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SUMMARY

Cellulose, as the most abundant biopolymer in the werttthe main component
of paper is a polysaccharide consisting of thousandt -linked glucose unitModern
societyrequires electronic devices to be more flexible and environmental friendly, which
makes cellulosasagood candidate for next generation of green electroHiowever, lots
of researches empleg i p a-p e kpetroleumbasedpolymers to fabricate electronics
rather than using real cellulose pap€ellulose, as representatives of environmental
friendly materials, caught susthable e egse e 0 S
of functionality, flexibility and tunable surface properties, 8tbere aresome general
challenges about using cellulose for electronics, such as ksammtuctivity, porosity and
roughness, but these features can be taken advantagesesfaamoccasions.

This thesis focusson the study oftcellulosebased electronic devices by chemical
or physicalmodification ofmicrofibrillated cellulos€MFC). Particularlythreeelectronic
deviceswere fabricated including ionic diodes, electric dble layer supercapacitors,
pseudocapacitort addition a rational design of dysensitized solar cell was investigated,
although itwas not directly cellulosebased, itled the wayto the next generation of
cellulosebased solar cells.

(1) Flexible andransparent papdrased ioit diodes

For the first time paperbasedonic diodes (PIDs) werefabricated to control the

electrial current toflow unidirectionally,in the principles of using the electrostatic force

to control the ionic movementPIDs were made byombining together two oppositely
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charged microfibrillated cellulose sublayeffie asymmetric charge distribution between
the two sublayers he#ol selectively transport cations and anionsler positive and
negative biasThe current rectiiation ratio(the ratio offorward currentto backward
currentunder the same voltage but different directwayaround 15 at 5 V and exhibd
good repeatability at room temperatufée PIDs made by MFC hdmany advantages.
First, the cost of PIBwere much lower than inorganiocased devices and fosbihsed
polymeric membranes. Second, the cellullbased nature nda it more environmental
friendly. Third, PIBs had much better mechanical strength than hydrdgesled m
junctions.

(2) Solid-state andléxible multrwalled carbon nanotubes(MWCNTs)/MAased
electric doubldayersupercapacitors

Flexible and freestandingpaperbasedsupercapacitors werabricatedfor energy

storageThe papetased supercapacitakgre designed using MFC as supporting skeleton
for both electrode sheets and separator sheelid electrolyte (polyethylene oxide and
lithium chloride) as electrolyte and carbon nanotubéleactive electrode materials. The
specific areal capacitaacwas calculated to b&54.5 mF/crh at 20mV/s from cyclic
voltammetry whichwas higher than most of the other sedithte supercapacitors normally
ranged from a few to 109 mF/éniThe papetased supercapacitovgere superior to
conventional supercapaaditoin terms of tunable electrode sheet thickness for adhjlest
areal capacitance. Usually foonventional supercapacitotbe electrode materials, such
as carbon materials or conductively polymesgre simply casted or brushesh on
substrats, thus would be easily peeled off. The papetbased supercapacitors empdy

MFC as a good filsforming materiaglwhich prevergedthis from happening. In addition,

XX



the porous nature of MF®as beneficial for the ionic transportation and for the absorption
of electode materials. The fresanding papebased supercapacitorsdgreat advantage
when it @ameto packaging andould be stacked together to gagh capacitance without
taking much space.
(3) Solid-state and flexible polyaniline/silver/MFC aerogskeudsupercapcitors

Flexible andsolid-stateMFC aerogel basesupercapcitros werdabricatedwith
employingMFC aerogel asupportingmaterials polyaniline as electrode materials, silver
particles as conducting agents and polyvinyl alcohol/phosphoric asimlidslectrolyte.
The specific areal capacitana@s calculated to b&76mF/cm at 10mV/s from cyclic
voltammetry, whichwas significantly higher than most flexible supercapacitors reported
in literatures. Due to thehigh specific surface of MFC aerogiige amount of g@lyaniline
could be héd in its networkfor substantial charge storage. In additidme tesign of
multiple-synthesis of Ag particles onto MFC aerogetll heeatly boosted the condudatiy
of the superapacitors, thusovercame the most challenging problem for pdpsesed
electronics, whiclwas conductivity. The MFC aerogel supercapacitors were also- solid
state and flexible, whicreat facilitatel the packaging of the devices.

(4) Hybrid dyesensitized solacells(DSSC)composed with double photoanodes

Parallelconnecteditanium dioxidedye-sensitized solar cells were fabricatied
harvest a broader range of light in the solar spectrum. The hybrid solar cellsexbofsist
two photoanodesind one counter electrod®ne photoanodevas based ordye N719
sensitizedlO2 on ITO glassandthe othemphotanode wadased orye N749 sensitized
TiO2 on Ni/Ti mesh. The two dyes absoed the solar energy in a complementaaynge

which greatlyimprovel the power conversion efficiency of the hybrid solar céllse
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power conversion efficiency of the hybrid cedlddreach to 6.6%, whictvas significantly
higher than that of the single céMloreover, he porous nature die second photoanode
substrate Ni/Ti mesh,enable the crafing of the hybrid cells in a single compartmey,
allowing the electrolytgo penetatethe whole deice, which effectively avoied the use
of interconnecting layers for conventional hybrid/tandem solar cHflsse hybrid dye
sensitized solar cellgrovided valuable insigtior exploring the possibility gbaperbased
solar cells, because the structureNsffoam was very similar tothat of porous MFC
network If Ni foam photoanode were successfully applmu dyesensitized solar cells,
this technique wuld be very promising to beransferred to fabricat8IFC based dg-
sensitized solar cells

In sum, environmentdtiendly, low-cost cellulose based or potential cellulose
based green electroniegere fabricated with excellent performancis pioneering work
for biopolymerbased electronics devices, this thesisl@sgnificant contribution in the
following aspects: (i) rationally leveled the high specific surface area of micreszsm
MFC to frve as ionic gateways asgistematically investigatiehow the surface charge
density, the thickness and the specific surface area influenced the ionic trainspant
MFC and further affe@dthedevice performanceéi) Provided inspiring methods solve
one of the major problems for pageased electracs, whichwas the conductivity, either
by chemical or physical method§ji) Aimed to solve the packaging and flexibility
problemsof the current electronic devices, by replacing the lidpaded sgtems with their
solid-state counterparts, meanwhile mainitagthe excellent performances. (iv) Explored

novel designs and fabrication methods of the electronic devices to enhance their properties.
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Chapter 1

LITERATURE REVIEW

1.1 Introduction of cellulose
1.1.1 Structure of cellulose

Cellulose is the most abunddmpolymerand finds applications in various areas,
including composite materials, textiles, drug delivery systgmrsonal care, efd-5]. In
general, cellulose is a fibrous, strong, wateoluble, hydrophilic substance that plays an
important role in the structure of green plant cell w&lace it was first characterized in
1839g6], this inexpensive, biodegradable and renewable resoweegdteived a great
deal of attention for its physical properties and chemical reactivity. The polymeric
structure of cellulose was demonstrated in FiduteFigurel.l shows that cellulose is
generated r o m r e-p-andydrioglugopyibanose units thae goined together
covalently through acetal groups between the equatorial group of the C4 and C1 atom.
Each cellulose chaiexhibitsa directional asymmetry with respect to its molecular axis:
one end is chemically reductiyee., a hemiacetal unit) ande other endhas a pendant
hydroxyl group, whichs nonreductive The number of glucose units or the degree of
polymerization(DP) of cellulosecan reach upo 20000.The DP varies by the sources of

cellulose.

OH
OH OH 0 OH
. 0 - B _
HSD ~f ~ot - \ HO=7~_ /. o 4___&5,,{ OTZ-\\'Z’TDH
~ o0 AR
0 HO -2 0 3 1 .
OH OH

4 OH

Figurel.1 Molecular structure of cellulose



Cellulose has a hierarchical structure. The cellulose microfibrils are the basic
structural unit of the plant cell wajleach microfibril can be considered as a string of
cellulose crystaites, linked along the chain axis by amorphous dom@ees Figurel.2).
The microfibrils are glued by other polymers like lignin and hemicelluloses artdipuil
further to form lignocellulosic fibers. The crystalline part of cellulose is almost defect
free, which give cellulose crystallitegreat mechanical properties. The theoretical
estimation of Youngds modul uSGPabyrTashirel | ul os
and Kobayasliv]. While experimentally, Sakurada et al. studiegl ¢hystal deformation
of cellulose | using highly oriented fibers of bleached ramie and reported a value of
137GP4[8]. The elasticy o u n g 6 s vahe df edllulose was reported by Sturcova et
al., whichwasaround 143GPa by Raman spectiogcy t echni gue. The el a
modulusof the single microbril was reported to be around 150&Pa

Crystalline regions Amorphous regions
== . e =\
N e N
=R e @—IJ- microfibril
B3 ; ——
: TN

> .—
Fiber -+ % %?'.m — - W
2% At
=

. =

Figurel.2 Schematic diagram of the physical structure of aagmstalline cellulose
fiber[10Q].

1.1.2The molecular bondingand morphology of cellulose

Both types of intramolecular hydrogen bonding and intermolecular hydrogen

bonding occur in cellulosas shown irrigure 1.3 and Figure M. The intramolecular



hydrogen bading is illustrated in Figure.3. A | FD-abhydroglucopyranose rings adopt
4C1 chair conformation, as a result, the hydroxyl groups are located in the equatorial
plane, while the hydrogen atoms are in the axial position. This structure is stabilized by
an intramolecular hydrogen bond network ertel i n g f r ohhhydrdxygtot®g 3 6 )
O(5) ring oxygen of the next nit across tigosidiclinkage and from the O(Z)

hydr oxyl t o xydithe néx(résimJjal].Hnyednolecular hydrogen bonding
happens between the hydroxyl groups on different chains of celmsosgown in Figure

1.4. The hydrogen bonding affects the morphology and properties of cellulose

dramatically.

Figurel.3 Intramolecular hydrogebonding network in a representative cellulose
structur¢l?)
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Figurel.4 Intemolecular hydrogeonding network in a representative cellulose
structur¢l2?)

The hydrogerbonded network and molecular orientation in cellulose can vary
greatly, whichcan lead to polymorphs or allomorphs, depending on the particular source,
methods of extraction, or treatmghtl3]. Native cellulosas mostly in the form of
cel | ul os Handup, whickewaspewkdinl 1984 by cross polarization magic
spinning(CPMAS)[7]. In thesetypes of cellulose, the chains within the unit cell are in a
parallel conformation. Special treatments of native cellulose result in othesdbrm
cellulose, namely cellulodg, 111, IV. Conversion from one fo of cellulose to another

form can be realized.

1.1.3 Reactivity of cellulose

Cellulose is a ractive chemical due to the presence of three hydignoglps in
each glucose residu€he degree of substitution (DS) is defined as the average number of
hydroxyl groups in an anhydroglucose gnitich have been substitutethus,the

maximum DS for cellulose is. Blowever, the reacti@of the cellulose carot simply be
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regarded asihydric alcohol reactiom This is becausthatcellulose idibrouslike and

has high macular weight.In most cases, the hydroxyl groups at the 2 and 3 posdiens
less reactive thatihe ones at 6 positioin addition, the reactions of celluloseanky

always take place under heterogeneous conditidva.isbecause¢hatonly a few

solvens can dissolve cellulose, so that in most cases, cellulose is suspended in the liquid
medium. Moreover, different domains in cellulose, say amorphous domainsailne
domains, have different accessibilities to the same reagent

Many factors can influence the reactivity of cellulose, including the constitution
of cellulose molecuke the morphology of cellulose fibers, the degree of crystallinity, the
interfibrillary bonds, the voids and capillaries. However, the reactivity of cellulose can be
tuned by the following procedures: (i) open surface cannulae, internal pores and cavities;
(ii) disintegrate the fiber aggregates to increase the surface area of eglliiijodisturbe
the crystallinity of cellulosg(iv) alter the crystal modification to interrupt the hydrogen
bonds in cellulose, exposing more reactive hydroxyl groups.

Accessibility of cellulose can be improved by several ways, including swelling,
sdvent exchange, inclusion, degradation and mechanical grinding. Out of these methods,
swelling is the most often used method to open the structure of cellulose. Cellulose
swelling can happen in acid, base, salts as wells as organic solvents. Theseaagents c
penetrate into highly ordered cellulose regions, breaking intenadottween chains and
fibers.Aqueous sodiunhydroxide is the mostommon used swelling agent for cellulose.
After alkali treatment, the cellulose remains fibrilbut the disorder increases. In
addition, the crystalline type of cellulose can be altered from cellulose | to cellulose 1.

The reactivity of cellulose is very diverse, hereby, the grafting process to produce
functional cellulose is highlighted ftihe pupose of further fabricain of electronic
devices.

The grafting of the cellulose can always be achieved by covalently bonding small

molecules or copolymers onto the surface of cellulose to impart specific properties,
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without changing its intrinsic propigs. The grafting processof small molecules or
copolymers onto cellulose can be generally classified into three major methods: (i) free
radical polymerization, (ii) ionic and ring opening polymerization and (iii) living radical
polymerization.

The mehods of cellulose grafting can also been categorized into three
approachesopoinghaftehfubméet hdgcaflt-uhgse, a
t h r othegchllolose.

The fAgtrad tammroach. An end functional g
functional group on cellulose The i @roa fatpipmgach i sl5i |l |l ustr a;

The fAgfrradmdé ngpproach. The growth of pol
sites on the cel |l ulforsemd axckpromac h TiHse idlglruadt

The Agrlafduglgo approach. A macromonomer

molecular weight canonomer as illustratein Figurel.7.
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Figurel.5 A schematic representation of the "graftiog approachl2]
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CH,=CH + CH,=CHY

— CH, —CH— CH, — CHY —

Figurel.7 The "graftingthrough" approadi?]

Amongthesa ppr oaches of gfaémongpptbachgrafoHt
commonly used procedure and will be the main approach used in this thesis for the
modificaion of cellulose. One of the oa advantages of this approach is thdtigh
graft density can bechieved due to the easy access of the reactive groups of the grafting
molecules.

In sum, thehydroxyl groups provide reaction sites for modification of cellulose,
which can help reae functionality of cellulose. The reactivity of cellulose can be
affeded by multiple factorsGrafting of small molecules or copolymers are effective
ways to achieve desired surface properties of cellulose without destroying its intrinsic

properties.

1.2 Introduction of microfibrillated cellulose (MFC)

1.2.1 Structure of MFC



Microfibrillated cellulose(MFC) can be also termex$ cellulose microfibril,
microfibrillar cellulose. Atternibn on MFChas beenaaring recentlyl4-16]. The
micro/hanasize effect of MFC and its ability tofim a highly entanglethicro/hano
porous network enaldéVIFC to be aplied in new highvalued applications. In addition,
MFC is one of the excellentinforcement fillers for various polymeric substrates. New
sources, new prepare rosind new pre post treatmers of MFC have been

extensively studied in order to producé&® materials on an industrial lej/&0, 16].

Figurel1.8 Scanning electron micsasopyof MFC[13].

MFC can be consideraab a cellulosic material, made of fibrillated highlume
cellulose, moderately degraded and greatly expanded in surface area, normally produced
by a homogenization proce§die ratio of L/D of MFC is very high, which makes the
microfibrils very easy togf entangled. MFC can readily form a rigid netwdrke

diameters of MFC are usually ranged tens of nanometers and length ranged several



micrometersMFC consists of both amorphous and crystalline parts and exaibieb

like morphology{17]. The morphology of MFGs shown in Figire2.5.

1.2.2Sources and preparation methods of MFC

Different cellulosic materials can serag sources of MFC. Wood is the most
common source of MFC in the industrial perspective, and is thus the main source for
MFC. Bleached kraft pulp is usually the stagtmaterial for production of MF8-21],
followed by bleached sulfite pJp2, 23].

MFC is obtained by the mechanical disintegration of cellulosic material without
chemical hydrolysis. Turbak et al. first produced M&making wood fiber suspension
to go through a narrow gap under high pressure for several times, yielded a viscous gel.
This marked the emergencetbé rising researches focusing on either optimizing the
mechanical procedure or analyzing the properties of this newly found mp2drizg).

The preparation methods of MFC include homogenirtofluidizer, grinding,
cryocrushing and electrospinning. The method used in our research group is
homogenizer. In the homogenizing process, the cellulose slurry is pumped at high
pressure and run through a springded valve assembly. The valve opemd eloses
quickly andcontinuously, so the slurig pushed through a small hole under high shear
force The shear force exertet the fibers yields a high degree of fibrillation. The slurry
can be fed into the homogenizer several times to get the débnitated fibers. Other
alternative ways are available for MFC production, we will not state each of them in
details.Spence et al. performed a very precise study of physical properties of MFC
prepared by different procedures, such as a homogeain#&rofluidizer and a
grindef16]. Theyconcluded that MFC produced by a homogenizertha highest
specific surface area and lowest water vapor transmission. Meanwhile, MFC produced by
a mcrofluidizer and a grinder laesuperior optical and water interaction properties,

which rendeedthema good candidate for packaginigowever, amongach of the
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mentioned mechanical treatment, the energy consumption is very high. Eriksen et al.
determined, for examples, the energy consumed by a homogemitereach up as
70,000kWh/t27]. As a result, how to reduce the energy consumption for MFC
production has become a priority. The combination oftfgatments and mechanical
treatmentsveresuggested by researches. Pretreatment can help to make the fibers less
stiff and cohesive, thus reduce the energy needed for fibrillation. Thecorostent pre
treatments includenzymatic prareatment, TEMPO mediated oxidation {reatment,
carboxymethylation and acetylation. The princggéthe treatments are: (i) weakéret
hydrogen bonds, and ¢r) add a repulsive charge, and(or) lower the DP or

breakdown the amorphous link between NIEE].

1.2.3 Modification of MFC to achieve desired functionalities

The surface modification of MFC is of great interest in order to realize new
functionality of MFC. MFC is hydrophilic, thus caot be well dispersed in most non
polarpolymer media. Its aqueous slursygetlike at low concentration and it will form
films upon drying. Theurface of MFC can be modified by two ways: (i) by physical
absorption of molecules or macromolecules onto MFC surface; (ii) by chemically
bonding tle grafting agent onto the MFC surfaBg. the physical method, the surface of
MFC can be tuned bsurfactant or polyelectrolyte adsorption. The surfactants used are
usually amphiphilic organic compounds with hydrophobic groups on one end and
hydrophilic goups on the other end. For example, the TEMIEC with anionic surface
can be modified with a cationic surfactant, say cetyltrimethylammonium bromide
(CTAB) aqueous solutiorPolyelectrolyte solution is also common for modification of
surface properties ®fIFC. Martins et al. designed a layley layer structure by absorbing
polyelectrolyte onto MFC to attach Ag particles onto paper forladeria usg29]. By
alternatively absorbun cationic polyelectrolyte and anionic polyelectrolyte onto MFC,

Ag particles were able to attach onto MFC. Physical adsorption is an effective method to
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change théydrophilicity of MFC, however, this procedure can induce migrations of
physically absorle moieties. As a result, chemically modification of MFC also
developed by covalently bonding molecules onto its sureeause of the abundance of
hydroxyl groups at the surface MFC, numerous modifications can be achieved,
including esterification, &erification, oxidation, silylation, polymer grafting, etc. All the
chemical functionalizations have been done to (i) introduce stable negative or positive
electrostatic charges on the surface of cellulose to obtain better dispersion and (ii) adjust
the suface characteristics of celluloseitoprove compatibility, especially when used in
nonpolar or hydrophobic matrix to make nanocompogiesexample, esterification
process could change the properties frogmirbphilicity to hydrophobicity. Acetylation

on MFC before mechanical disintegiion can help to make MF€asier to be processed.
Also charged molecules or polymers can bdtgdaon to MFC to endow charges on

MFC surfaces.

1.3 Development of ionic pn junctions

1.3.1Development of ionic diods

Rectification is well known to happen in the siliebased materials, which use
elections and holes as chargarries[30, 31]. This phenomenon has wide applicasam
semiconductodevices. Howeverectificationis also found to happen in ionic
conductors, which use ions as their charge carii@ng rectification effect underlgthe
operation of future mamade devices, whose nature is much more compatible with
biological tissuesLabesand Zain were first ones to observe ionic rectification. They
observed the difference in current under oppdziteequal voltage in a colloid
membrane placed between two electrolyte solutions of different salt concenfBijons
Later on,Reiss pointed out that the excess and deficiency of protons in water
corresponding tacidic and basic solutions hadtrong similarity to electrons and holes
in elemental semiconduct$ss). I n these membranesopo tahd f

12

X



Abasi co i omeelosethimitatng thesdonorand acceptor doped
semiconductor crystals; consequentihes bilayer membranes also rectifieléctric

current in a manner very similar to the punctiors of semicondctor devices. These
systems weréhe ion analogs of the semiconductor juncsidror example, Bockris et al.
reported that a double membramasisting of a cation and an anion exchange membrane
showedrectification of alternating current even when an identidalssdution was

separatedi34, 35]. A typical rectification curve olained by them is shown in Figure 1.9

+1

/

v %“/ +V

-1

Figurel.9 An ionic rectificaton curve obtained by Bockret a[34].

Later on, Laugeet al. found another alternative electrolytic junction formed by
using positively and negatively charged poly[8€}. A junction couldoe formed on the
interface between a solution of a polymeric acid and a solution of a polymeric base, with
mobile protons (H) andhydroxide iongOH’), respectively. Under an applied alternating
current, this type of junction showed considerable rectification of ionic current. Cayre et
al. further explored ionic rectifier in hydrogel syst¢&8w. They reported the formation
of a fixed rectifying junction by bringing together two agueous gels containing oppositely

charged plyelectrolytes. They claimed that the anisotropic distribution of positive and
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negative ions within the device was mainly responsible for the nonlinear current effect
across the gel junction.

The similarity of the ionic diodes and the semiconductorjnctions is quite
obvious and they can also partially borrow theories from each other. But also, they bear
some differences. The major differences between these two are the type and number of
the carriers. In the semiconductor systems, there are two Kictarge carries, electrons
and hols, whereas, the ionic diodes use ions as their charge carries (usually four kinds,
the two counterons, hydroxide and proton from water). The electiamd holes can
recombinewith each other when they cross the irderél areaywhile the counterons are
injected across the i nt-iersfoa,civahotbahr ecagan t hey
combined like electrons and hol@he transportation of charges in semicondsaod
ionic diodes are also quite different. The diffusion length of ions is much smaller
compared to hokeand electrons. In addition, the applied potential will have a great
influence on the number of charge carriers in ionic diodes, but will have igreffect
on semiconductors. In ionic diodes, when the potential is high enough, hydrolysis of
water will happen and generate a large amount‘afrid OH, these newly generated
ions will further affect the electrat behavior of the system. On the othenthathe
amount of electrons and holes are irrelevant of the applied potexiaipt in the

extreme case of fibreakdown?o.

1.3.2Types of bnic diodes

Nonlinear currat effect can be found in electrolyte and hydrogels by controlling
the iontransportation in the interfacial ardeabrication of ionic diodes can be realized

by numerous ways.
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Figurel.10 lonic current rectification in a nanochannel witlyrasnetric charge
distributior{ 38].

Daiguiji et al. demonstratatiat ionic norlinear current couldbe controlled by
locally modifying the arface charge density of wall ananochannel, which is 30nm
high and 5um longs shown in Figure 1.188]. When the electrical doldlayers of the
nanochannel were overlapped, it vaaty possible to control the flow of counterions. If
the electrical double layers wamet overlapped, bbatthe coions and counterions could
be controlled and the channelgyiit have various wrrent characteristics similar to
diodes and transistors. Karnik et al. demonstrated rectification of ionic transport in a
nanafluidic diode fabricated by introducing a surface charge discontinuitynana
fluidic chann€]39]. A onedimensional model was built ®mulate the current voltage
characteristics of the devices and yielded agreeable results. Gracheva et al. proposed a

design of an elgrically tunable rectifying memhbne by pn semiconductor laye40].
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Figurel.11 A coneshaped nanotube withyaametric charge distributi¢Al].

Asymmetrically shaped nanochannels with chargedswaédb enablée the ionic
currentto go in only one ways shavn in Figure 111[41]. Siwy et al. did both
theoretical and experimental study on tlierentvoltage characteristiocehavior in cone
shaped nanochannpd, 43]. Extensive researches on inversion of ionic rectification on
the surface charge densdf/the coneshaped channels wecenducted by Yan et[dl4].
A pH-tunable ionic diode with a corshaped channel was also buil{4f]. Tapered
openings were created on nanopores to get the cwotage behaviofd6, 47]. These
designs could control a small wohe of ionic flow with speciéd nanostructures. The
flow couldbe simply interpreted by kinetic theories in a laminar regiiderence
across nanoporesuldresult in controlled mass transport and selective ion flow. Yusko

et al. described a method f@enerating ion current rectification by employing
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electroosmotic flow to fill the narrowest constriction of a pore with either a solution of
low or high ionic conductan{48g].

Bipolarmembranes another type of ionic diodehich appears nelinear current
effect under potential and can fimdde applicatiosin separating acid and base for
industrial use. Bipolar membranes consist of a layer of cation selective membrane joined
togethe by an anion selective membrane.m\arous models and hypothesis haeen
proposed to calculate the electric properties of bipolar membranes. Bassignana et al.
claimed that although there wdmair ions in thesystem which couldarry the curret, on
mostof the case, the current wearried mainy by two ions, which two depended the
voltage range of the syst¢49]. Ramirez systematically studied the currealtage
behavior boththeoretically and experimentalB0]. The effect otemperature on the
membranes astaken into consideration by introducing Arrhentype relationship.

When the bipolar membranes weesersely biased, tgecouldbe used for generation of
acid and base. Nagasubramareaal. stated theptimizationof the conditiongor

generation ofcid and base from an engineering and economic persfédiive
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Figure1.12 Schematic of polyelectrolyte ionic diode devices. Schematic of the ion

migration in the diode (b) at forward bias and (c) akiaaard biag37].

Polyelectrolyte hydrogel can serve as a stable device to outpdihean current

response. Cayre et al. brought together two kinds of polyelget hydrogel together:
one wagositively charged polyelectrolyte with negatively chargeahterions, the other
was negatively charged polyelectrolyte with positively charged countesmslown in
Figure 1.2[37]. When the dvice wagositively biased, th counterions in the system
would move towards each other to the opposiectrode, so that current could be
conducted. When the device svaegatiely biased, the counterions colid drawn to the
nearest electrode, so that a @jpin region wa formed at the interfacial area. Conroy et
al. performed irdepth researches on a hysteretic curreqomese when a reserve
potential wa applied a a bipolar hydrogel membrd®2]. They illustrated that the

hysteretic effectvas due to the icomplete depletion of mobile ions at the junction
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between the membranes; the thickness of the depletion gp@amdedn the applied
voltage and the surface charge densitizm et al. demonstratedmicrochipbased
polyelectrolyte diode and prototypetintegrated ionic circuif$3]. They first monitored
the dynamic distribution of ions on a rdahe basiausing fluorescent ion§lore
interestingly, logic gates were fabricated by integrating several nanofluidic diodes on a
microchip.

The rectification ratio is defined as the ratio of forward current to the reverse
current under same voltage value but different direction. hesad the important index
to evaluate the performance of a diode. The rectification ratios of different ionic diodes
are summarized in Bée 11. The rectification ratio is generally lower than that of
conventional inorganic diodes. This results from ttedficient control of the backward
current under reverse bias. Howevdrese ionic diodes shed a light on exploring new
ways d fabrication of diodes and matleem more promising to be used in biocompatible

fields.

Tablel.1 Comparison of rectification ratios of ionic diodes in the litera{@ds

Authors and publication yeat Rectification ratios

Description of diodes

Acid-based electrolyte Hegedus, 1999 ~40(x£5V)
junctions
Locally charged Vlassiouk, 2007 217(£5V)

nanochannels in

conical shape

Oppositely charged Cayre, 2007 ~40(x5V)
Polyelectrolyte
hydrogels
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Conical nanochannelg Yameen, 2009 22(x2V)
with charged polymer

brushes

Nanochannels with Cheng, P09 321(x1V)
asymmetrically charge

inner walls

Nanochannels with Jung, 2009 ~2(x3V)
asymmetric shape an

polarization

Polyelectrolyte Han, 2009 ~100(x£1V)
microchip

Asymmetric charged Yan, 2009 ~5(x5V)

nanochannels

SiO; nanofilm/agarose Koo, 2010 38000(x5V)

gel interface

Voltage ancpH- So, 2012 ~14(x5V)

dependeninsulating

oxide layers

1.4 Introduction of supercapacitors

1.4.1 Structure of supercapacitors

Supercapaaitrs orultracapacitorare the terms used for the same type of electric
components whose capacitance value can reach thaudfdrarads. Supercapacitors and

batteries are two main kinds of statieart energy storage devicésgure 113shows a
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comparison of Ragone plot ofnaus energy storage devi¢gd]. Ragoneplotis used to

show how much energy a device can store and how quickly thgyerer be storied or
releasedCompared to batteries, supercapacitors have significantly lower specific energy
density but higher specific power density, higher cycle life, faster chamgjscharging
propertie§55-58]. Based on the energy storage mechanism, supercapacitors can be
classified into two groups, electrochiead double layer capacitors (EDECand
pseudocapacitors. EDISGtore charges by electric double layers, for which no chemical
reactions will happdb9]. In contrast, pseudocapacitors store charges by fast and
reversible redox reactionm the following section, the stcture of both of these types of

supercapacitorwill be introduced
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Figurel.13 Ragone plot of three major electroafieal energy storage devi¢éd].

Figure 114is an illustration ofhe structure ofa charged supercapacited]. As

shown in Figure 114the capacitor has two metallic substrates, called current collectors.
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Porous material elecdes(3, 4) are provided and a separator la§@ris interposed

between electrodes to prevent electrical contact. The porous separatiqb)ayet the
pores(7) from porous electric conductive electrodes are impregnated with liquid
electrodes. When bias voltage is applied between the two electrodes, positive charge at
the exposed pore surface of one electrode attracts the negatiy@)ios the

electrolyte ad the negative chard&0) at the exposed pore surface of the other electrode
attracts the positive ior(d1) from the electrolyte existing in the pores. Thus, an electric
double layer is formed at the internal electrode surface and high capacitanas value
reached in comparison with other types of conventional capacitors based on dielectric

materias, because the distance between the two layers of electric opposite charge is low.
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Figurel1l.14 Schematics for a charged supercapacitor: 1 &ndw2rent collectos; 3 and
49 electrodes; 8 separator; & electrolyte; © pores in the electrode materia§ 8

positive charge; ® negative ion; 10 negative charge(electrond)ld positive iof60].
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The structure of pseudocapacitors is quite similar to ED&xpectfor the
electrodamaterials 4). The electrodes of EDLSWill not chemically react with
electrolyte so that the charges are storeghysical electric double layer absorption.
The electrodes of pseudocapacitors, on the other handingiérgo daradaic
pseudocapacitance of suffeitly reversible redox reactionBhere are two main types of
faradaic processes in pseudocapacitors. One is redox readtioetal oxides, for
examples, Ru@and MnQ. The other one is reversible electrochemical reactions of

dopingdedoping such as conducting polymers.

1.4.2 Carbon materials basedsupercapacitors

Carbon materials, metal oxides and conducting polymers are the most frequently
used electrode materials for supercapacitors. The principle of carbon materials
supercapacitors isased on the EDLEImechanism; while metal oxides and conducting
polymerssupercapacitorare working lased on the faradiac reactions, used for
pseudocapacitors.

Carbon materials have gained much attention as electrode materials fos, EDLC
because of theligh surface area, electrical conductivity, chemical stability and low
cosf{61]. The first carborbased EDLGwvas discovered in 1957 by Bec|&r]. Sinceits
discovery, various carbon materials with different structure have been used to fabricate
supercapacitors, such as fibers, powers, tubes, etc. Current technology of activation
carlon enables the production of carbons with high surface presiding extensive
electrode/electrolyte interface for charge storage.

Active carbon (ACmaterials have mesoporoasd nanoporoustructurs and are
excellent electrode materials for ED&( he activation of carbon refers to the process to
increase surface area and porosity from a carbonized organic precursor. The most used
chemical to activate template mesoporous carbon is potassium hydigXi@8]. The

activation is performed by heating a mixturgpotassium and mesoporous carbon at a
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temperatureof 400 000 e C under nitrogen gasabouK OH wi |

4 0 0 anCthen reduce to metal K by carbon at a higher temperature. Thus, reduction of
K20 by carbon and the intercalation of metallic K into graphitic layers are considered to
be the two key processes to create the surface area ®C{bd]. The mass ratios of
KOH/carbon and the activation temperature great influence the properties of activated
carbon.

The capacitive behavior of AC depends on several interlinked paranvetests,
includesspecific surface area, the pore size distribution and the conductivity of the
electrode etc AC has different size of the pores. The pore size of electrodes can be
divided into three main categories: (i) micro(<2nm); (i) més&0nm); (ii) macro
(>50nm]65]. These three types of pores interact with the electrolyte in differers, s@ay
the electrodes with different size scale of pores behave differently. The studies of
influence of pore size on the capacitive behavior of electrioales been reported by
Simor{59, 65].

Nakamura et alreported EDLG using polarizedAC as electrodg[66] In their
research¢oconut shell, phenolic resin and coal were utilized to prod@by steam
treatments, and the EDLCs exhdalspecific area of 186@012nt/g with different
activation time. They pointed out that the oxygen content and concentration of acidic
groups on the surface of AC would affect the electrochemical properts. &ndo et
al. fabricated EDLCs with AC from different sources and 64F/g at the current density of
1mA was reached for EDLCs with a specific surface area of 7§0iFhe relationship
between the specific capacitance and ijgesurface area was studiedang et al.
improved the properties of commercial available AC by @activatiofi67]. A high
specific capacitance of 210F/g was reached for AC EDAuh a specific surface area of
1050nt/g after activation, compared with 46.3F/g for untreated ZBou et al. used

coconut shell to produce AC and shoveespecific capacitance of 79F5§).
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Carbon nanotubg€NTs)have been extensively used for supercapacitors
because of their excellent conductivity, mesoporous structure and unique
physicochemical propertigsd, 69-72]. Carbon nanotubes (CNTs) are seamless cylinders
of one or more graphene layers, with open or closed ends. They can generally be
categorized as singhall, SWCNT, or multiwall MWCNT. Diameters of S@NTs and
MWCNTSs are typically 0.8 to 2 nm and 5 to 20 nm, respectively. Although CNT
diameters vary from different production methods and the diameter of MWCNT can
exceed 100 nm. The lengths of CNTs range from less than 100 nm to several centimeters.
CNTsusually entangle up to form a mesoporous network with a surface area of 100
400nt/g. There are usually three technical esuto synthesize CNTs, which arear
discharge, laseablation and chemical vapor deposition (CVD). The former two
processes need high temperature upto208000e C f or the metal and
evaporate, while CVD needsonly5002 00 e C. The sources of cartk
hydrocarbon, alcohognd so on.

The supercapacitors fabricated frporeMWCNTSs typically showspecific
capacitance ranged from185F/d 73, 74], while the ones fabricated fropure SWCNTs
typically show maximum capacitance of 18(F4}. Lee et alfabricatel MWCNT
supercapacitors exhibiteh initial specific capacitance of 128F/g while dtabd after
50 cycles at 58F/f76]. Yoon et al. directly synthesized CNTs on Ni sudistbyCVD.
Cyclic voltammetryshowedthat the devicesauld work at high scan rate up to
1000mV/$77]. The specific capacitance waeasured to be 38.7F/g, but cobkl
improved by ammonia plasma treatment to 207.3Fkg et al.claimed that oxidation of
CNT could significantly improvéhe surface area &NT by cutting off the tips, thus
improvel the specific capacitance of the Cd&sed supercapacitors. The devices
fabricated by oxidized MWCNT showed capacitance of 335.2F/g, wiasHl1 times
higher than devices fabricated by unmodified MWCNT of 32 [/#8lg Similar

electrochenual oxidation researels weredone byLiu et al.on SWCNT79]. The results
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showed thathe electrochemical processutd successfully control the peisize
distribution of SWCNT, i.e. muchhigher specific surface area colled achieved by
electrochemical treatment. The EDLCs fabricated byrtateéd SWCN$ showedthree
fold higher in terms of specific capacitance than those made of untreate€Nfss.
couldalso form composites with metal oxgla conducting polymers to serve as
excellent electrode materials for supercapacitors.

Graphenéba® materials are newly rising intriguing electrode materials for
supercapacitors because of their superior electricity conductivity, high surface area and
unique chemical and physical propert8®; 81]. Graphene consists of a 2D layer of sp
bonded carbon ates, and it is considered as the basic construction material for carbon
material$82, 83]. There are several effective ways to synthesize grapbesex
materials, including (i) epitaxial growth and CVD growthgofphene on SiC and
matched metal surfaces; (ii) exfoliation of graphite by micromechanical methods, such as
atomic force microscopfAFM) or adhesive tapes; (iii) exfoliation of graphite in organic
solvents;{v) substratdree gas phasgynthesis of graphene platelets in a microwave
plasma reactor; (v) amdischarge synthesis of multiyered grapheneyi) reduction from
graphene oxide(GOY.he methods of preparation of graphenaterials vary, but the
most practical andommon way to fabricate graphebased materials is the chemical
exfoliation of graphite t&O, followed by controllable reduction of graphene oxide to
graphenfB84-86]. This method isvidely adopted and used becausé&3@) can be easily
produced in a large scale aitglfunctional groups make it easy tolmndled in solution,

(i) numerous ways can be used to reduce GO to graphene with controllable morphology.

Ruoff et al. first exploed using chemically modified graphene as electrode
materials to fabricate EDLCs. Although they found that graphene tended to agglomerate
into particles around 135um during the reduction process, the supercapacitors still
showedexcellent electrochemicgalroperties due to the relatively high specific surface

area(705nt/g) of graphene. The devices in aqueous and organic electrolytesdshow
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specific capacitance of 135 and 99F/g respectively. In addition, the smaller variation in
capacitance with the changéscan rates was observed because of the high conductivity
of the graphene (~200S/m). Their original work skdgreat potential of graphene to be
used in energy stoga areas and ladore studies to improve the capacitance for
graphenebased supercap#ois. To solve the problem of aggregation of graphene, Chen
et al. explored a gasolid reduction method to prepare grapl8ie The as fabricated
supercapacitors showed an energy density of 28.5Wh/kg in aqueous solution and 90% of
specific capacitance remained after 1200 cycle tests. Ma andr&ers reported using
hydrolromic acid as reducing agent for GO exfoliaf@8). Because hydhoromic acid is

a weaker reduction agetthe yielced oxygen functional groggare relatively stable. Thus
the oxygen containing groups not only pronaittee wettability of the graphene, but also
improveal the penetration of the aqueous elect®into the pores of grapherke.
maximumspecific capacitancef 348F/g in aqueous solution was achieved at the current
density of 0.2A/gSurprisingly, thespecific capacitancgid not decayut improved after
cycle tests. This malye becaus¢hatoxygen containing groups were further reduced
during the cycling tests and impral#ne capacitiveproperties of the device&raphene
couldalso be prepared by thermal exfoliation of GO. Rao et al. prepared graphene
through thermal exfoliation of GOa015 0e C. The SSA was fleport ed
andspecific capacitanceas reported to be 117Figowever, the high temperature
exfoliationwas energy consuming. In order to solve this problem, Yang et al. performed
the exfoliat i onacam89RThe restlts showke that theig@gpghene
exfoliated at low temperature tezatto aggregate and form larger pores, so that the
electrolytecouldeasilypenetrate the surface of graphene. 3jpecific capacitanceas

tested to reach 264 and 122F/g for aqueous and organic electrolyte.

1.4.3Metal oxide based supercapacitors
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Metal oxides are promising electrode materials for supercapaoéosasise of
their high capacitance, ease of laggale fabrication. The capacitance of metal axide
based supercapacitors isualy 2-3 times higher than thosé carbonbased
supercapacitors, because of the rich redox readt@ihn91]. Most of themetal oxides,
such as iromand manganese oxides are abundaaos low cost. The easy control of the
morphology of meteoxides makes them good candidatestudy the structurproperties
relationshipResearchers have designed various morphology of metes to optimize
their electrochemicagroperties as shown in Figurel3[92]. From the view of surface
electrochemistry, the tailored designs of electrode, suckDaartay, or core shell
structure, can effectively decrease the surface energy of the nanomaterials, obtain better
electrontransfer rates, etf93-95]. The common metal oxides used in supercapacitors
include ruthenium oxide, iridium oxide, manganese oxide, cobalt oxide, nickel oxide, tin
oxide, iron oxide, pervoskites, farites, etcin the dllowing section, manganese oxide

and ruhenium will be discussed more detailsas examples for metal oxides.
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Figurel.15 Schematics of various shapes oftah@xides and their hybrifg2].

Manganese oxides areNaost and nottoxic electrode materialslanganese s
several oxidation states, Mn(0), Mn(ll), Mn(lll), Mn(IV), Mn(V), Mn(VI), Mn(VI1l). The
conversion between different oxidation states can effectively store cliarges
supercapacitors. Figure 1.86oweda typical cyclic voltammetryCV) of chemically
deposited MnQelectrode at different scan rates in 1Mo8l&s electrod€96]. Therewere
two factors whichwerefound to affect the cycle life of Mn@Gignificantly. The first one
was the dissolution of Mng® The other onavas the oxygen evolution reaction of MpO
Most of the MnQ supercapacitors shada decrease of 20 percentsipecific
capacitancafter 1000 charge and discharge cycdesddition, watecontent for MnQ

thin film was known to affect the electrochemical reactivity and thermodynamic stability
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of MnOy, because it cauda variation in crystal lattice and a consequent variation in

electrical condativity and electrode potentif®7].
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Figure1.16 A typical cyclic voltanmetry (CV) of MnO; electrode at different scan rates;

(A) 5, (B) 10, (C) 20, (D) 50 and (E) 100mV/s in 1.0 M.N@x electrolyt¢96].

Ruthium oxides have been intensively studied for supercapaoéoasise of
their high theoreticadpecific capacitancdd 358F/g) and high electrical conductivity
(300S/cm). Ru@can be in either crystalline or amorphous form. The high capacitance
was known to result from undgrotential hydrogenation and oxygenatiaracidic and
alkaline electrolte[98]. Specific capacitancef up to750F/g for electrodeposited RuO
and 8001200F/g for hydrous Ruxarbon composites hden reportg®9]. The high
capacitancevas due to pseudocapacitfrom the reactigbetween Ru ions and H
ions. The typical CV ploof RuG is shown in Figure 1. 17Zheng claimed that there are
several processes which determine the capacitive performance oRRy@ (i) electron
hopping withinRuOAH,O particles; (ii) electron hopping between particles; (iii)
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electron hopping between electrode materiats@nrent collectors; and (ithe proton
diffusion within RuO/AH.0 particle$100. The advantages of using RO
supercapacitors include their higpecific capacitan¢éigh electrical conductivity and
good electrochemical reversibility. However, the high cost and toxic nataueéhehium

oxides prevent them from largeale production and wide application.
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Figurel.17 The typical CV plot of sprayed ruthenium oxide electrode at different scan

rate: (a) 5, (b) 25, (c) 50m¥in 0.5M HSQ; electrolyt¢10Q.

1.4.4Conducting polymer based supercapacitors

Conducting polymers are pseudapacitive materials, which store charges by fast
redox reactions. Conducting polymers show taghcific capacitancénigh electrical
conductivity,high power density, however they also exhibit low cycling performances.
The electrical conductivity of conducting polymer is realized by a conjugated bond
system along the polymer backbone. The most commonly studied polymers are

polyaniline, polypyrrole, . They can be normally synthesized by chemical oxidation of
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monomers or electrochemical oxidation of monomers. During the synthesis process, the
oxidation of monomers and the oxidation of polymers occur simultaneously, leaving the
dopant/counter ions issted in the polymers. The doping level is typically below 1
dopant per unit: usually 0-3.5.

Conducting polymers have good intrinsic coatlity, ranging from a few Sfo
to 500S/cm in doped statgl01, 102. They have low band gaps-3eV) compared with
otherpolymeric material$10eV)101]. Conducting polymers can bedoped with anions
when oxidized, and-doped with cations when reduced. The illustrations of these
processes are indicated as below:

Cp- Cp™(A),+n Cp+ne -

¢ (p-doping); (©:CP" (ndoping)

The discharge reactions are ressmiethe above equations. However, many
conducting polymers, such as polyaniline and polypyrrole, can onlydo@ed This is
becausehatthey camot reach the negative potentials required fdoping. An example
of n-doped material is polythiophene at&lderivatives.

The conducting polymers can be doped and undoped quickly, which render them
high power capabilities. However, they also have the drawback of low energy density.
This is because that the diffusion rate of ions into the bulk electrodesaisatelow.
Nevertheless, conducting polymers can still bridge the gap between batteries and EDLCs.
In the other hand, because of the doping and dedoping processes of conductingspolymer
during charge and discharge, the matesalsll and contract in thmeatime, which
gives them poor cycling performances. They often tend to degrade within 1000 cycles.
But interestingy, the researchers@indthat when working with ionic liquid as
electrolyte, the conducting polymers shembetter life tim¢103 104].

Polyaniline has been studied extensively as an electrode material for

supercapaictors. Polyaniline belongs to the family of dtmible rod polymersThe

structureof polyanilineis indicated as in Figure 2. 16 has many desirable properties,
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such as high electrical conductivity, high hoping level, excellent stability and a high
specific capacitandd 05, 106]. A major drawback of polyaniline is that it need a proton

to be charged and discharged, thus agorotsolvent is required

Figurel.18 Structure of polyanline. n+m=1; x=degreepalymerization.
[www.en.wikipedia.org/wiki/polyanline]

Polyaniline(PANI) have three oxidation states: leucoemeraldine, wéyigiears
white/clear colored; emeraldine, whiappeargreen or blue colored; pernigraniline,
which appeardlue or violet colored. Thehemicalsynthetic method to produce
polyaniline is quite simple, whictan bellustrated in Figure 1.19rhe monomers will
first draw anims from the solution to form aniline anions, and then ghoww nucleates
on the subsate.Polyanilinewill further grow on thenudeates and theform the final

long chain structure

33



@® _ Aniline

@== Aniline anion .
B Substrate a ' ~
. Nucleation
(1)
Further Growth Growth

Figure1.19 The growth mecanism of PANI on a substrf7].

A wide capacity range has been reported for polyaniline, from 44
270mAh/g105. The variation in capacity can be related to many factors, such as
different synthetic route polymer morphology, the amount and type of binders and
additives, the thickness of the polymers, etc. For el@nipe polyaniline synthesized by
electrodepositiomsually ha higherspecific capacitancéan that synthesized by
chemical route. The electrical conductivity of polyaniline also dériem 0.1
5S/an[107. The CV and chargdischarge plots of PANI badsupercapacitorsnder

different sca rates are shown in Figure 1.20
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Figure1.20 (i) Schematic depiction of CV for PANI based SCP at different scan rate
c>b>a (a) 100mV/s, (b) 300mV/s and (c) 500mV/s and (ii) charge discharge

responsgL0g.

Chaudhari et al. fabricated PANI nanofibers web as electrode materials for
supercapacitof409. Thescanning electron microscope stemlthe web vasmade up of
fibers with high aspect ratie>50). The diametensereabout 200nm. The
electrochemical properties of thus made PANI webbewsompared with those of PANI
powders. Thepecific capacitancef PANI webwas 267F/g, whiclwas superior that
PANI powders of 208F/g. The dgctests showed the PANI web couédan 86% of its
specific capacitanc@go 230F/g), whictwasmuch better than PANI powders of 48%
capacitance retentio®haikh et al. synthesized template free PANI nanobuds by anodic
electrochemical polymerization metfj@d(. The nanobud&ereperpendicular to the
substrate andierebroader at their bottoms and narrower at the topspekific
capacitancef 128F/g was measured for the PANI nanobatdsEOmVs scan rate in

aqueous electrolyte.
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Polypyrrole(Ppy) is another kind of important coradimg polymer for energy
storage. Its flexibility is much better than most of other conducting polyiGss Its
disadvantage ighatit cannot be fdoped, thus it can only serve as a cathode material.
Ppy has greater density, so that it has a high capacitance per unit volurs®Q#otn
%)[10g. However, this also leads to limited access to the interior surface of the polymer
for the counter ions. That is also the maghy ppy has low capacitance in terms of per
gram. Ppy is typically doped with single charged anions such aSIOF and S@, but
when doped with mtiple-charged anions, like S&, ppycanphysicaly crosslink
togethefl11]. Suematsu et al. claimed that once ppy crosslinked, it would have higher
diffusivity and higher capacitance, due to the porosity formeihgtine process of
crosslnking[111]. However, he dichot support this point bseportingthe capacitance
per gram, buteportedcapacitance per volume. This vali€0-200Fcn) waslower
than typical capacitance of ppy repor{¢60-500cm?).

Sun et al. reported ppy films doped with @l&n Ni modified 3DSi
substratfl12). The supercapacitors fabricated slealidealy rectanglelike CV curves
when scanedfrom 5-200mv/S.Thespecific capacitanceas calculated to be 0.03F/gém
at scan rate of 100mVfeom CV. Lee et al. fabricated ppy nanorods using aluminum
oxides astemplate[113. The ppy was electrochemically synthesized and gold was
thermoevaporated scurrent collectorsAfter removingaluminum oxidgemplate in
alkali solution, a welarranged ppy nanoredavith large SAA was produced. Higher
specific capacitanceas observed with longer nanosatlie tolarger surface area.
Oliveira et alsynthesized ppy in the presence of functionalized graphene bgests
interfacial methofll14]. The synergistic interaction tveeen the gyped ppy and the
carboxylate functionalized graphene sheets regdirita higher capacity than either of the
material used alone. The high conductivity algped ppy and the high surface area of
graphene auldimprovethe capacitance of trmpositesupercapacitors. A high

capacitance of 277.8F/g was reported.
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1.4.5Flexible supercapacitors

Flexible electronics, like flexible supercapcitors have been recently caught great
attention because deir applications in wearable, portable, naiturized areas. Flexible
electrodes are one of the keys for fabrication of supercapacitors. Nowadays, the primary
materials used for flexible electrodes are carbon materials. Carbon materia¢so€an
various shapes in microscopic and macroscopigpcive, as shown in Figure 1.¢).
Zero-dimensional carbon materials include fullerene and carbon particles, one
dimensional include carbon nanotubes and carbon fibersjitwensional include
graphene and graphite sheets. Out of these materials, 1D amdl®iD saterials have
been extensively used for flexible electrodes because they can readily form carbon
networks, such as carbon fabric, carbon film, carbon paper and ¢axtitey as shown
in Figure 1.21b).

Carbon network can roughly be divided intetcategories: single carbon
electrodes and carbon composite electso8egle carbon electrodes are only made of
various shapes of carbon; whereas composite electrodes are made of composites of

carbon with other pseudocapacitive materials.
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Figurel.21(a) Schematic illustration of OD, 1D, and 2D carbon materials at the

CNT ggforaphene

microscopic and macroscopic scale. (b) Fabrication of carbon networks with carbon

fibers(CF), carbon nanotubes(CNT), and grapherstasing materia[410].

Single carbon electrodes include carbon fabric, cloth, film, coating, paper or
textiles. They are usually formed by aggregation of 1D or 2D carbon materials through
hydrogen bonds or van der Waals forces. Miost common flexible electrode carbon
fabric, which can be formed by weaving carbon fibers in a commercial way. In addition,

fibers can be mixed with other pseudocapacitive materials to obtain hybrid fabric. For
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example, Reddy et dlabricated asymmet carbon fabridbasel supercapacitof§1y.

One side of the electrodeeremade up polymer/MWCNT carbon fabric, the other side

of the electrodes are mhe of metal oxide/MWCNT carbon fabric. Nafion membranes

were sandwiched with the two kinds of fabric electrodesa&e flexible
supercapacitor£arbon filmswereusually fabricated by a CVD method and a printing
processYu et al. prepared buckled SWCHI&n an elastomeric polydimethysiloxane
(PDMS)substratdollowed by the relaxation of the prestrained subsitai§. The
electrochemical properties of the supercapacitors fabricated by these eleweoeisst
affected by bending of the devices. Printing process to make carbsrdilha be

realized by using Meyer rods, brushes;jekprinter or spircoating tods. The substrage

for printingwereusually flexible plastisor paper. He et al. reported the conductance as
lowas1l¥/ sq on printed paper uEfll7nHowever,scal abl e
sometimes the pores on the paperetoo large, which wuld lead to shortircuited

after the printingKaempgeret al. pretreated the surface of the paper with polyvinylidene
fluoride (PVDF) to solve this problefi1§. Carbon paperauld be made by filtration or
evaporation metho@&pecial papewasmade by carbon materials through hydrogen

bonds or van der Waals forces. Carbon papeldde directly used as an electrede be
treated before application. For example, graphessadded into cellulose pulp make
graphene/cellulose paper sheet. In addition, Kang et al. fabricated supercapgcitors
assembling two pieces of graphene/cellulose papers in an organic electrolyte, showing a
high specific capacitancabout 252F/g at a current density of 1JA/H9. Najafabadi et

al. made seklstanding carbon paper by evaporating solvent in a Petfil@@h Carbon

textiles can be fabricated by dippHdgying technologyA piece of fabriovasdipped into

a premade solution, and thedried until all the solution was removédthstaet al. used
this method to make a SWCNT text shoveed wi t h a
specific capacitancef 70-80F/g at current densityf 0.1A/g[121]. Wu et al. fabricated

flexible carbon textilehrough a solvent free method by drawangraphite rod onto
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cellulose paper. The supercapacitors exédatspecific capacitancef 23F/g at a current
density of 0.2A/§122]. Carbon textiles@uld be used as electrodes with great flexibility
and highspecific capacitance

Since thespecific capacitancef single carbon electrodeassmall, carbon
composite electrodaverestudied tancorporatenigh-capacitanc@seudocapacitive
materials into carbonMuch effort has been devoted to coat metal oxides or conducting
polymers onto carbon networks by solution lohiseethods as shown in Figur£2[123).
The pseudocapacitive materials can be coated onto carbon networks by electrodeposition,
in situ growth methods, electropolymerization or chemical polymerization. For example,
graphene/Ppy composite filmgeremade by simple electrodepasit of graphene oxide
and pyrroleunder acid conditigi24]. The composite films were directly used as
electrodes because of the fast redox properties of ppy and high conduétiyiyploene.
A high specific capacitancef 335F/g was obtained with 85% retention at the current
density of 1A/g.Yuan et al. designed a carbon nanoparticles/Mm@®rid structure using
an electrodeposition method. They further built up solid, flexshfgercapacitors with the
hybrid compositg125. Giri et al. combined transition metal into MWCNTS first and
then in situ oxidatio polymerized polyaniline onto MWCNJ126. Thespecific
capacitancef the composite supeapacitors was reported to be 920F/g at scan rate of
2mV/s.Wu et al. produced carbdrased composite paper the way same as production of
carbon pap¢fi2Z.. Graphen#ANI paper was made by filtratiaf a solution of
graphene and PANI. Apecific capacitancef 2107/gand 198F/g was reported for a

current density of 0&/g and 3A/g respectively.
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Figurel.22 Fabrication of carbon composites by coating pseudocaganiaterials onto

carbon networks thrgh a solutiorbased methdd23.

In the section of 4.1, we have introduced the structure of conventional
supercapacitors, which consist of current collectors, positive and negative electrodes,
electrolyte, and separators. However, the structure of flesigercapacitors @snot
need current collectos binders as shown in Figure23[123. The reason is that the
carbon networks have botiigh conductivity and flexibility, which make them serve as
both current collectors and active electr@d&oft and bendable plastic filnasewidely
used for flexible supercapacitors as the packabee simplified architecture is light and

compact compad with the conventional supercapacitors.
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Figurel.23 Schematic illustration of (a) a traditional supercapacitor and flexible

supercapacitpt23.

In addition to the electrodes, electrolyte in flexible supercapacitors is also an
important component. The electrolyte in flexible supercapaatmmde categorized into
two types: liquid electrolyte (including aqueous liquid electrolyte and organic electrolyte)
and solid electrolyte. Common liquid electrolgn be aqueous and organic solvent.
Aqueous electrolyte can be acid electrolyte (fomepde, HCI or HSQs aqueous
solution), mild electrolyte (for example, KCI, LiCl,43Qs aqueous solution), or alkaline
electrolytes (for example, NaOH, LiOH, or KOH aqueous solution). Organic electrolyte
is usually mde of salt dissolved in organic solveRtr example, LiP&in ethylene
carbonate/diethylene carbonate. Solid state electrolyte is usually made of a gel, a solute
and a solvent. The gel agents can be PVA, PVDF, or poly(vinylidene fluoside
hexafluoropropylene)lhe solute can be salt or acid. The solvent can be watef-@tc.
example, HPQy is added to PVA/water to form solid state electrolyige electrolyte

and separator used in flexible sugsracitors are listed in Table2l
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Tablel.2 Electrolyte and separators used in flexible supercapaictors.

Electrolyte Separators

Liquid electrolyte Aqueous solution; acid electrolyte| Cellulose/glassy pape
(H2S Oy, H3POy solution),mild PTFE membrane,

electrolyte (KCI, LiCl, etc), alkaline polyacrylonitrile

electrolyte(KOH LiOH solution, etc) membrane.
Solid-state Acid solution/PVA(like BPQy/PVA), Paper
electrolyte Nafion membraneMIBF4/P(VDF
HFP)

1.5 Introduction of dye-sensitized solar cell§DSSC)

1.5.1 Fundamental concepts and principles dDSSGs

Photovoltaic cells, also called solar cells, transform solar energy directly into
electricity. Because peoplebs increasing a
has been put onthe developmentf solar cells. Sincéhe concept was first pulled up in
1839, solar cells have mainly went through three generations of development. The first
generation of solar cells were based emjpnction silicon materials, although this kind
of solar cells wereujte expensive and hard to liea commercialization, theget up the
fundamental principles of solar cells (i.e. the process in which phdtzed electrons
jump from the valencband to conduction band and are then transferred though out the

circuit). The first generation of solar celtonsisted of (i) #type layer (e.,
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semiconductordoped with atomsgvhich havemore valence electrons thdre matrix)
working as the electron dotivag anode; (ii) ptype layer (.e., semiconductors doped with
atoms whit have less valence electrons then the matrix) working as the electron
accepting cathode; and (iii) thengunction, which is the interface of the thayers.
Light absorption happened the pn junction,and the electrons and holes weeparated
with the electron excitation and were transported in the opposite direction to form the
electricity. For the purpose of l@ing the cost of fabrications of solar cells while
maintaining their performance, second generation of solar cells appeared. The second
generation of solar cells were based on thin film technology. These cells were also built
upon pn junctions to separate the phatoluced charge carriers. Examples of this kind
included amorplous and crystalline Si on glass, polycrystalline CdTe, etc. Naysad
researches have begun to work on the third generation of solar cells. The third generation
of solar cells are aimed to further lower down the fabrication cost while improving or
maintainng the conversion efficiency. Examples of the third generatitar £ells are
dye-sensitized solar cells and organic solar cells. Interestingly, these cells do not follow
the same principle of the first two generatiofi solar cells. In this thesis, dygensitized
solar cells will be extensively studied and their kiog principles will be introduced in
the following section.

DSSCgepresenhew generatiosm of photovoltaic devicé$27], aslow cog
alternative to the conventional{p junction photovoltaic devicein 1991, Michael
Gratzel and Brian OO0RegB3SGf128 Isstead piitrictl ed u p
requirements for faication of siliconsolarc e | | s, Grat zel and OO6Rege
solar cells based dhe lowcost titanium dioxide nanoparticles with a dye, which could
expand the solar absorption region to visible lighschematic illustration of DSSC is
shown n Figurel.24[129. On a conducting class, a mesoporous oxide layer of
nanometesized particles were sintered together to allow electronic conductien. T

oxide materials need to have wide band gaps, sudhG2, ZnO, NIRO5, etc. A thin
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layer of charge transfer dye wassalbed on the surface of the narystallineoxide

film.
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Figurel.24 Principles of operation and energy level scheme of thesdgsitized

nanocrystalline solar cgjlL29.

Upon incident lightthe electrosof the sensitize(dye) jumpedfrom the ground
state to the excitestate. Since the excited stateswet stable, the elgons of the
sensitizemwereinjected to the conduction band of the mesoporous oxide semicorsluctor
and then to the charge colleowhichwereconductive glasses in this ca3be
electrongcollected by conductive glasseasedthrough the external @uit to the
counter electrode anglerethen capturethy the redox electrolyte.he redox electrolyte
receivedthe electrons ankelpedto regeneratéhe sensitizerback to their original state,
completingthe whole charge tresfer circle. The opeaircuit was determined by the

difference between the redox potential of the electrolyte and the Fermi level of the
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nanocrystalline film. Overall the devices transfedthe solar energy into electrical

energy without any permanent chemical alternation.
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Figurel.25 Functional diagram of DSSCThe dashed arrow show the possible losses in
DSSCs. The vertical line on the right shows the energy scale in eV. The energies of each

functional material are repsened by horizontal lind430.

Based on the mechanism of DSSC, more detailed process was disnudssed
et al as shown in Figure.25[13(0. Theysummarizd all the fundamental processes
happened in DSSEas following:

i. Photon absorptionwhich is determined by the absorption wavelength window,

intensity of solar radiation at that window, and absorption esesson of the dye (a).
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ii. Radiative recombination, i.e., the relaxation of the exaitgeldirectly into its
ground state, and itate constant @§. This process typically occurs in a time scale of
several nanoseconds.

iii. Excitondiffusion length

iv. Interfacial electron transfer, i.e., injection of electron from the dye to the
photoelectrode, and its rate constanj.(Khe inerfacial electron transfer occurs typically
in a time scalef several picoseconds.

v. Electron back transfer, i.e., the capturing of conduction band electrons by the
oxidized species in the electrolyte, and its rate constant (k

vi. Interfacial chargeacombination, i.e., the capturing of conduction band
electrons by the oxidized dye molecules, and its rate constant (k

vii. Electron transport through the photoelectrode material controlled by (a)
diffusion coefficient of electron (De), (b) phonon redéign through which an electron
loses its energy through electig@monon interaction.

viii. Redox potential of the electrolyte and rate constant«)fqkelectron transfer
to the oxidized dye.

From the description of the above process, it catobeluded that how to
prevent the electron recombination and electron back transfer is the key to improve the
power conversion efficiency of the solar cells. In addition, althougHitfezent
components of the solar cells interact together to functietalroxide photoelectrode
involves in more process than the electrolyte and dyes. The study of photoelectrode is

very important for the final efficiency of the cell.

1.5.2 Characterization of DSSC

To compare different solar cells in different laboratoaeound the world, the
efficiency of the solar cells should be measured under a set of standard conditions. The

temperature of the cslshould be 25C and the total power densityoi the solar
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radiation on the cell should be 1000W/with a spectrapower distribution
characterized as AM 1.5. Under the standard test conditions, there are mainly three
methods to characterized DSSCThey are photoelectric curredénsity/voltage
measurement {Y curves), electrochemical impedance spectroscopy (ElShait&nt
photan-to-currentconversion efficiency (IPCE).

There are four keparametes can be obtained from the\dcurves, which are
open circuit voltage (M), shortcircuit density (&), fill factor andpower conversion
efficiencyd . A's h a sbefore Yi.is deteanineddby the difference between the
Fermi level of the electrode and the electrochemical potential of the electrolyteci.e. V
should be a constant. However, in practical, thgd/found to depend on the
recombination rate of celhs well as the sensitizarhe sensitizeabsorption patterwill
inducea decrease of conduction band energy of the metal oxides, thereby influencing the
Voc. Jscis the current density when the applied voltage of the cell is zerosJdfelde
cell is determined by (i) the electrochemical properties of the nanocrystalline oxides in
the environment of an electrolyte, (ii) the amount of dye absorbed onto the metal oxides
and (iii) the molecular structure of the dyidne FF measures the aly of the devices
and is defined as the ratio of the maximum power output to the produes afd/J,
F F = ( ha¥(kR W). Ideally, the power output of the cell should be consumed by the
external circuit. However, processes such as electron kmaddr () and the charge
combination (k) can lead to the degradation of cell performance by reducing FF. An
ideal <cell shoul d have ,bhargcterizedrby aeshunta | resi s
resistance. The magnitude of the shunt resistance can btaldoom the slope of the
JV curve near when the applied voltage is close to zero. High series resistance, which
includes the resistance of the electrodes and the resistance of the interfacial connection,
should also be a reason of low HlRe power onver si on efficiency (,
d =nR{Pn= kA WA F mn/FBmM the equation, it is seen that highgr\le andFF under

|l ow sol ar power input are the way to incre
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Figurel1.26 Typical impedance spectrum of DSS®ottom panel) in which the

imaginary part of the complex impedance is plotted against the real part. The electrical

equivalent circuit of DSSC (top pan¢l)3Q

EIS is a powerful technique to examine the kinetics of the electrical transport in
DSSG. A typical impedance spectrum fBISSG and its equivalent circuit model is
shown in Figurel.26[13(. The DSSGcan be electrically viewed as a serious of
resistance and capacitors combined together. In Fithea;is the chargdransfer
resistance of the charge recombination process between electrons in the mesoporous
met al oxi de Yyl m an dhisithechemical napacitaree ofthee ct r ol y t
mesopor ous meisthd tranportiredigance bf thdextnons in the
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mesopor ous medisahe Warbuig élemert $hawing the Nernst diffusion of
ions in the electrolyte; iRand Gare the chargaansfer resistance and douldger
capacitance at the counter electrode (platinized transparentaiogdxideplatg CO)),
respectively; Rco and Geoare the chargigansfer resistance and the corresponding
doublelayer capacitance at the expoge@-electrolyte interface, respeatily; Rco and
Cco are the restance and the capacitandetae COi TiO2 contact, respéively; Rsis the
series resistance, including the sheet resistance of the TCO glass and the contact
resistance of the cellsing IRCE, kinetic parameters, such &saglystate transport
resistance through the mesoporous network, trandienf f usi on coefycient,
capacitance at the metal oxigdectrolyte interface, and recombiimet resistance could
be characterized

IPCE is defined as the number of electrons flowing through the external circuit

under short circuit conditions per ident photon at a given wavelength.

|PCE(/) - nelectron(/) - |(/)hC
nphotons(/) I:)in (/ )e/

Where | (&) is t mheameiasutrea icuputenpower ,
of the irradiation in nanometerhe IPCE is another index to evaluate the photon to

electron conversion efficiency.

1.5.3 Attempts for harvesting a broader solar spectrumfor DSSC

DSSG havebeen extensively studied for the past two decades in order to achieve
a high efficiencyMultiple methods have baeexplored for harvesting a broader range of
light in the solar spectrufh3]]. For examplesandem structured ceNgere fabricated to
capture more solar energyowever, the construction by stau series of cells together
hadgreat limitation DSSG with different dyes for complementary spkbsorption were
also exploredbut there were a laif problems. For example$,multiple dyes were

applied onto one DSSC, there wouldlpably be negative interactitm@tween different
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dyes or if multiple-layered semiconductors with different dyes on each layer was
applied, the electrons will be hardreach the current collectors.

In order to capture a broader spectrum from solar light, it is very important to
choose the appropriate dyes. Dyes are the main comgaoeateive the photons and
determinghe color of the working electrod€onsideringltere is no single dye which is
capable of responding to a panchromatic spectrum of solar energy, researchers have tried
to apply more than one dye to DSSCThe cocktail method including different dyesain
solution hasdeen explored-or examples, Deng at. employed tetrasulfonated gallium
phhthalocyanine (GaTsPc) and tetrionated zinc porphyrin (ZnTsPP) sensitizier a
single cell§1327. Strong absorption peaks from 600nm to 700nm and from 400nm to
450nm were seen for ZnTsPP and GaTsPc respectively, however, no power conversion
efficiencyon thiscocktail cell was reported. Gerally speaking, simply mixing two dyes
or morein a solution for dye absorption might rizet optimized for cell performance.

There might be negative interaction between different dyes and it might decrease the total
number of the dyes anchored in the wiogkelectrode.

Other than incorporation of multiple dyes in a cocktail solution, stepsigéng
method byincluding different layers of mdtaxides with different dyes habeen
manufacturedLee et al. applied three different dyes in three differgrdriain a cell, by
using selectivelgtching method as shown in Figur@7[133. Thecurrent density of the

cdl was significantly boosted
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Figurel.27 Schematic representation and reaction scheme oflagdyi working

electrode farication done by Lee et.fl33.
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Huangetalal s o i nt r od umahddt@staékswo difgyarsn g 0
togethef134]. Two layers of TiQ with dyes were prepared and treasegharately and
then the urpressed TiQ@layers were transferred to the pressed>Taers as shown in
Figurel.28. Also, the dyesensitized TiQ@layers with and without stamping were

prepared as shown in Figute29

1 dyed I O, beads

©0 0 e— Unpressedfilm g
BGHBBLEE sensitized with Dye-1 Q Dye 2 dyed TiO, beads

M._ Pressed fim ® Mesoporous TiO, beads
sensitzedwithDye-2 @ . 1 ve-: :
B e mE et SalSATEE e e

Pressing with a CIP
1 e ITO fitm Pressed TiO; beads film

N PEN substrate

Lifting top substrate Soaking In a mixed dye solution

Figurel.28 (a) Schematic representation of a double dye layer sensitized electrode
prepared by the stamping method. (b) Mixed-dgasitized electrode prepared by the
cocktail method. (c) Photos of the individual GD3 and N719 sensitized films: before

stamping (left) after stamping (middle); the front and back views of a combined

N719/GD3 sensitized film after sintering (rigit}4].
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Parallel and series connected tandem solar cells aimed to broaden the harvest of
the solar spectrum have also been tried in different groups. Mebd¢sfabricated a
parallel connected DSSC in two differénpper and lowergompartmentsor the
improvemenbf power conversion efficieng¥35. The upper compartment considbf
TiO2 layer with red dye corresponding to longer wavelength light absorption and the
lower compartment consed of black dye sensitized Tidayer corresponding to shorter
wavelength ligheabsorption as shown in Figute29. The final conversion efficiency

could reach as high as 10.5% with the sleaduit current density of 21.1 mA cfn
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Figurel1.29 Schematic representation of paralteinnected tandem DSS@one by

Nelles et a[135
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A novel face to face tandem DS8@sdesigned by Murayama and Mori, with
two dyesensitized TiQworking electrodes sandwiching a porous platinum counter
electrode as shown in Figute30[136]. The two TiQ working electrodes were first
parallel connected and then series connected with the counter electrode. They tried to
employ both homogeneous and heterogeneous dyes in the devices, and a higher current

density and efficiency with heterogeneous dyes abisorptere reported to be 11.4mA

UG
>fmnt
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/\\\\ O // J

back electrode

cm?and 3.9%.
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—

front electrode /

counter electrode  spacer

Figure1.30 Schematic illustration of fae®-face tandem structwleDSSC done by

Murayama et al136

In a summary, different attempts towards harvesting a broader solar spectrum
have been briéf reviewed. However, each method llasir pros and cons. For
examples, the cocktail method will cause a negative interdo¢ittwveen dyeand
decreas¢hetotal numbers oflye absorption in the cells. The stepwise by coating

multiple layers with different dyes will be limited by the filmdkness. The tandem cells
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will be limited by a voltage or current density mismatch according the method of
connection. Exciting improvements have been made to increase the conversion

efficiency, however, optimized design and architecture are still waitbd &xplored and

attempted.
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Chapter 2

HIGHLY FLEXIBLE, TRANSPARENT PAPER -BASED IONIC
DIODES FABRICATED FROM OPPOSITELY CHARG ED

CELLULOSE NANOFIBRILS

Abstract

Organic diodes have attracted great research interest because of their unique
applications irflexible electronics. Electronic paper is one of the most attractive organic
electronic dewes. In this chapteg transparent, flexible, ionic diode paper made of two
oppositely charged microfibrillated cellulose (MFC) sublayeitsbe reported The
current rectification ratio waground 15 at £% and exhibitedyood repeatability at room
temperature. Instead of forming a depletion region to yectifrent, this paper diode
usedasymmetric charge distribution to selectively control the ions diffusii@etion.

The asymmetric charge distributiorside the diode paper cowélectively transport

cations and anions under positive and negative bias, to allow an electric current to pass in
one direction while being blocked in the oppositection. Alhough the mechanism wa

quite different from semiconducttwased m junctiors, the phenomenon turnedt to be

very similar. It was found that the moisture content, thickness of pag@efrequency

and charge densityouldinfluence the performances thie dode paper. All these factors

wereclosely related to the ionic characteristics of the dsode

2.1 Introduction
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Junctions betweentype and rype silicorbased semiconductors created a
milestone in the development of modern electrométerials. The migration of electrons
and holes across themgunction results in a buiih potential that only allows the current
flow in a preferential direction. Such a nlimear current behavior can be utilized for
signal transmission, radio demoditibn, solar cells and various basic components in
electronic devices. Besides the fabrication of inorgamdgumctiors, intensive researels
havebeen focused on the fabrication of organie junctiors during the past two
decades. Although organic efemics are not likely to surpass the silicon based micro
circuits soon in the aspect of switching speed, they have remarkable advantages of being
flexible, light weight and can be environmentally friendly by using selected polymers.
More importantly, somgatertolerant biocompatible organic devices can be implanted
in animal or human tissaéor sensing, drug release, neuesctronic integration, etén
addition, it has been found that nonlinear curnaitage characteristics could not only
happen irsemiconducting materiddased diodes which use electrons and holes as the
charge carriers, but could also happen in polyelectrolyte which is due to asymmetric
charge distribution of ions. For example, Cayre et al. reported the formation of a fixed
rectifying junction by bringing together two aqueous gels containing oppositely charged
polyelectrolytesThey claimed that the anisotropic distribution of positive and negative
ions within the device was mainly responsible for the nonlinear current effect teross
gel junction. This typ of polyelectrolyte diode shexw light on exploring fabrications
of diodesand madét more promising to be used in biocompatible fields.

On the other hand, contemporary society requires electronic devices to be softer
and mordilexible. A new focus of research is on paper ancephke electronic devices
Cellulose, as the main component of the paper, not only is the most abundant biopolymer
in the world but also has excellent mechanical properties. The diameter of MFC is
usudly under 100 nm and lengths can be up to several micrometers. MFC have been

widely used as reinforcement nanomaterials to provide excellernbkrthg properties.
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The cellulose paper can be curled and deformed fairly easily without changing much of
ther intrinsic properties, making them more adaptivelifberentshape requirements. In
addition, the thin MFC paper isghly transparent, which givesgteat advantages for
photoelectronic applications.

In this dhapter for the first time the wetted MFC paper with two oppositely
charged sublayemshich canrectify electric currenis reported The asymmetric charge
distribution inside the paper will help selectively transport cations and anions under
positive and negative bias, to alldke electric current to pass in one direction while
being blocked in the opposite direction. Since cellulose itself is not conductive, moisture
has to be in the system to help conduct curierg.foundthat moisture content,
thickness of the paper, volagcanning frequen@and charge densiflay important
roles in the electrical properties of this papased diod€¢PIDs). ThePIDs show good
long-term stability and havgreat potential in the fabrication of transparent, flexible,

disposable, low cost stehing devices and other electronic devices.

2.2 Experiments

2.2.1 Materials

Bleached kraft soft wood pulgodium bisulfate (Fisher Chemical); Sodium
hydroxide(BDH); Urea(Alfa Aesal; 2,3-epoxypropyltrimethylammonim chloride
(Aldrich); sodiumperiodate (Mallinckrodt Chemical Workgjoly (N,N-
diallyldimethylammonium chloride) (DADMAC) (Nalco company); potassium
poly(vinyl sulfate) (PVSK) (Nalco company).

2.2.2 Experimental procedures

Preparation of MFC Bleached krafsoft wood pulp was preoaked in deionized

water and disintegrated by disintegrator. The pulp was then refined by PFI mill laboratory
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beater at the resolution of 30,000. The resultant fibers watispersed in water at a
concentration of ca. 0.5 wt% asdbjected to a high shear homogenizing process (T18
basic, Ultra Turrax, IKA Works Inc., USA) at 20,000 rpm for 30 min. The obtained
fibrils suspension were diluted to ca. 0.2 wt% and further treated by Nano DeBee high
pressure homogenizers for one cytderoduce the final MFC.

Synthesis of4ype MFC: The ptype MFC was prepared/ta modified method
reportedn the literaturgl37]. Instead of using dissed cellulose reported in that
reference, MFC suspension was used. Because the MFC is insoluble in the reactant
solution, only the sdiace of the MFGvas modified. ie morphology of th#1FC was
remained unchanged. First, sodium periodate was addethenkdRC suspension (0.5
wt%) at a mas ratio of 50:@t 38 °CandpH was adjust t@.0. The suspension was then
stirred for 1h under a nitrogen atmosphere in dark. After the completion of the oxidation,
the MFC was centrifuged for3 times and was thetispersedn DI water. For
sulfonation, the sample was treated with sodium bisulfate for 6h at 22 °C and was
centrifuged for 45 times for desaltation. The modification reaction can be described as

OH OH
(BI 0 OX|dat|on Sulfonatlon 0]
0
0 NaIO NaHSO -
OH 4 3
n 0,8 03],

Synthesis of+4type MFC The basic reaction meahiam is the same as reporied
the literatur§l38g. The difference is thahstead of MFC préreatmentMFC suspension
withoutthe NaOH/urea treatment walirectly used in this studBecause MFQvas
insoluble in thel% NaOH solutionn this experimentonly the surface of MF@ould
react Thegeneraimorphology of the MFQvould not be affectedrhen-type MFCwas
prepared by a chemical reaction betweerOMiad 2,3epoxypropyltrimethylenmonim

chlorideunder alkali environment. Sodium hydroxide was added to the MFC water

suspension at a concentration of 1 wcertain amount of 2;3
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epoxypropyltrimethylammonim chloride wdsenadded to the system and restat 85

°C for 6 h. The modified MFC fibrils were centrifuged for 3 cycles to remove the sodium
hydroxide, and then neutralized by hgdnloride. Finally, the modified MF@&ere

further purified by centrifuging for at least 5 cycles.

The modification reetion can be described as

CH; OH” CHy
C\H;-CHCHZI\FCH3CI' + Cellullose-OH —>CelIuIose—O—CHQ-(IDH—CH2N+—CH3CI_
0 CH, OH  CH,

Fabrication ofPIDsfrom p- and nr type MFC The ptype MFC suspension was
poured in a polypropylene dish and-dited in fume hood. When the water content
decreaseto a certain degree, the MFC fcgdstrong gels. Then thetype MFC
suspension was cdudly poured on the top of thetype MFC gel. A thin pn MFC paper
could be obtained after approximately 2 daysdiying. The obtaine®IDswerefurther
dried in avacuum oven at 10% for 3 h.

2.2.3. Characterizations

The surface morphology of samples was examined on a LEO 1530 scanning
electron microscopySEM) with an acceleratio voltage of &V. Samples were coated
with Au prior to SEM observatiohe surfaceharge density was measured by PCD
Titrator. 0.001 N poly (N,MNdiallyldimethylammonium chloride) (DADMAC) and 0.001
N potassium poly(vinyl sulfate) (PVSK) from Nalco company were used as the standard
solutions. Back titration method was used, i.e., pobiedyte (either poly DADMAC or
PVSK) with opposite charge of MFC was first added into the suspension and fully
stirred, and then the other polyelectrolyte was added to neutralize MFC suspension. The
corcentration and volume of the MFTispension, poly DAMAC, PVSK were

recorded.
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An Instron 5567 universal testing machine was used to measure tensile properties
of thePIDs Samples were dried at 185 to constant weight and were cut into required
sizes and shapes before measurement. The tests were domhéat aondition at a
crosshead speed of 5 mm/min and a gauge length of 20Thencurrent versus voltage
(I-V) characteristics were measured by sweeping the voltage-froon5 V using a
DS345 30 MHz (Stanford Research Systems) as the voltage souradedtnie current
signal was monitored by an SR 570 (Stanford Research System®|O$weverdirst
wetted with deionized water and then put between ITO conductive glass electrodes for

the measurement.

2.3 Results anddiscussion

2.3.1 Morphology of the modified MFC

. § . - 4 . AT Y
N7 = 000w SgraAvinlen  Due 26 Jan 2012 3000 DT e 000w MA e Due 28 .zm
D T PrctoNo » 1588 Time 174430 . L T PhotoNe » 1500 Time 174214

Figure2.1 SEM images of (a) anionic {jype) MFC; (b) cationic (1type) MFC.

Figure2.1a and2.1b indicatethe morphologyof p-type MFC and ftype MFC It
can be seen that the fibrostsuctureof MFC remains after modification. The diameters

of the modified MFGCare in the range of 280 nm, which is similar to those of
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unmodified MFC Nanosized pores are clearly shown in the pkpidhich are gateways

for small ions to pass through

10pm EHT= 1000V SralA=SE2  Date 6 Jun 2011
Mags 144KX |—rrd WO* 10mm Photo No. = 9525 Time 175742

Figure2.2 (a) Top view oflow magnification of PID(b) Crosssection of PID(c) A
60um thicknes®ID exhibits high optical transparency. (d) TRED is highly flexible

under bending.

The surfacenorphology ofPID under low magnificatioms shown ig-igure 2.2a
ThePID hasrelatively smooth surfacd&he SEM image of cross sectionRiD is

provided inFigure2.2b. A clear optical contrast betweertype and rype MFC layers
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can be observed. Thhenomenon is possibly due to the different electric responses

when electrons hit on the matters with different charges. Moreover, the positive and

negative MFC layers strongly adhere to each other and no gap is observed adehe bo

between the two subjars.A relatively unform and smooth textutie observed for PID

The thinPID made in this study isarsparent as demonstrated inHig2.2c. The

colorful flower picture can be seen clearly after being coverdelbyvi t h

thicknessFigure 2.2d indicates that th@ID is quite flexible Regular bending and

folding will not cause any crack.

2.3.2Titration results

Table2.1 Surface charge of MFC before and after modification

a

60

Unmodified MFC

P-type MFC

N-type MFC

-40.30ueq/g

-110.7peq/g

+80.4peq/g

The titration results indicate that themodified MFC haslightly negative

charge of 4@B0ueq/g This is probablypecaus®f sulfate group obtained during the

process of krafpulping. After modification, the-type MFCshowsa charge density of

+80.4 peg/g; whereabke ptype MFC shows a charge density-910.7 peqg/gThe

titration results clearly show that th®sitiveand negative charges hasccessfully

graftedontothe MFC surface.

2.3.3 The mechanism of th&ID
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Figure2.3 Schematic illustration of thID setup.

WettedPIDs wereplaced between two indium tin oxide (ITO) glass electrodes,
and the electral properties ofthe PIDswere measured. All the samples were made to
have the sameundshaped area with a diameter of 0.8 é1Ds were soaked in
deionized water for at least 2h tlesaltbefore electrial measurementst $hould be
noted that th@I1Ds used in our measement hadbeen washed with deionized water, so
that any impurities and ions that might come from original cellulose fibers or during the
surface modification reactions were removed before the elgatreasuremest except
the small amount of countems (N& and H for negatively charged cellulose nanofibers
and @ and OH for positively charged cellulose nanofibrils). These counter ions form
ion pairs tabalance the stationacharges on the surface dFC. Becausef the
atiractive force betweethe counter ions anthe oppasitely charged MFCthecounter
ions can only be directionally naable at relatively high electrieeld. Besides, the
deionized water also has very low conductivity (measured as 0.3uS/cm in this

experiment).
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o Anode Reaction. o Cathode Reaction
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Figure2.4 Schematic illustration ahe current flow of PIDunder (a) forward or (b)
backward bias.

The mechanism of applyingpsitive biagwhere the gype MFC are connected to
a positive electrode and thetype MFC are connected to a negative electradeID is
shown in Figure Z2a When the energy goes high enough to overcbmbarriers of
electrode reactions, redox reactions of water kick off. On cathode, water molecules
accept electrons from cathode to form hydrogen and hydroxide ie@sHl2e = 20H +
H2, Eo =0 V). The hydroxideand the possible residue counter ionddigtie) are loth
negatively charged, which ao# opposite charge to the cationic MFC on this side. The
attraction between the negatively charged movable ions and positively charged MFC
makes the ions easipass through the MFC sublayelowever, these mgtively charged
movable ions cannot further move to anode because of the repulsionrat aMFC
layer on the anode sideikewise, in anode, an oxidation reaction occurs when electrons
are given from water to anode to yield oxyged positively chargeg@rotons(H20 - 4e
= 4H"+0;, Eg=1.229V). The protonsnd the sodium counter ions can pass through the
negative MFC sublayer easily to reach the interface obpypmsitely charged MFC
sublayersHowever, it is difficult to move further to the cathode daese of the repulsion

of the cationic MFC omhe cathode sideAt the interface of two oppositely chargedFrC
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layers the protons and hydroxidesll combine together to form water, which completes
the circuit. On the contrast, when a backwaes fwherethe ptype MFC are connected
to a negative electrode and th#ype MFC are connected to a positive electrasle)
applied, as shown in Figug4b, the protos and hydoxidesgenerated are of the same
charge of the MFC sublayers on their sides respectivekingthem hard to get

through. As a result, the circuit is cut off and no current flow can be meaduartils

way, the current can only go ame direction while being blocked the other direction,
which gives thé?IDs typical characteristics ofiades. This mechanism also exgohs why

a single sublayer withot show diode properties.

2.3.4Electrochemical properties characterizations
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Figure2.5 Currentvoltage (}V) plot for PID

The currenvoltage curves of a typic&ID are presented in ure2.5. Nonlinear

and asymmetric current characteristics can be clearly seen with a rectification ratio of ca.

67



15 at £5V. Under positive bias, the current is fairly low initially and theyniseto
increase significantly around 2.5 V. On the other hand, when the negative bias is applied,
the current remains low (below 1.6x4MA). The current differences between positive

and negative bias endow the paper with typical characteristics afi@ dio

E. — p-type MFC
g 154 ——n-type MFC
5
£ 1.0
=]
O
0.5
1 L 1 L 970_ g L] . 1 B L}
6 -2 0 2 4 6
-0.5 1 Voltage(V)
-1.0 4
-1.5-

Figure2.6 Currentvoltageplots for theindividual p-type and rtype MFC paper.

When the paper with only one sublaieyer (either positive or negative layer)
was measured, theM curves appear to be symmetric about the origin and no current
rectification can be observeds shown in Figur2.6. It can be seen thatvery low
current (<3x16 A/cm?) in the wetted paper diode was observed at a bias voltage below
2.5V. Howeveras the bias voltaggses to passhe oxidationreduction potential of
water (1.23 V at 25 °C at pH 7), the electrolysis of water molecules starts. At this time,
as shown irFigure2.4a and b, OHs produced on the cathode andisiproduced on
anode. With the further increase of bias voltage, moreaD#lH areproduced which

leadsto an increase of crent until the bias voltage fgher than 2.%, at which a
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sulstantid increase of current is observed. Ihed that this substantial increase in the
current occued for both positive and negagibias if one sublayer paperused,

resulting in a symmetricV curve as shown in Figu26. However, if the paper

conssts twooppositelycharged sublayers, a substantigrease in the current happens

only at +2.5 VV but not at2.5 V, resulting in a typical diodeM curve as shown in Fige

2.5. Thisalsoindicates that the asymmetric interface between the two oppositely charged

MFC layers plays an important role in forming a rectifying junction.
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Figure2.7 Rectifying behavior of th€ID under alternativeoltage at drequency of 10

mHz, the left y axig€orresponds to the upper curvesscribing the measured current;

while the right axicorresponds to the bottom curves, describiregappled potential

The transient current responsePdD to analternding electric field is
investigated as well. As illustrated in Eirg2.7, PID exhibis good ionic current
rectification when subjected to atternatingvoltage at a frequency of 10 mHzuring
each voltage cycle, the current in the forward bias is significantly higheritatim the
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backward bias. It ifound that the current in the forward bias decades with the increase of
cycles, which also leads to a decrease in rectification fitis.is understandable

because watarvaporéesandis alsobeing consumed during the teStncePID works

basel on thewater electrolysis, the moisture content will remarkably influence the
electricalbehaviorsof this deviceHowever, this issuean besolved by rewetting the

PID with deionized waterTesting the device a sealed container to prevent the water
evaporatiorwill also significantly reduce the decay. In addition, maticedthatthere is

a largecurrentdecay when the forward biasswitched to the backward bias (also for the
voltage switching from backward to forward, though not so pronounced), which is

possibly due to a transient, diffustieontrolled response to suddenly switched voltage.
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Figure2.8 Currentvoltage curves of PIDinder different moisture content.
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The current response BID is tested under differemhoisture contentwhich is
illustrated in Figur@.8. The samples amgeighted on a high precision balance before and
after theyarewetted to measure the moisture content. As the moisture in the paper
increases, the maximum current in both forward and backward bias increases. This is
understandable because the actual cotmuiy medium in the system is water. If the
moisture content in the paper is too low, the resistance &flhvecreasesresulting in

low current conduction.
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Figure2.9 Currentvoltage curves of PID alifferent thickness of paper

The thickness of PlBan also influencéheir functionas can be seen in Figure
2.9. With the increase of thickness, the maximum current on the forward bias decreases.
This is becausthatthe thicker the paper, the longer the distanceaihe need to go
through. It isalso noticed that the thinner paper exhibits a lower rectification ratio. This
is because a thinner layer of MFC makes it easier for some of the ions to pass through

when abackward bias is applied.
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Figure2.10 Currentvoltage curves of PID alifferentvoltagescan frequency.

The voltage scafrequency isalso found to have remarkable influence on the |
behavior ofPID as illustrated in Figurg.10. Whenthe scarfrequency increasethe
maximum current becomes lower, and so does the current rectification ratio at +5 V to
V. The reason is thaihe movement of ions needs time and their motion cannot reach a
steady st under a high scanning frequentiiis phenomenon demonstrates ithr@c

characteristics of PID

72



—p:65; n:+16 <L 3.0
—— p:-90; n:+51 E,
—p:-111;n:480 E 257
E 4
15 2.04
U 4
1.54
1.04
0.5 1
I ’__b—-=d—n ¥ T T ¥ 1
-6 -4 -2 9 2 4 6
-0.5+ Voltage, V
-1.0 -

Figure2.11 Currentvoltage curves of PID at different sublaydiarge density.

The charge density of MFC paper will affect the performand¢d@fas illustrated
in Figure2.11.The black line indicates theMFC and AMFC has the charge density of
-65 and+16peq/g for the PIDthe red line indicates theMFC and AMFC has the
charge densityfo-90 and +51peq/g for the PjEhe blue lack line indicates thelMiFC
and rRMFC has the charge density-dfLl1 and +80ueq/g for the PIWith the increase
of the charge density, the rectification ratio will increase. That is understandable
considering thenechanisnof PID. As the amount of charges increase ftieziof p or n
type of MFC both the attractive and repellent force betwibenMFC backbones and
charge caies(Nd, CI, H", OH) becomes mormtense. That meartsaton the pogive
applied voltage, the MFC backbone will better help the ions tegaaninto the
interfacial area; on the negative applied voltage, the MFC backbone will have a stronger

force to hold back the ions trying to pass through, thus theicatittin ratiois improved.
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On the other hand, with the decrease of the charge density of MFC paper, the rectification

ratio decrease.
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Figure2.12 Currentvoltage behavior oPID under different applied voltage. a) 10V, b)

8V, c) 6V, d) 4V.



Table2.2 Rectification ratio, maximum current in the forward bias, maximum current in

the backward bias of PIDnder different applied voltage

Maxi mum Vo 10V 8V 6V 4V

Rectifica 8. 3 7.9 12. 4 6. 6

+ Max. *CmuA 4. 16 3.25 0.985 0.17

-Ma x . CumA 0.5 0. 41 0.007 0.002
a: Maxi mum current in the forward bias
b : Maxi mum currédmtasin the backward

Moreover,PIDs argested under different scanning voltagetthe same
moisture content/(7.5 wt %, same frequency (0.01H=ame thickness (63.5urahd
same charge densifg:-110ueq/g, n80ueq/g) The results are shown in Figl2d.2 The
P1Ds showgood rectificatbn propertiesand no breakdown voltage is detectgdto a
scanning voltage of 10 V (the highest available scanning voltage for our equipment). The
rectification ratio, maximum current in forward bias and maximum current inNaadk

bias under different range of scanning voltages aneespondingly listed on Tabk2. It
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shows that although the rditation ratio fluctuates, the PID generally shgaod
rectification response. With the increase of scanning voltage, both theamaxorward
and backward currents increabat the maximum current in the forward bias is always

much higher than that in the back backward bias.

2.3.5 Mechanical properties characterizations
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Figure2.13 Stressstrain curve oPID. The inserted curve is for paper made from

original pulp fibers through the same processing procedure.

Mechanical properties are important for #i®s where stretch of the devidss
required. A representative strestsdn curve isillustrated in Figur€.13. Fora

comparison, paper made fromginal softwood pulp fibers ialso testeés shownn the
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insertedfigure. The mechanical performarsad PIDs are much better than the original
softwood pulp fibersThe averageensile strength and modulus increase fror2 \MPa

and 0.05 GPa for originabftwoodfibers to 72 MPa and 4@Pa for PID respectively.

From the previous study, it is proved that the fiber size of PID is significantly smaller that
that of original pulpAs a resultMFC in PID, due to their high specific surface aréas
more contacarea between adjacent MFC andnigre likely to form entanglements
Morevover, more hydrogel bonding will also appear in MFC fibers than the origianl pulp.
Because of thabove reasonsncreases in both strength and modddwsPID compared

to original pulpcan be observed. The prolouiggtrain of theoriginal pulp fibersafter

yielding is due to the slippage among the long fibers insidpaper.Comparing the
modulesand the tesile strength of the PI1.4 GPa and 72 MPa respectively) watier

MFC reported in literatur® it is noted that the strength and modulus ofRltie are lower

than their counterparts (modules10.413 GPa, tensiletiiengthof 129214 MPa mde

from sulfite pul$139, 14(Q). One of thepossible reasons lies in the charge of .Plhe
charge groupsn PIDreduced the number of hydroxide groapsl hydrogen boriag

between MFC Slightly damage of the native MFC during the chemical surface
modification may be another remasfor reducing the strengthn spite of thisit should be
notedthat the PIDstill show about 100 times more of tensile sy and88times more

of modules than regular papers.

2.4 Conclusions

In summaryijt is proved that PID, which is composed of two oppositely charged
MFC sublayers, has godldeionic current rectification effeciThe oppositely charged
MFC layers playprincipal rolesin the current rectification because they act asvgae
to allow or blocktheionic migration under different ettric field. In addition to their
unigueelectric propertiesthe P13 aremechanically strong, low in thermal expansion,

highly flexible and opticlly transparent, making thepromising materiafor future
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organic electronic devices. Owing to the biocompatible and gradable nature, P

will be very promising to be used bioelectronics.
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Chapter 3

SOLID-STATE, HIGH STRENGTH PAPER -BASED
SUPERCAPACITORS

Abstract

In this chaptera novel way of fabricating sohstate, flexible, higtstrength,
environmentafriendly all-paperbased supercapacitossll be presented
Microfibrillated cellulose (MFC) and multvalled carbon nanotus€MWCNTS) were
used to fabricate the electrode sheets. The solid polyelectrolyte (polyethylene oxide and
lithium chloride) was doped in MFC to serve as separator layer. The specifid@apaci
was calculated to be 154.5 mFFfat 20mV/s froncyclic voltammetry. This value vga
significantly higher than most flexible supercapacitors reported in literaturgapies
based supercapacitors hextellent mechanical properties compared to tieeational
' iquid or gel based soft supercapacitors,
modulus being 123MPa. Moreover, the specific capacitance remained the same when the

supercapacitors were bent under different curvature.

3.1 Introduction

Supercapacitor is one of the main energy storage devices and is key technological
enabler ranging from transportation to customer electronics. Compared to batteries,
supercapacitors have advantages such as longer cycling life, higher power densities,
faste charge and discharge rate and lower environmental ip%%es8, 141, 147. Due
to the space constraints and sealing problem for vehicles and pettditenic§ 143
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145, much effort has been devoted to develop sstide, flexible and lightweight
supercagcitors. Solid electrolyte has advantages in easy packaging and enclosure,
though its conductivity is lower than its liquid countetgd”6-148. One common
category of solid electrolyte is polymeric solid electrolyte, also referred to as solid
polymer eleablytes (SPE$L46 148154. Common SPEs used in battery and
supercapacitor are based on polyoation complex, such as polyvinyl alcohol (PVA)
with inorganic acid. To fabricate solid supercapacitors, SPEs need to have a good contact
with conductingelectrodes. To do this, the researchers usually simply coat active
electrode materials (e.g. carbon nanotupesyaniline, etc.) onto a SPEs/e(147, 14§ .
However, the active electrode materials usually have a poor bonding with SPEs, and the
electrode materials will be easy to peel off, leading to the deterioration of supercapacitor
properties. Furthermore, to increase the area based specific capacipac#doce per
unit area), the coated electrode layer, such as carbon nanotubes, should be relatively
thick. However, it is practically difficult to achieve a thick layer of high conductive
electrode materials because the lack of bonding ability betweetnoele particles (such
as carbon tubes or graphene). The common methods, such as-ooatiifgand dry or
electrodeposition will not be able to get a rather thick electrode layer. Other category of
solid electrolyte is the géike ionic liquid[119 155. The gellike ionic liquids have high
ionic conductivity, large temperature application range and high voltage stability, but
their mechanical properties are less satisfactory, which will limit their use to a great
extent.

Paperbased electronics have attracted much new research irfet8st48 156
158 because they are lewost, flexible and mechanicalstrong. Meanwhile, carbon
nanotubes are calling great attention as excellent electrode materialswilldtd carbon
nanotubes (MWCNS3) were used in our studiue to their high specific surface area,
high conductivity, high electrochemical stability with relatively low das9-161]. In

this chaptersolid-state, higkstrength, papebased supercapacitors using microfibrillated
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cellulose (MFCas the skeleton materials aMdVCNTs as electrodewill be

investigated The electrode sheets were made by impregnating electrode materials
(modified MWCNTS) and solid electrolyte (polyethylene oxide and lithium chloride) into
MFC sheetsBesides, the buriesh method can give the following advantagek: (i
Effectively hold electrode materials (MWCMN)jTwithin the electrode sheets without

peeling off; (ii) Enable to make thicker sheets with more electrode materials to give
higher specific areal capacitance; (iii) Provide the electrode sheets with excellent
mechanical strength. The separator sheets were also made with polyethylene oxide and

lithium chloride as solid electrolyte and MFC as the supporter.

3.2 Experiments

3.2.1 Materials

Bleached kraft soft wood pulp;utti-walled carbon nanotub@skNANO);
sulfuric acidBDH); nitric acidBDH); polyethylene oxide (PEO, WM3400)Aldrich);
lithium chloridgAldrich).

3.2.2 Experimental procedures

Oxidation of multiwalled carbon nanotubes (MWCHET10g MWCNTs was
stirred in a 200ml mixture of nitric acid and sulfuric acid (3:1 by volume) aP@40r an
hour. The sample was diluted with DI water and then the oxidized CNTs wkreted|
by centrifugeand finally dried.

Preparation of MFC/MWCNS3 supercapacitoelectrodesA slurry was made
with 40wt% MWCNTS, 40wt% polyethylene oxide (PEO, Mw=3400), 6.7wt% lithium
chloride, 10wt% MFC in water. The slurry was stirred in room temperature for an hour
and then sonicated for 10 mins. The slurry was then pourednraiuminum disk for

water evaporation.
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Preparation of MFGbased separatorA slurry was made with 70wt% PEO
(Mw=3400), 12wt% lithium chloride and 18wt% MFC. The slurry was stirred in room
temperature for an hour and poured into an aluminum disk to foretsshe

Sample Characterization3he surface morphology of samples was examined on
a LEO 1530 scanning electron microscopy with an acceleration voltage of 3kV. For the
electrochemical measurement, the cyclic voltammetry curve was obtained by a two
electrodesystem using a DS345 30 MHz (Stanford Research Systems) as the voltage
source and a SR 570 (Stanford Research Systems) as the cuwoetemerhe
galvanostat chargdischargecurve and nyquist plot was obtained by Princeton potential
stat. The conductity of the electrode and separator sheets was measured by a method of
Volt-Ampere. The4V curves wereobtained by the Standford Research System. The
length and width of the sheets were measured by vernier caliper and thickness was
measured by Mitutoyo Caler. The specific area and pore volume distribution of the
electrode sheets were measured by BET (Quantachrome Quadrasorb Sl). The samples
were first degassed using Flovac Degasser for 24 hours at 50°C under vacuum and then
measured by BET under high pyrN. at 77k maintained by liquid nitrogen. The surface
area and pore size distribution were determined using the Multi point BET model and
DFT model respectivelyThe mechanical properties were measured birdn 5567
universal testing. Samples were dried at AD%o a constant weight and were cut into
required sizes and shapes before measurement. The tests were done at ambient condition

at a crosshead speed of 5 mm/min and a gauge length of 20 mm.

3.3 Results and discussion

3.3.1 Structure of theMWCNT yMFC supercapacitors
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Figure3.1 lllustration of the fabrication of MWCNMFC supercapacitors

The detailed design of all papeased MWCNTs/MFC supeapacitors is shown
in Figure 31. The electrode paper sheets were made of modified MWCNTSs as active
electrode materials, polyethyleneide (PEO) and lithium chloride as electrolyte and
MFC as a supporter. The modified MWCNTSs with carboxyl groups have a better
compatibility with the MFC matrix. PEO with molecular weight of 3400 was chosen
because of its relatively low W(good mobility) b solid-state characteristics. The
conductivity of MFC electrode sheet was measured to be 575tdM. Symmetric
electrode sheets were used at both sides of supercapacitors. The separator sheet was
made of PEO and LiCl as electrolyte, MFC as electriaisoand supporter. The
conductivity of PEO/LICI/MFC separator sheet was 6.8%$0cm. A thin layer of Au
was deposited onto electrode sheets to serve as current collector. Symmetric electrode
sheets were used to sandiwthe MFC separator. For tharpose of get stable reading,
flexible plastic clampgmade of 15 layers of plastic tapes) have been used on both sides
of supercapacitors to hold these layers tight and guarantee the flexibility of the whole

devices.
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3.3.2 Morphology of the electrode sheet&nd separator sheets
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Figure3.2 SEM image of a) Multwalled carbon nanotubg€8WCNTS) network; b)
Microfibrillated cellulosg(MFC).c) MWCNTsMFC(80:20 wt%) sheets. @omplexion

of PEO and LiCI.
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Figure3.3 SEM images of a) electrode sheets of MW@ active electrode materials,
PEO and LiCl as electrolyte, MFC as sheet supporter. Solid arrows point to the
representative entangled MWCHTashed aaws point to the representative MFC

fibers. b) separator sheets with PEO and LiCl as electrolyte, MFC as film supporter.

The scanning electron microscopy (SEM) images of individually MWENT
MFC, MWCNTSMFC compositeandPEO/LICI are shown in Figure3 MWCNTs are
seen to tightly entangle togetherform a porous network. The specific area and total
pore volume of MWCNTis 270.82rmg and 2.22cc/g from the BET results. MF&e
observed to form a thredimensional porous web with their diameters in nacale. The
images of the electrode sheets made by MWERHBEOLICI/MFC are shown in Figure
3.3a. It can be seen that under the support of MFC skeleton, the M\&/€$truct 3D
conducting nanoporous networks, meanwhile the PEO/LICI electrolyte penetoaigtth
the whole sheet. The specific surface area and total pore volume of the electrode sheets is
116.21n%/g and6.017cc/g as shown in Figure43lt is important to note that the MFC is
necessary because they can form a strong porous sheet to hold thd T4l
electrolyte but still allow the ions to diffuse in the electrode sheets. The porous and

insulating nature of MFC also makes them a goodidatel for separatorgigure 33b
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shows that the PEO/LICI electrolyte is uniformly distributed among MR@aorks. MFC

can prevent the electric contact between electrode sheets meanwhile leaving enough

space for the ion movement.
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Figure3.4 The pore volume digtsution in term of pore volumgec/g) v.s half pore

width r(A) of electrode sheet(80wt% MWCNand 20% MFC).

3.3.3 Electrochemical properties of the MWCNFEMFC supercapacitors
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Figure3.5 a) Cyclic voltammetry(CV) of MWCN¥MFC supercapacitorat different

scanning rates of 4mV/s, 8mV/s, 20m\48mV/s. b) Galvanostate chardescharge

curve at different current densities of 0.08mA/cm2, 0.1mA/é15 mA/cm,0.2

mA/cn?, 0.3 mA/cni.

The electrical performances of-tbricated supercapacitongere tested using

cyclic voltanmetry (CV), galvanostate charge and dischatgee. Figure3.5a shows the

cyclic voltammetry of the afabricated supercapacitors at a different scanning rate of

4mV/s, 8mV/s, 20 mV/s, 40 mV/s. The estimated specific amgadcitance (§is

154.5mF/cm2 at 20m V/s from CV plot using the following equation:

AldV

ST s3pV3r’

Where | is the measured current, V is the applied potential, s is the area of one

el ectrode

sheet

eV

S

t scanningarateg Our eorted o | t a g

value of 154.5 mF/chis significant higher than other reported flexible supercpacitors

(0.4 mF/cm-109 mF/cm)[118, 119,121, 162164 e x cept Yuanods most

published work of 800mEmM-2.[148 The reason for the high Cs in our work lies on the

87

r

(S



total amount of MWCNT$ loaded in the electrode sheets. Different from other methods,
the method of impregnating MWCI$Thto MFC sheets adopted in this study can easily
adjust the amount of MWCNgIin the electrodes. It should be noted that one of the great
advantages of using MWCNAMFC composite electrode shees that the amount of
MWCNTSs perunit area can be easily tuned. In other word, much higher amount of
MWCNTSs can e loaded to electrode sheets compared to other methods (emating
electrodeposition, dip and dry, etc.). For example, by a simple coating method, the
MWCNTSs particles are not impregnated in the sheet but are simply deposited on the
surface of electrodeheets. When the layer of MWCHIIB too thick, the loose

MWCNTSs particles will fall off from the electrode sheet. However, in our approach,
MWCNTSs particles are impregnated in the MFC sheet, so thefiaif MWCNTSsis no
longer a problem. As a resulte can increase the amount of MWCIn the electrode

so a higher specific areal surface capacitance can be achieved. Galvanostat charg
dischar@ curves at different current densiis are shown in FigureS®. The specific

areal capacitance calculatiedm the chargelischarge curve is 40.76 mF/€at the

current density of 0.03mA/chwith the electrode thickness of 0.19 mm. This value

agrees with the {btained in the CV plot.
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Figure3.6 Cyclic voltammetry of MWCNEMFC supercapacitors at different thickness
at a scanning rate of 20mV/s. b) Specific areal capacitance and specific mass capacitance

with different thickness of electrode sheets.

The CV plots of supercapacitors at differerottode thickness are illustrated in
Figure 36a. It can be observed that Cs increagitls the electrode thicknesshe
calculated specific areal capacitance with different thickness is plotted as in F&jure
The specific areal capacitance increases B0 mF/cnt to 304.4mF/cn? as the
thickness increase from 0.19 mm to 1.08 mm. But it can also be noted that the specific
mass capacitance Cm decreases with the increase of thickness, which suggess that ev
though the total amount of MWCNTncreases with the increase of the thickness, the
efficiency of MWCNTS per gram decreases. The reason is that the thicker sheets also
lead to an increase of resistance, considering 15wt% of the sheets is made of the non
conductive cellulose. The increase of the resistance causes decrease of capacitance in
terms of gram. Although the MFC/MWCISThas a higher resistance than pure
MWCNTSs, the pure MWCN' cannot form soft electrodes.
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Figure3.7 CV plots of supercapacitors at different bending raansa of

supercapacitance being 6mm*8mm). b) Photo of flexibility of the supercapacitors.

The supercapacitors are tested under different bending radius with a shedt are
6mm x 8mmas in Figure JFa. It can be seen that there is almost no change in
capacitance when the supercapacitors are bent from flat to a radius of 8mm. The high

flexibility of the supercapacitsrcan also be seen in Figur&t8

3.3.4. Mechanical poperties of the electrode sheets of MWCN¥ MFC
supercapacitors
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Figure3.8 Stressstrain curve of a) MWCNIMFC electrode sheet; b) pure MFC sheet.

The MWCNTYMFC supercapacitotisave great advantages where mechanical
strength is required. A representative stssain curve of the pure MFC sheet and the
MFC/MWCNTSs electrodesheet is illustrated in Figure& The tensile stressd
modulus of the electrode ameasured to be 1 Ra and 123 MPa (from the longest
straight line), respectively. It is not surprising that the tensile strength and modulus of the
MFC/MWCNTs electrode are much lower than that of pure MFC sheet, considering a
large portion (481t%) of the electrode sheetsmade of MWCNB and electrolyte,
because MWCN83have poor inteparticle bonding and electrolyte has very poor
strength. However, the MFC/MWCNElectrode sheet is still considered a strong paper
comparable to normal papers whose tensile strength ngrraaties in a few MP&56,

165, 166. Moreover, the mechanical properties of the MWGWIFC supercapcitors are

much better than the conventional licldsed or gebased supercapacitors.

3.4 Conclusiors
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In summary, soliestate, high strengtbaperbased supercapacitasefabricated
using multiwalled carbon nanotubes as active electrode materials, PEO and LiCl as solid
electrolyte and MFC as a skeleton material. The specific capacitance of thd asger
supercapacitors can reach up to 154.5mFAr20mV/s from cyat voltammetry. The
capacitance remains almost the same when the supercapacitors are bent under different
curvature. The mechanical properties of the supercapacitors are also satisfactory. The as
made supercapacitors can be potentially used in variousaheae solidity, flexibility

and high mechanical strength is required.
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Chapter 4

SOLID-STATE FLEXIBLE POLYANILINE/SILVER
MICROFIBRILLATED CELLULOSE AEROGEL

SUPERCAPACITORS

Abstract

In this chaptersolid-state flexible aerogel supercapacitors fabricated from
microfibrillated cellulos§MFC), Ag and polyaniline (PANI) nanoparticlesll be
reported The electrochemical performances of PANIM§C aerogekupercapacitors
arecharacterized by cyclic voltammetry, galvanostatic chaigeharge curves and
electricimpedance spectroscophhe specific capacitancedslculated to be 176mF/ém
at 10mV/s from cyclic voltammetry. This value is significantly higher than most flexible
supercapacitors reported in literature. The electrochemical properties offteieged

supercapacitors also remain the same when they are bent with different bending radius.

4.1 Introduction

Flexible and renewable energy storage devices are highly desired for the present
society, motivated by the growing mobile mafkdB 158 167, 168. Supercapacitors
and batteries are the statthe-art electrical energy storage devices. Supercapaeiters

preferable to batteries when high power density, fast charge and discharge rate and long
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life cycles are requirg85-58]. Based on the energy storage mechanism, supercapacitors
can be classified inttwo groups, electrochemical double layer capacitors (Epaad
pseudocapacitors. EDLC store charges by electric double layers, for which no chemical
reactions will happdb9]. In contrast, pseudocapacitors store charges by fast and
reversible redox reactions. Pseudamafors are becoming attracting research areas
because they have higher power density and can provide higher capacitance per gram
than EDLG;, although their energy density and cycle life are generally slightly
inferior[ 96, 169. Conductiig polymers, such as polyaniliGANI), polypyrrole (PPY)
are some of the common used pseadpacitive electrode materials. PANI is one of the
most extensively studied conducting polymers because of its excellent properties, such as
ease of synthesis, high electroactivity, good chemical gtalsimplicity in doping and
dedoping and high mechanical flexibility}7, 148 169, 17Q. In addtion, when PANI is
used as electrode material, its capacitance can be tuned by different factors, such as
synthetic routes, morphology, amount of additives and binders used, etc. For examples, it
was reported that the PANI prepareddbgctrodepositon gemally hadhigher specific
capacitance than the ones synthesized by chemical oxidjion

In the meanwhile, increasing attention on environment has drivearobers to
develop more renewable, biodegradable and environmental friendly electronic devices.
Cellulose, as the main component in paper, is one of the emerging renewable materials
which can be used for electronic devidd®, 146 156, 158 171, 177. Cellulose has the
advantages of widspread availability, low cost, renewable, biodegradable,
biocompatible, and highly flexiblgl1, 12, 173 174]. Some explorans of using
cellulose paper on supercapacitors have been reported in liter&orexample, Razaq
et al. insitu chemically synthesized polypyrrole on to Cladophora nanocellulose to make
composite electrodes for supercapacitors, with a specific tapeeiof 6070F/d175.
Zheng et al. designed pageased electrodes for supercapacitors in a way of drawing

graphite or cellulose paper, showing an dreapacitance of 2.3mF chj164 These
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researches provided inspiring work for cellukiesed supercapacitors, but the
capacitance of cellulose pagsaised supercapacitors is low. Porous materials have been
used to improve the performances of the suggcitors. Chen et al. reported sponge
supercapacitors with MnO2 and carbon nanotubes as electrode materials and the specific
capacitance was very competifi¥€q. Their work demonstrated that aerogel could

serve as an excellent candidate for supercapacibstraites. MF®ased aerogel has the
advantages of high porosity, biodegradable, large specific surface area, low density and
better impact buff¢77, 178 . TheoreticallyMFC based electronics cdre disposable
because of their biodegradability. With these advantages, it is very promisiigR@at
aerogel will have extraordinary performances as electrode substras@percapacitors.
However, cellulose itself is insolatingo theMFC aerogeimust be modified to be
conductive. A simple and effective way to solve this problem is to coat conductive
materials onto the surface of cellulose. Silver particles are highly conductive materials
and have various applications in conductive wires, conductive adhesives and various
electronic componerts79-181]. It has also been reported that silver nanopatrticles can be
stabilized by cellulodé82-185. Silver particles have been used in supercapacitors
sewring as conductors to form electron transfbannels between the electrolyte and
electrode materials. For example, Zhang et al. reported that an increase of about 300%
was achievedyy incorporating of Ag particles onto Ma@anosheefd86. Huang et al.
claimed that by incorporation of Ag pizles into CuO sheets, the capacitance nearly
doubled than those of pure CuO shEg3).

In this study, Ag particles were in situ depositedWC aerogel, which created
conducting channels in the aerogel. To achieve high capacitive performances, PANI
nanopatrticles, as the electrode materials for charge collection, were further deposited on
the surface of Ag particles. The PANI/AGFC aerogel was then assembled by solid
state PVA/HPQ; solid electrolyte to fabricate flexible supercapacitors. The specific

capacitance was calculated to be 176mE&niomV/s from cyclic voltammetry. The
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electroclemical properties of the dabricated supercapacitors also renadithe same

when they werdent with different bending radius.

4.2 Experiments

4.2.1 Materials

Bleached kraft soft wood pulp; silver nitrgddfa Aesar) sodium
borohydrid€J.T. Baker) anilingAlfa Aesal); sulfuric acigBDH), polyvinyl
alcoho(Aldrich), phosphoric acid.T. Bakey.

4.2.2 Experimental procedures

Preparation of MFCaerogel:Bleached krafsoftwood pulp was prsoaked in
deionized water and disintegrated by disintegrator. The pulp was then refined by PFI mill
laboratory beater at the resolution of 30,000. The resultant fibers were redispersed in
water at a concentration of ca. 0.5 wt% aeadted by Nano DeBee high pressure
homogenizers for three cycles. Then the fibers were subjected to shieigh
homogenizing procegT18 basic, Ultra Turrax, IKA Works Inc., USA) for 30 min to get
the final MFCsuspension. ThEIFC suspension was then a@mtrated to 1.5wt% and
suddenly quenadby liquid nitrogen. The frozeMFC samples were put into a freeze
dryer until all the water was sublimed.

Coating Ag on tavIFC areogel: The above preparédFC aerogel was cut into
small ribbons with the thicknes$ bmm. 0.05gVIFC aerogel ribbons and 1.869 silver
nitrate was added into 10ml deionized water. The abtfv@/silver nitrate mixture was
magnetically stirred in an ice bath. 2.07g sodium borohydride was added into 10 m|
deionized water in another beaker avak added into theIFC/silver nitrate suspension
drop by drop. The reaction was stopped 10 min after all the sodium borohydride was

added intdviIFC/silver nitrate mixture. The AYIFC aerogel was taken out and washed
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with deionized water for three times.&8de procedures were repeated for five times to get
the final AQMFC aerogel.

Electrodeposition of PANI onto AgFC aerogel: The ekctrodeposition of PANI
on Ag/MFCwas performed in a solution of 1M aniline and 1¥B4. Two-electrode
system (Stanfordesearch systems DS345 and SR570) was employed. A deposition
current density of 5mA/chwas used. Different amount of PANI was controlled by
deposition time at 5min, 10min, 15 min and 20min. The mass ofl Raklcalculated
from the total Faradic charge caimed by assuming an average of 2.5 electrons per
aniline monomer in thelectropolymerization.

Sample Characterization3he surface morphology of samples was examined on
a LEO 1530 scanning electron microscopy with an acceleration voltage of 3kV. For the
electrochemical measurement, the cyclic voltammetry sumareobtained by a two
electrode system using a DS345 30 MHz (Stanford Research Systems) as the voltage
source and a SR 570 (Stanford Research Systems) as the current recorder. The
galvanostatic lsargedischarge curves and Nyquist plot were obtained by Princeton
potential stat. A the electrochemical tests weperformed with Pt foil as current
collector at both sides of supercapacitors. The conductivity of the electrode and separator
sheets was pasured by a foypoint probe system. The specific aredHfC aerogel was
measured by BET (Quantachrome Quadrasorb Sl). The samples were first degassed using
Flovac Degasser for 24 hours at 90°C under vacuum and then measured by BET under

high purity N> at 77k maintained by liquid nitrogen. -bay diffraction (XRD) analysis

was performed on X6Pert PRO diffractometer

4.3 Results and discussion

4.3.1 Structure of the PANI/AgMFC supercapacitors
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Figure4.1 Fabrication process 6fANI/Ag/MFC aerogel electrodes. (8)FC aerogel,
(b) Ag particles were hsitu synthesized ontelFC aerogel; (c) PANI was

electrodeposited on to AgFC aerogel.

The fabrication process of PANI/AGFC aerogel electrodes consists of three
steps as demonstrated in Figdre. First, MFC aerogel was prepared by freeze drying of
1.5wt%MFC aqueous suspension. The density and specific surface arematiaBIFC
aerogel were measured to be 1.2g/amd 30n¥/g respectively. The specific surface area
of the aerogel useid this study wa lower thar70-110n¥/g that was reported
previously178. The main reason vgahat an aerogelith relatively high strength vea
needed in this study. Therefore, a higbencentration oMFC in the solution was used
in aerogel preparation, which resulting in higher density and lower specific surface area
compared to these reports in our previous work.NIRE€ aerogel was then cut into small
ribbons with thickness of 1mnthe photo of asnadeMFC aerogel and its srilaibbons

are shown in Figure.2.
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Figure4.2 Photo of (a) side view dflIFC aerogel; (b) cross section MiFC aerogel; (c)

flexibility of MFC aerogel ribbon.

Next, Ag particles were in sitsynthesized on to tiHdFC to make conductive
MFC aerogel. The sheet resistance ofMGCa er ogel was measured to
using a fowpoint method. PANI was subsequently electrodeposited onto tivFEY/
aerogel as the electrode material to make PANNAGL aerogel electrodes. In order to
study the effect of the amounts of PANI on the performances of supercapacitors, different
electrodeposition time (5, 10, 15 and 20 min) of PANI on\M€C aerogel was aipted.
After preparing PANI/AgMIFC aerogel electrodes, the solid state and flexible
PANI/Ag/MFC aerogel supercapacitors were assembled, as illustrated by Eigurde
PANI/Ag/MFC aerogel electrodes and separator sheet were immersed into the polyvinyl
alcohol (PVA)/phosphoric acid (#Qs) solution to fully absorb the electrolyte. The
supercapacitors were then assembled by sandwiching the separator sheet between two
identical PANI/AgMFC aerogel electrodes and then fully dried in room temperature to

makeintegrate devices.
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Figure4.4 Scanning electron microscopy of (d)-C aerogel; (b) AGQVIFC aeroge

Scanning electron microscopy C aerogel and AGMFC areogel are shown in
Figure 4.4a and.4b. It can be observed from Figuretd that theMIFC constructs a

highly porous network. The diamesaf the fibers are imircohanascale, which
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provide high specific surface area for the skeleton of the sumitays. Figure 4ib
shows Ag particles amuccessfully coated diFC aerogels for AIFC aerogel. The
sizes of Ag particles range from tens to hundreds of nanometers, and are randomly

distributed in the aerogel with a brargrape structure.

Y ‘(,
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Photo No. = 13109 Time :17:37:20

Figure4.5 Scawning electron microscopy &fANI/Ag/MFC aerogel. (b) Photo of

PANI/Ag/MFC aerogel.

Electrodeposition of PANI on to ANIFC aerogel was subsequently performed.
SEM image of PANI/AgVFC aerogel is showm Figure 45a. PANI in shape of naro
dots is deposited on Ag particles (see the inserted enlarged photo), while no deposition of
PANI can been seen #FC. This is reasonable because Ag particles are conductive but
MFC is insulating. As a result, the electrodepositdd®ANI can only happen on
conductive Ag particle surface. The PANI is the actualtedebemically reactive
materialfor the supercapacitors for charge storage while the Ag particles provide high
electrically conductive channel for fast charge transportaThe photo of as fabricated

PANI/Ag/MFC aerogel is shown in Figure5b. The two electrode sheets and the
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separator sheets are adhesive to each other by the solid electrolyte to form an integrated

device. The supercapacitors are sslide and quitddxible under bending.

4.3.3 Characterizations of Ag contents on the electrode sheets

{zliisarsgmAgLa‘l

fFul Scale 206 cts Cursor: 0.000 kg

Figure4.6 EDS analysis of AMFC aerogel. (b) EDS mapping of Ag dispersion in

Ag/MFC aerogel.
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Figure4.7 Change of Ag contents with synthesis times in term of weight percent and

atomic percent measured by the EDS analysis.

The amount and distribution of Ag &AFC aerogel surface afarther studied by
EDSanalysis in Figure 4.6 and Figure 4.7. In Figu@adstrong Ag characteristic peaks
are found in asnade AgMFC aerogel.The dispersion of Ag particles MFC aerogel
can be observed frorhé EDS mapping shown in Figuréd. The Ag particles are well
distributed in thavhole MFC aerogel. In Figure.Z, we can see how the contents of Ag
change with the increase of Ag synthesis times. Tis#tinreaction of Ag on aerogel was
repeated for five times to achieve high conductance. The results indicate tbant&nts
increase with the increase of Agsitu synthesis times in term of both weight percent
and atomic percent. After five times reactions, the weight percent and atomic percent of

Ag can achieve 96.6% and 70.7% respectively.
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Figure4.8 X-ray diffraction patterns of PANI/AYMFC aerogel

The XRD patterrof Ag/MFC aerogel is shown in Figure8 The sharp peaks
center 344 61Yand TE cBri@spond to (111), (200), (220), and (311) silver
planes, respectively, which coincides well with the literature values (JCPDS No. 04

0783]188. The XRD is also a proof of success of syath@f Ag particles on thelFC

skeleton.
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4.3.4 Electrochemical properties of the PANI/AgNFC aerogel supercapacitors

— 1M HZSO4 solution
Solid PVAIH3P04

Current density(oncm'z)
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Figure4.9 Cyclic voltammetry (CV) of PANI/AgVIFC aerogel with 5 min PANI
electrodeposition in 1M $$Qs solution and PVA/HPQ; solid electrolyte at a scan rate

of 20mV/s

The electrical performances of PANI/AGFC supercapacitors were measured
using cyclic voltammetry (CV), galvanostatic charge and discharge curve and electric
impedance spectroscofilS). The comparisons of the as fabricated PANIM¥ELC
supercapacitors in 1M 430 solution and in PVA/H3PO4 solid electrolyte are shown in
CV plots at asan rate of 20mV/s in Figure3! The two curves show the same patterns
with slightly different peak heights. The nearly overlapped curves indicate the
electrochemical properties of PANI/AGFC supercapacitors in PVAARQ; solid

electrolyte are almost as good as they are-Bdaqueous solution, which suggests the
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fast iontransportation of PVA/EPQs solid electrolyte. PANI is responsible for the three
reversible peaks in these curves, reflecting the conversion of PANI in different oxidation
states, which are leucoemeraldine, emeraldiigganilineand pernigraniline. Ag

paticles help to enlarge the area of the curves enclosed in CV curves because it is
reported that Ag particles could greatly increase the capacitance of PANI by improving
the electrodes conductivifit86, 189 190. However, for the device contains only

Ag/MFC aerogé (without PANI), the CV curve indicated that almost no measurable

capacitance could be observed.
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T ' —
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Figure4.10 CV of PANI/Ag/IMFC aerogel with 15 min PANI electrodepositiander

different scan rates of 10mV/s, 20mV/s, 50mV/s and 80mV/s

PANI/Ag/MFC aerogel supercapacitor with 15 min PANI electrodeposition was
tested under different scan rates of 10, 20, 50, 80 mV&haaen in Figure 40. It can

be seen that the cathogieak potentials shift to the positive direction and the anodic

106



peak potentials shift to the negative directions as the scan rates increase. All the peak
currents increase with the increase of scan rate. The specific areal specific and mass
capacitances dhe PANI/AgMFC aerogel supercapacitors were calculated according to
AldV c - fldv
ST a2 . m- 2 n/2 .
the equation s*DV3Tr ang M3 DV3 T respectively, where | is the

measured current, V is the applied potential, s is the area of one electrode sheet, m is the

mass of electrode PANI on one electrode,
scan rate.
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Figure4.11 (a) Specific areal capacitanceVs scan rates for different PANI deposition
time, ranging from 5 to 20 min. (b) Specific mass capacitarces@can rates for

different PANI deposition time, ranging from 5 to 20 min

The pecific areal capacitance of PANI/AGFC aerogel supercapacitors with
different PANI deposition time and differentagcrates are given in Figurelda. The G
increases with the increase of electrodeposition time considering the increasing amounts

of PANI for longer deposition time. Meanwhile the &so increases with the decrease of
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scan rates due to more adequate Faradaic reactions at lower scan ratesfoiThe C
PANI/Ag/MFC aerogel supercapacitors wi2@ min PANI electrodepositiors icalculated
tobel 7 6 mPaihe scan rate of 10mV/s, which is significant higher than most
previously reported flexible supercapacitors (0.4 m&/t69 mF/cni)[118 119, 121,
162164 The Gn of PANI/Ag/MFC aerogel supercapiors with different PANI
deposition time and differentan rates is given in Figureldb. The results in Figure
5.11bagree with the work reported by Chen et al. on carbon nanotubes8ynfge
supercapacitorsl 76 The Cm depends strongly on the scan rate for low mass loading
supercapaictors but depends weakly on scan rate for high mass loading sugitersap
That is to say, for higher mass loading supercapacitors, such as 10, 15, 20 min PANI
depositions, the Cm change with scan rates is small. However, for low mass loading
supercapacitors, such as 5 min PANI depositions, relatively large changesithC
scan rate cabe achieved. This is mainly due to the limited conductivity of high mass
loading samples and the limited utilization of PANI at high scan fa#&§.The specific
mass capacitance for 5 min electrodeposited PANI oMR@/aerogel can reach be

212F/g at the scan rate of 10mV/s.
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Figure4.12 Galvanostatic chargéischarge curves at different current densities for

PANI/Ag/MFC aerogel with 10 min PANI electrodeposition

The galvanostatic chargischarge curves for PANI/ABIFC aerogel
supercapacitors with 10min PANI electrodepostion at diffiecarrent densiteare

illustrated in Figure 42 The specific capacitance can be calculated from the charge

discharge curves following the equation-&=—, where | is the applied current, s is the

area of one electrode, dV/dt is calculated from the slope obtained by fitting a straight line
to the discharge curve over the range of Vmax to k& \he specific capacitance is

cal cul at ed “ifa PANRAG/MRC aendgél witm 10 min PANI deposition at

0. 125 -Inwhickimin good agreement with the value olgdfnom CV curve of

4 5 mPRAtsean rate of 20 mV/s. From the charge discharge curve, it can also be seen
that the specific capacitance ieass with decrease of the discharge current density.

That reflects the ionic nature of the supercapacitors. With the lower etiiaaerge
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density of the supercapacitor, the ions have more time to get into position to react of

PANI, which gives higher @pacitance.
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Figure4.13 CV of PANI/Ag/MFC aerogel with 15 min PANI electrodeposition under

different bending radius (the area of supercapacitors are 7mm*7mm)

In order to test the flexibility of the as fabricated supercapacitors, CV plots of
PANI/Ag/MFC aerogel with 15 min PANI deposition under different bendadjus are
tested in Figure.43. The overlapped curves indicdtee bending of the samples will not
change their electrochemical behavior. The supercapacitorsitedlgxible and can be

readily bentwithout damageof the electrochemical properties.
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Figure4.14 Nyquist plots of PANI/AgMFC aerogekupercapacitors with 5min, 10min,

15min, 20min PANI electrodeposition

The electrochemical impedance spectroscopy (EIS) was used to characterize
PANI/Ag/MFC aerogel supercapacitors with different PANI depositidre flesults are
shown in Figure 44.EIS is a technique to provide more information on the
electrochemical frequency behavior of the superdégac It can be seen that the lower
left portion of the curves refers to the high frequency region while the higher portion
refers to the low frequey region. No distinct senircle in the curves indicates a very
small charge transfer resistance at the PANI/Ag electrode/electrolyte interface. In
addition, the linear portion in the lefkequency range is attributable to Warburg
impedance, resultingdm the frequency dependence of ion diffusion and transport in the
electrolyte. There is an angle between the linear region of the plots and the real axis. The

angles in Figurd.14 generally follow the trend that with larger loading of PANI, the
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angle willgo smaller. The smaller angle indicates a greater variation in the ion diffusion

path length and an increase of ion movement obstruction for ion diffusion into the

electrode. Meanwhile, the value of the intercept at the real axis in the high frequency

range is used to estimate the equivalent series resistance (ERS). All the samples show

| ow ERS, which is around 1Y. ERS includes
and contact resistance between the electrode and electrolyte. The low ERS of tae samp

help to guarantee the high value of power density.

4.4 Conclusiors
In summary, in this chapter, PANI/AGFC aerogel supercapacitors were

successfully fabricated with high flexibility and excellent performances. The highly
porous structure of aerogeldathe high pseudocapacitive of polyaniline provide an
excellent structure for supercapacitor electrodes, while the Ag particles provide fast
electron transportion channels to achieve high capacitance. The specific capacitance of
the as made supercapacitora n r e a ¢ h? attife&camraediof 1AmV/s.

Moreover, the capacitance of the supercapacitors shows almost no change after severe
bending. The PANI/AAMFC aerogel supercapacitors are very promising for future

development of energy storage devices.
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Chapter 5

RATIONAL DESIGN OF HYBRID DYE -SENSITIZED SOLAR
CELLS COMPOSED OF DOUBLE-LAYERED PHOTOANODES
WITH ENHAN CED POWER CONVERSION EFFICIENC Y

Abstract

In this chaptera uniquelystructured dyesensitized solar cell was fabricated by
assembling twg@hotoanodes and one counter electrode in a single compartment. The
two photoanodes have complementary roles in absorbing solar light at different
wavelengths. The power conversion efficiency of the hybrid cell can reach to 6.6%,
which is significantly hgher than that of the single cell. The rational design of the hybrid
cell does not need interconnecting layer as that is used in conventional tandem solar cells,

leading to higher power conversion efficiency.

5.1 Introduction

Dye-sensitized solar cell®SSCs) have been studied extensively because of their
low cost compared to Si based solar ¢&R§]. Great effort has been made to improve
their power conversion efficiency to sharpen thempetitive edge over Si based solar
cells[191-201]]. Different methods have been adopted to realize better power conversion
efficiency. One attempt is to develop a hegfficiency dye which caabsorbas much
light as possible in intensity and over a broader solar spe¢2@2203. However, it is
difficult to achieve high photoelectric conversion and low chaegembination at the

same time for higlefficiency dye design. Another method is to use simultaneous or
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stepwise cesensitization of multiple dyes for cell fabricatif204-207]. Co-sensitization
compensates the disadvantages of absorption limitation of a singadyoadens solar
wavelength absorption range. However, in the simultaneoustesitized DSSC208
209, there is an absorption competition between different dyes, and possible negative
interaction between these dyes also occurs. As a result, the total light conversion is only
slightly improved or even lowered than agle dyesensitized DSSC. While in the case
of stepwise cesensitization on DSSE&10-214], two or more different dysensitized
semiconductor layers (usually TAOr ZnO) will be coated stepwise on a conductive
substrate. Clearly, with the increase of the semiconductor thickness, difficulties will be
encountered for successful injection of electrons to the conductive substrate.

Tandem or hybrid solar cells are also usetarvest more solar enerf315
216. Generally, these cells were fabricated by vertically stacking two or more subcells
connected by an interconnecting layer. Tandem/hybrid cells have the advantages of
broadening the absorption spectrum and avoiding negative interaction among dyes.
Nelles et al. designed tandem DSSCs with red dye and black dye in the upper and lower
compatments, respectivel¥35. However, in their design, the incident light needs to
pass through multiple electrodes, umtihg two working electrodes and one
semitransparent counter electrode, to reach the lower dye. This would reduce the light
absorption of the bottom cell. Murayama and Mori designed a face to face tandem cell
structure with two dysensitized TiQat eaclside as working electrodes and a platinum
mesh in the middle as the counter electrqd8§]. Homogeneous DSSCN3 dye
sensitized TiQ) and hetavgeneous DSXIN3 dye and black dysensitized TiQ) were
tested in this design, with power conversion efficiency being 1.8% and 3.9%,
respectively. Likewise, the middle counter electrode, or called interconnecting layer,
would block the part of solar erggy, leading to the low efficiency. Yamaguchi et al.
fabricated tandem dysensitized solar cells on a glass rod, in which two different dye

sensitized Ti@layers were assembled along the glas§2bd. These tandem cells
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showed a low power conversion of 1.33%. The reason for the low efficiency was because
that almost of the lighpassed through the glass rods directly without being absorbed.

Only a small portion of the light contacting the interface between the glass rod and the
TiO2/dye layer was used for photoconversion.

Although tandem solar cells commonly have higher efficighap a single solar
cell, there are many challenges in order to further improve their performance. For
example, to connect two or more subcells in a series, interconnecting layer® lbe
used.ldeally, the interconnecting layers should have sufficient conductivity, high
transparency, good uniformity and high chemical stability. Their energy levels should
also match with those of donor/acceptor molecules in the active layer. Unfortunately,
such deal interconnecting layers have not been reported. Besides, compared to solid
polymer tandem solar cells, the liquid electrolyte based dye sensitized tandem solar cells
are more difficult to be fabricated due to the leakage of the electrolyte.

Herein,uniquely-structured dyesensitized solar calthat havedoublelayered
photoanodes with two different dyes, but only one counter cathoelabricated
Different from traditional DSSCs, a second photoanode layer is inserted between
traditional anode (Wit N719 sensitized Tignanoparticles) and platinum cathode in our
novel design. This second photoanode layer is made by a porous and electrical
conducting Ti/Ni mesh with a thin layer of dgensitized Ti@nanopatrticles coated on it.
The two photoanode®antaining different dyes are assembled féace and connected
in a parallel mode as eanodes. Since the second layer is supported by a porous Ti/Ni
mesh, the electrolyte can easily diffuse through ldoyer to reach the cathodgecause
of the two dfferent dyesensitized TiQlayers, such rationally designed hybrid solar cells

can absorb more light over a broader wavelength.

5.2 Experiments
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5.2.1 Materials

P-25 powders (Degussa); polyvinylpyrrolidgAdfa Aesar) ITO glass(Hudson
SurfaceTechnology); nitric acid (BDH); ethanol(BDHNi mesh (MTI corporation);
titanium tetrachloride(Pfaltz And Bauer ndeoxychohic acid(Acros Organi¢s
chloroplatinic acidJ.T. Baker) PTFE separator films(¢arbon); Di
tetrabutylammonium cibis(isothic y a n a t o-Dipyridg-4 2-4 @ 6
dicarboxylato)ruthenium(ll) (N719)(Solaronixjjisothiocyanate( 2 , 2 Gter@yridyt6 0

4 , 4 {ricarboxylato) ruthenium(ll) tris(tetrbutylammonium)(N749)

5.2.2 Experimental procedures

Prepar atidpdhrotofel BicOGuodes 25 3mgo,wd ed Gml
et hanol , 306.519%)1 wWhBNsO put i nto a rotary evapor
suspension becegmels. ph wdoeartyi n(gTipbast e was pr e
Ti2ON:® 0. 12g poldywienylnp yr.5anl et hanol . Il TO c
mesh were served as the substrates for the
both sides of Ni mesh with a deposition th
Technol ogy) at THBhe alt @O odg!l &9Ds nam dni Ti./ Ni me s I
50mM 4BioCluti on at 7 0Theds préparedi #ONQ a athe hwaig t h
cast onto I TO glasses (140m) and Ti/ Ni mes
at 500 eC fore2hwefMTbet pbatedasagat hnofomat0mhW

half an hour, followed by calcinatioat 500 eC f or 30mi rron After

ITO conductive glass was immersecht o 0. 5mM N719/ et hanol sol
temperatur eonf/oNMi 2mMdehs h Twas 1 mmer sed i nto 0. 2
deoxycholic acid (DCA) in ethanol at room

were prepared by.Pdpgaitelaadn anlg sao [Ou tSindh &itss , 1 T O
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foll owed byt cA0@ROem@ nfioomm The PTFE separator
provi d-€drbgnYIl nc.

Fabricat-semsiotfi dag@®hesosiamglcel N819 cel |l s v
pl acing a Pt countdelrTE@l photroaro dgappsuamndg
spacers. The single N749 cells were prepar
gl asses, N749nsd@nésNii medhTJi @ PTFE separato
el ectrode, and sealed with Kaptond Iltyapes. N
coated with NZ%409o0setnhsaitt itzheed uTniclbat ed part w
by indium met awerfehbei bgbeddbgebbquentially
sensi tdomed TIO @l-as8as8siiothé dld TING meghh,t oa PTFE

and a Pt counter electrotdtaptegbeheredoancel &

used was an ionic |idqui @ ,080.Ma0l NMNDBM®, 6aDnviB
GTC in a mixture of acetonitrObD@4awdlvalkerc
Germany). The el ectrolyte was injected int

Kapton tapes.

Sample Charabeephpoaboc avrod & mlg edeemlsridcyt er i ¢
were measured using a Keit hdclyarmodierhu 12at0dr
Solar Simulator) was used to simulate sunl
mwW/ &m cal i brat ed wlhe surface mBrphyglegy o sampiés was r .
examined on a LEO 1530 scanning electron microscopy with an accelaraltage of
3kV.Xray diffraction (XRD) analysis was perf
(PANanalytical BV) with Cu laradiation.El ect r oc he mi c al i mpedance
scanned under | epénoxblkma dZalhbnyeore, K $2Vessnii ounm
absorption spectra were measured by a\¥/spectrophotometer (SHIMADZU, UV
2600). The IPCE spectra were measured by QE/IPCE measurement kit from Newport

Company.
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5.3 Results and discussion

5.3.1 Structure of the hybrid dyesensitized solar cells with doubldayered

photoanodes
ry Fy < @
e €]
1 1
o5’e shillls
a® It II_
light 3
. SEp B 1,7+ |
&3] 3
EI
ol (e e
O
N719/ N749/  Ti/Ni Pt
TiO, TiO, mesh
FigbhltSechematic il-$essiratzed »06Iladyyecredd s wi
photoanodes
Fighbrle il lustrates a schematic diagram o

The top photoanséesi $jomedieTT® @ IN7s1s9. The sec
photoanode is -sempiotsieaied hTeiNEB4dstrate of po
(i .e., waBOsmuTitered on Ni mesh). The whol
el ectrolyte sol uti on. compepsate¢ thedightlapserption N7 19 a

range so the solar cell efficiency can be substantially imprayeoh incident lightth e
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el ecinr o me ihi g melsctlarodbitat HIOMO)OTN719 and N74& r e

excited andzniamjoepcatretd ctloesTiadhd t hen transpor
respectively. The redox couple in the el ec:
el edter and reduce the dye molecules back to

hybrid cell i5s.2shown i n Figure

Fi gb2Péhot o of the hybrid cell dev

OQur dlobapyeéred DSSCs are different from cor
our design, there is only one cathode but
di fferent dyes. The hybrid cell sdidescghed
reach the second photoanode after passing
|l oss of solar enerMoyr eanidmpionrttearnntally ,r ensoi sitnat ne
el ectrode is needed, which overcsoomes the b
Further moreqgmpgéeret memtgldesi gn renders the ce
| ower internal resistant . Feotme osiep diydbtreldy D

prepared, thereby eliminaensngtithedi ssluas e:
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5.3.2 Morphology of the photoanodes

] I
3.0kV 2.0mm x300k/423nm SE(U) 7/30/2013 14:53 100nm

rrer bl

Fi gb3TeONshanoparticles

Figurde shows the SEManmpgeR oflltec@anTib@ se
that the dpNaPmeatreer sr aonfg eTd O r-oimz €d g or e nama n N
amongnanOpaThesé-xisaed pores can provide pa:

di ffusion of electrolyte and the adsorptio
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1 st Ameems Teitens [ Woiddem el eC  Tee 93
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Fi gbh4SeEM I mages of (agnamio/phNir tmecslhe;s (obn) TTii/

The SEMofi/MBRigaiess hsihiwgpurdea .5 CheniMimesh i s
made up of i ntwéthamed etresd i M@I6@® Taegeoobus
nat ur/di omeaSnh eissseat efadr st he epleencettrhnaloyetgen t o
t he whole space in theb dbdl ai bnpariagyhsa@lfoongpya r t m
Tio@Qanoparticl es TuNii nmefsihh gl PCiidieht feidl nmnappear s

some cracbkbenewhelcdadt rfoolryte. to fl ow through
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(101)

Intensity
(200)
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(211)
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o
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—

20 ()

Fi gboXer ay di ffract emann qpmartteirmlsesof Ti

Figurbe showsayt de fX r actTiegha npapaB dhiec logfs t he
anat ase andsr otaighree ppahraesaen depx@T h € c$ tesong
di ffracti on p,eackeosr raes p2oned aam@@ Ot0o¥ ef saaerc ¢ iLVOELl) y

soleivd dencblPonftasTatPhase. The s¢rgB3igsSpeaks at
to ,facs plfecdl vetl @l ®he, ek2F1)kn

good agreementof with thi

corresponding
phase 0RPAITI Opeaksn
anatase axn(dlCRDS-LB@&NIdEME B 5

5.3.3 Complementary absorption of solar energy for the two photoanodes
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i —4—N719 sensitized TiO,
1.2 1 —a— N749 sensitized TiOZ

Absorbance

: 1 . 1 : | . 1
400 500 600 700 800
Wavelength (nm)

Fi gbaUe/Vi s spectruxhidfm MAMHII/NTIILD/ Ti O

Td mptalhe hylwritd boebcoenrv gegdsihieodnihemc yan
i ndi vi,dutah e cedtiltewni pdos oahadempslemeihnd ar y
absorsppteicotnr um f or u 3 ¢thle¥\fi se naebrsgoyr pt i on spectr
spectra of N719 and aNMie®s mesends hown® dmsdé&l gur
5.7 WVs specth &hiowls&ti gN7T 29 sensitized sol ar
absorbpatnidon n t h800amgeai 6 fp ebadBkB5N5NEN ™4 9
sensi ti z ehdavseod ape ackes lisn-51010 @ mr a8mn@ekncm®,0 wiOtOh

ma x i rmpwemakes 450 nm=&hdn m.
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100

= N719/TiO2
—e— N749/TiO2
—4&— Hybrid cell
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0 , , .
400 500 600 700 800
Wavelength (nm)
Fi gb#lePCE spectsreasotfaclkdt9o-JeNTsdioticzedd Ti O
and the hybrid cell
I n Fbgiunde | PCE spectra of individual N
similar positio¥Yiss aspeompar edompa U&d wi th 1
with N719 spectra, a stronger -809omptiTae w
| PCE of ¢élel hiybdi dates better absoadrhpetsieon act

resul ts
wavel ength
N749

c 0 vtehre

suggest
regi on
sensiinitzleda

wholcédhr omatiitch es preacrtgeu no f

t hcabh sohdsNBDY asermierigyednT

firstly, and then the | o

sle €©o mhde pthvweat sodagneotdleine® as i ydy

visi bl e Iigh
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5.3.4Photocurrent density-voltage (JV) curves of the solar cells

—a— N719/TiO,
14
. —o—N749/TiO,
12 —&— Hybrid Cell

10

Current density (mAlcmz)
o
1

T r T . T T
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fi gbh&Pehot ocur remltt deens(dk yes of-siemdii vi caeadal TN
cell (black | isensi tidoddd/ i Tiv@d Nirda®8), and t

l i ne)

The photociuvroletnaV/gede(hlJar agteri stics of th
sensitized solar cell on | TO gbhas ¢8&FML90n
Ti / Ni mesh (N749 cell ) and 5 Be hiyhber iidnpooealtla
parameters, cimcluudicvgsitdogragm i ¥V cwegr €ntl déast
FF, and power cdarve rsurmma reB.fle.c iTidoecimsahd ret
current skdeants iotnye (sJwstandardlluminationataAMi.50ar 1 KW/mM)
for the hybrA&d, cehichsi 43m8cmAhi gher than
i . e. MMRRomMAN719 cel&insf oandN784.984c emhA s. The si
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i g fl ectscobheeptedl|l hature of the hybrid c
resul -\l Sfspdvctrum, suggesting that the hyt
panchromatic spedttrum afnttelree ssdad fn gt i gh tsyeber it
cell is close to the( amweaila/yt M Mcs)i)n gllee ec el
et [18]3. Mi al@ l|l&tndaINeal[l.3d5areti ed out similar ex
mu Htaiyersovd tThi Qi fferent dyes butp blyetowdem me
Voof the whole cell and that of each singl e
our experiopdntas .DSTSICe c\an be calcul ated by t

_RT Al

V.. =—In( - —),
bF " nok,[131+ ok, [D°]

where R is the moltampgasatuocmrst &nt i S hiels eFtah
react i onyaonrdd eerl efcamr oins, A is the el eotrode
is the concentration of accessibbleared ectro
the kinetscotonhbtabackreaction of the inje
recombination of these %)el ercetsrencstc iewi ¢t g . olxa sds
ter mklaB man be nsfglceacnt ebde acnodn s[i bddeerpeedn dass ¢ o n
| ogar c &himy vdwkafd¥]®hewngx efers to the peak fre
second arc). From the resuttesodpel €EELt BpcCch
Figur9e % he peak frequemky o/f. 1f5oHz ,t heveh i hcyhb riic
middle of thoseaeB. 6RHgIl ef oewnhE 149. 9c8eH zl  afnodr
N749 cell ). Thiod oax phlyairsirsd bddayiwldshre o/f t hos e
cells and N749 cells. Besides using Ti/ Ni

phot o,ansotdaei nl ess steel mesh (SOM) Swsas caellslo
can only reach a value of 4.9V, with power
reason for the unsatisfactory performance

i nteo okki des at high temperat[@RB2]Z2 awhiucmhd 500

greatly accelerates the baco/kdyee/ceolnmebd tnrad i yotne
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interface. THWN$s, meshadesptde FBiubstrate for

cel |l

Notably a filsleafsactdr foffr ®@.h®6 hybrid cel
that of N719 cell and N749 cell. The | ower
i nt er manlc er ecsoinsptar ed to the single cell. The
for hybrid cell i's 6.6%, which is 21% (com
N749 cel |l )t hetb®wdsi nighe cell . The significa

efficiehlmreciydodelhl proves-sehai tyazeisii @hhee s a
performance of the hybrid cell i's much bet

Tabblle Photovoltaic parameters of the hybri

cel |l s.
Vod V) Jkd mA m) FF d ( %)
N719 ¢ 0. 84 9. 2 0. 66 5. 2
N749 ¢ 0. 69 8.64 0.61 3.5
Hybrid 0. 76 13. 8 0. 56 6. 6

5.3.5Electron kinetics of the solar cells
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Fi gbh9Ed ectrochemical i mpedances asmp®icttiroesd oPpiy
cell (red |linegnsithdzdd dYidd®d ul749ne), and t

|l ine). The equivalent circuit is inserted

To study the kinetics of electron trans
i mpedance spectroscopy caubkelt 8i eddi.anfTheegur ea
key parameters obtained fr or.RIEacne aESluS ecmer
consists of two arcs. The first arc assign
kinetics at the imoceefalcecofolPyteounilke il :
regarded as the resdist &h2cOefhNa7i1s9t hoee INMT)4,8 w2r2f a
cell) Y(darydbr24 cell), respectivedipri mheur e
t hree cel |hse afgarcete st hvaitt t hte Pt counter el ect
condition. The second arc in the curve is
kinetics at t/hdey ei/netleercftarcoel yotfe . TiTChe di amet er

toacheansfer resistance ¢or whli¥hNd 58 56Gek b)n
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