolagmw® andnore

area of materials, which chandet h e ibul

reacti ono.

pseudocapacitivgproperties thatwere signaturesn CV and GCD profiles For

example LiCoO, wasa typical battery materidhatshowedredox peakst 4.0/3.85V

Under such

k redox react.i

Ci r c umsdd axtrioses |

for layer LiCoQ and quasreversible process at 3.85/3.3V for spinel LiGa&Ddin

CV curveg[15] The lower reversibility for the LiCo&spinel arosdérom the structure

difference between LiCofOThe spinel structure of LiCofQwith tetrahedral sites had

smaller Liion insertion volumesites than layezd LiCoO, with octahedral sitedlith

the decreasm materialsize the discharge peaks almost disappdandthe capacitor
behavior became more dominafunn et al. d e f i

pseudoc aplé]chigura a.& shows the effect of material size on the

electrochemical performance of LiCa{15, 17]
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From this aspecthe traditional definition of "pseudmpacitor material” cannot
distinguish it well from "battery materialOn the other hand, in order to overcome
the shortcoming of the lower power density of batteries andelogrgydensity of
capacitor, hybridSC systems combing the batteype electrodes an&C type
electrodes werélesigned and fabricatedesulting in futher confusionin terms of
kinetics, pseudocapacitive materials limited by suriatated processesould be
distinguished from batteriype maerials controlled by diffusioneactions by analysis
of electrochemical experiments. The new charge storagehansm named
Ai ntercal ati on pseudocapacitanceal[l8as furt
Compared to surface redox pseudocapacitance, the faradaic charge transfer of
intercalation pseud@mpacitance occur® the bulk. On the other hand, there is no
phase chargwhen ion intercalation and -@tgercalation into the tunnels or layers of
the electrode materialAs a pratical example, a pseudapacitive material will
generally have the eleorthemical characteristics of one, or a combination, of the
following categories:(i) monolayer adsorption pseudocapacitance (updential
deposition, (i) surface redox pseudocapacitancend (iii) intercalation
pseudcapacitancé€Figure 1.7).[19] Underpotential deposition isot a very common
approach it occurs mainly under the reduction potential higher than itself when
deposition a metal on to another metal surfa@seilting h an absorption monolayer
(e.g, Pd* on Au)[20] Surface redox pseudapacitance is the most common
pseudocapacitive reactidhatdepends on the redox reaction at or near the surface of
a material. For example, the first surface redeeudocapacitive behavior material is

12



RuG, in 1971[21] Intercalation pseudocapacitance with no crystallographic phase
change occurs when insertion cations into the crystal structure of the electrode are
accompanied by a Faraday charge transfer process (e fs)\22] Based on the
above description, we can summatrilze different charge storage mechanisms show

in Figure 1.8 and 1.9.[14, 23]

& § Fa
(a) 2 (b) & &¢ (c)
g @ & of
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Figure 1.7 Schematic diagrams of the different faradaiccpsses that give rise to
pseudcapacitance (a) monolayer adsorption pseudocapacitance (underpotential
deposition), (b) surface redox pseudocapacitance, and (c) intercalation

pseudocapacitance
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As discussed abovdifferent ion and charge transport pa#tie produced when
the redox reaction involving both surfacetercalation/dentercalation and
sorption/desorptiorof electrolyte cations takgdace due to the dispersive nature of
the electrode composite8s a result, understandirthe structural parameters (e.g.,
size, crystalline structures, and morphology) trelkinetic parameters (e.g., scan rate,
potential wndow) during the redox reactions procesgmportant, which iselated to
the charge storage mechanidm2007, Dunret al[18] put forward thatby kinetics
analysis the CV curvedistinguishedcontributionsfrom slow diffusioncontrolled
processesand capacitive effectsin CV measurementghe total currentit a given
potentialis derived from the capacitive contributioi@)(and the diffisioncontrolled
contribution (Q).

Q Q 1Q (1.9)

The capacitive currert®) from the EDLC capacitance and pseudocapacitance is
proportional to the sweep rate according teequationl.5.

Q QU (1.10)

In addition, the currenfQ) from diffusiontlimited redox reaction is proportional
to the square root of the scan rate

N Qv (1.12)

Therefore, equatioh.9 can be changed into:

Q Qv Qv (1.12)

Where the QU is capacitive effectand the QU 8 is diffusion-controlled

contribution.Equation1.12 can beransformed to
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~ ~

— Qu?é 0 (1.13)

Through plotting—— versus U 8, Q and 'Q can be determined. The
contributions of capacitive effeceand diffusioncontrolled to total capacitance are
able to quantitatiig determire.

In addition, the total currenf¥f ) in the CV cure and the potential scan rate
(V) follow the power law relationship, which can be described as:

Q W (1.14)

Where a and b are variable conssd@#l] By determining the value of b, we can
determine the contribution of diffusion control and capacitive to the total capacitance.

When the b value is close td.5, the total capacitances dominated bythe
diffusion-controlled faradaic process. Wheime b value is close to 1, the charge
storage process is controlled by capacitive. As the valuerafidgeesfrom 0.5 to 1 it
proves thatthe electrochemical process benefits from both capacitive and
diffusion-limited redox processe#lowever, even though Dunné methdaas been
widely used to analyze the kineperformance of materiaince it was reportedve
need to note that 1his methodcouldbe suitable for low rate€Vs according tavhat
Dunn et aldid; 2) it could be wrong to consider the charge storage process controlled
by capacitive, and not diffusipmwhen the b value is close to This couldbe due to
the size effect, i.ewhen the size of the materialas small enoughinanosize effect;
surface process)some battery materialwould also show that b is equal to I.
should alsde notedhat although the behavior of intercalation pseudocapacita®
similar to the capacitive or conventional psecajmacitive behavior, the
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electochemical signatureasstill close to the batterfype electrod¢16] Figure 1.10
shows the kinetic analigsof the storage capacity of ¥Sor sodium iong25] Figure
1.10a shows the CV curves of V& at various scan rates, there are foulorepeaks.
The bvalues calculated according éguation1.14 were 0.89, 0.78, 0.84, and 0.93,
respectively, suggesting thahe charge storage oWSe, benefited from both
diffusion-controlled andcapacitivemechanismgFigure 1.10b). The overall capacity
could be divided into two past diffusion-controlled and capacitiveontributions

throughequationl.12 (Figure 1.10c) andthe detail of eacpart at different scan rae

couldbe found inFigure 1.10d.
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Figure 1.10 (a) CV profiles of VSg at different scan rates and (Belationship

betweenlog (i) andl og ( g) a t-peak palic) Qamadtioexcontribution of

pseudocapacitivat 1.1mV/s; (d) Thecontribution ratio ofpseudocapacitive
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1.3 Electrochemicaltestingsystem

Generally, the test apparatus used to characterize the performance of electrode
materials includeda threeelectrode and twelectrode systemThe twoelectrode
system focuss on characterizing th performance of the full S@evices while the
threeelectode system is typically used to evaluate the electrochemical properties of
electrode materigR6] As illustrated inFigure 1.11, the test configuration of the
two-electrode testing system that is more close to the performance of a cell is
comprised of positive and negative electrodes. Based on the types of electrode
materials, theSC is classified into symmetric and asymmetric desic The
threeelectrode system consists of a working electrode (WE), counter electrode (CE),
and reference electrode (RE). The working electrode is normally the méteitias
being analyzed. The main effect of the counter electrode is to adjust thiglote
during measurement by supplying the necessary cuod@tian@ the reaction that is
occurringon the working electrode. In most cases, inert matesiath adt are often
used as counter electrodene Ag/AgCI, saturated calomel electrode, and gD
electrode are common reference electro@exause othe stability of the material
used to prepare the reference electrode, the reference electrode is considered to have
an almost constant haléaction potential. The reference electrode is used to
accurately measure the potential on the working electrode with respect to the

reference electrode.
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Figure 1.11 Schematic illustration of two and thre&ectrode measurements for

on-chip supecapacitor materials

1.4 Electrochemical experiment evaluation

The electrochemical performance of a single electrodCaeviceis examined
by the parameters of specific capacitar{€éy), energy densityWh/kg), power
density (W/kg), charging/discharging cyclingtability, equvalent series resistance
(ESR) anl rate capacityGenerally,cyclic voltammetry (CV), galvanostatic current
chargingdischarging experiments (GCD),and electrochemical impedance

spectroscopy (ElIS)ereusedto evaluate the prmance ofSCs

1.4.1 Cyclic voltammetry (CV)

CV is a fundamental experiment and the most common electedytical
technique Generally,CV measurement is tested in a thedectrode system. A given
potentialis applied to the working and reference electrodes in a given electeolgite

the signature of theurrentvoltage behavior of the electrode material uncarstant
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scan ratef26] The voltage and current vary plotted agathsttime shown inFigure
1.12a and 1.12b. Since thestoredchargevaries linearly as a function of potential, for
ideal SC, the CV shape will be a rectangésshown inFigure 1.12c. The plot of the
current versushe applied voltage of the working electrode is called the cyclic
voltammogram curve-dowever, in most cases, we are in a4mbgal environment, so
Figure 1.13 shows three common CV diagranitie deformation oFigure 1.13a can

be attributed to the fact thtte electrons in the electrodes or the ions in the electrolyte
do not have enough time for transmission to form an electric déay#e capacitance
under high scan rat&@he electrolyte degradation is the second limitation. There is a
limited stable voltge window for a specific electrolyte solution, and the electrolyte
solution will no longer be stable if this voltage is exced@éil.For example, the
water decomposition voltage is 1.23\f. exceeding this voltage, the water will be
hydrolyzed into hydrogen and oxygeFhe latter one can be attributed to the unique

enggy storage mechanism of pseadpacitors.

a b C

potential
current
current

time time potential

Figure 1.12 (a) Cyclic voltammetry potential sweeps plotted vs. ti(hg,The resulting
measureaurrent ofan idealSCplotted vs. time(c) The CV curve, showing the current
plotted vs. ptential
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Figure 1.13 SampleSC CV nonidealities: (a) sweep rate limitationgp) potential
window that exceeds electrolyte stability windde), pseudoapacitive charge storage

The specific capacitance tife materials can be estimated 6y measurement,

asin equationl.15:

6 — (1.15)

WhereC is the specific capacitan¢e/g); . "QQisrtheintegrated area of the CV
curve; Qis the discharge curref®); mis the mas$oadingof active materialson the
working electrode ifig); sis the scan ratémV/s), and Yo is the voltage windowV);

V, andV; arethehigh and low potential limgof CV tests.

1.4.2 Galvanostatic chargedischarge (GCD)

The galvanostatic chargscharge test is the most efficient method to determine
the capacitance of the electrod@ompared to the cyclic voltammetry method, the
galvanostatic chargdischarge test used a constant current during the testing process,

which can more accurately reflect reabrld performanceThe typical formulaused

to calculate the capacitanceasfollows.

&

Wherel is aconstant current (Agnd Yo is the discharge/charge time (s).
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The same as the CV curves, for dedl EDLC, the GCD curves shavlinear
voltage versus time response (a triangslaped profile) during current
charging/dischargin@Figure 1.14a). And, in reality,the deformation of the curve can
be attributed to the limitation othe electrolyte stability and the energy storage
mechanism of the electrodBigure 1.14b). The effect of high current density is the
same as the high scan rates in the CV that resulsihog timefor transferof ions in
the electrolyte and electrons in the electrode. Onotiehand, an extremely low
current density inducea leakage current and salfschargeOn the other handan
instantaneous voltage dragpobserved when convergiirom charging to discharging
known asthe IR drop, coming from the ohmic resistances that are related to the
internal resistance.

Charging
Discharging

Figure 1.14 Galvanostatic chargdischarge plots of (a) EDLC dn (b)

pseudocapacitive material
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1.4.3Energy and power density

The energy density is the amount of energy stored per mass/unit volume of active
material. For a full device, the energy density and power density are two key
parameters to evaluate the overall performance of a supercapadtieorenergy

density(E, Wh/kg) is obtained by

o (1.17)

The energy released per unittime is the power density, which is used to evaluate
the speed of the charge and discharge.

~

§ _ (1.18

Where,P is the power density (YKg).

The maximum power densitp ( ) is related to the equivalent series resistance
(ESR) which is comprised of the electrode resistance, the electrolyte resistance, and
the diffusion resistance. The relationstupresented as follosy

0 —_— (1.19

Where V is the maximunvoltageandRs is the ESR Here, the ESR is deduced

from the following equatidn

e

%3 2 (1.20

Where V represents the voltage differendghage and lgischarge representthe
magnitude of the charge and discharge currents, respectively. Ngrmally
electrochemical impedance spectroscopy (EIS) is an effective method to determine
the ESR.

The magone plot has been widely employed to compare the performance of
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different energy stoge devicesn Figure 1.1. Forafuel cell andabattery, it has high
energy density, while the capacitor reveatigh power desity. For an ideal device,
the ragone plot should locate in the righpt hand side with high energy density at

high powerdensity.

1.4.4 Electrochemical impedance spectroscopy (EIS)

EIS measurement is a popular way to provide information about the impedance
of SC at the opertircuit potetial by applying asmall voltageamplitude(5-10 mV)
corresponihg to a wide range of frequeirs (10%-10° Hz). The EIS @n be plotted
into the Nyquist plot anthe Bode pot.[27] The most commonly used is thByquist
plot thatincludesthree regions 1in higher frequency regionfhe internal resistance
caused byhe intrinsic electronic resistance of the active material and cuwo#ettor,
the electrolyte ionic resistance atie contact resistance between the active material
and the current collector2) the high to mediumfrequency is the second part
indicating thecharge transfer resistance. tBe vertical linein the lowfrequency
region corresponding tthe Warburg impedance arising from ion diffusion at the
electrolyte and the electrode interface reflects the capacitehavior of the
electrodd28, 29] Figure 1.15is a typical Nyquist plot showing a semicirdtethe
higher frequency region and a spikehe lower frequency regioitheV,0s network
showed the smallest semicircle compared the stacked V,Os and V,0s/PPy
core/shell network, which couldbe attributed to the network structure that is

beneficial to accelerate charge transidre V,0s/PPy ©re/shell network showeithe
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steepesstraightline corresponding to the lowest Warburg impedance. This result is

explained by the high conductivity after PPy coafi3@j.

60 =
| A * V,0,/PPy
50 = = V,0, network
o 4 stacked V,0O,
40 - .A‘
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= % .
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Figure 1.15 Nyquist plots of the three prepared different material electrodes

1.5 Synthetic method

To improve theSC performance, various synthesis techniques were applied to
control the structures and properties of the materials for suitable electroch&fical
applications. Synthetic methods includeghe electrochemical depositiorsol-gel

method, hydrothermal/solvothermal method, and microvesststed method

1.5.1 Electrochemical deposition

The benefits of the electrochemiaposition method are low comhd precise

control of the film thicknessas well ason the rate of polymerizatiof.he working
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principle of electrochemical deposition is basedtmelectrochemical redox reaction.
When the electric current flows through the electrolyte, the ions with positive charge
transfer to the cathode. After reaching the substrate, the iona el#atrons from the
substrate (cathode) and form materials through a reduction redti®midely used

to prepae conducting polymers QP9 (such as polyaniline EANI),
Poly(3,4ethylenedioxythiophenePEDOT), polypyrrole PPy)), exfoliated graphene,

and various metal oxides/hydides based composite electrodeterials(Figure

1.16).[31-41]

Carbon Conducting Polymer

J

& Grapherie Electrochen_'ucal ¢ Polypyrrole
Synthesis @ Polyaniline
€ 3D carbons
L ¢ PEDOT

b = 8

Metal Oxide Others

5 € MnOx

" & VOx
& FeOx € Sulfide

¢ MoOx € MXene
& Co/NiOx € Polyanion Compound

Figure 1.16 The materials prepared by electrochemical deposition method

1.5.2 Solgel method

Solgel technology is a method for converting precursor solutions into inorganic

solids through chemical synthedimtprovides a convenient way to prepanaterials
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with higher purity and uniformityThe precursors mii a liquid (water or alcohol)

then the acid or a base as the active ageaddded. The particles in the solution (sol)
gather together and connect together to form an integrated network (gel) under
specified conditionsWe can concisely summae the solgel technique into three
steps (i) preparation of precursor solutions, (ii) formatmithe intermediatesol, (iii)
transformation from sol to gelhe structures of electrode material can be modified
by controlling the surfactants, solvents, reaction tiera temperatureo prodice a

better electrochemical behavior. This method bagn widely used to prepare

transition metal oxidesTMOs).[42-44]

1.5.3 Hydrothermal/solvothermal methods

The hydrothermal/solvothermal method is a {mmperature sintering process.
When water as the solvent, we call it hydrothermal synthesis, and the water is instead
by other solventsassolvothermal synthesis. The hydretal/solvothermal mbbd
was widely used to synthesithe material due to simple to implement environrakent
friend, and scaleip and it was an ideal method toepare high purity, crystalline
quality designer particulates with good chemical and physibalacteristicsThe
basic principle of hydrothermal synthesis is based on the relationship between
dissolution and crystallization. The sgiacoperation method is that dissolvable
compounds and solvents are put in a steel pressure vessel, alsadafeh vial,
and heated to 6(0C ~ 260 C, at the same time the pressure of steel pressure vessel is

gradually increased, and then precursaes dissolved and crystalbd again with
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slowly cooling.Due to low equipment requirementsany SC electrodes have been
manufactured using this method, such as various transition metal oxides and metal
oxide compositep15-49] However, the reaction is carried out in a closed space, so
the change of the reactants cannot be observed intuitively, thus increasing the
difficulty of controlling the reaction procesk addition, the long reaction time and
requiremats for high temperature and high pressure also limit the application of this

method.

1.5.4 Microwave-assisted method

The microwaveassisted method can overcome the disadvantages of
hydrothermal and solvothermal methpgsoviding a simple and fast nietd forthe
fabrication of nansized crystalline materiaMicrowave consists of electromagnetic
radiation, which lies between radio waves and infrared frequencies, with relatively
large wavelengths of 1 mm to 1 m athe¢ frequency is from 0.3 to 300 GHEhe
eledromagnetic field h&two componerd, the electric field componerand the
magnetic field component. Therefpraicrowave heating can be divided into electric
field heating which heats the substance by ionic conduction and dipolar polarization
and magnetidield heating thatthe principal mechanisms are eddy current losses,
hysteresis losses, magnetic resonance losses, and residua[90k<esmpared to
conventional heating, miowave heating directly agpkthe microwave energy to the
molecules of the reaction mixture, energy transfer occurs in less than a nanosecond,

causing a rapid rise in temperatuteeduce the reaction times from dagshours to
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minutes or second8esides, shortening the reactitime also reduces the occurrence

of side reactions, thereby improving the purity and yield of the prodibetstructure

and morphology of the material can be controlled by controlling the applied
microwave intensity, the reaction time and the ratio ofsihiestrate. Based on these
advantagesthe microwaveassisted method technique was acted as the preferred
emerging technique for SCs studies nowadays. For example, a variety of porous
materials inorganiccomplex,and nanarystalline particlesvere synthaged bythe
onepot method51-53] In particular coupling the microwave and solvothermal
method not only can reduce reaction tinheit can fabricate desired morphology

leading to excdént electrochemical properties of the matdid!, 55]

1.6 Electrolyte effect

The electrolyte including solvent and salis another importantonstituent
influencingthe performance o8C. An ideal electrolyte material should include the
following characteristicssuch as a wide potential window, low resistivity, high
electrochemical stability, low solvated ionic radius, low viscosity, low toxicity, low
volatility, low cost and availability at high purityThe energy density is proportional
to the square of the cell voltage arkde power density is mostly influenced by the
electrolyte[56, 57] The conductivity and temperature coefficient of the electrayge
also critical to the ESR of the capacitdiherefore the interaction between the
electrolyte and the electrode material is a major fatt@arimpacs the life-time and

seltdischarge ofenergy storageUp to now various types of electrolytdsave been
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widely developed and reported in the literature and can be classified as aqueous

electrolytes, organic electrolytg® andionic liquid electrolytes

1.6.1 Aqueous electrolyte

Geneally, aqueou®lectrolytes aréhe most preferred choice thereporting due
to the advantages difigh ionic concentration and conductivityjexpensiveness,
lower resistancenonflammability, safetysmall ionic sizeand ampleprotonsupply.
High conductivity isbereficial in redueng the ESR and power delivery ehergy
storage However,when commercial applicatiorege consideed the narrow voltage
windows make aqueous electrolytes become a low chbioemally, the voltage
window for aqueous electrolytes1.23 V forthe acidic or alkaline electrolyte and 1.6
V for the neutral agueouslectrolytewhich is restricted by water decompositi@d]
The aqueous ettrolytes ofH,SO,, KOH, NaOH and NaSQ, are the most frequently
used For instance, the ionic conductivity 1M H,SO, is 0.8 Scmat 25 , whichis
higher than thadf organic and IL electrolytelsy at least one order of magnitufb€]
The maximum ionic conductivity value of 6M KOH .6 Scm at 25 .[55]
Between various neutral electrolytes,,8@, has been the most broadly used neutral

electrolyte providing a wider window than acidic and alkaline electrolytes.

1.6.1.10rganic electrolytes

The conducting saltare dissolved in organic solvents to prepare the organic

solvents, which can provide the high operating potential window between 2.5 and 2.7
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V.[60] From theperspectiveof commercial SC market, the higher operating potential
window of organic electrolytes is a wise choice to improve the energy density of SCs
compared to aqueous electrolytelmwever, the performance &Cis still limited by

the nature of organic electrolgtfs1] First, the electrolyte needs to bergied from

water through the number of purification cycléscreasng the cost and pasg a
threat of electrode corrosion. Otherwise, thes size ofthe organic electrolytas

larger thanthat of aqueous electrolytehe number of ionshat match thecarbon

pore diameter material is reduced and the maximum specific capacitance is limited.
For instance, @tonitrile is toxic but can dissolve more salts than other solvents,
whereaspropylene carbonate has the merits including a wide operating volage,
wide operating temperature, environmental friendliness, and good conductivity. They
are the most widely used organic electrolytesolvens. Among salts,
tetraethylammonium tetrafluoroborate, tetraethylphosphonium tetrafluoroborate, and

triethylmethylammonim tetrafluoroboratbave beenvidely reported62, 63]

1.6.1.2Ionic liquid electrolytes

The ionic liquid electrolytes exhibit the advantages includmgntoxic, high
thermal, chemical and electrochemical stability, negligible volatility-flebmmability;
wide operating voltage window ranging from 2 to 6 V, but low conductivity less than
10 mScm[64] These characteristics profit from the dual functionality unitsoafc
liquids including an asymmetric organic cation and a weakly coordinating

inorganic/organic anionThey not onlyparticipatein conductancebut also act as a
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route for dissociation. This special composition of ionic liquids reduces the stability
of the crystal lattice and is conducive to a low melting point. Moreover, because the
diversity of cation and anion combinations provides a high degree of adjustability of
ionic liquids, we can control properties like the melting point, viscosity, voltage
window, and conductivity by adjusting their structuhe this regard ionic liquids are
called "design solvents'The anions @ &," &, 4 & 3,)or & 3 ) coupled with
imidazolium, pyrrolidinium, and aliphatic quaternary ammonium salts are the main
ionic liquids studied foenergy storagapplicationsSome results show thtte use of

ionic liquids asan electrolyte is a good way to improve the performance of

electrochemical capacitofs9, 65]

1.7 Electrode material

The electrode material occupies a key position inS@Gedevice, which directly
determines the characteristaf the SCs. Hencethe selection and design of electrode
materials and their modification are very important in order to develop advanced
high-performanceSCs. Based on the principle of two energy storage mechanisms:
EDLCs andpseudocapacitsr the electrode material shoufibssesghe following
conditions:

1) High specificsurfaceareawhich increases the contact area between the electrolyte
and the active materigcilitating rapid ion transfer;
2) High conductivity, which redusghe charge transfer resistance

3) High thermal and chemical stability, which impact sit@ble cycling ability
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4) Desirable electroactive sites, which benefit for ioriercalation/dentercalation
5) Low cost ancenvironmenally friendly.

A large number of electrode materials have bsadied in which we can divide
them into two subsections comprising EDLCcarbonbased materidls and

pseudocapacitor matersdmetal oxide and conducting polyme[gp-69]

1.7.1 EDLCs materials

EDLCs materials stre the energy based on the pure electrostatic cpaogess,
which strongly depends on the surface apmaesize distribution, pore shapand
and surface functionalitpf the electrode materialsvhich givesa general rule to
choose the SC electrode materialCarbonbased materials have the advantages of
easy availability, easy processing, large specific surface areatoxioity, good
electronic conductivity, high chenatstability, and wide operatidemperature range.
They widelymeetthe requirements &DLC materialg.70] Under normal conditions,
a larger specific surface ared carbonbasedmaterialsprovides a more effective
contact area and enhances the charge accumulzjmarcitybetween the electrode
andthe electrolyte interfacdeadng to higher specific capacitanfgl, 72] However,
the relationship &étween surface area and capacitance is nonlifsrause the
appropriate electrode pores size in different electrolytes will affect the maximum
capacitancef-or organic electrolytes, the sizetb&electrolyte ions is larger than that
of aqueous electrgles, so the pore size of 0.4 or 0.7 nm shows more charged activity

in agqueous media, and the pore size above 0.8 nm is more suitable for organic
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electrolytesHence, the pore size tifie electrode should be consideréa.addition,
surface functionalization of electrode materials is also an effective strategy for
improving the performanceof the electrode material The introduced surface
functional groups or heteroatoms, on the one hand, can improve the hydropdilicity
the materialand heightenthe wet ability, on the other hand, it may participate in the
faraday redox reaction to increase the total capacif@B¢erhis section describes

several common carbdmsednaterials.

1.7.1.1Activated carbon (AC)

Activated carbonAC) is the most widespread used electrode materiaSfor
due to the low cost, easy synthesisd highuseablespecific surface ared Q002000
m?/g). Abundant carbon source&dme not only fromsynthetic precursors such as
polymersbut also fromnatural renewable resource®¢onut shells wooditch, coal,
or coke),andtherelatively low cost and mature industrial production processes make
activated carbon the preferred material for commesgpalicationsAs we all know,
the porous structure of AC can advance the surface area and facilitate ion transport
bringing a high rate capability and high power denditgvertheless, the wide pore
size distribution from microporeg 2 nm) to macropore¢ 50 nm) and random
connected microporesinder the performance o#ctivated carboffi74] Because the
transport of electrolyte ions can be slow down by improper poreveigeh limits the
energy and power density. For example, when the pore size of activated carbon is less

than 2nm, electrolyte ions are almost inaccessible, especially in organic electrolytes.
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To obtain an activated carbon material that matches the perefdhe electrolyte ion
and has a high surface area, various synthesis methods are studee@G at el
modified heporous structure and chemical features of thensernial carbon surface
by KOH treatmentat 85 . The effective surface areas ofamivated materials
reached 130500 nf/g compared with activated carbon80-1000 nf/g leadng to
three times capacitance value than the raw carbbg. capacitance value of this
material in the aqueous electrolyt@shigher than thaof the aprotic electrolyte (1M
(CoHs) 4NBF4/AN), because the ion size of the aqueous electrolyds more
applicable to the pore size of the matefff@l] Active carbon treated by pyrolysis of a
naturalcellulosebased precursor (banana fibettgt hasa high surface area afore
than2000 nf/g. Zinc chlorideand KOH aatd as poreforming agentghat wereused
to form the pore structure andnodify the morphologyof the electrode The
electrochemical performance advanced showing a columbic efficienDg&#®6 at

500 mA/g with 500 cyclef6]

1.7.1.2Carbon nanotubes (CNTSs)

The carbon nanotub€éCNT) is a onedimensional {D) nanostructurenade by
rolling planar graphene sheeind the more surface areaoffered by the tubular
structure than solid structure#ccording to the way of wrapping a cylinder
nanotubes are categorizad an armchair (nm = n), zigzag (nm =0) and chiral (n,
m), where n, m are the index of vectorshax, andy directions, called chiral indices.

The arbm nanotube can bdivided into singlewalled nanotube (SWCNT) and
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multi-walled nanotube (MWNT) epending upon the number of graphene layers
present inthe carbon nanotubeFigure 1.17 displays different types of carbon
nanotube$77] The s bonds inthe carbon nanotube give it high télesstrength and
elasticity, which is more conducive to resisting changethéwolume of material
during charge and discharge, thereby improuimgcycle stability. Contrasted with
active carbon(AC), CNTs exhibit a lower equivalent series resistance (ESR) due to
the open interconnected mesoes allowing the electrolyte ions to diffuse easily into
the mesoporous netwarlSince the power densityis determined by theoverall
resistance of the componenisdragged a lot of attentioinom researchers due iis
inherent high electrical conductivity, high surface ageamd mechanicathermal and
chemical stability CNT has been a significant development in electric energy
storag€g78-80] However, the smalbpecific surface areé<500 nf/g) gives a low
energy densityalueof CNTs.In order to have an important brélatough in the new
generation of SCs, combining pseudocapacitance materials (metal oxides or
conductive polymers) withCNTs is a widely studied methodVith the rapid
development of wearable, portable, and miniaturized electronic, the flexible energy
storage devices are ewgnowing demands nowadays. The ultrathin CNT film
decorated with Mn@nanosheeta/asused to fabricate the stretchaBi€ by Wang Q

in 2019[81] CNT-MnO, nanosheet as the positive electrode and CF@Fe®®nuts

as the negative electrode, the asymmetric supercapacitor (ASC) displayed a wide
operation window (€L.7 V), high energy density (29.84 Vkfj, at a power density of
571.3 WKkg), and good capacity tention afer 8000 cycles irthe two electrode
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system(Figure 1.18). 3D N-doped CNTwas synthesized by the plasmahanced
chemical vapor deposition method, which provided higher porosity and larger surface
area. ThenN-doped CNTsubstrate and current collect@olyaniline (PANI) was
coated on thé&l-doped CNTby electrodeposition. The ceshel/lCNFPANI electrode

showed high rate capability, with a specific capacitance of 359 F/g at 4.952)\/g
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Figure 1.17 Different types of carbon nanotubes
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Figure 1.18 Fabrication of coaxial yarn asymmetric supercapacitor
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1.7.1.3Graphene

Graphene with thickness the atomic scale armirbon atomsvith s bonded
is atwo-dimensional 2D) layered honeycomb nanostructtinat is the basic building
block of other carbon materialas illustrated inFigure 1.19.[83] The layered
structure of graphene reduces the theda of the electrodewnhich reduces the
diffusion distance of electrolyte ions. Another advantage of the graphene layered
structure is that it can make full use of both sides of the layered structure to with high
surface to volume ratio. The ion transpkimeticsis improved by the honeycomb
nanostructure with an open pore syst€uompared tcAC and CNT, graphene as an
electrode material reduces the dependence on the pore size distyildtion is
suitable for increasing the rate capability of the electrétdbas gained significant
attentions due to the large theoretical surface area, superior electrical conductivity,
good electrochemical stability, outstanding intrinsic strengiibweve, the van der
Waals interaction between adjacemydrs makes graphene easy staeking, thereby
increasing the capacity losk avoid this shortcoming, the preparation of a composite
of metal oxide and graphene and the doping of electron donors eept@s with
graphene seemed to be a good solutiGtekhi RB reported that metal
oxidesfgraphene(SnG/GN, MnG,/GN, and Ru@/GN) improved tle capacitance
performance of GNlue to the influence of spacers and redox reacf@tjsChee WK
fabricated polypyrrole/graphene oxide/zinc oxide (PPy/GO/ZnO) nanocomposite by
electrochemical polymerizatiofhe supercapacitor, PPy/GO/ZnOnpaomposite as

electrodeswhich combined the pseudocapacitance of polypyrrole and zinc oxide with
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the EDLC capacitance of graphene, showed high energy (10.65 Wh/kg) and power
density (258.26 W/kgat 1 A/g[85]

2-D graphene sheet
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Figure 1.19 lllustration of D graphene sheet as the building blocks for other carbon

materialssuch as particle, 1D CNT, an® 3jraphite

1.7.2 Pseudocapacitor materials

Compared with EDLGnaterials, pseudocapacitor materigiat store the energy
through both the faradic and néesradic processs show much higher special
capacitance.Pseudocapacitor materials includeainly conducting polymes and

metal oxide.
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1.7.2.1Metal oxide

Relative to various electrode materials, TMOs (transition metal oxides) with high
theoretical capacitandeave acted as a candidate electrode material for developing
advanced performanc®Cs. Various transition metals have been extensively studied
to improve the specific capacitance and energy deas®L in the past few decades
such asnickel oxide (NiO), cobalt oxide (GO®,;), manganese oxide (Mn})
vanadium oxide (YOs) etc. Figure 1.20 shows the theoretical capacitanadsthe
different TMOs based on cyclic voltammograrf@] Unfortunately, easy
agglomeration at high mass loading, poor rate capability, and low conductivity
properties are the shortcomingstbé TMOs, which hinder the further development
of this kind of materialTherefore extensive researchengavetried to incorporate the
conductive materials with the TMOs tw change ofthe structural propertiesf the

TMOs usingvarious synthetic techniqués overcome these drawbacks.
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1.7.2.1.1 Manganese oxidgMnO ;)

MnO, hasbeenwidely applied in catalysis, biosensor, and energy storage due to
its properties including low cost, low toxicity, e@aendly, and abundancelhe
theoretical specific capacitance of Mn® 1370 Fg based on onelectron redox
reactioncalculationsTransfer of protons and/or cations in various manganese valence
states (Mn(l1I)/Mn(ll), Mn(IV)/Mn(lll) and Mn(VI)/Mn(lV)) provides a wide
electrochemical window (about 0.9 V) . The mechanism can be expressed as:

MnO, + C"+e P MnOOC
It showsthe bulkfaradaic reactionbased orthe insertion of electrolyte cations

(C'=H", Li*, Na, and K).[87, 88] Another describes the surfat@adaic reaction of
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theMnO, electrode as follow[89]
(MNO2)surfacet C" + € P (MNOOC)urface

The charge storage capabilities of manganese dioxide related to the crystal
structures. The size dhe tunnels controlled the intercalation of cagpmand the
microstructure mainly impacts the cycling stability. The available surface area and
conductiviy of the structureare limited by the crystallinelf the crystallne is high,
the surface areia low, and the conductivityill increaseyice versg90] For example,
Brousseet al.reportedt he capaci tance o-for-MBO,)twhiahn e |
stored the charge by the surfacdaradaic reaction depeed on the
BrunauefEmmettTeller BET) surface area othe crystalline materialThe 2D
birnessite structure showed high capacitance values comparé@ tbDt and 3D
tunnel structureSince the charge storage procesas controlled by both theurface
cation insertiongnd partial cationnsertions.The electrochemical performance of the
3D tunnel structure(_-MnO,) was somewhere betwedf@l1] Figure 1.21 shows

somestructure of MnQ.[92]
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(b)

(d)

Figure 1.21 Four polymorphs of Mn@  (-MnO,, (Ub MnQ®,  (-Mn),, @nd (d)
2-MnO,

In order to further improve the electrochemical performance of Mrike
strategiedy incorporating other conductive matesialith MnO, were developed to
overcome the low electrical conductivity defect of Mn®he electrical conductivity
of MnO,is about10°-10° S/icm. Chen et al. reported ternary hybrid sphere powders
(Ni(OH),-MnO,-RGO) which showed a high specific capacitance of 1985 due to
the synergetic effect between thrgeThe Ni(OHR-MnO, constituent contributed to
the pseudecapacitance output) The insertion of graphene sheetsuld inhibit
excessive selfiggregation of hybrid nanosheets, improve electron transpomafybi

metal oxide/hydroxide anidcrease the specific surface aj@al
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1.7.2.1.2 Nickel oxide (NiO)

Among the various metal oxidesickel oxide (NiO) is regarded as a promising
pseudocapacitors electrode material, due to its environmental friendliness, high
theoretical capacitance (2584 F/g), ftoricity, good thermal and chemical stability,
and a high surface area behavildne struture of NiO is cubiowith the space group
Fm3m and similar to the rocksalt structure NaClith octahedral Ni" and G
occupatiof94] NiO based electrodés applied in SC applications, the common
requirementsreas follows:

1) The oxide should be conductive;

2) The metal should have two or more oxidation states and can coetist &
certain potential range;

3) It should hae a high specific surface area,;

4) Theelectrolyte ions can freely iatcalate/dentercalate in théattice on reduction
/oxidation[95]

Based on two main theories: &)ectrochemical reactionsccur between NiO
and NiOOH, 2) firstly, NiO changes to Ni(OH), then the energy storage process
occuss between Ni(OH) and NiOOH;the redox reaction of NiO or Ni(Ok)n the
alkaline electrolyte determines the performan of niclel oxidebased
pseudcapacitor electrode materials, eagiations

E" QOGP 6Q6UTC G
E 0GP ¢0 Q0 U T

Normally, more researchers prefer the first theory, but the second theory is more
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suiteble for practical application®5]

As mentioned aboveNiO has high theoretical specific capacitance. However,
the poor electrical conductivity (from 0.01 to 0.32 S/m) lisnihe performance of
material[94] Moreover, theenergy storage process happensor near the surface
area of the electrode, so the structural features of the electrode occupied a vital role.
Recently most reportshave focused on improving SC performanceby maodifying
material construction or forming composit€3ao et al. prepared a binderles3D
Ni@NiO nanowiremembrane by a facile filtration methaehdthen calcination with
an appropriate annealing temperafi@@ The ultralong Ni nanowire athefic or e 0
wasa highly efficient current collector and the NiO layesrei s hel | 06 served
active matenl. The bindeiffree methodwas usedto preparethe electrode, which
could guarantee a wellelded and good conductive network to each othéth the
benefitof this designthe interface electrons coulchnsfer from NiO to Ni at a high
rate. As a result, thesC showed a wonderful rate capabili86.1% ofthe original
capacitance was resed at a high current densit9.048 Alcnv). 1D NiO nanofibes
weresynthesized by Natarajaat al and presented a reversible capacitance of 248 F
at 1 Ag[97] Wang et al. reported thatNiO nanoparticles grown on highly
conductive 3D graphene foaby pulsed laser deposition process, with ozone as the
oxidant(Figure 1.22).[96] The composite showed interconnected pore structhegs
were conducive to rapid electron and ion transportation resulting in a high specific
capacitance and a superb rate capah(Bpfo of capacity was maintained when the
current density increadefrom 2 A/g to 100 A/Q. Using the hierarchical porous
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N-doped carbo nanotubes athe negative electrode and the NiO/GF as the positive
electrode to assemble tesymmetry supercapcitoA$C) that shown a high power
density of 42 kW/kg at an energy density of 32 VKg and outstanding cycling
stability. In addition, Das et al. prepared NiO/polyanilinenulti-walled nanotube
coreshell nanocompositegia an in situ polymerization technique. The cshell
structure was confirmed by TEKransmission electron microscopyhe studyhas
shown that after NiO anohulti-walled nanotubewere incorporated into the polymer
matrix, the material's supercapacitance value and electrochemical stamligy

significantly improved98]
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1.7.2.1.3 Cobalt oxide (C0o30,)

The cobalt oxides a promising electrodematerialdue tothe good corrosion
resistancelong term performance and good efficien€iie AB,O, spinel structuref
cobalt oxidecrystallizesin a cubic systenwith a bandyap of ~2.0 eVThetheoretical
capacitance is 3560/ d¢rin alkaline solutionsThe charge storage mechanism depends
mainly onthe pseudocapacitor§he redox reaction occurs not oy the surface but
also throughout the bulknd can be explained as equasif99, 100]

Co04+ OH +H,O P 3CoOOH+ €
CoOOH+OH P Co00,+HO+¢€

Therefore, the electrochemical properties of cobalt omidscontrolled by the
surface area, @nment ofthe nanarystalline phases, and morpholod3ecently,
different strategieshave beenapplied to synthesize various forms of ;09
(microspheres, nanosheets, nanowires, nanorods, nanotubes as well as thin films)
order to increase the capacitance vabfiesupercapacitorin 2009, Gao.Y et al
prepared CgD, nanowire arraysising a templatéree method, wheraickel foam
ackedasa support and current collectdrhe sufficient contact between the nanowires
and the foamed nickel ensdréhe utilization of active materials and avedtthe
trouble of using auxiliary conductive materials and adhesivesincreased surface
areaand the unique porous structure tbe nanowires resudd in a high specific
capacitancef 746 Hg at 5 mA/cm[101] Wang. Get al reported the Cf, nanorods
with textured aggregations of nanocryststt®wed a specific capacitance280 Hg

at5 mV/s[102] However, the low potential window (0.45 V) and poor cycling ability
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limited practical applicationsRecent studies have been concentrated on coupling
Co304 nanoparticlesvith different electrodematerias to overcome these drawbacks.
Kim et al improved the cycling stability of G®, by prepaing the composite
electrode (CoMn@VGCNFs) using the thermal decomposition methodhé& high
specific capacitance of 630 F/g at 5 mV/s displayduch was attributed to the us

of VGCNFsthat decreasd the electron transport distance between the electrode and
electrolyte. This work has shown outstanding cycling stapiktiaining 95% of the

initial capacitance over 10000 cycld93]

1.7.2.1.4 Vanadium oxide (V,0s)

Vanadium oxide with a layered structure, high theoretical specific capacity (2120
F/g), and multiple oxidation statéisatyield surface/bulk redox reactions resulting in
a wide working window is regarded good electrode materfdl04] The large
interlayer spacing of vanadium oxides allows easy insertion/extraction of cations with
larger ionic radii (N4 and K').[105, 106]However, por structural stability (due to
high dissolution in liquid electrolyte) and low conductivity0f-10° S/cm) are
greatly hinder longterm cycling performance and capacitive performances.
Considerable efforts have been devoted to mitigating these limitaflerexa. SD and
coworkes combined carbon nanotube (CNT) with,®¥ nanowire to enhance
electrochemical supercapacitoperformance The nanocomposite paper electrode
(anodé andthe high surface area carbon fiber electrode (cathode) used to assemble

the coin cell type supercapacitor displaying a power density of 5.2&gk®hd an
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energy density of 46.3 Wkg[107] But this kind of composite cannot prevent
vanadium dissolutionThe flexible \bOs@PPy coreshell nanowire membrane was
fabricated by Qian. €tal. using in situ interfacial reactive template methdgOs as
reactive (oxidative) templates guided polymerization of PPy shell uniform sheathed
on V,0s matrix. The bindeifree and conductive additiveeee VoOs@PPy coreshell
flexible membrane shortdthe distance of ion/electron transportreased electrical
conductivity and enlarged electrode/electrolyte contact afé® PPy shell can not
only increase electrical conductivityput prevent the dissolution of ;85 The

electrochemical activity andability of V,Os improvedsignificantly[30]

1.7.2.2Conducting polymer

Conducting polymers have receivadenormousamount ofinterest in academia
and industry due tdheir ease offabrication, low-cost preparatignand unique
electrical properties which are between the semiconductor and ni&atparedto
carbonbased electide materials and metal oxidespnducting polymers have
relatively higher electrical conductivityl0" S/icm) and capacitancé1000 F/g)
making them an attractive choi@s the electrode materigl08-110] The commoty
used conducting polymer including polyaniline (PANI), polythiophene (PTH),
polypyrrole (PPy), polyacetylene (PA)and poly(3,4ethylenedioxythiophene)
(PEDOT). The structures as illustrated kigure 1.23.[111] Table 1.2 showed the
theoretical and experimental capacitance data and conductivities of few selected

conducing polymerg111, 112]
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Figure 1.23 Chemical structures @ommon used conducting polymers
Table 1.2 The theoretical andxperimental capacitance datad conductivitie®f few

selected conducting polymers.

Conducting Theoretical Experimental  Conductivity Dopant Potential
polymer capacitance capacitancéF/g) (S/cm) level range (V)
(F/9)
PANI 750 240 30-200 n, p 0.7
PPy 620 530 10-7500 p 0.8
PTh 485 - 10-1000 p 0.8
PEDOT 210 92 0.4-400 n, p 1.2

The ®nducting polymerstores the charges througthe reductioroxidation
procesghatoccurs not only on the surface but also throughout the entire \lh&n
oxidation occurs (doping), ionsansferto the polymer backbone. When reduction

occurs (dedoping) the ionsrelease back into the solutiomhere are two types of
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conductive ptymer configurations in the redox processdopedcationsand pdoped
anions The equations are given bel¢®i 3]

PP P"™(A),+ ne (n-doped)

P+neP (CH,P"(p-doped)

Where P presentthe polymer, A is the anion; C isthe cation. Figure 1.24
showed the charging/discharging mechanism of the conducting polymer with two
doping statefl03] Conductivity can be controlled and adjusted by controlling the
chemical structure of the conductiymlymer. The high energy densitgf SC is
considered due to the charggansfer process Neverthelessthe redox process leads
to structural changessuch as swellingndcontraction, which limits the stability of the
electrode PANI was the first described conducting polymer in the-rith century,
which was widely used due to the lightweight, mechanically flexible, and low cost,
but limited by structure stability. To mitigate this limitation, differeRANI
nanostructureand their nanocomposites were engineered by researchers to advance
the electric performance of conducting polyntaar examplePANI was prepared by
the potentiostatic deposition method showing high stabgioywer and energy densjty
and specific capacitance. Thmprovementin properties can be attributed to the use
of hierarchically porous carbon monolith§he hierarchically porous carbon
monolithswith large size and porosity not only edtas acurrent collector but also
had high surface support properties that endifte PANI to be in closer contact with
the current collectoith hierarchically porous carbon monoliths a template, the
prepared PANI provided smaller particle size and more uniformly disperséaeon
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suppat, which facilitated the fast transfer of the electrolyte ions. The composites of
PANI with the carborbased material SWCNWere prepared by Gupta V using
electrochemical polymerization to enhance the conductivity oP&iel electrodes.
The highest spefic capacitance of 485 F/g was obtaijgti4] The PANI-MnO,
compositeelectrodeshoweda specific capacitancef 715 Fg andan energy density
of about 200 WIg at 5 mAcm.[115]
The electrical conductivity of PPy is -BD0 Scm. The hgher density and flexibility
make it more competitive compared to other conductive polyniérs.3D nickel
foam as support, the Ce@PPyelectrode was ppared by ancharg the PPyto the
CoQO, nanowire leading to the pseudocapacitive performance boost of the electrode.
The maximum voltage window tfie asymmetric supercapacitor devieas1.8 V in
which activated carbon filnvas usedsthe negative electrode a@bO,@PPyas the
positive electrodeThe energy densityvas about 43.5 Wh/kg. The high power
density exhibited 5500 Y¥g at 11.8 WKg. These benefits come from the synergetic
between Co@ and PPy,where PPy providedigh conductivity andCoQ, with
ordered mesgworous shortedhe ion diffusion pathwall16] The preparation of
PEDOT can be simply achieved either chemically or by elgmihgmerization. Liu K

at el had been successfully electpmlymerized the PEDOT. The cycle lifg@as
increased to 70,000 cycles, and the cycle performamaselose to that of activated
carbon materialgl17] The specific capacitanceas about 130 Fg. To get good
electrochemial performance, some polymerdNgfion, Polytetrafluoroethylene,
polyvinylpyrrolidone, Polyinylidene difluoride, Sulfonated polgther etheketone
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and polyvinylidene chlorideas binder or additive were added into the electrode
material.

In summay, conducting polymersare promising electrode to advance the
electrochemical performances 8fCs. But the limitations of poorate and cyclic
stability need tde overcome. Although the strategy of the combination of conductive
polymer with the metal oxide/hydroxide/sulfide has successfully achieved this target,

there is still a lot of room for improvement in the future.
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1.8 Research Objectives and Approach

It can be seen from the above thHieitthe application o5Cs in energy storage

has made great achievements, there are still obstacles to be resolved to meet the
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application requirements of high power density and energy density dewses
follows:

1) With regard to the knowledge of energy storage mechanismgiabpthe
characterization and understanding of electron transport and atomic transport in
complex interface processes, there are many unresolved fundamental issues
Understanding the knowledge of ion storage and transport mechanisms of energy
storage sytems can give us a brief direction to advance the performance of devices.

2) The electrochemical performance of the electrode material is also directly
related to the structurgarameter®sf the narocompositesHowever, how to precisely
control the morphalgy and structure of nanocomposites is still a challenge to exploit
the SC electrode materials for energy storage applicatiBepecially for the
largescale synthesis of electrode materials, further consideration should be given to
the problems ofagglomeration, structural uniformity, and uniform distribution of
active materialswhich make the problem become more complex

3) Other than thatgonsidering the requirements of the final application, such as
cycle life, specific energy, energy and powdensity, a reasonable selection of
electrode materials and electrolytes should be madarge number of reports have
proved that hybrid composite materials slkedvbetter electrochemical performance
than that of individual electrode materials. In thisse, the synergistic effects of
hybrid composite materials should be paid attentioraddition, most of the research
mainly focused on the performance of the electrode and ignored the growth
mechanism of the electrodehich influenced the morphology.
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4) Our ultimate goal is to apply supercapacitors to practical applications, but
engineering factors (such as electrode manufacturing, electaligiee membrane
separator, and packaging) have not been well established. For commercial
applications, reseach on simple, green, and low caftective manufacturing
technology is important.

The goal of this work is to find a low production cost and green electrode
material with high electrochemical performance that is fabricated by a high facile,

large scale, geen,low-cost,andhigh effective method.
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Chapter 2: The microwave facile synthesis oNiO,@graphene
nanocomposites for application in supercapacitors: insights into the

formation and storage mechanisms

Abstract: Recently, the strategy ebmbining carbotbased materials with metal
oxides to enhance the electrochemical performance of electrodes has been a topic of
great interest, but research focusing on the growth and charge storage mechanisms of
such hybrid electrodes has rarely been cetetl. In this work, a simple, reproducible,
low-cost, and fast microwave heating method was used to synthesiz@ dligphene
nanocomposites. Ni@graphene nanocomposites were used as a model system for
exploring the growth and charge storage mechanisrirediybrid electrode materials
due to their simple preparation process, good stability, low cost, and high specific
capacitance. The effects of reaction conditions (the type of metal precursor and
feeding ratio between the nickel precursor and graphentjeoformation mechanism
of the electrodes were examined, and it was demonstrated that the microstructure and
morphology of the electrode materials were metal precaispendent, which was
directly related to the electrochemical performance of the ebtk$r Our work
provides a new affordable approach to the synthesis of, and experimental support for
designing, hybrid electrode architectures with a high electrochemical performance for

nextgeneration energy storage devices.
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2.1 Introduction

With the rapidevolution of the world that has led to the gradual exhaustion of
fossil fuels, global warming, and pollution issues, there is an urgent need to develop a
low cost, environmentally friendly, and safe electrochemical energy storage system
(EES®) to supporthe progress of lovearbon or zer@arbon sustainable economies in
the future. A supercapacitor (SC) is a kind of energy storage device that combines the
electrochemical properties of a high energy density battery anderpdensity
capacitor[55, 118] Compared to conventional energy storage systems (batteries,
capacitors, and fuel cells), SCs are prangiscandidates for energy storage, due to
their fast delivery rate, low cost, lack of memory effect, long life cycle, and the fact
that they are lightweight and environmentally safe, which makes them irreplaceable in
many portable systemsahybrid electic vehicleg119, 120]

As the core of the SC, the electrode materials occupy a key position and directly
determine the electron transport and electrochemical stotegacteristics of the SC
[11, 121] Normally, there are three types of electrode materials, including
carbonbased materials, metal oxides, and conductive polymers. The daabed
materials have the advantages of wide availability, a large specific surface area, and a
wide operating temgrature range. Metal oxides are regarded as a key electrode
material due to their properties of simple preparation, high theoretical capacitance,
nontoxicity, and good thermal and chemical stability. Unfortunately, their propensity
for agglomeration at gh mass loading, poor rate capability, weak electrochemical

stability, and low conductivity properties hinder their further development.
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Conductive polymers with high conductivity and good mechanical properties can
effectively compensate for the shortcogsnof metal oxides, but their specific
capacitance is too low, with a short chadigcharge life cycle. To address these
problems, the use of a hybrid electrode material combining different types of
materials to advance the electrochemical performaneteofrodes has recently been
widely proposed. For instance, the multifunctional composite materials of NiO/CNT
with an interlinked porous structure were formed using a simple wet chemical method
followed by thermal annealing. This composite demonstrateigjta supercapacitive
performance (878.19 F/g at 2 mV/s) and excellent activity in the oxygen evolution
reaction. The device, known as N{CNT//Activated Carbon, exhibited a specific
energy of 85.7 Wh/kg at a poweensity of 11.2 kW/kd122]. The CoO@polypyrrole
electrode was prepared by anchoring the polypyrrole to the CoO nanowire, leading to
a high specific capgtance (2223 F/g) and power density (5500 W/kg at 11.8 Wh/kg).
The pseudocapacitive performance boost of the electrode was derived from the
synergistic effect between the mesoporous CoO nanopadiutethe higkconductive
PPy [116]. Monolayer graphene/NiO nanosheets were fabricated by Jiang et al. in
2011. The hybrid structure of the composite prevented the aggregation of the NiO
nanoparticles, enhancing the stability (95.4% of the initial capacityetamed after
1000 cycles)123].

Due to he abovementioned developments, the application of hybrid electrode
materials in energy storage has led to remarkable achieverhientsver, there are
still obstacles to be resolved in order to meet the application requirements of high
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power density and engy density devices, including: (1) the many unanswered
fundamental questions about the energy storage mechanisms of electron transport and
atomic transport in the interface processes, the answers to which can give us a
direction for advancing the perfoemce of the devices; (2) the neglect of the growth
mechanism of the hybrid electrode, due to the fact that most research has focused on
the performance of the electrodes; and (3) the problem that, although various
techniques have been applied to synthetfizeclectrode materials to date, there is no
single method that can meet the requirements of simplicity, green energy, large scale,
and costeffectiveness so as to realize the expected practical application goals.

Nickel oxide (NiO) is regarded as an eheet material for broad use in gas
sensors, catalysis, batteries, & due to its theoretical high specific capacity, high
chemical/thermal stability, and the fact that it is environmentéilgndly and
inexpensivg124-127]. Up to now, the differeras in the morphology and structure of
the NiO materials (nanoflowers, nanopatrticles, nanoplates, and mesoporous structure)
have been pduced by various method$28-131]. However, these materials have
limitations, including a low specific capacity fopractical application in
supercapacitors, poor conductivita propensity for aggregation during the
preparation process, and structural instability. Presently, two approaches are widely
used to solve these problems: doping foreign atoms, and hybridizeatitn
cabonaceous nanomaterial]$32-135]. NiOy@graphene composites, as electrode
materials, have many advantages, such as their simple preparation process, good
stability, low cost, and igh specific capacitancfl36-138]. NiOy@graphene is a
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sound model system that can be used to exploregtbeth and charge storage
mechanisms of the hybrid electrode materials. In this work, we attempt to revisit
NiOx@graphene composite materials and to explore the growth mechanisms and
synergistic effects of the hybrid materials, providing experimental see® further
improve the electrochemical performance of hybrid electrode materials in the future.
A simple, reproducible, affordable, and fast microwave heating method was used to
anchor the NiQto the surface of the graphene, due to its t8@eing adentages,
capabilities of uniform heating, and controllable process. The electrochemical
behavior of the NiQ@graphene composites was investigated using cyclic
voltammetry (CV), galvanostatic chardescharge (GCD), and electrochemical
impedance spectroscopy (EIS) tests. The structure and morphology of the
NiOx@graphene composites were characterized kayXdiffraction (XRD) and

scanning electron microscopy (SEM).

2.2 Experimental

2.2.1 Material Characterization

Scanning electron microscopy (Thermo SafenApreo FESEM, Waltham, MA,
USA) and transmission electron microscopy (TEM, FEI Tecnai F20, Lausanne,
Switzerland) were used to determine the morphology and microstructure of the
powder samples. Powderrdy diffraction (PXRD) patterns with a Cu tardé® kV,
40 mA) were carriedoutorhi | i ps X6épert MPD (Philips,

the 2d range from 20 to 80, with a scan
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crystal structures of the materials. The electrochemical performance was measure
using a CH Instrument (CHI 760D, Austin, TX, USA) potentiostat with
OEl ectrochemical Anal yzer o software (vers
performed using an Arbin Instrument (version 4.21). The chemical composition of the
powder samples was intggmted by energyispersive Xray spectroscopy (EDS,
EDAX Instruments, Thermo Scientific Apreo FEM, Waltham, MA, USA). The
elemental valence state of the tiprepared samples was determined bya¥
photoelectron spectroscopy (XPS, Kratos XSAM 800erimo Scientific Apreo
FE-SEM, Waltham, MA, USA)The specific surface area and pore size distribution
were obtained from a Nadsorptiordesorption analysis conducted at 77 K on
Quadrasorb SI. The specific surface area was calculated by the
BrunauefEmmettTeller (BET) method, and pore size distribution was obtained from

desorption plots by a BarrelbynerHalenda (BJH) analysis.

2.2.2 Materials

All chemicals and reagents were used without further treatment or purification.
N,N-dimethylformamide was supplied bylacron Fine Chemicals (Sanborn, NY,
USA). Poly (vinylidene fluoride), carbon black, and nickel (I1) hydroxide (Ni(§H)
were prepared accordingp the previous literaturg139]. A nickel (ll) acetate
tetrahydrate (Ni(Ag#H ,0O) and nickel nitrate hexahydrate (Ni(R)&H ,O) were
offered by Alfa Aesar (Burlington, NJ, USA). Sodium hydroxide was msed from

TCI America (KITAKU, Tokyo, Japan). Graphene was acquired from Magnolia Ridge
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Inc. (Magnolia, TX, USA).

2.2.3 Preparation of the NiOx/Graphene Nanocomposite

A certain proportion of metal precursors (Ni(QH)Ni(Ac)AH ,O, or
Ni(NO3)$6H ,0) and graphen@5 mg) were added into a glass vial and mixed with a
high-speed mixer at a speed of 2000 rpm for 2 min. Subsequently, the mixture was
transferred to a domestic microwave oven (PanasonkSN33B, 2.45 GHz, power
1250 W). Finally, the reactor was sporegaunsly cooled to room temperature and the
product of the NiQ@graphene composite was collected. During the microwave
irradiation process, graphene acts as a good microwave absorber and thermally
conductive layer, providing heat to promote the conversicheimetal precursor to
metal oxide. The formation mechanism of Ni€n be described as follows. Firstly,
the metal precursor nanoparticles undergo intense heating when microwave energy is
applied, resulting in molecular collisions. At this stage, the rphwus nuclei are
formed, but the sizes of the nanoparticles are small. Following this stage,
aggregation/seldssembly is caused by van der Waals interactions, leading to larger
particles. Finally, the aggregate directional growth forms a specific corstalation
and morphology due to differences in the respective surface endfgese 2.1
illustrates the process of the synthesis of thes@raphene composites. In order to
study the influence of the reaction conditions on the electrochemicalparfoe, the
type of metal precursor and feeding ratio between the nickel precursor and graphene

were accurately controlled. The details are giverainles2.1-2.3.
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Figure 2.1 lllustration of the microwave synthesis of the N@graphene composites

Table 2.1 Operation conditions for synthesizing Ni@graphene

G* Ni(OH), NiO® Microwave Heating time

Sample
(mg) (mg) (mg)  power (W)  (min)
NiOx@GRA1l 25 61.8 49.8 1250 5
NiIOx@GRA2 25 46.4 37.4 1250 5
NiOx@GRAS3 25 30.9 24.9 1250 5

#Mass of graphene.
P Massof NiO, calculated according to the nickel precursor.

Table 2.2 Operation conditions for synthesizing Ni@graphene

G* Ni(Ac),-4H,0 NiO,° Microwave Heating time

Sample
(mg) (mg) (mg) power (W)  (min)
NiOx@GRB1 25 165.8 49.8 1250 5
NiOx@GRB2 25 124.4 37.4 1250 5
NiOx@GRB3 25 82.9 24.9 1250 5

*Mass of graphene.

PMass of NiQ calculated according to the nickel precursor.
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Table 2.3 Operation conditions for synthesizing Ni@graphene

G*  Ni(NO3),-6H,O0 NiO,” Microwave Heating

Sample
(mg) (mg) (mg) power (W) time (min)
NiOx@GRC1 25 193.9 49.8 1250 5
NiO@GRC2 25 145.4 37.4 1250 5
NiOx@GRC3 25 96.9 24.9 1250 5

®Mass of graphene.

PMass of NiQ calculated according to the nickel precursor.

2.3 Electrochemical Measurements

The electrochemicagberformance was investigated using galvanostatic charge
discharge (GCD), cyclic voltammetry (CV), and electrochemical impedance
spectroscopy (EIS) tests in three electrode cells. The CV curves were measured at a
potential window of €0.6 V under differenscan rates (60 mV/s), and GCD tests
were conducted at a potential 6D(® V with different current densities (656A/Q).

The EIS analysis was tested with an op@&nouit voltage using an AC amplitude of
0.005 V in the frequency range of -10to 105 Hz.The working electrode was
fabricated by mixing together the active material, carbon black, and
polyfluortetraethylene in an 80:10:10 weight ratio. Then, -Nifdethylformamide

was added to the mixture as a solvent to form the homogeneous slurry, which was
coated onto the pretreated nickel foam (1 x 1®crithe electrode was dried at 60 €

for 24 h under a pressure of 20 MPa, and the mass loading of the active material was
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about 2 mg/crh The Hg/HgO electrode and platinum sheet (1 x F)owere used as
the reference electrode and counter electrode, respectively. The electrolyte was a 6.0
M KOH aqueous solution. The specific capacitance value was calculated from the
GCD curves accordmto the following equatiofi40]:

C=l st u maeV (2.1)
WhereC is the specific capacitance (F/g); m is the mass loading of the active material
in the working electrode (mg);is the constant current (At is the discharge time
(s); andad/ is the potential window (V). When the mass in the formula was replaced
by the area of the electrode @mthe areal specific capacitanc@a( F/cnf) was

obtained.

2.4 Results and Discussion

The crystal structures of the Ni@graphene composites were characterized by
PXRD. As shown irFigure2.2 t he peak centered at 2d = 3
corresponds to the (002) reflection of graphene (JCPDS cafd2®9. The
diffraction peaksappear i ng at 2d = 43.5, 50. 7, and
(-111), and (111) planes of NiO (JCPDS card7825), respectively. The peaks
marked with asterisks correspond to,®§ (JCPDS card 18€481), indicating that
different products were producedhen different metal precursors were used.
Furthermore, the diffraction peaks of N®@GRA2 were markedly broader than
those of NIQ@GRB2 and NIQ@GRC2, indicating a smaltrystallite size[141].

The average crystallite dimensions estimated by the Scherrer eqa4d@jrbased on
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the (200) reflections, are approximately 1.398, 5.935, and 4.202 A, respectively. The
oxidation states of the Nihanoparticles were measured by XPS. In the full survey
scan spectrumHgure 2.3a), the C 1s and O 1s peaks located at 285.6 eV and 530.4
eV corresponded to the graphene anddkyggen in NiO, respectivelj143]. In the

high (Ni 2p1/2), with two satellite peaks at 861.5 eV and 880.3 eV, respectively,

indicating the existence of p@; and NiO in the comosite(Figure 2.3b) [144, 145]
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Figure 2.2 XRD patterns for NIQ@GRA2, NiO,@GRB2, and NIQ@GRC2
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Figure 2.3(a) XPS spectrum of thHiO,@GRC2; (b) Highresolution XPS spectrum

of Ni 2p
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The microstructure and morphology of Ni@graphene were characterized by
SEM and TEMFigure 2.4 shows the SEM and TEM images of the Négraphene
composites prepared using the different metal precursors, (Ni(®HAc).A 4.8, or
Ni(NO3)-A 6,8). When Ni(OH) acted as the precursor, the Ni€xhibited a bulk
form with a crumpled surface, as shown kigure 2.4a and 2.4. When the
NiOx@graphene was pvared using Ni(AcR 4,8 and Ni(NQ),A 6,8 as the
precursors, the corresponding Ni@xhibited a good flowelike structure Figure
2.4d and 2.4) and small particles with a fluffy surfac&igure 2.4g and 2.4),
individually. The TEM image further illustrates the porous and hollow structures of
the NiQ, compositesKigure 2.4c, 2.4f, and 2.4). The different interior structures of
the NiQ, composites may arise from the different decomposition tempesature:
crystal structures of the metal precursors. The decomposition processes of
Ni(Ac)-A 4,8 and Ni(NQ),A 6,8 generate gas, which is beneficial for the formation
of the porous structures. Among the three metal precursors, BiN6,8 has the
highestcontent of crystallization water, which hinders the absorption of microwave
energy by the graphene and slows down the heating process. This leads to the creation
of smallsized particles that provide a larger effective contact area. It is clear that the
morphology and nanostructure of Ni@s metal precursedependent. Furthermore,
the EDS elemental mapping of NI@GRC2 showed a uniform distribution of
carbon C), nickel (Ni), andoxygen Q) (Figure 2.5), which indicates that NipQwas
homogeneously distrilied throughout the composite. As is watlown, the uniform
distribution of the reacting sites is a key factor in ensuring electrode stability and
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electron transfer, which helps to avoid unnecessary resistance and energy loss.

1 pm

Figure 24 SEM images ofd),(b) NiOx@GRA2, (d),(e) NIOx@GRB2, and §),(h)
NiOy@GRC2 at different magnifications. TEM images a) NiOy@GRA2, (f)

NiOx@GRB2, and () NiOx@GRC2
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Figure 2.5 (a) SEM image oNiO@GR-C2 (inset: EDS composite elemental map);
elemental mapping: (Warbon C), (c) nickel (Ni), (d) oxygen Q); (e) EDS spectrum

The specific surface areas and porosity distribution characteristics of these three
samples were tested by nitrogen sorption isotherm technidusadples exhibit IV
type isotherms and H3 hysteresis loops, as showigire 2.6a.The specific surface
areaswere 43.0 nf/g, 30.0 /g, and 57.3 g for NiOx@GRA2, NiO,@GRB?2,
and NiOy@GRC2, respectively. Figure 2.6b showed the pore distribution of
NiOx@GRA2, NiIO@GRB2, andNiOy@GRC2. It can be seen that most pores are
distributed in a narrow range from 4 Tonm, suggesting thatll samplesexhibited
porous structures mainly composed of mesopores (according to IUPAC

classification).
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Figure 2.6 (a) N, adsorptionrdesorption isotherms and (b) the BJH pore size
distribution plots oNiOy@GRA2, NiOy@GRB2, andNiOy@GRC2

By controlling the reaction conditions (the type of metal precursor and
feeding ratio between the nickel precursor and graphene), we can better
examine the trends of the electrochemical properties of the materials. The
specific capacitance was calculatedséd on the GCD curvesigure 2.7
indicates the dependence of the specific capacitance of thgaNi@phene
nanocomposites prepared using different metal precursors at different current
densities. With the increase in the feeding ratio of the nickel pecuo
graphene, the specific capacitance initially increased and then decreased. The
reason for this result is probably the increased content of generatg@afite©
the decomposition of the nickel precursor. However, as the amount of added
metal precursr increased, the energy required for the complete decomposition
of the metal precursor also increased accordingly. Based on the graphene
content supplied in this case (25 mg), the amount was not sufficient to produce
enough energy to completely decompadlethe metal precursors, and finally

resulted in the decrease in the electrochemical properties.
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Figure 2.7 Specificcapacitancef theNiOy@GR nanocomposites at different current
densities: §) NIOx@GRAL, NiO@GRA2, andNiOx@GRAS3; (b) NIOx@GRB1,
NiOx@GRB2, and NiOy@GRB3; and ¢) NiOx@GRC1, NiO@GRC2, and
NiOx@GRC3

When comparing the electrochemical performance of the (®GR
nanocomposites prepared using the different metal precursors under the optimal ratio
(NIO@GRA2, NiIOy@GRB2, and NiOy@GR-C2), NiOy@GR-C2 exhibited the
highest specific capacitance, corresponding to the largest integral area in the CV
curves and the longest discharge time in the GCD curves at the same scan rate and
current density Kigure 2.8a-c). This is most probably duto the highest specific
surface area of Ni@GR-C2, which can boost the exposed active sites, facilitating
contact with electrolytes, and the porous structure, which provides more pathways for
ion transport, consequently promoting the faraday reaciiba.effects of the metal
precursors on the cyclic stability of the composite were also investigated at the current
density of 1 A/g Figure 2.8). It can be seen that the capacitance retentions were
72.8%, 58.6%, and 62.2% for NI@GRA2, NiO,@GRB2, and NO@GRC2,
respectively, after 4000 cycles in each case. The relatively high capacitance retention

might be due to the synergistic effect between the graphene and the metal oxide,
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which benefited from the buffering of the mechanical stress during the
charge-discharge processes and insezhthe redox efficiendyl46, 147] Among the
prepared composites, NI@GRA2 presented with the highest cycle stabilt§ich

may be attributed to theistribution of more largsized pores in the NIOX@GR2
structure. Moreover, in Table 2.4, the electrochemical properties of N@GR
prepared through microwave heating are compared with previously reported
approaches. It is obvious that the microwdneating method shortens the reaction
times from hours to minutes and exhibits a higher specific capacitance. The improved
capacitance of NIG@GR may be attributed to the strong interaction between the

NiOy and the graphene sheets, resultingireahancedharge transpofii48].
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Figure 2.8 (a) CV curves(b) GCD curvegc) specific capacitance, (d) Cyclic stability,
and (e) Nyquist plots of the EIS (The inset shows the enlarged EIS of the electrodes)

of NIO@GRA2, NiOK@GRB2, andNiOx@GR-C2
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Table 2.4 Comparison of the electrochemical properties of }I@R prepared

through microwave heating wittreviously reported approaches

Specific Reaction
Method Stability Ref
Capacitance Time

85.5%, 3000

Thermal decompositior 417 F/g, 13A/g 10 min  [149]
cycles
Hydrothermal andherma 86.1%, 2000
430 F/g, 0.2A/g 4h [150]
decomposition cycles
Solvothermal 587 F/g, 1A/lg 98%, 1000 cycle: 12 h [151]

82.4%, 3000

Solgel 628 F/g, 1A/g 24 h [148]
cycles
Hydrothermal 500F/g, 5 mV/s 84%, 3000 cycle: 2h [152]
62.2%, 4000 Our
Microwave heating 623 F/g, 0.5A/g 5 min
cycles work

EIS analysis was conducted to investigate tleéctrochemical
characteristics between the electrode and the electrolyte interface. The Nyquist
plots consist of two parts: a small semicircle in the Hirglquency region, and a
straight line in the lowrequency region. In general, the semicircle isspreéed
according to the charge transfer resistance of the electrode and the diameter of
the semicircle is equal to the electrode resistarRg. (The vertical line
corresponding to the Warburg impedance reflects the capacéhavior of the

electrodg[28, 29, 153] NiO,@GRC2 exhibited a smaller semicircle diameter
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than NIQ@GRA2 and NiQ@GRB2 in the highfrequency region, which
indicates that it had a lower charge transfer resistance. Furthermore, the
NiOx@GRB2 electrode presented a nearly vertical linear shape in the
low-frequency region, indicating that it had a better capacitivabeh than

the other two electrodes due to the rapid ion diffuskogure 2.8e).

Figure 2.9 shows the CV curves of the NI@GRC2 electrode in the
potential range of 0 to 0.6 V at various scan rates. A pair of oxidation/reduction
peaks can be clearlybserved, corresponding to the pseudocapacitance of the
electrode. This was mainly due to the faradaic conversions between Ni (1) and

Ni (III) in an alkaline medium, which can be elaborated by the following

reaction:
NiO+OHZ 2 Ni OOH + e (2.2)
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Figure 2.9 (a) CV curves of NiIQ@QGRC2 at varied scan rates. (b) GCD curves

of NiOy@GR-C2 at different current densities

As the scan rate increasea slight shift in the peaks was observed, which

may be ascribed to the polarizat effect of the electrodd 54]. In addition, the

shape of the CV curves continued to indicate that the electrode had a good rate



capability(Figure 2.9a) [155]. The GCD curves presented with a similar plateau,
matching the redox peaks of the CV curfégure 2.%). As the current density
decreased, the discharge time increased corresponding to the increase in the
specific capacitance of the electrode. It can be concluded that, at a low current
density, the charge had enough time to diffuse into the inner core of the
electrode and access thetive sites. Comparatively, at a higher current density,
the current density increased rapidly, which caused a large number of ions to
gather at the solid/liquid interface, increasing the internal diffusiostaese of

the electrode[156, 157] From 0.5 to 5 A/g, the specific capacitance of
NiO,@graphene shifted from 623 F/g (1.24 Figrio 430 F/g (0.86 F/cfh

This value was higher than those previousported for pure NiQ123, 125,

158].

When compared to previously reported N@graphene composites, our work

still showed a higher value, aBable 2.5. The reason for the good rate
capability and high capacitance of Ni@graphene might be the combination

of the characteristics of metal oxide and graphene. The highly conductive
graphene with a high area surface not only offered high electrical conductivity,
but also provided more agé sites and more interfacial contact for the redox
reaction. The NiQwith a highly porous structure offered more charge transfer
channels. The increased contact area and evenly distributed porous structure
can shorten the ion migration pathway and ftadi the transportation of
electrons. Moreover, graphene, as a carrier, can give the metal oxides physical
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support, increasing the stability of the nanocomposites during the charging a
discharging process¢s50, 159]
Table 25 Comparison of the electrochemical properties of J@GR with previously

reported work

NiO Topography Specific Capacitance Stability Ref
Aerocel 587.3 Flg, 1A/g 3000, 85.5% [151]
Nanosheets 525 F/g, 0.2A/g 1000, 95.4% [123]
Microsphere 555 F/g, 1A/g 20 000, 90.8% [158]
Flowerlike 406 F/g, 5 Alg 5000, 65.4% [160]
Nanowires 628 F/g, 1A/g 3000, 82.4% [161]
Nanoflakes 240 F/g, 5A/g 1500, 100% [162]
Nanoparticle 623 F/g, 0.5A/g 62.2%, 4000 cycles Our work

To further gain insight into the reaction mechanisms, we can distinguish
the effect of the capacitance on the electrode by kinetic analysis of the CV
curves at various scan rates. The capacitive effect of the electrode can be
described by plotting the reélanship between the peak current and the sweep
rate,with the following equatiorfi95]:

i=a/ (2.3)

where a and b are variable constants. By determining the value of b, we
can determine the contribution of the diffusion control and capacitive effect to
the total capacitance. When the b value is close to 0.5, the total capacitance is

dominated by the diffsioncontrolled faradaic process. When the b value is

76



close to 1, the charge storage process is controlled by the capacitive effect. As
the value of b is between 0.5 and 1, this proves that the electrochemical process
benefits from both the capacitive addfusion-limited redox processes. The
contributions of the capacitive effect and diffusicontrolled contribution to
the total capacitance can be quantiiied i ng Duni&8:s met hod
itotal = Kov+kgv®> (24)

Where kv is the capacitive effect ank\°° is the diffusioncontrolled

contribution. Then, transforming the equation into:
itotal®’® = kv >+kg (25)

through plottingitotauSl/O'5 versus\’®, thek. andky can bedetermined. As shown
in Figure 2.1, the b values of the oxidation and reduction peaks were 0.6626
and 0.5544, respectively, suggesting that the charge storage g®@RIRC2
benefited from both the diffusiecontrolled contribution and capiéive effect.
The capacitive current separated from the total measured currents under the
scan rate of 20 mV/s is displayedrigure 2.10a. The details of the capacitive
effect and diffusiorcontrolled contribution at different scan rates are shown in
Figure 2.1@. At 5 mV/s, the percentage of the diffusive mechanism
contribution was 93.4%. As the scan rate decreased, the capacitive contribution
increased, while the diffusive contribution increasingly depressed. This was due
to the fact that the ions didot have enough time to intercalate inside the
material structures. However, in this system, the percentage of the
pseudocapacitance contribution still remained at 90.2% at 50 mV/s; thus, the
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pseudocapacitance contribution was believed to be dominative.

¥ A Capacitive [l Diffusion Controlled

(a)* (b)

15 - -

P
(<)
~—

H

3
T
8
-
\
t-3

L=
o Anodic b=0.6626

3

\
b
3

&

Current Density (A/g)
b o o
T

i Current Density (A/g)
"
Contribution ratio (%)

@~ _ _ Cathodic b=0.5544
L o=

-10 - -

20 mVis g ool

3

1
o

L L L L L 5 L L n
0.0 01 0.2 03 04 05 06 0 10 20 30 40 50 s 10 20
Potential (V vs. Hg/HgO) Scan Rate (mV/s) Scan rate (mV's”)

Figure 210 (a) CV graph indicating the capacitive contribution of
NiIOy@GRC2 at 20 mV/s. (b) The calculated b values at different scan rates. (c)
A stacked bar graph showing the percentage of the total capacitance attributed to

the diffusionlimited and apacitive contributions

2.5 Conclusions

In our work, we reported a simple, reproducible, Joost, and fast approach to
microwave synthesis for the preparation of hybrid electrode architectures. The
synthesized nanocomposites were characterized using XRD, $EM, BET and
EDS methods. The effect of the reaction conditions tftpe of metal precursor and
feeding ratio between the nickel precursor and grapten#)e formation mechanism
of the electrode was demonstrated. The results proved that the microstructure and
morphology of the electrode materials were metal precuispendent, which was
related to the electrochemical performance of the electrddeaddition, kinetic
analysis was used to gain insight into the charge storage mechanisms at the interface
between the electrode and the electrolyte during the energy storage process, which can

give us a direction for advancing the performance of the devitéswork can serve
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as a model for understanding the growth mechanisms and the synergistic effects of
hybrid electrode materials consisting of cardi@sed materials and metal oxides, and
offers experimental support for the designing of hybrid electroderrals with an

excellent electrochemical performance in the future.
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Chapter 3: Fabrication of V,0s@PPy coreshell nanofiber electrode

for supercapacitor

Abstract: To address the dissolution problem and further enhance the cycling
stability and capacitive performance 0pQ®%, V.Os@PPy coreshell nanofiber was
synthesized by combining a leeost, easily processing, and dcendly solgel with
in situ polymerizationmethod in this work. YOs@PPy showed a high specific
capacitance of 307 F/g at 1 A/g and good cycling life (82 % capacity retention up to
1000 cycles). This benefited from the PPy coating layer with high conductivity
facilitating charge transfer and proting the dissolution of ¥Os in the aqueous
solution. The synergistic effect between thgyand PPy and the individual role of
each component in the electrochemical process were studied to further explore the
growth mechanism and provide the rationaige electrode material fundamental in
the future. Also, the twelectrode symmetric X0s/PPy device exhibited a maximum

energy density of 37 Wh/Kg when the power density was 161 W/kg.

3.1 Introduction

To address key issues such as energy crisis and enentampollution,
renewable, sustainable, and environmentally friendly energy storage devices including
rechargeable batterigd53, 163165] and supercapacitqr4166-168] have been
intensively studdd due to their superior power density, long cycle life, and high
reversibility [169, 170] However, compared to batteries and fuel cells,

supercapacitors typically deliver an unsatisfactory energy density (<1i‘kgy,
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which is considered as the greatest obstacle to supercapacitors for practical
applications. Currently, the development of supercapacitors with high energy density
to meet the increasing demand for energy storage is critically needed.

The key compoent of supercapacitors is the electrode. Vanadium pentoxide
(V20s) possesses a layered structure, high theoretical specific capacity (2120 F/qg),
and multiple oxidation states of vanadiunf{W?**, V**, and V**) corresponding to a
wide working window (upd 1.2 V in HO). [106, 171] In addition to all the
abovementioned great features as an electrode candidate material, the large interlayer
spacing ofV,Os allows easy insertion/extraction of cations with larger ionic radif (Na
and K. [172, 173]V.0s is believed to be one of the most promising electrode
materials for the preparation of supercapacitdterefore, diverse morphologies of
V2,05 nanomaterials (such as nanowire, nanotube, nanofiber, nananiteyanorod)
have been reportefl9] For example, a simple hydrothermal method was used for the
preparation of YOs nanorods by Balamuralitharan et al. The electrode showed a high
specific capacitance (417.3 mFAnand good cycling stabili (80% capacitance
retention after 3000 cyclef)74] Ahirrao and ceworkers have synthesized,®s
nanowires and the composite 0fQ4 nanowires with highly conduive graphene
sheets (YOs-NW-G) by facile hydrothermal method.,8s-NW-G revealed a high
gravimetric capacitance of 1002 F/g and an excellent energy density of 116
Wh/kg.[173] However, the high dissalion in the liquid electrolyte and the exchange
of valence during the chge and discharge process resultstguctural instability,
greatly hindeed longterm cycling performance and capacitive performance. To
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mitigate these limitations/,0s hybrid naneonaterials have been considered recently.
Generally, due to low cost, abundant raw materials, and chemical and mechanical
stability, carbonaceous materials are regarded as good candidates for combining with
V.0s. For exampley,Os/reduced graphene oxid@mposites were synthesized by a
coprecipitation method leading to a high specific capacitance (484 F/g at 0.5 A/g), and
52 % capacitance retention from 0.5 A/g to 10 A/g. After 1000 cycles, 83 % initial
capacitance was retainefl75] Threedimensional(3D) V,Os/multiwalled carbon
nanotubes (MWCNTSs) core/shell structure with hierarchical porous structure, and
high specific surface area was developed through gonsotgel procass [176] The

hybrid nanocomposites exhibited enhanced specific capacitance (625 F/g) and
out standing cycle performance ( . 20000 <cyc
still cannot solvehte dissolution and cyclic stability problem\&$Os.

Recently, the combination of conducting polymer with active materials to
form -dicewlrled structures i s proven a good s
electrodes. First, the coshell structure cammerge the functionalities from the
intrinsic properties of each component, which benefits higher electrical conductivity,
shorter ionic transport, and better cycling stability of the electrode. Second, the
aggregation and side reactions of active materain be restrained by the coating
layer through lower the surface eneftjy7, 178]For example, Jabeen et edported
coreshell NiCaOs@polyaniline (NiCeO,@PANI) nanorod arrays with a high
specific capacitance of 901 F/g and outstanding capacitance retenD®1%f after
3000 cyclegl79] NiCo,0O4 with highly porous and highly conductive as the
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conductive core provided fast electron transport. PANI layer as a protective shell
effectively shielded the dissolution and collapse of N{@ostructure in acidic
electrolye. Tidoped FgOs;@poly(3,4ethylenedioxythiophene) (FHeO;@PEDOT)
coreshell has been developed and yielded a remarkable large areal capacitance of
1.15 F/cm with outstanding rate capability and ultrahigh cycling durability (96% of its
initial capacitance was retained after 30000 cydlE®)] The excellent cycling
performance of TiFe,O;@PEDOT could attribute to the PEDOT that not only
provided high conductivity to the material but also acted as a protective layer offering
additional protection to prevent the architecture from being destroyed.

In this work, we introduceanducting polymer, polypyrrole (PPy), to decorate
V.05 forming V,0s/PPy coreshell nanofibers. The hydrophobic PPy forms a shield
layer effectively preventing the dissolution\6$Os in the water. In addition, the high
conductivity of PPy is also benefitim the energy storage and ion/electron transport.
In order to allow the PPy uniformly coated &pOs, the V,0s nanofibers are
developed through an easy processing, low cost, and ecofriendfyelsoiethod,
firstly. The prepared/,Os nanofibers are then used as a reactive template for the
uniform coating of the PPy on the out layeMas by in situ polymerization process.

The ratio of PPy to YOs is optimized to make the electrochemical properties of the
material reach the maximumale. And also, the impact of PPy thickness on the
overall performance of the electrode is analyzed. To further explore the growth
mechanism and provide the rational design electrode material fundamental in the
future, the synergistic effect between ¥hgs and PPy and the individual role of each
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component in the electrochemical process is studied.

3.2 Experimental

3.2.1 Materials Characterization

The morphologies of the samples were confirmed by Scanning Electron
Microscopy (SEM;Apreo FB. Energy dispersive Xay spectroscopy (EDS; EDAX
Instruments) was used to investigate the chemical composition of the samples. Fourier
transform infrared (FTIR) spectra were measured on a Nicolet 6700 using KBr disk in
the region of 40@1000 cm'. Thermogravimetric analysis (TGAyas performed on
TA Instruments TGAQ500 with a ramp rate of 40 €/min from 20 € to 800 € under

a nitrogen atmosphere.

3.2.2 Materials

Ammonium metavanadateas obtained fromd.T. Baker. Dowex Marathon C
(Hydrogen, H Form), ammonium peroxydisulfate (APS)ply(vinylidene fluoride),
andcarbon blackvere purchased from Alfa Aesar. Pyrrole monomer was offered by
Tokyo Chemical Industry. Hydrochloric acid came from VWR, USA. Sodium

dodecylbenzene sulfonate (SDB&s from TCIl America.

3.2.3 Preparation of V.05 nanofiber

The V,05 nanofibers were synthesized by a simplegalmethod. In a typical

processammonium metavanada@.8 g) and Dowex (8 g) were dissolved into 140
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ml distilled water under constant magnetic stirring for 10 min and continued to react
for another two weeks at room temperature. Then, the yellow gel solution was

obtained, which indicates the successful fabrication,@fsWianofiber.

3.2.4 Preparation of V,Os@PPy nanofibers

For the synthesis of ,Os@PPy nanofiber, varied volume (40, 20, and 10 ml) of
V7,05 nanofiber suspension solution and 20 mg of SDBS were dispersed into 30 ml of
deionized water under stirring for 10 min, respectively. Then, 0.1 ml of pyrrole
monomers and 115 mg of APS were addetb ithe above mixture at room
temperature. After -3 hours, the polymerization reaction was completed. The
solution color turned from orange to black, and the black products were collected by
filtrating and washed with deionized water, ethanol, and acetbree times,
respectively. The SDBS on the one hand acted as a surfactant that enhanced the
dispersing of th&/,0s in the water, on the other hand, served as a dopant to connect
theV,0s and protonated pyrrole via electrostatic interactidme detailed mparation
was given inTable 3.1.

Table 3.1 Operation conditions for synthesizing®@ PPyn composites

Sample V.05 Sol Pyrrole SDBS
V,0s@PPy0 0 ml 0.1 ml 0 mg
V.,0s@PPy1 10 ml 0.1 ml 20 mg
V,0s@PPy2 20 ml 0.1 ml 20 mg
V,0s@PPy3 40 ml 0.1 ml 20 mg
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3.2.5Electrochemical measurements

The electrochemical performance was investigated by galvanostatic
chargedischarge (GCD), cyclic voltammetry (CV), and the electrochemical
impedance spectroscopy (EIS) tddte working electrode is fabricated by mixing the
acive material, carbon black, ambly(vinylidene fluoride)in an 80:10:10 weight
ratio together. Then N dimethylformamide as a solvent is added to the mixture to
form the homogeneous slurry which is coated onto the pretreated nickel foam (1.0 cm
8 1.0 cm).The electrode is dried at 60 for 24 h under a pressure of 20 M Pa and
the mass loading of active material is about 1cmg/ The Ag/AgCl electrode and
platinum sheet (2 1 cnf) are used as the reference electrodecmahter electrode,
respedwely. The electrolyte is 1 M N&O, aqueous solution. The symmetric cell is
assembled by two identical electrodes used in a-letrode systeniThe specific
capacitance(s, F/g) of electrode is calculated according to galvanostatic discharge
curvesas [181]

6 O YyYo a (3.1)

Where | is the discharging current (AY0 is discharge time(s), qVis the
potential window (V), andx is the mass of active material (g).

The energy densitye Wh/kg) and power density?(W/kg) are obtained by

% O0wjg (3.2)

0 O ocom¥Yd (3.3)
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3.3 Results and discussions

Thermogravimetry analyses (TGA) were carried out to determine the mass
content of \MOs. As the amount of ¥Os solution added increases, the content s/
in Vo,Os@PPy nanocomposites also incredséccording to the TGA curves of
V,0s@PPyn (Figure 3.1), the mass content 8,05 is 36 %, 26 %, 8.4 %, and 1.9 %
for V,.Os@PPy3, V.0s@PPy2, V.Os@PPyl, and \Os@PPy0, respectively.
Obviously, the addition of surfactant can promote the contacVgds and PPy,

showing a higher percentage\6fOs compared to surfactaifitee.
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Figure 3.1 The TGA curves of the X0s@PPyn (n =0, 1, 2, 3)
Figure 3.2 shows the FTIR spectrum ®,0s@PPy. The characteristic peak at
1033 cni can attribute to the V=0 stretching vibration. The peak located at 877 cm
is related to the stretching vibration of doubly coordinated oxygen (bridge oxygen)

bonds. The symmetric and asymmetric vibrational modes-@f@are presented at
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782 cm and 67 cm?, respectively. The C=C/C stretching vibrations mode of PPy
appears at 1544 ¢mand 1448 cil. The peaks at 1294 ¢hand 1166 cnl are

assigned to the -G stretching vibrations and 4plane deformations of -€l. [182,

183]

Transmittance (%)

500 1000 1500 2000 2500
Wavenumber (cm™)

Figure 3.2 FTIR spectra oV,0s@PPy

The morphology oW ,0Os@PPycomposites was confirmed using SEM. As seen
in Figure 3.3a, V,Os@PPypresents nanofiber morphology. The TEM image proves
that the PPy nanofibers are homogenously sheathed onto the surfaceVeDthe
forming a coreshell stucture fFigure 3.3b). The highly conductive shell of PPy can
effectively avoid the dissolution o¥,0s increasing the cycling stability of the
electrode. In addition, we could clearly observe the-ir8Brconnected and
interpenetrating structure of th&Os@PPy, which benefits theharge transferig.
3c shows the elemental maps WHOs@PPy composites, wherearbon C) and
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nitrogen () present a uniform dispersion through&#0s, which agrees well with

the TEM result.

Figure 3.3 (a) SEM and (b) TEM image ofX0s@PPYy (c) Elemental mapping images

of vanadium(V), carbon (C) nitrogen (N)andoxygen(O)

3.4 Electrochemical characterization

The threeelectrode system was used to investigate the electrochemical
performance of theaspreparedV,0Os@PPy electrodesrigure 3.4 showsthe CV
curves of V,Os@PPyn composites at different scan rates from500mV/s in a
potential range 0f0.2 to 0.7 VAIl curves present a good symmetrical shape implying
superior reversible redox capabédi Figure 3.4a-c). [184] There were no distinctly
redox peaks observedvhich sugge®d that the fast electron and ion transéer
throughout the electrode$he electrochemical charggorage mechanismccurring
atV,0s electrodes could be expressed as foll(183]

V05 +xNa +x€ ¥ N\&Os
With the increase of the scan rates, the shape of the CV curves only has a small
distortion, which proves that the,&¥s@PPycomposites have good rate capability.
Additionally, the specific capacitancgasinversely proportional to the increment of

the scanate At a low scan rate, the ions have enough time to diffuse into the internal
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channel of the electrode and access the active site to complete the redox reaction,
thereby generating a good specific aapance. At high scan rates, the current density
increases rapidly thus there is less time for ion diffusion, which decreases the degree
of the accessibility of ions and active sifd®90] On the other hand, a large number of

ions are concentrated at the solid/liquid interface, leading to the polarization
performance of the electrode, which presents a decrease in electrode capacitance
value and an increase in thmternal resistance of thedectrode The same results can

be observed in the GCD curv@sgure 3.4df). As the current density decreases, the
corresponding discharge time increases indicating the ions transfer between the
electrolyte and the surface of the electrode requiredcgriti time to complete. All
curves show an ideal linear shape with a small resistance drop, again demonstrating
that the electrode possesses superior pseudocapacitive behavior. Moreover, the
approaching symmetrical charging and discharging time corresgontte& good

reversibility of electrodes during the cycling process.
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Figure 3.4 CV curves of (a) YOs@PPyl; (b) Vo.Os@PPy2; (c) V.Os@PPy3 at
different scan rates; Chargéscharge curves of (d)X0s@PPy1; (e) V.Os@PPy2; (f)
V,0s@PPy3 at differentcurrent density

Figure 3.5a displays the CV curves o¥,Os@PPy electrodes with different
V,0s-to-PPy mass ratios at 20 mV/s. As the thickness of PPy increases, the integrated
area of CV curves first increases and then decreases. This result is probablyhdue
excessively thick overcoat PPy layer which might diminish the effective contact area
between electrolytes and metal oxides and limit the transport of [©8%] The
specific capacitance values of electrodes are estimated from the GCD curves.
V,0s@PPy2 shows the highest specific capacitance of 307 F/g at 1 A/g than those of
V,0s@PPy1l (186 F/g) and YOs@PPy3 (212 F/g) Figure 3.5b). This capacitance
value (307 F/g) is higher than those of pure PPy (100 F/g) and stagRe@1¥3 F/qg)
[30, 192, 193]The improved electrochemical properties can be attributed to the PPy

decoration which not only provides high conductivity that enhances electron
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migration but also makes pseudocapacitance contribution to the overall capacitance

[191, 194]

Further, the cycling stability is an important criterion for the practical application
of supercapacitor. The specific capacitance retention of electrode materials are
investigated at a current density of 3 A/g and showhigure 3.5c. It is found that
V,05@PPy3 shows a higher stability than,®0s@PPyl and \W\Os@PPy2. After
1000 cycles, 82 % of its initial capacitance is maintained. A possible reason behind
relatively high capacitance retention may be due to the strong synergistic effect
betweenV,0s and PPy. On the one hand, the PPy sheath layer can suppress the
dissolution ofV,0s in the aqueous electrolyte. On the other hand, the interpenetrating
structure of PPy®,0s can reduce the agglomeration of the individual components of
the composites, and resithe volume change of the electrode material during the
charging and discharging procegi91] V,Os@PPy1 has the worst stability among
the three, with only 64 % of initial capacitance value retention after 1000 cycles. This
can be attributed to the thi¢kPy coating that is more likely to form shear cracks on

the surface reducing the stability\6§0Os@PPy [191]

To understand the electrochemical activities between the electrode and
electrolyte interface, the electrochemical impedance spectroscopy (EIS) analysis wa
conducted at opeaircuit voltage using AC amplitude of 0.005 V in the frequency
range of 10 to 1& Hz. The Nyquist plots is presentedRigure 3.5d and fitted based
on the equivalent circuits. In the medidmgh frequency region, the semicircle is

presented, corresponding to the chargesfer resistancdR{;) of the electrode, which
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is caused by the discontinuity of electronic and ionic conductivity during the charge
transfer proces$195] The semicircle diameter &,0s@PPy2 is smaller than those

of V,.0s@PPy1 andV,0s@PPy3 indicating a lower chargeansfer resistancgl96]

The decrease in electrode resistanceé as@PPy2 may beaffected by the thickness

of the PPy coating. A slope considered as the transition between the niegium
frequency region and the lefrequency region can be attributed to the Warburg
impedance that arises from the diffusion of ions into active matefi#lg] At the
low-frequency region, when thehase angle equal to 90°presenting the ideal of
electrochemical doubleyer capacitors. All the curves yielded a 45°slope indicates
the electrode materials have a pseudocapacitive beHagipoV ,Os@PPy2 shows a
steeper straight line indicating a smaller ionic diffusion resistance than other samples

[29]
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Figure 3.5 (a) CV and (b) GCD curves fof,0s@PPyn; (c) The cycling stability of
V.0s@PPyn at 3 A/g; (d)Nyquist plots for MOs@PPyn. The inset shows the
enlarged view of the intercepts of the corresponding EIS curves at the real axis at the
mediunthigh frequencyegion

The charge storage mechanisms were further studied by the kinetic analysis
based on the CV curves in the thedectrode system. Theualues of oxidation and
reduction peaks are calculated according6, 198]

Q W (34)

Wherea and b are constants, andis scan rate. Typically, the value of b is
equal to 0.5 standing for that the current is controlled by a diffusion process. The b
value is 1, indicating that the current is controlled by the sudan&olled. As shown
in Figure 3.6a, the b values oV,Os@PPyl are 0.767 and 0.139, respectively,
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suggesting that charge storage benefits from both the diffgsioinolled and
capacitive. In case oWV,Os@PPy2 and \LOs@PPy3, the capacitive process
contributes to the charge storage sitive obtained b valueare very close to 0.5
(Figure 3.6b and 3.6¢). The contribution detail afapacitiveand diffusioncontrolled
contributionat different scan rate can be distinguished atéom g t o Dunnés
[18, 199]
0 Q0 QU (3.5)

In all types of samples, with the increase of the scan rates, the capacitive
contribution increases, while the diffusive contribution is depredsigdiré 3.6d-f).
This is due to the fact that ions cannot get enough time to intercalate inside the
material structures. With the increase ofOv-to-PPy, the diffusiorcontrolled
contribution increases and the surface capacitive contribution decreases. The decrease
of thediffusion-controlled contribution can be attributed to the ethéck PPy coating
layer resulting in the surface area decreasing and restricting the contact between the

electrolyte and electractive sites.
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To explore the practical application &of,0Os@PPy, an aqueous symmetric
supercapacitor was assembled using two piec&s0{@PPy2 electrode (the mass
loading of each piece is 1 mdjigure 3.7 illustrates the schematic structure of the
symmetric supercapacitdfigure 3.7a and 3.7b displays the C\and GCD curves of
V.,0s@PPy/N,Os@PPy. All CV curves are highly symmetrical at different scan rates
corresponding to the excellent reversibility of the electrode. The specific capacitance
is calculated according to the GCD curves by considering the toiat acass of the
device. The highest specific capacitance of 91 F/g is delivered by
V.,0s@PPy/N,0Os@PPy device, demonstrating a good electrochemical property. The
cycling performance is exhibited in tikégure 3.7c. With 64% of the initial specific

capacitance is retained after 1000 cycles at 0.5A&dgufe 3.7d). The overall
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performance of a symmetric supercapacitor device is evaluated by the ragone plot
(energy density vs. power densitys shown inFigure 3.7¢ the energy density of
device achiegs 37 Wh/Kg when the power density is 161 W/kg. When compared
with other \bOs hybrid materials, our device shows a better performance than most of
the previous YOscomposites electrodes report¢tl93, 200205] The above results
indicate the PPy coated,0s could be a great potential electrode material candidate

for a variety of enengstorage applications.
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Figure 3.7. (a) CV and (b) GCD curves &f,0s@PPy/N,0s@PPYy; (c) The cycling

stability and(d) specific capacitance ¥,0s@PPy/V,O0s@PPYy; (e) The Ragone plot

3.5 Conclusion

In summary, a lowcost, easy processing, and ddendly solgel method is used
to synthesize the PRypated \VOs nanocomposites. The PPy coating layer can not
only offer a high conductivity to facilitate charge transfer but also protect the

dissolution of 4Os in the aqueous solution. A high specific capacitance, good cycling
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stability performance, and excellent emedensity are presented for thegQ{@PPy
benefiting from the enhanced conductivity, the synergistic betwe@gavid PPy, and

the more stable form of composites. Besides, the influence of the PPy coating layer on
the electrochemical properties of the hglelectrodes is systematically studied by the
electrochemical method (CV, GCD, and EIS), and the role effect of the electrode in

each part is analyzed in the electrochemical process.
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Chapter 4: High performance flexible freestanding condutive
nanopaper based on PPy:PSS nanocellulose composite for

supercapacitors

Abstract A freestanding, bindeiree flexible PPy:PSS/cellulose nanopaper
(PPy:PSS/CNP) electrode is successfully fabricated by acésty simple, and fast
vacuum filtration metho for the first time. The hierarchical structure of cellulose
(CNF) with high surface area and good mechanical strength not only provides a high
electroactive region and shortens the diffusion distance of electrolyte ions, but also
prevents the volumetriexpansion/shrinkage of the polypyrrole (PPy) during the
charging/discharging process. The optimized PPy:PSS/CNP exhibits a high areal
specific capacitance of 3.8 F/érftorresponding to 475 F/énand 240 F/g ) at 10
mV/s and good cycling stability (80.9% gacitance retention rate, 5,000 cycles). The
cyclic voltammetry curves of PPy:PSS/CNP at different bending angles indicate
prominent flexibility and electrochemical stability of the electrode. Moreover, a
symmetric supercapacitor device is assembled alidetds a high areal energy density
of 122 ?¢BVWh/adnat a power density of 4.4 mW/én550 mwWi/cni),
which is superior to other cellulofmsed materials. The combination of high
supercapacitive performance, flexibility, easy fabrication,drehp advantages of the
PPy:PSS/CNP electrodes offers great potential for developing the next generation of

green and economical portable and wearable consumer electronics.
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4.1 Introduction

Supercapacitors, a type of energy storage systems, have attracted enormous
attention from the academic and industry communities due to the fast
chargedischarge rate, long cycling life, good operational safety, and high power
density [206, 207] With the boosted development of rechargeable consumer
electronics, pdable and wearable electronic devices are rapidly appearing in our life
such as rolup displays, smart textiles, etc., and the flexible supercapacitor market has
become an emerging field. In general, flexible supercapacitors not only need to meet
the furdamental standard of the conventional capacitors but also possess promising
properties including lightweight and extra mechanical flexibil2@8, 209] In the
past a few years, many researchesveh focused on fabricating the flexible
supercapacitors with high electrochemical performance. Nevertheless, the challenges
originating from the intended endse are faced such as the high cost of raw materials,
flexibility, complicated fabrication procedes, toxicity, and the screening of the
substrate with high conductivity still need to be overcd@0]. Therefore, the
development of flexible supercapacitors with loast, lightweight, good mechanical
properties, environmental beingness, and taoting electrochemical properties is
urgently necessitating.

As the central component of a flexible supercapacitor, flexible electrodes are
considered to have a key impact on the performance of the flexible supercapacitors.
Polypyrrole (PPy) as a kind ebnductive polymer has been extensively studied as a

promising component of electrode materials due to its-dost, environment
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friendliness, facile and simplistic preparation, good redox property, and high
theoretical specific capacitanf&ll, 212] Nevertheless, the poor conductivity, weak
solulility in common solvents and the instable structure of PPy have limited its
practical application. To address these issues, numerous strategies have been applied
to modify the interconnected microstructure and improve the performance of PPy.
One typical ghtegy is to blend or composite PPy with highly conductive
carbonbased materials (i.e., active carbon, carbon nanotube (CNT), and graphene) to
cushion the molecular chain damage of PPy during the repeated adsorption/desorption
of electrolyte ions[213, 214] In addition, pdymeric surfactants with different
sulfonating groups have been used as additives to improve thermal and mechanical
stabilities, solubility and dispersity, and electric conductivity of PPy during the
polymerization proced215, 216] Especially, the water soluble suifated polymeric
surfactant (polystyrene sulfonate (PSS)) with excellent mechanical flexibility and
tunable electrical conductivity has attracted intense attention among various
surfactant$217-219]. For instance, Nanocolloidal polypyrrole/poly(styrene sulfonate)
(PPy:PSS) composites were prepared through a dispersion polymerization technique
by Maruthamuthu, S et §220]. The conductivity and solubility of PPy were easily
controlled by the concentrations of PSShéN the weight ratio of PSS was 15% with
pyrrole, the product exhibited improved dispersion, a higher dielectric constant, and
relatively low dielectric loss. Although the waidispersible and conductivity
properties of PPy have been effectively improved lack of the ability to form
stable chemical bonds and entangled networks made them easily broken and difficult
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to form films. Moreover, the fabrication of flexible supercapacitor electrodes usually
needs binder, conductive additive, and current cmte¢lowever, these constituents
would increase the weight and resistance of the electrode, and reduce the accessible
surface of the electrode. Therefore, many efforts should be focused on developing
freestanding, binderee flexible thin film electrodesvhich can also function as
current collectors themselves displaying high electrochemical performance, and good
mechanical properties.

Cellulose nanofibers (CNFs) existing in cell walls of plants are the most
abundant natural polymer on earth and are censid as a promising alternative
advanced material for the next generation petroleased materials in the context of
increasing consumption of neenewable resource petroleum with outstanding
properties including abundant raw material, 4o@st productia, high specific surface
area, great biocompatibility drbiodegradability, etf221, 222] Recently, CNFs are
considered promising supporting substrates for energy storage devices. The flexible
conducting film electrode of multiwalled carbon
nanotube/poly(34thylenedioxythiophene):PSS/cellulose was  prepared by
supramolecular assembly showing a high specific capacitance (485 F/g, at 1 A/g) and
good cycling stability (95% initial capacitancemained afte2000 cycles]223]. The
freestanding electrode PRyActionalized carbon nanotuldesllulose composite films
were prepared through a facile and green freeze and thaw process, where CNF and
functionalized carbon nanotubas matrices not only provided a large interfaciahare
for the storage/release of charge carriers but also formed a porous structure through
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interfacial hydrogen bonding between fisectionalized carbon nanotubaad CNF
to provide charge transfer channels. The as prepared composites exhibited high areal
capacitance (2147 mF/chat 1 mA/cnf), and otstanding cycling stabilitj224].

In this work, a lowcost and environmentalyiendly nanocellulose was chosen
as the support substrate to synthesize thmesfanding, binddree flexible
PPy:PSS/CNF nanopaper (PPy:PSS/CNP) electrode by a simple and fast vacuum
filtration method. Considering the practical applications, the mechanical and
electrochemical properties of the electrodes were adjusted by cogtrible weight
ratio of PPy:PSS and CNFs. The optimized PPy:PSS/CNP exhibited a high areal
specific capacitancegood cycling stability, angprominent flexibility Moreover, a
symmetric supercapacitor device was assembled and delivered a high areal energy
density of 2 (152V2h/cnd) \&tha mower density of 4.4 mW/én{550
mW/cnt), which was better than those of other cellulbased materials. In light of
high supercapacitive performance, flexibility, low cost, and ease of-$aaje
manufacturing, ta PPy:PSS/CNP electrode has a promising application in the next

green, economical generation of portable and wearable consumer electronics.

4.2 Experimental section

4.2.1 Materials

The CNFs were purchased from University of Maine (LotU3d, 3wt%,
grade91% fines). Pyrrole monomer (99%) was obtained from Tokyo Chemical

Industry. Poly(sodiundl-styrenesulfonate) (PSS, 99%) was purchased from Acros,
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USA. Ammonium peroxydisulfate APS 98%) was purchased from Alfa Aesar.
Sulfuric acid (95%98%) and hydrochloric acid (36.538%) were acquired from

VWR, USA. All the chemicals were directly used without any purification.

4.2.2 Preparation of cellulose nanopaper (CNP)

The CNP was prepared by a simpacuum filtration method according to our
previous work[225]. Briefly, the CNFs suspension was diluted to a concentration of
0.5 wt.% with 1 M HCI. The diluted CNFs suspension (40 ml) was continuously
stirred for 2 h, then a well dispersed suspension was obtained. Subsequently, the
suspension was filtered using a polypreme filter membrane (diameter of 10 cm,
pore size of 0.45 e€m). Another polypropyl e

wet CNFs film and dried using a hot plate at 105 € for 2 h to obtain the CNP.

4.2.3 Preparation of PPy:PSS/CNP

The schematic formation ¢fPy:PSS/CNF composite was showrfigure 4.1.
In a typical synthesis process, 40 ml of CNFs suspension (0.5 wt.%) and 20 ml 1 M
HCI were added to a reaction vessel and stirred for 30 min to form alispdrsed
suspension. Then pyrrole monomer and R&S$e dissolved into the mixture and
stirred for another 10 min. Next, APS, acted as an oxidant, was added to initiate the
polymerization of pyrrole. The polymerization was carried out fer B at room
temperature under constant magnetic stirring. Theyrihesized PPy:PSS/CNF

composite was centrifuged and washed several times with deionized water. Later, the
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product was diluted to 200 ml wittleionizedwater and sonicated for 5 min at a
power input of 500 W. Finally, the PPy:PSS/CNF suspension was diliesing a
pol ypropylene filter membrane (diameter of
filtration. Another polypropylene filter membrane was used to cover the wet
PPy:PSS/CNF film and dried using a hot plate at 105 € for 2 h to obtain the
PPy:PSS/CNP The weight percentage of PPy:PSS in the PPy:PSS/CNP was
calculated following equatior(1):
7ECEBHOO0ElN mja pmnmhp (4.1)

Wheremwas the dry weight (g) of the PPy:PSS/CNP.

In order to obtained optimal performance afmposites, the different weight
ratio of PPy:PSS in PPy:PSS/CNP were addéd.detail was given ifiable 4.1.

Table 4.1 Operation conditions for synthesizing PPy:PSS/CNP

Pyrrole Weight ratio o
Sample CNF (9) PSS (g) APS (9)

(ml) PPy:PSS (%)
PPy:PSS/CNA 0.2 0.1 0.0097 0.228 9.5+0.5
PPy:PSS/ICNR 0.2 0.2 0.0194 0.456 30.6 £1.1
PPy:PSS/ICNB 0.2 0.3 0.0291 0.684 44.8 £1.5
PPy:PSS/ICNR 0.2 0.4 0.0388 0.912 54.1 +2.0
PPy:PSS/ICNB 0.2 0.5 0.0485 1.140 61.6 +2.3
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Figure 4.1 Theschematic fanation of PPy:PSS/CNF composite

4.2 .4 Tensile test

Tensile test was carried out by a TA Instrument dynamic mechanical analyzer
RSA Il with the ASTM standard D8828 test method. The samples with 1 cm (width)
3 5.5 cm (length) segments were usetegi. The crosshead speed was 6 mm/min and
the gauge length was 15 mm. The data was obtained by averaging three measurements

for each sample.

4.2.5 Conductivity measurement

The sheet resistancBy was measured on square specimens31L% cnf) by
the fourpoint probe method using a digital multimeter (RIGOL DM3068). The
average value was calculated after five measurements for each sample. The

conductivity { h S/cm) was calculated based on equatib®)(shown as follow§226];
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"pTY 0 (4.2)

Wheret is the thickness of the film in centimeter dRds the resistance in Ohm.

4.2.6 Electrochemical measurenents

The electrochemical measurements weagied outusing CHI electrochemical
workstation (CHI 760D) in threeelectrode and two-electrode systemst room
temperature and all the tests were performetl M H,SO,. For the threelectrode
system theAg/AgCl electrodeplatinum sheet (2 1 cnf) andPPy:PSS/CNRL cm?3
1 cm3 0.08 mm, about 15.8 mg) were used as the reference electrodmutiter
electrode, and thevorking electrode, respectivelfyclic voltammetry (CV) and
Galvanostatic charge/disarge (GCD) curves were measured at potentraldow of
-0.20.8 V. The electrochemical impedance spectroscopy (EIS) analysis was
conducted at opeaircuit voltage usinglternative currentAC) amplitude of 0.005 V
in the frequency range of 1@o 10° Hz. The stability tests were performed on Arbin
Instrument (version 4.21). The symmetric supercapavits fabricated by two pieces
of film (1 cm3 1 cm® 0.08 mm, about 16 mg) and testedhe two electrode system.
CV and GCD curves were recorded otee potentials window of-Q V. The areal
specific capacitancesC{, F/cnf) of electrode can be estimated as equati8) (
[227],

6 _ @TIOYwi (4.3)

Wherel is the discharging current (A), ‘@ is the integrated area of CV curve,

A is the area of the electrode (&ns is the scan rate (V/s); arngVis the potential
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window (V). For the gravimetric capacitandg,(F/g) and the volumetric capacitance
(Cv, Flcn?), the area in the formula needed to be replaced by the volume or mass of
the electrode, respectively. Teaergy density was the amount of energy stored per
mass/unit volume of active material. For a full device, the energy density and power
density were the two key parameters to evaluate the overall performance of a
supercapacitor. The areal energy endiiyWh/cnf) was obtained by
% 6YoT¢ o@mm (4.4)
The energy released per unit time was the power density, which was used to
evaluate the speed of the charge and discharge.
0 o O i o (45)
Where, P was the power density (W/@n For the volumetric energy density
(Wh/cnt), the area in the formula needed to be replaced by the volume of the

electrode.

4.2.7 Materials Characterization

Scanning Electron Microscopy (SEMspreo FB was usedto confirm the
morphologies of the samples. The compositional elements messtigatedby
energy dispersive Xay spectroscopy (EDEDAX Instrument¥. Fourier transform
infrared (FTIR) spectra were measured on a Nicolet 6700 using KBr disk in the

wavenumber range of 4600 cn.
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4.3 Results and discussions

4.3.1 Materials characterization

FTIR analysis provided insight into the molecular structure of CNP, PPy:PSS,
and PPy:PSS/CNP as showrFigure 4.2 In the spectrum of pure CNP, the bands at
1764, 1616,1430, 1313, 1161, 1105, 1050, and 894 cwere attributed to the
stretching of C=0 bonds, bending mode of the absorbed water, symmetric bending of
-CH,, C-O symmetric stretchinghe asymmetric stretching of-GQ, GOH skeletal
vibration, pyranose ©-C dretching, and €4 deformation vibrations out of plane of
aromatic ring, respectivelf228]. The characteristic vibrational bands PPy:PSS
presented at 1542, and 1440 btoorresponding to the stretching of CE and CN in
the pyrrole ring, respectively. The peak exhibited at 1310 was assigned to the
deforming vibrations of €4 and NH. The doping state of PPy was confirmed by the
peaks at 1178nd 960 crit. The absorption peak at 1033 tmwas due to the sulfur
dioxide group stretching vibration219, 220, 229] For PPy:PSS/CNP, the FTIR
spectra etained the typical characteristic peaks of PPy:PSS and the cellulose peaks
almost disappeared indicating the PPy:PSS was homogeneously coated on the surface
of CNFs. Moreover, all the major peaks shifted to the lower frequency, suggesting
that the hydroge bonding formed between CNFs and PPy:PSS. These results

confirmed the successful formation of the PPy:PSS/CNP.
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Figure 4.2FTIR spectra bCNP, PPy:PSS, and PPy:PSS/CNP

The surface and crosectional morphology of the pure CNP and PPy/E8I®
were examined by SEM under different magnifications. As reveal&igure 4.2a,
the pure CNP exhibited a smooth surface and randomly entangled CNFs. The
crosssections showed a compact multilayer configuration that was formed by CNFs
tightly entangld with each other through the strong hydrogen bondtgute 4.2b
and 4.2c¢). These abundant hydrogen bonds provided strong interactions between
layers, which reflected the high mechanical properties of CNP. After the introduction
of PPy:PSS, the PPy:PS&rpicles were tightly attached to the surface of CNP, which
was mainly due to the hydrogen bonds formed between CNFs and PPy chains, leading
to a rougher surface of PPy:PSS/CNP than the pure Eiyeré 4.2d). Besides, EDS
proved the existence of sulfur)(8lement in PPy:PSS/CNP, further indicating the
successful introduction of PPy:PSS on the surface of Giiure 4.3). Compared

with the pure CNP, the crosectional morphology of PPy:PSS/CNP displayed
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obviously expanded interior lamellar structures afightly loose structure, which

was probably due to the PPy:PSS within the CNP interrupting the interfibrillar

hydrogen bond among CNFs and the refilled PPy:PSS particles enlarging the distance

among CNFsFKigure 4.2e and4.2f). The loose structure was eqted to favor the

electronic transfer and improved the electrochemical performance of active electrode

materials.

Figure 4.2 SEM surface and crosection images of (a, b, and c) pure Cai] (d, e,

and f)PPy:PSS/CNP
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Figure 4.3EDS spectra of PPRSS/CNP
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4.3.2 Mechanical property

The stress vs strain curves and tensile properties of the pure CNP and
PPy:PSS/CNP as shown kiigure 4.4a and 4.4. Compared with the pure CNP, the
tensile mechanical response of PPy:PSS/CNP decreased distinctly after intyoduc
the PPy:PSS. This result might mainly be due to the disruption of the original CNFs
connecting network and the formation of new hydrogen bonds between PPy:PSS and
CNFs. It was clear that the connection between the PPy:PSS and CNFs were weaker
than thehydrogen bonding interaction among CNFs in CNP, leading to diminished
mechanical properties of PPy:PSS/CNP. In addition, the number of intermolecular and
intramolecular hydrogen bonds in nanocellulose would be reduced due to the presence
of negatively chaged PSS (S®) between nanocellulos¢230]. With the weight ratio
of PPy:PSS3ncreasing, the tensile strength and elongation at break of PPy:PSS/CNP
reduced from 42.6 to 9.9 MPa and from 10.17 % to 6.9 %, respectively, since the
more amount of PPy:PSS incorporated into the CNP, the fewer the CNF interfibrils
connections. This reuevidenced that the mechanical properties of PPy:PSS/CNP
were affected by the number of hydrogen bonds between fibers. Interestingly, even
the weight ratio of PPy:PSS reached 54.1 %, the PPy:PSS/CNP strip with the width
and thickness of 10 mm and 0.08 prsaparately, could still lift up a static load of 800
g. By comparing with other conductive polymer/CNF composites, our work presented
good mechanical natur@25, 226, 23@32]. It implied that nanocellulose was a

promising substrate for the preparation of the flexible electrode.
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Figure 4.4 (a) Stress vs strain plot and (b) Tensile strength for CNP and PPy:PSS/CNP
with different PPy:PSS mass loading; (c) Snapsho®BRy:.PSS/CNR strip, which

can still lift up a static load of 800 g

4.3.3 Conductivity

As shown inFigure 4.5a, the electrical conductivity of PPy:PSS/CNP increased
continuously with the increasing amount of PPy:PSS. When the weight ratio of
PPy:PSS was 61.6%he conductivity reached 5.776 S/cm, which suggested that the
conductivity of PPy:PSS/CNmainly attributed to the content of PPy:PSS. However,
despite a high mass loading of conductive active material could improve the
supercapacitor performance, the pawchanical strength nature of PPy:PSS/ENP
that might limit its practical application still should be considered. It is worth noting
that even the mass load of PPy:PSS was reduced to 54.1%, the PPy:PSS/CNP could
still exhibit high conductivity of 4.456 &M in this work, which was higher than
many similar conductive composites reported previouslgh sas PPy/CNF (0.26
S/cm), CNHRpoly(3,4ethylenedioxythiophene) (PEDOT):PSS (2.58 S/cm), and
PPy/acrylic acid (AA) grafted nanocrystal cellulose hydrogel (RE@-g-AA) (8.8

310° S/cm) [226, 230, 233] Figure 4.5 demonstrate that PPy:PSS/CNR as a

113



connecting lead could light LED bulb very well under different bending angles,
suggesting their splendid conductance stability and flexibility. Combining the
mechanical strength of PPy:PSS/CHIPit was an optimal electrode canalid used

for the electrochemical test.
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Figure 4.5 (a) Conductivity and (b) Photographs of PPy:PSS/@N#Hms with

different bending angles
4.3.4 Electrochemical characterization

Figure 4.6a presented the CV curves of PPy:PSS/&Nat various scan rates. A
guastrectangular shape was exhibited under lower scan rates, corresponding to a
good pseudocapacitive response. With the increasing of scan rates, the curves
distorted into a lealike shape. The deviation of CV curves was mainly due to the
controlled iondiffusion process impeding the accessibility of ions and active sites and
causing the charge collection at the solid/liquid interface, which increased the internal
diffusion resistance of the electrode. There are no obvious redox peak observed,

suggestinghat the fast electron and ion transfemughout the electrod¢234-236].
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The chargealischarge performance of PPy:PSS/CGMN®as shown irfrigure 4.60. All

the GCD curves were found to be nearly triangular shapes with a very small voltage
drop indicating superior pseudocapacitive behavior and excel lent reversibility of ion
transfer and diffusion properties for the electrode. Based on the CV curves, the
specific capacitances for the area, volume, and weight were calculated as shown in
Figure 4.6c and 4.6d. The maximum specific capacitance value was 3.8 £(¢7b6

F/cnt, 240 F/g) at 10 mV/s. Compared with other celllbased conductive
nanopapers in th&ble 4.2, our work had a highest value. From 10 to 40 mV/s, and
62 % of initial area capacitance was retained. The loss of capacitance could be
explained by the increase of the internal resistance due to the diffusion limitations of
electrolyte ions intelectrode material which could not match the rate of the electron
transfer of electrode materials. The superior rate performance of PPy:PS&AZAH
ascribed to the high conductivity of PPy and the synergistic effect between PPy:PSS
and CNFs, which coultbwer interfacial chargéransfer resistance and facilitate the
transportation of electrons. EIS was conducted to analyze the intrinsic charge storage
of the electrode. As displayed irigure 4.6e, the Nyquist plot showed a small
semicircle in the higlirequency region that related to the charge transfer resistance of
the electrode and a straight line in the Hffvaquency region corresponding to Warburg
impedance reflecting the capacitive behavior of the electrode. This observation further
proved that thé°Py:PSS/CNR electrode possesses a low charge transfer resistance
and a fast charge transfer rate performance. Moreover, PPy:PS8/@&Ronstrated
remarkable cycling stability (80.9% capacitance retention, 5,000 cycles) due to the
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incorporation of cellse network with good mechanical strength that could
effectively overcome the shortcomings of the volume expansion/shrinkage for PPy
during the charging/discharging procesgagyre 4.6f). The mechanical properties of
PPy:PSS/CNR were further confirmedfter the cycling stability test (5,000 cycles)

in the threeelectrode system. As displayed Kigure 4.7, the tensile stress of
PPy:PSS/CNR remarkably decreased from 23 MPa to 4.8 MPa. The decreasing
tensile stress for PPy:PSS/CMPmight mainly attribte to the water molecule that
interrupts the hydrogen bond among compog®d. Figure 4.8a and 4.8
presented the CV curves and digital photos of PPy:PSSACAIPdifferent bending
angles. The CV curves showed a minimal deformation further demonstrating the

stable performance of the electrode.

b °¢

vs. AgiAgCl)

0 5000

Figure 4.6 The electrochemical performance of PPy:PSS/@Né&tectrode in 1 M
H,SO, electrolyte. (a) CV curves; (b) GCD curves; (c) Specific capacitance based on
areal and volume as functions of current density; (d) Specific capacitance based on total
weight and actie material weight as functions of current density; (e) Nyquist plot; (f)

Cycling stability at 10 mA/crh
116



Table 4.2 Comparison of PPy:PSS/CNP electrode with reported nanocellulose

supported conductive material based supercapacitors

Capacitance retentic
Electrode materials Specfic capacitance Ref
(Cycles)

CNF/CNT/PANI 315 F/g, at 1 Alg 10000, 92.0%  [238]

CRCNF/AC/IMWCNT 1.74F/cm,atl mA?% ¢ 3000, 96.7%  [239]

PPy/rGO/CNF 304 F/g, at 0.5 A/g 1000, 81.8% [240]
PPy/cellulose 129.6 F/g, at 0.48 A/g 7000, 99.3% [241]
RGO/cellulose 212 F/ g, aD.5A/g 14000, 94.0%  [242]
PEDOT/Cellulose 115 F/g, at 1 A/lg 2500, 91.0%
[243]
Paper

854.4 mF/crf (106.8 F/cm) 10000, 95.5%
PEDOT:PSS/CNP [225]
(159.7 F/g), at 5 mV/s

PPY/GR/CNF 264.3 F/g, at 0.25 Alg 1000, 85.7%  [244]
3.8 F/cnf (475 Flcnd, 240 5000, 80.9%  This

PPy:PSS/CNP
F/g) at 10 mV/s work
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Figure 4.8(a) CV curves and (b) digital photos of PPy:PSSP&Nat different bending
angles

To evaluate the practical application of PPy:PSS/@Nf#m electrode, the
electrochemical characterization of the symmetric supercapacitor that assembled by
two pieces of PPy:PSS/CNPelectrode (11 cnf) was performed. Theymmetric
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device exhibited the symmetrical shape of CV curves and negligible deformations
with the increasing scan rates, indicating the ideal capacitive, excellent rate feature,
and good reversibilityRigure 4.9b). GCD curves displayed nearly triangleape

with low voltage drops which further proved a typical electric double layer capacitor
(EDLC) nature of energy storag€iqure 4.99. In addition, as the current density
increases, the shape of the GCD curves remained, indicating that the devicedhad go
redox reversibility. The capacitance values of PPy:PSS/€NEvice based on area,
volume, and weight were plotted kigure 4.9dand 4.9eto value the performance of
supercapacitors. At 10 mV/s, the maximum areal capacitance was 880°n¢El6m
F/cnt, 50.8 F/g). The results of the cyclic performance indicated that the device
showed 74% capacitance retention after 5800 cycles at 5 riAFigure 4.91). As
shown in the Ragone plotEigure 4.10a and 4.18), the maximum energy density
coul d r e aanh(151Wh/2re)With/the power density of 4.4 mW/én50
mW/cnt), which was comparable to or even higher than the previous SCs devices
based on similar cellulose materiademonstrating the satisfied electrochemical
performancg40-49][132, 160, 245852]. The impressive findings suggested that the

PPy:PSS/CNP was a promising material for high performance energy storage devices.
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Figure 4.10Ragone plots the symmetrical PPy:PSS/CNP supercapacitor device based
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4.4 Conclusions

In this study, théow-cost and environmentally friendly nanocellulose were used

as building blocks foPPy:PSS to fabricate the freestanding, biricss flexible
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PPy:PSS/CNP electrode using the vacuum filtration metboé. to the synergistic
effect of three constituentshe PPy:PSS/CNP exhibited excellent flexibility and
outstanding electrochemical properties. When the weight percentage of PPy:PSS to
PPy:PSS/CNP was 54.1%, the electrode exhibited the maximum specific capacitance
value ( 3.8 F/cf) 475 F/cmi, 240 Flg, at @ mV/s) and good cycling stability (80.9%
capacitance retention rate, 5,000 cycles). The good flexibility and electrochemical
stability of the electrode was proved by the CV curves of PPy:PSS/CNP at different
bending angles. Furthermore, the symmetric segpacitor device of PPy:PSS/CNP
was assembl ed, which offered the?@W5 ghest
Wh/cn? ) along with the power density of 4.4 mW/&550 mW/cni). Our work
provides a novel design idea to synthesize-fteading flexible anopaper electrode

with good mechanical strength and electrochemical performance for energy storage
applications in the future. Moreover, the simple and economical preparation process
may bring new opportunities in reducing the production cost of flegilleletrodes for

portable and wearable consumer electronics.
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Chapter 5: Flexible and freestanding PANI: PSS/CNF nanopaper
electrodes with enhanced electrochemical performance for

supercapacitors

Abstract: A novel freestanding, binderee flexible polyaniline:poly(sodium
4-styrene sulfonat&ellulosenanopaper (PANI: PSS/CNP) electrode was prepayed
combiningin situ polymerization with a simple and fast vacuum filtration method.
The lowcost and environmentéliendly nanocellulose with a threbmensional (3D)
hierarchical porous structure was chosen as the support substrate not only effectively
reduced the production cost but improved the electrolyte absorption property,
flexibility, and mechanical strength fodPANI: PSS/CNP The freestanding and
binderfree structure simplifying the preparation process and increasing the mass
loading of the active material in the electrode is beneficial to maximizing electrode
utilization. Due to the effective combination of the cellulose (CNF) RANI: PSS
complex, the optimize®PANI: PSS/CNP electrodexhibits high specific capacitance
(2.56 F/crd) with good cycling stability (81.5% capacitance retention, 8000 cycles),
excellent mechanical strength, good conductance stability, and flexibility. A
symmetric spercapacitor constructed with two pieces of PANI: PSS/CNP electrodes
shows outstanding areal specific capacitance of 460 nifdnthhigh energy density
of 40.9 pWh/cnf. Our work offers a scientifically and economically efficient
approach for the productiast low-cost and energgfficient flexible electrodes used
for future green flexible electronics devices through straightforwardly fabricating

conductive compounds using cellulose of natural origin.
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5.1 Introduction

With the rapidly growing industries and matk of portable and wearable
consumer electronics such as foldable displays, electronic skin, and electric paper, the
demand for flexible and renewable energy storage devices withdsty lightweight,
environmental friendliness, and superior energy iefficy is clearly increasinf53,
163-165]. Among various energy storage devices, flexible supercapacitors have been
widely recognized as promising candidates due to their high power density, long
cycling life, robust mechanical flexibility, and good operational sqfetg-168, 253,

254]. As the most important part of flexible supercapacitors, the flexible electrode is
considered as a key impact on the successful fabrication ofpleigbhrmance flexible
supercapacitors.

Polyaniline (PANI) as a promising eleotle material has been studied
extensively in supercapacitors owing to its high specific capacitance, facile and
simplistic preparation, easy control of doping level and conductivity, good
environmental stability, and low cof255, 256] However, the weak solubility in
common solvents, structural instability, and poor mechanical performance of PANI
limit its applications in flexible electronic devicé&s.common method used to
overcome the insolubility problem of wducting polymer is to combine polymeric
surfactants with different sulfonating groups and conducting polymer to form
complexed257, 258] For instance, the polyaniline: poly(sodiurs®rene sulfonate)
(PANI: PSS) with excellent solutieprocessability and unique redox behaviors has

been widely applied in supercapacitors. A hybrid electroactive rakfermed by
123



iron oxidedecorated fewayer graphene/PANIl. PSS composite films through a
simple dipcoating procedure showed excellent capacitive perform§iZis®. The

As andwikceho nanocomp o s catbens nanatubéstpolyardihel e d
poly(sodium 4styrenesulfonateyraphene (MWCNTs/PANI/PSGR) demonstrated

a high specific capacitand260]. In addition, extensive work has been done to
modify and improve the electrochemical performance of PANI such as preparing
different morphologies of PANI, making composites with carbased materials, and
depositing active conducting materials orxifide, porous, and lightveight substrates
[261-266].

Cellulose (CNF), the most abundardtural polymer on earth, has received great
attention, in light of its abundant and renewable raw materials source, high surface
area, superior mechanical strength, -tmxicity, great biocompatibility and
biodegradability, and prospect for environmentalstainability, etc[208]. The
threedimensional (3D) hierarchical porous structures of cellulose formed through the
intramolecular and intermolecular hydrogen bonds among cellulose molecules
provide rich ionabsorptive sites and more diffusion channels for charge transfer,
which is beneficial for enhancing the performance of supercapaci2@s).
Furthermore, the hydroxyl groups can be easily modified and provide a good platform
for the construction of new materials to broaden their potential applications.
Compared with other flexible substrates, CNF is widely regarded as an ideal building
block to reluce production costs and building environmefriahdly processes for
fabricating the functional flexible electrodes. A series of cellulmssed functional
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materials have been fabricated and applied in flexible erstaygge devices. For

example, Dengt al. prepared multiwalled carbon nanotube (MWNT)/activated CNF

(ACNF) whose capacitance was 1.38 times higher than that of pure ANCF, when

adding 6 wt% MWNTs in CNFs. In addition, 94% initial capacitance was retained

over 1000 cycles at the current dewmsiof 2 A/g [268]. Uniform
cellulose/graphene/polypyrrole (CNF/GN/PPy) microfibers were prepaidd av

convenient wespinning strategy. This microfiber electrode manifested excellent
tensile strength (364.3 MPa),? dnid gdod speci f
cycling stability (capacitance retaining nearly 100% after 2000 cldisgbarge

cycles)[269].

In this study, we aim to develop a sustainable and inexpensive strategy to
synthesize flexible electrodes with high electrochemical performance to meet the
requirement®f the global markets for flexible and renewable energy storage devices.
Here, we designed and prepared a new freestanding, fiieddiexible polyaniline:
poly(sodium 4styrene sulfonat&)ellulose nanopaper(PANI: PSS/CNP) electrode
through in situ polymerization and a fast vacuum filtration method, which combines
the solutionprocessable PANI: PSS complexes as the active material with CNF as the
flexible substrate. The cheap and green CNF as a substrat®icanly effectively
reduce the production cost but also improve the flexibility and mechanical strength of
electrodes. The optimized PANI: PSS/CNP electrode exhibited high tensile strength,
where the sample strips (10 mm wide and 0.1 mm thick) couldifstiip a static load
of 800 g. The frestanding and binddree construction eliminates the need for
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binders, conductive additives, and current collectors while simplifying the preparation
process and increasing the mass loading of the active matettad electrode, and
maximizing electrode utilization. The optimized PANI: PSS/GiMmonstrated a high
areal specific capacitance of 2.56 Ffcand good cycling stability (81.5 %
capacitance retention, 8000 cycle&)symmetric supercapacitor assembledhwivo

pieces of PANI: PSS/CNP electrodes delivered a high areal energy density of 40.9

e Wh /%d4m9 mWh/ch) at a power der&0.0ynWerd) 100.

This research opens a new avenue for developingctmivand freestanding flexible

electrode®f supercapacitors.

5.2 Experiments

5.2.1 Materials

The CNFs with a concentration of about 3 wt% were purchased from the
University of Maine, USA. (Lot Number U31). Anilinenonomer (99%) and
ammonium peroxydisulfate APS, 98% were purchased from Alfa Aesar.
Poly(sodium4-styrenesulfonate) (PSS, 99%) was purchased from Acros, USA.
Sulfuric acid (HSO,, 95%98%) and hydrochloric acid (HCI, 36.538%) were
purchased from VWR, USA. All the chemicals were directly used withouhdurt

purification.

5.2.2 Preparation of cellulose nanopaper (CNP)

The preparation of CNP was carried out according to our previous[226k In

126

5

[
[



short, the CNFs suspension with a concentration of 0.5 wt% was diluted by 1 M HCI.
The diluted CNFs suspension (40 ml) was magnetically stirred for 2 h to obtain a
uniform suspension. Themhe suspension was filtered using a polypropylene filter

membr ane (di ameter of 10 <c¢m, pore size
Finally, another polypropylene filter membrane was covered on the wet CNF film and

dried at 105 € for 2 h to obtaithe CNP.

5.2.3 Preparation of PANI: PSS/CNP

40 ml of CNF suspension (0.5 wt%) was dispersed in 20 ml 1 M HCI and stirred
for 30 min to form a homogeneous suspension. EHmline monomer and PSS were
introduced into the suspension and stirred for another 10 Maxt, the oxidant of
APS was added into the mixture to initiate the polymerizaticandine. The reaction
was carried out for-& h under constant magnetic stirring at room temperature. The
resultant solid was centrifuged and washed several timesdeibmized water. After
that, the product was diluted to 200 ml with deionized water and sonicated for 5 min
at a power input of 500 W. Finally, the PANI: PSS/CNF suspension was filtered by

vacuum filtration using a polypropylene filter membrane (diametetOocm, pore

of

size of 0.45 &em). The PANI : PSS/ CNP was

PSS/CNF film that was covered by another polypropylene filter membrane at 105 €
for 2 h. The schematic of forming the PANI: PSS/CNP is showigare 5.1, where
PSS ats a as surfactant as well as a dopant in the composite. The weight percentage

of PANI: PSS in the PANI: PSS/CNP was calculated folloviiggiation 5.1):
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7ECEBAOOEHN mja pnmp (5.1)
Wheremis the dry weight (g) of thBANI: PSS/CNP.
To obtain optimal performance of composites, the weight ratio of PANI: PSS in

PANI: PSS/CNP was accurately controll@the detail was given ifiable 5.1.

Na,S,0g @ 7 Hotpressing
>/ —1 " p—
2 B ﬁ 1
—— — ]

PANI:PSS/CNF Vacuum filtration 105°Cfor2h PANI:PSS/CNP 5

L ——_

Figure 5.1 Theschematic formation of PANI: PSS/CNP

Table 5.1 Operation conditionor synthesizing PANI: PSS/CNP

CNF  Aniline Weight ratio of
Sample PSS (g) APS (g)

(9) (ml) PANI: PSS (%)
PANI: PSS/ICNPL 0.2 0.1 0.0097 0.228 7.7£0.3
PANI: PSS/CNP2 0.2 0.2 0.0194 0.456 29.0 £0.8
PANI: PSS/ICNP3 0.2 0.3 0.0291 0.684 46.8 £1.2
PANI: PSS/CNP4 0.2 0.4 0.0388 0.912 54.1+1.5
PANI: PSS/ICNF5 0.2 0.5 0.0483 1.140 62.2 +1.8

5.2.4Tensile test

The mechanical properties of PANI: PSS/CNP samples were examined by the TA
Instrument dynamic mechanical analyzer RSA Ill with the ASTM standard 10882
test method. The specimens were cut into the 1 cm (WAdBt§ cm (length) segments

used to test. Therosshead speed and gauge length were 6 mm/min and 15 mm,
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respectively. Three measurements data were averaged to obtain the value for each

sample.

5.2.5 Conductivity measurement

The electric conductivity”(, S/cm) of PANI: PSS/CNP was examined by the
four-point probe method using a digital multimeter (RIGOL DM3068) and calculated
by Equation 5.2) [226],

"prY 0O (5.2)

WhereR;is the sheet resistance in Ohm, which is the average value after five
square specimens {11 cnf) measured for each samplés the thickness of the film

in centimeter.

5.2.6 Electrochemical measurements

All the electrochemical tests werearried out on aCHI electrochemical
workstation(CHI 760D) using threelectrodeor two-electrode systemria 1 M H,SO,.
The reference electrode, thmunter electrode, and thsorking electrode were
Ag/AgCl electrodeplatinum sheet (2 1 cnf), andPANI: PSS/CNR1 cm?3 1 cm3
0.10 mm, 11 mg), respectivel\Cyclic voltammetry (CV) and Galvanostatic
charge/discharge (GCD) curves were conducted with the potemiralsw from 0 to
0.8 V. The PANI: PSS/CNP electrodéd cm3 1 cm?3 0.10 mm, 11 mgwas
employed as both cathode and anode to build the symmetric supercapacitor.

Electrochemical impedance spectra (EIS) were obtaahegenrcircuit voltage using
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AC amplitude of 0.005 V in the frequency range of 10 1 Hz. The stability tests
were performed on Arbin Itisiment (version 4.21)The areal specific capacitance
(Ca, Flcnf) of the electrode was estimated by tBgquation §.3) from the GCD
curves[270],
6 "0y oY (5.3)
Wherel is the discharge current (AY0 is discharge time (sA is the area of
the electrode (cf), andopMs the potential window (V). When the area in the formula
is replaced by the volume or mass of the electrode, the gravimetric capacignce (
F/g) and the volumetric capacitan€(F/cnt) will be obtained.
The energy density®, Wh/cnf) and power density®( W/cnf) were calculated
according to the followingquationss.4 and5.5:
% #YOTC CQMT (54)

0 oo@mTOIYo (55)

5.2.7 Materials Characterization

Scanning Electron Microscopy (SEMypreo FB and energy dispersive-bay
spectroscopy (EDEDAX Instrument} were used to confirm the morphologies and
compositional elements of the samples, respectively. The function groups were
investigatedby Fourier transform infrared spectroscopy (FTIR) on a Nicolet 6700
using KBr disk in the region of 460000 cnt. X-ray photoelectron spectroscopy
(XPS, Kratos XSAM 800) was used to determine the elemental valence state of the

samples.
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5.3 ResuUts and discussions

5.3.1 Materials characterization

Structural characterization of CNP, PANI: PSS, and PANI: PSS/CNP was
investigated by FTIR as shown kigure 5.2 The pure CNP exhibits a few peaks
including the bending mode of the absorbed water at 1645 symmetric bending of
-CH, at 1430 crit, O-H bending at 1369 ch C-O symmetric stretching at 1315 ¢m
asymmetric stretching of -O at 1161 cni, C-OH skeletal vibration at 1105 ¢
pyranose @0-C stretching at 1050 ¢h and deformation vibrationsub of the plane
of the aromatic ring at 896 ¢hrespectivel\[228]. In the spectrum of PANI: PSS,
the bands at 1556, and 1483 toorrespond to C=C stretching vibrations of the
quinoid and benzenoid rings, respectively. The peak presented at 129@s cm
assigned to €N stretching of secondary aromatic amine. The peaks at 1108, 1029,
and 1002 cril belong to the benzene ring-fane \ibration. The absorption peak at
663 cm' is due to the €S stretching vibration of the benzene ring of BSEL-273].

The FTIR spectrum analysis confirmed the successful doping of PSS into PANI. As
shown in the spectrum of PANI: PSS/CNP, typiciadracteristic peaks of PANI: PSS
(C=C (quinoid rings), C=C (benzenoid rings), aneNL are observed, and the
cellulose peaks almost disappear, indicating that PANI: PSS is uniformly coated on
the CNF surface. Furthermore, compared with the spectrum 9F. FSS, the peaks
of PANI: PSS/CNP is slightly shifted to low frequencies, which can be attributed to

the formation of hydrogen bonds between CNF and PANI: PSS. This result proves the

131



successful synthesis of the PANI: PSS/CNP.

Transmttance (a.u.)

—— PANI:PSS
——PANI:PSS/CNP

1 1 1 1 1 1 1

2000 1800 1600 1400 1200 1000 800 60O
Wavenumber (cm™)

Figure 5.2FTIR spectra of CNP, PANI: PSS, and PANI: PSS/CNP
XPS analysis was further performed to elucidate the chemical structure of PANI:

PSS/CNP. As presented kigure 5.3a, the XPS survey spectra of PANI: PSS/CNP
exhibits four main peaks located at 532 eV, 389, 284 eV, and 164 eV
corresponding to O1s, N1s, Cls, and S2p, respec{i2e8; 274] The peak for N1s

is from PANI, whilethe S2p is attributed to PSS. The N1s dexel spectrum is
divided into three peaks situated at 401.06 eWT ), 399.81 eV (NH ), and
398.88 eV ( N ), respectively Figure 5.3b) [275, 276] Additionally, the ratio of
N*/N is 50.6% indicating a high foping level of PANI, which is beneficial to

improving the pseudocapacitive performance of electrfitfy.
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Fig.2.(a) XPS survey spectra of PANI: PSS/CNP; (b) N1s spectra of PANI: PSS/CNP
The morphology of pure CNP and PANI: PSS/CNP was investigated by SEM. As
shown inFigure 5.4a, the surface of pure CNP is smooth and shows an entangled
nanofiber network. The crosectional imagedisplay a lamellar structure formed by
CNFs tightly entanigd with each other through the strong hydrogen bondtiggife
5.4b and 5.4c). CNP with a compact multilayer configuration is chosen as the flexible
substrate, which is beneficial for high mechanical properties and fast electrolyte ions
diffusion of the &ctrode[224, 277] Figure 5.4d confirms that PANI: PSS particles
aggregate on the surfacé CNP resulting in a rougher surface of PANI: PSS/CNP
after the introduction of PANI: PSS compared to pure CNP, which gives the electrode
a high surface area to perform a better contact with the electf{@b® Moreover,
the EDS elemental mappings of carbon (C) and nitrogen (N) further demonstrate the
formation of PANI: PSS on the surface of CNPiglre 5.5. The uniformly
distributed PANI: PSS particles on the surface of CNF may be attributed to the
hydrogen bond between CNF and PANI chdiz¥4]. The expanded interior lamellar
crosssectional structures of PANI: PSS/CNP evidenced that PANI: PSS particles
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penetrated into the substrate, not only coated on the surface of CNP. Such structure
offers the obtained electrode excellent electrical condugtant shorts the diffusion

distance of ions, leading to high electrochemical properties.

Figure 5.4 (a, b, and c) SEM surface and crasstion images of pure CNéhd (d, e,

and f)PANI: PSS/CNP
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Figure 5.5EDS spectra of PANI: PSS/CNP

5.3.2 Mechanical property

The mechanical characteristics of pure CNP and PANI: PSS/CNP was
investigated by a stresdrain experiment. As shown figure 5.6a and 5.6, the

tensile stress and strain of PANI:  PSS/CNP decreased distinctly compared with pure
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CNP. This degraed behavior of PANI: PSS/CNP in terms of mechanical properties
may be related to the disruption of the original CNF connecting network and the
formation of new hydrogen bonds between PANI: PSS and CNF after the introduction
of PANI: PSS. This result is n@ting with FTIR. It is obvious that the PANI:
PSSCNF interactions are inherently weaker than GBI, resulting in decreased
mechanical properties of PANI: PSS/CINF8-280]. Furthermore, with the increase

of PANI: PSS content, the tensile strength of PANI: PSS/CNP decreases from 49.98
MPa with a fracture strain of 14.11 % to 14.28 MPa with a fractuaensof 6.83 %.

This phenomenon can be explained by the percentage reduction of CNFs content in
PANI: PSS/CNP. The higher percentage content of CNFs in the composites typically
leads to more intramolecular and intermolecular hydrogen bonds among CNEs in th
PANI: PSS/CNP, which endows the composites with higher mechanical strength.
Conversely, the existence of PANI: PSS will prevent the formation of a large number
of hydrogen bonds, and therefore lower the mechanical stréd@tfi This result
evidences that the number of hydrogen bonds among CNFs affects the mechanical
properties of PANI: PSS/CNP. In addition, when the PANI: PSS/CNP was sliced into
10 mm wide with 0.1 mm thick strips, the sample could still lift up a static load of 800
g, where he weight ratio of PANI: PSS is 54.1 % in PANI: PSS/CNP. It implies that
PANI: PSS/CNP has excellent mechanical strength, which enables practical

applications in flexible supercapacitors.
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Figure 5.6 (a) Stress vs strain plot and (b) Tensile strengthChiP and PANI:
PSS/CNP with different PANI: PSS mass loading; (c) Photograph of the PANI:

PSS/CNP4 strip, which could lift up a static load of 800 g

5.3.3 Conductivity

Theoretically, the electrode with high mass loading of electrically conductive
material is faorable for improving the supercapacitor performance. As anticipated,
when the mass ratio of PANI: PSS to PANI: PSS/CNP increases from 7.7% to 62.2%,
the conductivity of PANI: PSS/CNP electrode increases from 0.008 S/cm to 1.16 S/cm
(Figure 5.7a). It certifies that the electrical conductivity of PANI: PSS/CNP is mainly
correlated to the content of PANI: PSS. Moreover, the measured values are superior to
those of the reported cellulose conductive nanopgRe®, 233, 282] It is worth
noting that we can further improve the electrode condiigtivia increasing the
content of PANI: PSS, nevertheless, the mechanical performance of the composite
electrode will be sacrificed. In order to prepare an electrode with high conductivity
and good mechanical properties, the PANI: PSS/@NFas chosen aan optimal
electrode candidate and used for the electrochemical test later. Additionally, their

conductance stability and flexibility were demonstrated by maintaining the luminance
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of a blue LED bulb, where PANI: PSS/CNIPas a wire was subjected to diffat

bending anglesHigure 5.7b).

(b)

@,,l

1.16

30°

o
)

45°

60°

Conductivity (S/cm)

0.118

Y, 90°

7

O INININ

2 3 A 5
o oesiO® “\-955‘0“‘,
Lo

e N{\'.\’ ° NQ\'.?

Figure 5.7 (a) Conductivity and (b) Photographs of PANI: PSS/GNWRith different

bending angles

5.3.4 Electrochemical characterization

Figure 5.8a depicts the detailed CV profiles of PANI: PSS/CMBetween 0 V
and 0.8 V awarious scan rates. The shape of curves exhibits a-tpeangle under
lower scan rates, which is induced by the pseudocapacitive behavior of the materials.
As the scan rate increases, the curve deviates from the original shape, which is
attributed to tkb fact that electrolyte ions with finite diffusion rates aatndiffuse
from the solid/liquid interface to the electrode material and complete the
electrochemical reaction under a high scan {2&8]. GCD behaviors of PANI:
PSS/CNP4 was measured at different current densitgure 5.80 shows thenearly
triangular GCD curves of PANI: PSS/CNP with a very small voltage drop
indicating superior capacitive performance. As the current density iestghe shape

of curves is almost maintained indicating a highly reversible charge/discharge
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property[245]. According toEquation (5.3), the specific capacitance of the electrode
derived from the GCD curves is calculated and showrignre 5.8c and 5.8d. The
maximum specific capacitance value as high as 2.56°F256 F/cni, 233 F/g) at 2
mA/cn’ can be obtained, which is higher thanestPANFbased electrode materials
(Table 5.2). Moreover, with the increasing current density, the capacitance value
decreases obviously, which is due to that the protons don't have enough time to reach
the surface of the electrode, which decreases thesbiiy of ions and active sites
resulting in low utilization of active materials. EIS was employed to analyze the ion
transport behavior of PANI: PSS/CNP As shown inFigure 5.8e, the Nyquist plot
consists of a small semicircle in the hifyjaquency egion presenting the charge
transfer resistance and a straight line in thefi@guency region, suggesting the ideal
capacitance characteristics. The cycling stability of PANI: PSS/EMN@s verified by

GCD measurements and shown Figure 5.8f. After 8000 cycles, the specific
capacitance of PANI: PSS/CNRFis still able to retain 81.5%. The remarkable cycling
stability is ascribed to the introduction of good mechanical strength cellulose, which
can more effectively prevent the volume expansion/shrimkag PANI during the
charging/discharging processes addition, the flexibility of the electrode was
evaluated by the CV and GCD tests at different bending andle9d®and 180y
(Figure 5.9a-c). The result indicated that while the capacitance dse with the
increase of the bending angle (87% capacitance retention, at 180j, but the overall
stable performance demonstrated the electrode had excellent electrochemical behavior
in the bending statd-{gure 5.9d).
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Figure 5.8 The electrochemical penfmance of PANI: PSS/CNR in 1 M HSO,

electrolyte. (a) CV curves; (b) GCD curves; (c) Specific capacitance based on areal and
volume as a function of current density; (d) Specific capacitance based on total weight

and active material weight as a functafrcurrent density; (e) Nyquist plot; (f) Cycling

stability at 10 mA/crh
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Figure 5.9(a) Digital photos of PANI: PSS/CN# at different bending angles’(@0°
and 180, (b) CV curves, (c) GCD curves, and (d) Specific capacitance of PANI:

PSS/CNP4 at different bending angles under 10 mAfcm
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