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Thesis abstract

Preparation, structural analysiand electrochemical performance of a new
cathodic battery materiatonsisting of a nanocomposite of poly(vinylferrocene) (PVFc)
(Eoxx: 0.4 V vs. Ag/AgCl) and reduced graphene oxid&(d), are described. The
nanocomposite shathe highest chargdischarge eftiency (at a rate of 100 A% ever
reported for any organicorganomatellic battery materidkemarkably the composites
ithickness scal aff(780omCuonfat 029 . 2m MmAhmcmhi ck
surface with > 99% coloumbic efficiencgxhibiting a specific capacity density of 114
mAh d*. The composite material is binder free and the charge storing material (PVFc)
accounts for 388% of the total weight of theathodic material. The secret behind such a
performance is the electrostatic interaction between thexrpdlymer in its oxidized
state (exhibiting positive charge) and the original fillee., graphene oxide (GO) with
negative surface charge. This sa#isembling steps analyzed by zeta potential
measurementand a modeling study confirmbe experimentally fountieavy polymer
loading on the GO (in agueous solution). The efficient-as$emblyled to composites
with high ratio of redox polymer / G@hereall polymers are in close contact with GO
sheets. The stable colloidal solution was casted on the surface of a flat current collector
and the insulating GO wasdectrochemicallyransformed to conductive reduced graphene
oxide (rGO). The GQ rGO trarsformationwascatalyzed by methyl viologen dichloride
(MV™) working as a redox shuttle (solublized in the aqueous electrolyte) and thereby
accelerating the electron transfer to GO. Complete /GGO transformationand the
guantitative ion breathing of éhcomposite are found bgeans oklectrochemical quartz
crystal microbalance and electrochemical AFM. Further work in the field was done, but

as it is part of a pendant patent application, will not be mention in this.thesis



Chapter 1
Introduction

Burning fossilfuels and biomass are the méstown energy sourcesvhich are
widely used for different applicationslowever,the unavoidable subsequent gas emission
causes environmental pollutioand resultsin global warming which could have
problematic corsequences Moreover, theseresources arenonrenewable. On the
contrary the green energy sousesuch as solaradiation wind, and wavesare
renewable Howeverthe limitation in time and place of energy generation of renewable
sourcesclearly indicatesheir dependencyn energycarriess and/ or energy storage
Energy carriers are the electricity grid, electromagnetic waves, chemical energy and
batteries.The httertwo arefiportable energy souraeHowever batteriesjn contrastto
fossil fuels, carconvert stored chemical energy to electrical energy aitigh efficiency
andadditionallydo not produce gaseous exhals$te portableenergy storagearecrucial
in the modern mobile society fanany applicatios ranging from small scale energy
storagessuch as celilar telephones smart watcheand laptops tdigger scales such as

electrical vehicle.!

Eachcell of a battery consisbf a cathode (reductant) and an anode (oxi¢l&d]
are separated by the electrolytehich transfes ions during the lectrochemical reaction
inside the active battery materials. During a discharge cycle, two reversible
electrochemical reactien an oxidation and a reductiomappen in the two battery
materials, the anode and the cathode, respectialyexternal currenfl) overa specific
ti me ( gt ) aidpromided Thé diffargnee bétween the redox potentmdlthe
anode andhe cathode is the theoretical voltagé[{/]) of the battery. In order to prevent
the irreversible oxidatiohreduction of the electrolytehé¢ redox potential of anodes and
cathodes of a thermodynamically stable battery have to be between the LUMBeand
HOMO of the electrolyte i.e.,the electrolyte window(Figure 1.1). The electrolyte
window of the aqueous electrolyte is limited to max. NM23vhile it is > 3 V in organic

solvents?



An ideal battery can provicehigh energy density (Wh K in a short time (> 5C)
as well asin a given volume (mAh cff), surface (mAh cf) or mass (mAh g). In
addition, cost, safetyan environmentally frendly operation and cyclability are also
crucial factorswhich should be respected in the developments of new battery materials.
The specific capacity (mA§™*) andenergy density (Wh Kg: specific capacity (Ah k§
x nominal battery voltage (V)) areicthted by the nature of the redox materidis
contrast to thatthe volumetric capacity (mAh cf), arealcapacity (mAh crif), and
chargingdischarging rates (also depended on the redox material) are additionally

controlled by the electrode design.
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viologen (MV") and cathode: ferrocene.

1.1.Battery materials: Inorganic versus organic

Sincethe early 1990, the portable battery market is dominatedithiuin i ion
batteries (LIBs) due to their high energy density. A conventional LIB consists of graphite
or other carbon materials as anode and a stable intercalated framework eathode
which can reversibly host the lithium ions. The crystallinecstme of the framework in
conventional cathode materiagsmostly based on transition metals or phosphates such as
LiCoO,, LiMn,O,, or LiIFePQ,. These frameworks restrict the theoretical capacity of LIBs

to ~ 180 mAh g*, although the anode materials gamovide the gravimetric capacities

3



> 1000 mAh &> Hence, many researches are still concerned with demglapvel high
capacity cathode materials for conventional LIBs, e.g., vanadiide based batteries
with theoretical capacity 200 mAh @' (However, their capacities are depended on many
redox states (¥ to V") in a broad potential range (> 2\@ndadditionallythey have a

short cycle life).

In conventional LIBs, the rate of the (de)intercalation efdrs is mainly limited
by the diffusion ofLi-ions into the crystalline cathodic host structure. Smaller crystals
provide shorter paths; howeyethe syntheses of the small crystals are often very
expensive. Moreover, there are still serious safety concerns due to the unwanted reaction
between thelectrode materials and the electrolyte (i) and the flammability of the organic
electrolyte (ii). Some other essenti al reg
Things (loT)are still not easily feasible with classical LIBsich as flexibiliy, long cycle
life, efficient processing e.gspraying and roll to roll, efficient operation in agueous
electrolyte and absence of toxic and swrenewable materials. This has triggered
considerable research attention toward more advanced battery matatals LiO,, Li-
S and Liorganic batteries. Interestingly, the research and industrial attention towards
organic materials for energy storage application, as compared to inorganic electrodes is
negligible. This is historically due to the fast developtaef LIBs. However, the use of
organic or organometallic redox compounds could overcome many of the mentioned

problems of the LIBs, aswill be discussed in the following sections

1.2 Organic battery materials

A reversible electrochemical redox reaoh is the first requirement for any
electrode material candidate to be usechmsnode or cathode. Elemental substances
(e.g., Li, Na, C, @ S, Si, P, Sn,,), transitional metals (e.g., Co, Mn, V, Ti, Fe, Nihd
organic materials (monomers, oligomedenderimers and polymers) are theoretically

possible candidates for secondary batterRsdox active organic moleculesonsist
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usually of ap-conjugated structure and atoms with lone pair electrons such as O, N and S.
The conjugated structure accelerates the charge delocalization of the redox pioduct.
other cases e.g. the case of Tempo, the electrophore is localized and tert. butypgrou
protect the radical from dimerization. As well known from Marelsh theory, the
kinetics of a reversible redox reaction of organic molecules depend on the reaction
mechanism, e.g., in a disulfidéne reductive breaking of the-S bond and its oxidatée
formation from two Sis slow and needs therefore a high activation energy. Bond
breaking and bond formation is obviously not involved in the redox procesadsmpo
radical, viologenor ferrocene and fast kineicare therefore expectedAnyhow, the
electron transfer is not the only possible rate determining #teqan as well be the

movement of counterions.

The redox reaction of an organic electrode is based on the reversible redox reaction

of the organic functional groups:

N-type organic: N+ & + C z 'CN
P-type organic: BA" + & 7 = + A
B-typeorganic:B + é + C 2z B'C"/ Bi € + A 2z BA

while N = neutral state of-type organic, P = neutral state otype organic, B = neutral

state of polar organic, C = cations, e.g., H.i*, Na’, B', NH," and etc, and A = anions
e.g., Cl, Br', I', ClO/, PR' and etc.The cathodic materials in LIBs are limited to the
specific radius of Li. However,in n-type or ptype redox organic materiareplaéng

counterionsdo not essentially affect the electrochemical responses.

Some examples of welkinown organic electroactive groups, based on their redox
reaction potentials, are summarized in Figure 1.2 A totally organic battery is based
on the combiation ofa cathode with the higher redox potential e.g.-Qi4-Butyl-2,5
dimethoxybenzeneF{gure 2.1a) (E° = 1.2 Vvs. Ag/AgCl) andananode withthe lower
redox potential e.g., disulfidéFigure 2.1)) (E° =i 1.2 V vs. Ag/AgCIl), which, in this

case,provide a 2.4 V cell. However, the organic electrodes are often used as cathode

5



materials in combination with inorganic anode material e.g., lithium. For instance, the
combination of FerroceneLi provide a ~3.7 V battery (LiLi" is -3.26 vs. Ag/AgCl).

E (V) vs. Ag/AgClI
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Figure 1.2. Redox potentials of some wktiown electroactive organic molecules. (Li/li$ -3.26 vs.

Ag/AgCl); a) 1,4Di-t-Butyt2,5dimethoxybenzene, b) -Methylcarbazole, c¢) (2,2,6,6
Tetramethylpiperidirl-yl)oxyl (TEMPO), d) Ferrocene, e) Dimethgiigen, f) 2,eDimethylpyrrolo[3,4
flisoindole-1,3,5,7(2H,6Htetrone, g)Ant hr aqui none, h) -ditbidcexylena),cj)e ni u m,
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A pure organic battery using a viologpolymer as anode and a ferrocérased

polymer as cathode is shownHigure 1.3.The reaction mechanism during charging is as

below:

Anode: Vié* + € Y *Yi o E°=7 0.4
Cathode: Fci € VY " Fc E°=+04
Overall: Vio" + Fc Y "4 &C Ece= 0.8V



Charging Discharging
]
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Figure 1.3.Schematic épresentation of an organic battery consisting qody-Viologen (yellow) as the
anode and goly-Ferrocene polymer (blue) dse cathode during charging and discharginygles.

1.3. Advantages and ballenges of organic electrodes

Typical key wordsused in battery researclare presented hereThe content
describes shortly the properties of the redox polymer battery materials in comparison with

inorganic battery materials with respect to the key word

High Power density (W KJ: power density is dependeon both the
electrochemical reaction mechanism and the electrode desigadémuate percolation
system). In the conventional LIBs, the observed rate is limited th®y slow
(de)intercalation of the lithiunons in the host lattice dhe metal oxide caAbde Organic
charge storing materials may exhibit very fast hetar@l homogeneous E.T. rates e.g.,
tempo, ferrocene and viologen. For fast redox systems, kinetic limitai@nsisually
caused byanother step in the complete systems, e.g. from ion meveor electronic
conductivity in the battery materidPerfect percolation systesthroughout theelectrode
material which allow fast ion and electron movemenssneeded to observe fast redox

systems in high powearganic/ inorganic electrodes.

High enegy density (Wh Kg= 3600 J k¢ = cell potential (V) x specific capacity

(Ah kg'): the cell voltage of commercial intercalatiorbased cathode-anode systems

7



can deliver > 3.5 V, a value higher than most organic materials / Li combinationsytand
attainable by any organic / organic systems. However, organic materials can achieve
higher capacities compared to traditional LIBgith maximum specific capacities of
180mAh g?) and this can compensate the lower voltage of organic systems. Fglexam

the theoretical energy density of dimdtfipologen is ~ 820 Wh K{ (theoretical capacity

= 288 mAh ¢ x redox potential versus L5 2.86 V), which isthereforehigher tharthe

one ofthe established LiLiCoO,, ~550 Wh kg’

Dissolution: the disslution of molecular organic redox material during the
chargingdischarging process is a big drawbaekich finally resuls in alow cyclability.

The use of polymeric organic electrophores can circumvent this problem.

Intercalation: In the case of inorgaic electroactive metal oxides or phosphates
with crystalline fixed places, Liions (de)intercalate betweerhe lattice layers to
compensate the charge introduced by oxidati@auction. Inthe case of an electroactive
redox polymer the subusitare g@erally amorphous and Li iongercolatewithin an
organic porous system for charge compensation of the redox subunits. The rigid
crystalline host is structurally restraine@ind does not change its shape during an
oxidation/ reduction cycle but in contras to this, the organic ororganometallicredox
polymer can adopt its best conformation during the redox proeaskng generally to a

thickness change,aphene non descri bed as fAbreathingbo.

Structure redox tuningThe search for new types of inorgani@terials has not
been very successful in recent years in spite of a huge amount of research invested in this
field, but mainly focused on a few structures. | believe that the synthesis of novel organic
redox polymers with optimized properties has a bigghance to deliver useful
compounds because the synthetic variability is much larger thidwe case of inorganic
materials. Effectively, the electrophores shown in Figure 1.2 is only a small non

representative selection of possibilitfes.



Low volumetric rass density (mAbm®): the mass density of organic redox
materiab is lower (+1.5 g cm®) than thatone of inorganic ones (Co© 6.4 g/cni,
LiFePQs: 3.6 gcmi®). This is due to heavy elements content and dens crystallineotate
inorganic materialsin devices, in which only high gravimetric density counts, this will
not considered as a disadvantage of the redox polymers, howeeolumetric energy
may play a role for applications with restricted place available, i.e. for smart watches,

mobile phonesnd electric vehicle.

Environmentally friendlythe finite resourceof transition metals, their expensive
synthesis and recyclings well agzhe danger of environmental pollutiahthey are not
recycled, lead to the conclusion, that traditional LIBsr@ot sustainable. On the contrary,
organic redox materials can principally be prepared by synthesmstiomass, and they
are recyclable via the natural carbon dioxide cycle. Thmadox polymers can be

considered as COneutral.

Flexibility: Amorphousredox polymers aré in contrast to metal oxides or
phosphates naturally flexible, and thysallow principally the production of thin and

wearable batteries.

Low electronic conductivityThe single charge storing sites in a battery material
need to belae to exchange electrons with each other, accordieghera band structure
model for crystalline solids, e.g. LiFeR@r a backbongoly thiophene, or according to
an electron hopping mechanism as for example for -petyocene. The charge
propagationmechanism has been discussed thoroughly in literature. It is absolutely not
trivial to distinguish limitations set by the electron propagation tde setby the
counterion movement. The addition of large amounts of conductive carbon is used to
increasethe conductivity. However, this technique resultsaifower specific capacity.

Due tothe low mass density and high surface aoéahe organic compounds larger
amount of conductive carbon is necessary for organic redox materials compared to

crystalline inorganic materials.



Cheap: the organic electrode matdsathat may beprincipally prepared from

biomass sources are cheap and in contrddBte, recycling is not necessary.

1.4.Motivations and methods of the present thesis

The main goal of the crent thesis is to overcome the known limitations of the
organic electrodes such lasv cyclability andlow areaicapacity and taking advantage of
theor gani ¢ mat e rdenaity.8rall rédoxgiyanip mateeals suffer from easy
dissolution in theelectrolyte upon chargindischarging. This results in a fast loss of
capacity. Moreover, the dissolved molecules can shuttle between electvbadsresults
in seltdischarging of the batteryfhe g/nthesis of polymeric redox material has been
shown asa reliable method tovercome thalissolution problem. However, considering
theoretical application, a simple synthesis route and choose of cheap raw materials

crucial.

The factors influencinghe areatcapacity (mAh crif) are the theoretical capacity
of the redox materialGeoreticas MAD g'l) andthe construction of excellent percolation
paths for ions and electrons in the thick layers. The molecular weight of the organic
molecule (My), which stabilizes the redox active unit and the number of rethies (n)

are important factors in the theoretical capacity of the redaecule

. € 0 & WOT Uy & ¢ YPmEEQ Eq. 1.1
(0] = 9] ~ -
] D . 0] Q
aga

wheren is the number of involved electromsthe Faraday constant, aml, the molar
mass of theedoxunit. The theretical capacitgan be increased lilge synthesis of redox
organic units with low molar mass or by enablangulti-redox reaction on one unin
excellent electronic and ionic conductivity of the active layer are also crucial factors for
the preparatio of high areal capacity electrodeRedox polymershave nd little

electronic conductivityexceptconductingpolymerse.g., polyanilingwhich suffer from
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low theoretical capaci}y which limits their performance for battery application. There
have beemany methods proposed twercome this problem e.gdrop castinga thin
layer of polymeron the current collector® electropolymerization on the surface of
electrodg® spincoating? and others. The data obtained by electrochemical
measurements suels diffusion coefficient and electron transfer rate showed that in films
thicker than 200 nm ionic and electrori@gnductivityare limiting factorswhich decrease
the electrode performance€herefore, there have been many methods suggested to defeat
this problem.The ynthesis of composites based on redox polgmheonductive fillers is

a known methogdwhich is widely used, even in the state of theo#tti-ion** and LiS"
batteries. The conductive fillers are mainly nanostructured carbon materialgrapiite
and carbon nanotub@&he aldition of conductive polymers is also known, howeteese
polymersarei in contrary to conductive carbongust conductive ira specific potential
range (their doped stateyhich limits their application. Insein of conductive carbon in
the polymer matrix provides conductivity throughout the compositéch acceleratéhe
electror/ ion transfer fronthe current collector tdhe redox sites and vice versa.high

rate response can be achieved when the redex aie in direct / close contact to the
conductive fillers to enable a barrdeee electron transport. In addition to electron
conductivity, ionic conductivity is also an important factor in a fast chdrggharge
process. This is achieved through a pereystemwhich is mechanically stable after
several penetration / geenetration cycles of electrolyte. It is reported thatnecessary
amount of conductive additive in thmlymers with large aromatic backbone such as
poly-Imides™ or poly-Anhydrides® are less tharin non-aromatic polymers. Electren
hoping in noraromatic polymers such as polgmpo and polFerrocene also decrease
the necessary amount of conductive filErsAnyway, addition ofa large quantity of
conductive fillers (4600 w% of the composite weighto the redox organic materials is
necessarywhich results in a considerable capacity losthe compositeThis is probably
due to the high surface area of organic materidence, it is crucial to develop the
polymekfiller compostes using the least amount of fillers with high utilization of redox

materials and considerably enhanced electrochemical respforidereover, this
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composite materials kato be scalable i. e., keep the high electrochemical performance

in the layers witlthicknesses 20 um.

Recent studieson nanocompositdsave shown thaddition of 2% nanofillers e.g.,
exfoliated nanoclayd and graphite nanoplatelefS into the polymer matrix can
dramatically changghe p ol y mer 6 s properties.tiesBoéethe de t
nanofiller, taking advantage of the high surface area of the nanofiller by optimizing the
dispersionquality, interface chemistry and nanoscale morphology have significant effect
on the polymer properties. The enormous interfacial area prowgedell-dispersed
nanoparticlecould affect the behavior of polymer matrix for several radii of gyration.
Exfoliated graphite nanplatelets, carbon nanotubes and amorphmarbon have high
surface areaThe highest electronic conductivity per mass ahé highest surface to
volume ratio can be achievéd interconnected single graphene sheets, which are in close
contact with the redox active polymer&raphenehas already been usedr the
development of battery materiafs'® electrochromic device,sensor$? perovskite solar

cells 2%

andothers.Although graphene can provide a high surface area, it suffers from
low solubility in organic and aqueous media. This hampers the intended tight contact
between graphene single stseand the polymer duing synthesis and leads to phase
separation preventing the construction of the electrorl anébn percolating system on a
nanometer scaf®. In other words, strong interaction betwettre carbon fillerse.q.,
graphene or CNRnd the redox polymers & vital step towards tight contact and this
implies homogeneous dispersions of the partners prior to contact and high affinity
between components after contact. Whdlpersed carbehased filler provide higher
surface areas and that results in more iefficneighbang interaction upon contact with
the polymer chains basaedi in@tbe thetsarmeaywpdad o n
interaction nakes it difficult to disperse @, graphene prior to contact with the polymer.

On the other hand, graphene oxide (G&hthesized by chemical oxidation of grapffte,

or partially oxidized CNTs ardearing many oxygenontaining functional groups
(hydroxyl and epoxide functional groups on the basal pbhmiee sheetand carbonyl and

carboxyl groups at the sheet or tumges) which make the ~1nfthick-GO sheets and
12



tubeshydrophilic and therefore readibispersble in polar solvent$® For the last part of

the introductionthe focus will be exclusively on GO, but the arguments for oxidized
CNTs are similarNotably, he negative surface charge of GO prevents the association of
single GO sheets with each other, but it allows del-assemblingof individual GO
sheets with poly cationic polymers.g., polyethyleneimin€ and poly(1-vinyl-3-
ethylimideazolium)bromidé®. The efficientinteraction of positively chargepolymers

with negatively chargedndividual GO sheets allowthie preparation osuspensionwith

high polymef™ / GO™ ratics, in which polymers are in dire¢tlose contact to individual

GO sheets. Othereportsalso show electrostatic interaction of biolecules such as
peptides, proteins and amino acid& with GO sheets. In case of electroactive polymers

it may be sufficient to oxidize them partially in order to generate pofjraad to achieve
molecular wrappingin other cases the positive charges have to be introduced on purpose
synthetically(Figure 1.4).

- 11X . PC
{T}} e
- RA RA, RA
IX » *Pc| -
I = S S 5

n n n
-m e

F{R}f 4
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Figure 1.4.Preparation of polycationic redox polymer for saffisembly on GOUpper box polymers
with a redox active (RA) unit in theide chain in the oxidized statéliddle box polymers with redox
active units in the main chain in the oxidized statepolymerswherethe side or main chairs in the
neutral state, which upon partial oxidatiamtransferable to a or b. R: neredoxactive subunit chains;
RA: electroactive side chain subunit; RA*: electroactive main chain subunit; p&sistent positively
charged subunit; n: number of subunits in the polymér; mamber of persistent charges generated by
(partial) oxidation of RA oRA*, where m <= n.

13



In any case, ithe wrapping is perfect, the distance between GO thededox
centers is small, thuselectron transfeibetween GO in a conductive form and the
polymeric redox centers is possible. The surface of GO, depeadititge plymer/ GO
ratio, can be covered by a single by multiple layers of the polymefThe specific
capacities at large current densities are tunable by the optimization of polgienatio.
The optimized ratigrovidesperfect ion and electron percolatisgstem throughout the
composite layerwhich is an important goal in this thesis. GO has oalyminor
conductivity but becomes conductive upon reductidrt can be reduced chemically,
thermally, and electrochemically to-salled "reduced graphene oxidgGO), a process
which regenerates many?sgarbons at the periphery and within the plane of the original
graphene network and doing so, conductivity iestablished. Chemical reduction often
employs hazardous chemicals e.g., hydra#ifhermal redution of GO occurs in the
temperatures (> 600°C)n which many of organic polymers are not staSfeThe
electrochemical reduction technique, using a surface confined graphene oxide layer on the
electrode, is most adequate for GO modified electrode ssrfabe formation of a stable
redox polymer GO colloidal solution and its application onto the current collector prior
to GOrGO transition provide electrode in which redox polymes are in contact with

individual sheets of conductive fillers i.eGO.

14



Chapter 2

Poly(vinylferrocene) - Reduced Graphene Oxide as a High Power /

High Capacity Cathodic Battery Material

Someparts of this chaptewerep u bl i shed i n AXdAdA02/aemm2016@0IO8 Mat er .

2.1. Overview

This Chapteris divided to5 sulchaptersAfter a short overview in the current
sulkchapter on thecomposite preparationand the characterization methodshe next
subchapte(2.2) will give an introduction on the state of the art organic battery materials
with main focus on the cathodmaterias such as pohFerrocene and polyempo.The
importance of using little #Wo of conductive fillerss also discussedn the subchapter
2.3, electrostatic interaction of GO amartially oxidized PVFas investigated Scheme
2.1-1). ZetapotentialandVis measurementareused to characterize the supramolecular
formation of PVFc@GQOn the aqueoussolution and atomic force microscopy (AFM)
Imagesexhibitedthe morphology of the composite the dried stateln the sulchapter
24, film formation of FVFc@GO on the current collectare., (PVFc@GO)@CC
(Scheme 2.17 1) and electrocatalytic transformation of (PVFc@GO)@CC to
(PVFc@GO)@CC is describedScheme 2.1i 1ll). The electrocatalytic reduction is
evidencedby cyclic voltammety (CV) and electrochmical quartz crystal microbalance
(EQCM). Raman measurements anthermaravimetric method have also been used in
this subchapter to show the quality of GBO transformation.Furthermore the
dynamic of charginglischarging composite material on thereat collector inaiding
height change and weight changsing ElectrochemicahFM (EC-AFM) and EQCM,
respectively are studiedIn the lastsulchapter(2.5), the energy storageerformanceof
the composite material includinghargedischarge rate thickness scalability and
cyclability is investigated These measurementgere performed byvoltammetrc and

galvanostatid¢echniques
15



In the following,| abbreviate PVFc loaded GO with PVFc@GO. Without further
mention, e.g. for albf the battery performancests the composition indicated with a
dashed square in Figure 2.5 (zgtatential = 15 mV, weight ratio = 4.4% used
Generally, each drop (1n = 1.8 containing 0.84 pg of PVR@&x10° mol) and 0.19ug
of GO) was casted on the substrate followed byirdy at 50C for 1 hour. Such
casting/drying cycles were performed repetitively in case of the electrobatfery tests
The resulting surfacenodified electrode is abbreviated as (PVFc@@&DJFC with n

indicating the number of drop casting/heating ey¢lLn= 1.68pl).

PVFc“. xNO, Go™
® @

NOy  Fe

v
oK

[N
MVO MV MVM

(PVFc@GO),@CC (PVFc@rGO),@CC

+ye'

Scheme 2.1PVF¢"  xNQ;: partially oxidized PVFc, see Schem,250": graphene oxide (450 %
oxygen content, zeta potentiaB6.9 mV), PVFc@GO: positively charged complex in dispersion (zeta
potential = +15 mV, see Figure 2. oktained from a weight ratio PVFtc / GO" = 4.4)
(PVFc@GO)@CC: composite material obtained fronfaid casting/ drying on a current collector (CC).
(PVFc@rGO)@CC: reduced graphene oxide composite material on CC obtained by electrocatalytic
reduction. CC:current collector (glassy carbon (GC), gold, indium tin oxide (ITO) or fluorine doped tin
oxide (FTQ)). |: seHassembling of PVFt xNO; on GO" involving ion exchange and excessive PVFc
xNQ; deposition on GO (weight ratio PVFE /| GO™ = 4.4) to yield PVFc@GO (zeta potential = 15
mV, see Figure 8). 1l: n-fold, drop casting and drying of PVFc@GO on current collector (CC) yielding
(PVFc@GO)@CC (n=1: refers to each time drop castinghich produces a film containing 0.84 ug of
PVF(;(4X109moI)). [ T - GOYr GO reduction usi H)gactwd statet r oc at
MV* ®and MV regenerated at the current collectors (CC) and at rGO (potential range-0.80V vs.
Ag/AgCl).
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2.2. Introduction

Energy density, power density, low cost amag cycle life are the main factors for
mobile battery application$’ Liiion batteries, which are based on the intercalation
concept of Li in the anodic and cathodic materials dominate today's rechargeable battery
market for small mobile up to autotnee applicationsHowever,costs, safety concerns,
restricted energy and power densities are still a proBiémThe Lii on batt er i
restricted energy and power density originates mainly from the cathodic battery material,
consisting of a stable intlation frameworke.g.,electroactive transitiagnmetal oxides
or phosphates. Rapid charging and discharging are limited by slow (de)intercalation of

lithium ions andoy low electronic conductivity.

Organic materials can provide a light weight framewoikhva higher specific
capacity aompared to inorganic materidld heir oxidation potential can be tuned by
chemical synthesis and their electronic conductivity can benetd on the molecular
level. Furthermore, they are potentially cheap and recyefabSulfidei, free radical,
and aromatic carboriybased conductive or naronductive materials, e.g. ferrocenes or

viologens have been studied as organic energy storage matefiafé®

Ferrocenebased materials have shown unique properties ssictr atability, fast
electrochemical kinetics and a stable voltage plateau leading to the development of the
ferrocenébased reference electrode, and cathodic battery mdt&fiaMoreover,
ferrocenebased materials, especially sidbain attached polyeric ferrocenes, have
attracted much attention in the field of "redox responsive matépalymers" e.g. redox
triggered release of a dye from patchy nanocapstles,catalysis modulatiort: for
switching surface wettabilit}y and some other applitahs such as memory devices,
nanoparticle synthesis and permselective membrane gatiffiere have been several
reports on ferrocefibdased polymer batteries with ferrocene either in the backbone of the
polymer chain or as pendant group of the ci&fh>*°” Side& chain ferroceriecontaining
polymers are electrically insulating, which limits their use as energy storage material to
small thicknesses if fast chargihdischarging kinetics are required. The electronic
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conductivity can be enhanced by incaigtmon of conductive polymerscarbon materials

It has been shown that for nanocomposites, the addition of a small quantity of filler can be
sufficient as long as the dispersion quality, interfacial chemistry and the nanoscale
morphology are optimizet. Exfoliated and welldispersed fillers such as graphite
nanoplateletd® *® carbon nanotubes (CNTS§° and nanoclayg increase the interfacial
areas which affect the behavior of the neighboring polymer matrix to the distance of
several radii of gyratin?" ®*° From a theoretical perspective, the highest electronic
conductivity per mass and the highest surface to area ratio can be achieved for
interconnected single graphene sheets, which are in close contact with the redox
polymers. However, owing tthe poor solubility of graphene sheets in water and organic
solvents, the preparation of graphene single sheets and their controlled molecular

interaction with redox polymers is difficult.

In contrast to pristine graphite, graphite oxide is heavily oxgtpeh bearing
hydroxyl and epoxide functional groups on its basal planes and carbonyl and carboxylic
groups on its sheet edg®$? Its hydrophilic nature allows graphite oxide to readily swell
and disperse in water, producing 1nm thick graphene oxide) €@etsupon mild
ultrasonic treatmerff In fact, exfoliation of graphite oxide is the most efficient way to
produce suspensions of carbon sheets, making it an ideal filler for polymer
nanocomposite¥. Unlike graphite, GO is electrically insulating/hich is inappropriate
for conductive filler applications. Partial restoration of the extended graphitiagons
network by different types of reduction of GO to reduced graphene oxide (rGO) is
possible. The reduction can be cheahichermal, or electrdemical with the latter
reported as especially mifd.There are also indications in literature that viologen may
electrocatalyse the reduction of GO to r&® The reduction reestablishes electronic
conductivity, but leads also to irreversible coaguolawf rGO and again tight interaction
of a single rGO sheets with polymer strands is difficult after the reductiofi®ssepne
successful efforts have been reported to stabilize graphene or rGO in solution, for
example, by chemical functionalization or lsing noiicovalent interaction with

surfactants providing stablelatelets of graphene sheets in aqueous solutfor!?
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However, the weight increase introduced with such additives just for dispersibility
reasons has a negative impact on the specificcdgpaf the final battery material. It is
therefore a challenging task to find electroactive polymers able to directly disperse single
sheet graphene, rGO or GO (followed by GGO transformation) without the use of

dispersing agents with negative ballesplications in the final composite material.

In the presenthaptera way to disperse negatively charged GO single sheets with
partially oxidized poly(vinylferrocene) by electrostatic interactions using poly@&er
weight ratios up to 10:is shown Zeta potential measurements, electrochemical results
and AFM studies show tight molecular interactions. Achieving a high weight ratio of
electron storage material to conductive filler combined with excellent percolation paths
for ions and electrons wasmain goal of ths study.It is shown that individual GO sheets
are well dispersed throughout the polymer matrix and that is achieved in the current case
by supramolecular polymeGO complex formation prior to the polyni€O / polymeii
rGO transformation. Forhts purpose the stable colloidal polyr@O solution was
directly deposited on the current collector, and electrochemically reduced to poy@er
using methyl viologen dichloride (MV) as homogenous electrocatalyst (Scheis.

The reductive removal obxygen containing functional groups was monitored by
Electrochemical Quartz Crystal Microbalance (EQCM), and the electrocatalytic role of
MV ™" was demonstrated by cyclic voltammetry (CV). Electrochemical tests have shown
that after GAQ rGO transformatiorthe electronic and ionic conductivity of PVFc where
significantly enhanced; e. ,ga film of (PVFa@@rGO)@GC with a specific capacity of
5.8mCcm? was >98% chargeddischarged in less than 3 seconds, and increasing the
layer thickness up to ca. 29 um lged a capacity of 770 m@n? accompanied by just

1% capacity fade. These values are significantly higher than previously reported nitroxide

radical polymerswhich provided best capacities smaller than 150am@.”*"*
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2.3. Formation and characterizaton of PVFc@ GO supramolecular complex

2.3.1. Introduction

A complex of moleculeswhich are kld togetherby noncovakent bond (e.g.,
electrostatic H bondingor "-’ I nt er aatled asopramolecusar assemblyhe
supramolecular assembliean involve small molecules e.g., dimmers of acetic acid in the
gas phase, or it can involve larger subunits to yield complexes in the nanometer to
micrometer range holagiether by so called weak nonvalent interaction®8ased on the
surface charge of all components dispersedagueoussolution and the recalling
supramolecular assemblstable colloidal solutions can be achieved for the components
as well as the supranecular complegs

Graphene oxide (GOyonsistof aromatic graphitic domains separated by sp
carbons which are decorated hyxygenrcontaining functional groups su@s hydroxyl,
epoxy and carboxid. Hydroxyl groups of GO allows hydrogen bonds with ncoles
containing hydroxyl groupS Negative charge of GO resulted froronization of
carboxyl groups -COOHY® allows electrostatic interaction with positively charged
molecules. The graphitic domainof GO al | o-ws i ht ewiatcitonjupated
materids.'® Also, GO can be dispersed in various solvent e.g., water, DMF, DMSO and
ethylene glycalwhich is due to its amphiphilicitghydrophilic edgesrise from oxygen
containing functional groupand hydrophobic central basal plaogaginated from the
graphitic domaing. Therefore, The supramolecular assembly of GO is possible by
different noncovalent bondsn various interfacesAlso, many functional groups on GO
allow hybridizationwith a big \ariety of materials such as DNAjetal oxides, polymers,
inorganic nanoparticleand otherg”®°

The interaction of GO with oth@omponents bound by covalent or supramolecular
interactionhas been studied by different methods. For example, GO can quench the
florescence of several dyabeled peptides for biosengihor can quench théuorescent
assay ofbiomolecules such as amino acids and prot&ifihis quenching process

studied by florescence spectroscofigother method which has been extensiuedgdto
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investigate the aqueous dispersibility of GOvatious pH values?as we | | as G
interaction with other charged materials e.g., organic polgmer zeta potential
measuremen(s .J° Zeta potential isan important factor irmany applications such as
characterization of biomedical polymérsslectrokinetic transport of particfor blood

cell$® and microfluidics®

2.3.2. Method Zeta potential

The suspension of particles Wwisurface charges exhibits a zeta potential. The
surface charges of the particle attract the surrounding countendmsh try to
compensate the surface charge. The partic
which are influenced by the surfacechae o f particle is called
This layer is divided into two separated regions: the stern,layech is the inner region
with ions strongly bounded to the particle and the diffuse Jaykich correspond to the
outer layer withloosely associated counterions-i@ure 2.1). The particle and the
bounded associated ions move together due to gravity or due to an applied electrical
field. The ions within a certain boundary around the particle move with the particle. This
limiting borderl 1 es s omewhere within diffuse | ayer
Asl i pping planeodo (Figure 2. ,lwhich eXistseat tleet a
slipping plane. The particles with large negafipesitive zeta potential (+£ 30 mV) repel
each other and therefore the colloidal solution will be stable. The particles with zero
surface chargeée which could be present at a particular pH, assuming the surface charge is
related to proton dissociation are very unstable and flocculation is veriely. This

point of zero charge is related to the isoelectric point, also known from electrophoresis.
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In electophoresis, an electric field is applied across the colloidal solution of the
sample, which induces charged particles to move toward the electrode of opposite charge.
The direction and velocity of the particles depend on the applied field. The electtaphore
mobility of a particle under the influence of an electric field is defined as the quotient of

the velocity of the particle and the electric field strength

- Eq. 2.1

wher,eseelectrophoretic mobility, 3 is pa
strength. The Zeta potential is notirectly measureable. Therefqreghere is an
approximation that allowsalculatingthe Zeta potentl from the electrophoretic mobility,

which can be measured by laskpplervelocimetry technique. The setup of this
technique is shown iRigure 2.2 and it functions as follows: the emitted beam from the

laser is split into two beams by the beam splifilerThe separated beams are focused by

the lens (ii). The beam intersection lies in the solution of charged particles (sample). The

crossing beamfr m an i nterference pdigure2rdiii). A t h a
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electrical field is applied through the sample, which causes a flow of the charged particles
(iv). While the particles pass through the interference pattern, they scatter thanktight

thus produce a scattering signal (v) with a shifted frequency compared to the incident
beam. The scattered signal is then focused by the second lens (vi) and detected by the
detector (vii) (Figure 2.2). The electrophoretic mobility can be calculatech the

measured Doppler frequency shift. By application of Smoluchowski thédrits

measured particle mobility can be convert
equation:
. ¢- "QQ®
Y —— Eq. 2.2
C)'_

where U is electrophoretic mobility, z zeta potentidf]dielectric constantg] viscosity
and f(Ky) Henr yo6s ,fimageebus sotutiorf is ¢ft€n 1.5 amdnonaqueous

solution is 1).

beam lens 1 ~ Sample lens 2
laser splitter .
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L T Y R i I T
T T .
_________________ o b
. - Signal
mirror _ amplitude
velocity M
fringe ' .
spacing % Signal frequency
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Figure 2.2 Principles oflaser Doppler velocimetry.
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2.3.3. Experimental section
2.3.3.1.Instruments

Vis absorption spectra were measured using a photodiode array agilent 8452 UV
visible spectrophotometer (Hewlett PackaiBta potential/alueswere obtainedusinga
Zetasizer nano ZS (Malvern Instrumerodel ZEN3600) at 25°C with a 633nm lager
a DTS1070 cell. The sonification was performed usingtrasonic bath (VWR
USC300TH, 80W) AFM images were captured with Flé&xx i om fA Nanosur f O
supershgp silicon probe (SSSICLR, NANOSENSORSTM) in dry state.

2.3.3.2. Chemicals

All the chemicals and solvents were from Si{larich and used as received
without further purification, unless otherwistated. Solvents for the electrochemistry and
spectroscpy were 0f99.9% purity. Acetonitrile and diethyl ethemwere from Sigma
Aldrich (> 99.9%).Silver nitrate (AgNQ) was purchased from Fluka (> 99.0% purity).
Graphene oxide (GO) was from GrapheneA delivered asan aqueous solution (4 mg
GO in 1 mL HO); elemental analysis:iacbon: 49 56% hydrogen: O 1%, nitrogen: Oi
1%, «ulfur: 07T 2% and, xygen: 41i 50% monolayer content (measured in 0.5 mg/mL):
>95% pH: 2.2 7 2.5. The cellulose membrane for dialysis tubing was from
[ SPECTRUMLABRA with MWCO: 3.5 kDa. PVFc was delivered with following
characteristics? size exclusion chromatography (conventional vs PS standards), Rl 7070
g/mol, Mni Mw 8870 g mof" and PDI 1.26. SEGMALLS RI: Mw: 11640 g/mol.H
NMR (CDCk) : U -20 (819,865 4.55 (H°).°*CNMR (CDCE) : U '%4333),67 C
(C*), 68.5 (C), 95.5 (C).




The purity of PVFcwas further assessed by a Vis absorbamckethyl ethemusing
e (monomeric ferrocene) =20 as a w@ndard®® shows98% of theexpectedsubunits §ee
Figure 2.3and subchapter 2.3.3f8r more details Additionally, the observed coulombs
(integral of cathodic peak)f a thin polymer layer (200 nm) obtained from a cyclic
voltammetry test shows >6% of the appliedsubunis (see Figure 2.23 arsibchapter

2.5.3for more details).

2.3.3.3. Oxidation ofpoly(vinylferrocene) (PVFc)

50 mg PVFdsee 2.3.3.2 for detailsyas dispersed in diethgther(300 ml), then
0.1M AgNG; (50 ml) was added scheme2.2). The resulting biphas solution was
agitated by mechanical stirring (1300 rpm) for 50 min. The end of the reaction was
indicated by the disappearance of yellow color in dhganicphase and appearance of
blue color in the aqueous phase. Precipitatel begween the two phasevas removed
by filtration. The blue agueous phase was isolated and centrifuged to remove remaining
silver particles. The excess of Aghl@as removed by dialysis tubing of the aqueous
phase (extracting compartment: agitated water for four days, dailpmgetl) Separation
of the phases and dialysis of the aqueous phasget rid of excess Agons- yielded a
green aqueous solution of partially oxidized PVFc (PVBANO;3), which was stable

over8 months(Scheme?.2).
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Scheme2.2. Two phase oxidain of PVFc by AgN® Left to right: PVFc in ether and AgN@n H,0;
upon stirring: oxidized PVFcexcess AgNQin H,0 and A§ at the interphase; upon centrifuge:
separation from AY upon dialysis tubing: separation from excess AgNO

The concentration fothe solutions used iVis measurementare the same as

explained in the oxidation of PVFcyrrentsubchapter Analysis of the Vis absorbance

using e (monomeric ferrocene) =20 as a standaftlindicates that 95 % of the subunits

were oxidized prior talialysis tubing(Figure 2.3). This was shown by development of a

peak at 631 nnin the agueous phaskiring oxidation which is characteristi¢or the

ferrocenium iort°
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Figure 2.3 Oxidation of PVFc by AgNC
as evidencedoy Vis analysis.Oxidaion
was here performed in the biphasic mixtt
of CHCIl;/ water, as it was slower an
easier to follow as compared to tl
ether/ water mixture.
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The final solution contains 4.7x¥0V PVFc subunits (only 29 % survivete
dialysis possibly because tie absence of free Agwith NO; counter ions and a small

amount (< ca. 2xIdM) of a NO; salt formed during dialysig={gure 2.4).

1.2

---- After centrifuge
/N — After dialysis tubing

Figure 2.4. Absorption spectra o
PVFC after centrifuge in water (dashe
black line, oxidized PVFc = 95 %), ar
after dialysis tubing in water (red line
oxidized PVFc = 29%). The percenta
of oxidized ferrocene moieties in PVI
was calculated from the extinctic
coefficient of fe
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2.3.3.4. Zeta potential measurements

An aqueous solutiomf commercial GO(see 2.3.3.2 for deta)lsvas diluted to
0.1mg in 2ml H,O and sonicated for 30 minutes using an ultrasonic b§ppropriate
volumes of thePVF&* solution (4.7x10 M, 5 ml, containing 5 mg of PVFc) were added
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under sonification over 10imto 0.1 ml of the GO solution and the final mixtures were
diluted to 1ml under sonification fanother5 min. The polymer solutions with same
concentration were prepared accordingy8 ml of the dispersioswas measured in a
DTS1070 cell (see 2.3.3.1for details). An average value was calculated frosix

subsequent measurements.

2.3.35. Modeling

The following programswere used: HyperchenfHyperChem(TM) Professional
8.0.8, Hypercube, Inc., 1115 NW 4th Street, Gainesville, Florida 32601),48gudab
(M. Thompson, ArgusLab 4.0.1, Planaria software LLC, Seattle, Wash, USA,
HTTP://www.arguslab.com, 2004) Gabedit 2.4.8 and MOPAC (J. Stewart,
MOPAC2012, Stewart Computational Chemistry, Colorado Springs, CO, USA,
HTTP://OpenMOPAMet, 202). Modelingwasperformed by Lorenz Walder.

2.3.3.6. Atomic Force MicroscopyAFM)

The electrodes were prepared by drop casting of G® 20 pg cii) or
PVFC* xNO5 (ca.12 pg cnf) or PVFc@GO solution (PVRGO = 1, ca. 14.7 pg cif)
on theglassy carbn electroddollowed by drying at 50°C for 1 hour results in GO@GC
or (PVFE ' xNO;)@GC or (PVFc@GQJCC, respectivelyThe AFM imageswere
captured by Shamaila Sadaf.

2.3.4. Results and Discussion

2.3.4.1. Zeta potential measurement

A strong electrastic interaction and a stable contact between PVE&NO; and
GO™ are key factors for producing a composite which GO is homogenously

distributed in the polymer matrix. The quality of the PVFc@d$persion is crucial for
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high capacity and fast katics (fast electron and ion flow) in the final battery material
PVFc@ GO assuming prerganization takes place mainly in the presence of GO but not
with rGO?* In addition, the real capacity and energy densities depend on the ratio of
redox active polymeto conductive filler a fact that is often neglected in literattfrgeta
potential measurements can be used to study dispersions with variable surface charges,
such as expected in the casec@™ in the presence of different amountsRMFc”, and

to evaluate the stability of the resulting complexes dispeféibmthe current study, the
method was used to optimize the PYHoGO™ weight ratio with respect to (i) colloidal
stability, and (ii) with respect to tight contact between"Gad all PVFE strands, i.e. to

find the highest possible PVFd GO™ weight ratio with all PVFE strands boundThe

zeta potential value of pure GOn the agueous solution wa86.9 mV, as reported, due

to dissociated carboxylic acidBigure 2.5).** The purePVFc" xNOjs solution with ca.

29% oxidized sites shows increasing Zeta potential values from +2 and +38 for increasing
polymer concentration probably due to aggregating of PVFc at higher concentratiens.
addition of PVFE" xNO; to an unbuffered aqueas GO™ solution shows thathe zeta
potential describes a sigmoidal shapiéh increasing weight ratio of PVFcto GO™
demonstrating the incremental coverag&af™ with PVFC® (Figure2.5). Interestingly,
deviation of the original surface charge@®™ starts only at weight ratios larger than 1
(log ratio > 0) with an isoelectrical point at ratio ~ 2.7 and continuing into positive zeta
potentials up to a weight ratio of ca. 10. This indicates that very heavy loading of single
GO sheets witPVFE" of up to 10 times the weight of underlyil@O™ is possible, and

that these colloidal particles are still intact. At even higher weight ratios (above log 10)
the zeta potential flattens and values observed for the pure polymer indicating the
presence of ree polymers beside the heavily loaded GO shdétdably, the zeta
potential was measured in an experiment based on light scattehiud is restricted to

molecular size > 10 nm.
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As known from literature] also found stable colloidal solutions (stability &
mont hs) for b Zet a(Figucet2€ nbuti relativiely unstaBle colloidal
solutions (stability <3 daydprb Zet a poten*®i alb< 10 mV.

Figure 2.6. Colloidal stability of PVFE -

xNO; and PVFc@GO. PVFE xNG; (a)

and PVFc@GO) with a weight ratio of
4.4/1(PVF¢ /| GO™ in H,O. Both
solutions were stable for at least 5 mont
Preparation of thesolutions is explained i
the subchapter 2.2.3 - a.

2.3.42. UV-Vismeasurement

The electrostatiénteraction of GO' and PVFE" - xNO5' was furtherconfirmed
by Vis measurementsigure 2.7). Vis spectra of PVFC - xNO;™ after dialysis in the
presene of decreasing weight ratio PVF¢ GO™, 1) 100/1, 2)18/1, 3)13/1, 4)8/1.The

pure PVFE - xXNOs exhibits a peak at 630 nm that is attributed to the ferrocenium ion.
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Step wise addition of GO to partially oxidized PVFc resulted in a decrease of the
absorbance of the ferrocenium ion concentration (factor: 0.5%js, points to the
formation of a charge transfer complex dma charge injection from G® into PVF¢&,

a phenomenon known from literatufe.

1.5

-—
o
1

GO concentration

Figure 2.7. Loss of oxidized PVFCt" xNOy

upon interaction with @. The dilution effect
was corrected PVFE® concentration was
4.7x10° M and a 0.5 mg / ml GO solutior
was used (see 2.3.3.2nch Figure 2.4 for
experimental detai)s
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2.3.43. Molecular nodeling

A model study based on the size and specific weight of PVFc indicates multi layers
of tightly packed PVFc strands deposited between single GO sheets even &t PVFc
GO™ weight ratio & low as 1:1(Figure 2.8). A neutral 16mer of PVFc (giHodF €6
(one-CH,- group is cut off) was prepared using the graphical editor in Hyperchem, then
imported into GABEDIT* and geometry optimized "in acetonitrile” using the
semiempirical method PM7 iIMOPAC12 The PM7 keywords included a correction for
the size and dielectric constant of acetonitrile. The resulting structures were generally
cylindrical with some curvature, but many local minima with different extend of
curvature were found. Partially iokzed 16mer (2+, 4+ and 6+) with and without counter
ions were also calculated, but they showed almost the same size and shape except slightly
less curvature. A simplified graphene oxide sheei@Hs°, 35% oxygen content) was
prepared from graphersontaining 158 spcarbons by addition of 54 water molecules
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over C,Cdouble bonds from both sides of the graphene plane (6 of them deprotonated at
O) using the editor of Arguslab . The GO sheet is puckered after a few cycles of UFF
optimization due to theC sp centers and due to the mutual repulsion of the 6 neg.
charges. The oxygen weight content OfsOs4Has® (without consideration of small
counter ions) is 100*My / Mwgo = 100*864 / 2472 = 35%, i.ein the range of the
specification of the producté¢e 2.3.3.2or detailg. The xy size of the average plane of

the graphene oxide shee1_35D54H48'6, 22.5 * 14.1 A)s similar to the size of the plane of

the parent graphene sheet (22.0 * 14.2 A), becaQs$t groups are occupying space
below and above thplane, and because®>spickering is counterbalanced by longer C,C

bond lengths, and because the carbon skeleton is not interrupted.

The 16mer PVFc from PM7 optimizatiogele Figure @ - d) can be described by a

cylinder with length Lemzer = 3.4 nmand circle area fmzer= 2.0 nmM leading to the

volume Vigmer = 6.8 nni
projected area of cylinder along the short axis;gR4= 1.6*3.4 = 5.4 nnf
cylinder mass= Mymer: (16* CoHoFe)}(CH,) = CigiHigoF€16= Migmer = 3380 gmol
packed PVFc cylinders on GO: arial mass depgity=

3379.6 g/ 5.4 mol nm= = 626 g/mol nrh
corresponding GO plane473/(1.2*2.3) = 2473/2.8 = 883 g/mol nrh
Mass ratio for a single layer of packed cylinders of PVFc on<50 i= 0.707

number of packed single layers aa$s ratio 1.0: =1.41

number of packed single layers at zeta potential O with mass ratio2.3.8

number of packed single layers at mass ratio 4.4 (used for battery materiélp

According to the above calculatigrisis clear that a single layer of tightly packed
cylindrical polymer molecules on a GO sheet can only account for a mass ratio
PVFc/ GO = 0.707. The Zetpotential = 0 is achieved for PVF&GO = 2.70 meaning

that in the average 3.8 layers of tightly packed PVFc cylinders are necessary per GO
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sheet, and that at the ratio PVRB0O = 4.40 even 6.2 tightly packed layers are necessary.
Notably, it is assumed that the slipping plane limit in pure GO, pure polymer and
PVFc@GOQare similar and can therefore be negle¢sss subchapter 2.3.2).

16mer PVFc from PM7 optimization

black: projected area
oflémer PVFc cylinder on GO

GO sheet

GO sheet (35% oxygen content) from UFF

2 layers of tightly packed PVFc
cylinders on a GO sheet

Figure 2.8. Molecular nodeing of surface coverage of GEheetswith PVFc strandsThe programs used

for modeling is listed in 2.3.3.5.

2.34.4. Morphology of PVFc@GO complex in dtate

For atomic force microscopy AFM) measurements, thinner films with a
composition indicated by the plane square in FiQusgzeta potential =30, weight ratio
= 1) was used(in order not to cover all structural features of (PVFC@@G)C with
PVF9. The AFM images are shown Figure 2.9. Pure GO@GC (a and a') shows long
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range architectures of foldéavrinkled GO platelets GO sheets with distinct folds over
several um (broken curve), extended surfaces (broken line square) adichm deep
holes/ tunnels (broken circle). PurdPYFc¢" xNO3;)@GC (b and b') consisting of 57
PVFc subunits shows overlaid oval shapes with smallest resolvable lengths of ca. 60*40
nm (limit of lateral resolution of the AFM tip, broken square) and smallest height8 of 2
nm. Semiempirical PM7 geometry optimization predicts a curved cylindrical shape for a
hexadecameric PVFc with 1.6 nm diameter and 3.4 nm lengtha iength of 12 nm for

the polymer in use with 57 average subunits (see d in Fg8yeSome tendency for
chain formation of the globuli by lateral stacking (broken curves without principal
direction) was observedhowever XRD measurement did not show any crystallinity.
Furthermore, the formation of tunnels by circulaylindrical aggregation of the globuli
(broken circles) is observed. Most interesting is the AFM of (PVFc@GO)@GC (c,c' in
Figure2.9). The low weight ratio of 1 used for the composite preparation allows to see
some features of the specific interaction. Most obvious is a principal directitme of
PVFc globuli over several um (c, broken arrows). Such parallel long range arrangement is
not observed in the AFM image of the pure polymer without GO, nor with GO without
PVFc.These linesre interpretateds a result of PVFc decorated GO shestsch have

been flattened and parallel stacked during the process of complex formation and drying,
respectively. In addition, cylindrical mesopoma® again observe(broken circles). In
conclusion, the AFM images indicate an ion percolating structure, wingp also

become electron percolating after GO transformation.
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Figure 2.9. AFM images of ca. 500nm thick layers of ca. 20 pgf GO@GC (a, a'), of ~12 pg ¢m
(PVFC* - xNO;)@GC (b, b") and of ca. 14.7 pg éntPVFc@GO)@GC (mass ratio PVE¢ GO™= 1) (c,

'), scan lengths: ca. 3um-+@ and ca. 1 um (a¢'); pure GO@GC (a and &'): long range architectures of
folded/wrinkled GO platelets/GO sheets with distinct folds over several um (broken curve), extended
surfaces (broken line square) and >Bfh deep holes/tunnels (broken circle); puR/Ec”  xNO;) @GC

(b and b', average PVFc subunits: 57): smallest resolvable lengths of ca. 60*40 nm (broken square, limit
of lateral resolution of the AFM tip, broken square) and smallest height8 ofn2; clain formation of the

globuli by (broken curves) and tunnels from circular/cylindrical aggregation of the globuli (broken
circles); (PVFc@GO)@GC (c,c’) with principal direction of the PVFc globuli (c), (broken arrows) and
cylindrical mesopores (broken cied); d) PM7optimized structure of an uncharged 16mer PVFc
oligomer (green atoms: backbone carbons) showing a thickness (t) of ca. ar@lrantength (l) of ca. 3.4

nm. The details on electrode preparation and instrument exhibited in 2.3.3.6 and 2e33ettively.

2.35. Summary

In the sulchapter 23, the electrostatic interaction of GO apdrtially oxidized
PVFc in the solutionand the morphology of the G®GC PVFC" xNO; @GC and

(PVFc@GQ@GCin dry state werstudied.Zeta potential measuremdrdve shown that
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