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Abstract

The aqueous dispersion of polyelectrolyte (PE)-based graphene-related
materials (GRMs) represents an interesting intermediate in the development of
advanced materials through sustainable processes. There is a lack of prominent
work systematically studying the effects of typical parameters of PEs structure,
molecular weight and charge density on the dispersion and stabilization of
polyelectrolyte grafted reduced graphite oxide (rGO) in water. One of the main
goals of this project is to reveal the interaction between PEs and rGO, and explore
the balance of adsorption of polymers and the anti-aggregation ability of PE-rGO
assembles. Four PEs were evaluated, including polyacrylic acid (PAA), branched
poly(ethylenimine) (BPEI), sodium carboxymethyl cellulose (CMC), and
poly(sodium 4- styrenesulfonic acid) (PSS). The charge density plays a critical role
in weak PEs (PAA and BPEI) in dispersing rGO, both of them revealed optimum
performance at mild charge density where good adsorption and repulsive charges
of polymers onto rGO were reserved. BPEI has been found to induce good
dispersibility of rGO in water, also depending on polymer chain length. The
negatively charged strong PEs (PSS and CMC) were inferior due to the high surface
tensions and limited adsorption onto rGO. Therefore, the suitable PEs and
dissociation conditions used for rGO dispersion were obtained.

On the other hand, the good dispersion of rGO in aqueous PE solutions offers
the opportunity to further preparation of uniformly distributed rGO in polymeric
composites via liquid-phase mixing. The graphene and GRMs reinforced polymer
composites have been investigated in the last decade by researchers and used in
batteries, sensors, biomedical and other fields. Using autonomous complexation of
oppositely charged PEs eliminates the use of organic solvents and endows
composites manufacture from thin layers to bulk materials. In this work, PAA and
poly(diallyldimethylammonium chloride) (PDAC) were used to fabricate a
polyelectrolyte complex (PEC). Based on the fundamental properties of polymeric
matrix and incorporation of rGO in PECs, I focused on the mechanical properties
of rGO incorporated polyelectrolyte complexes (rGO-PECs) under different salt



content and humidity conditions. The addition of a small amount of rGO could
greatly improve the mechanical properties of composites under ambient condition,
and for the salt-plasticized samples, the addition of graphene is also beneficial to
inhibit the polymer chains’ mobility, thus improving the strength and reducing the
deformation. At a high moisture environment, the polymer matrix tended to be
ductile with extremely high deformation and low tensile strength owing to its
humidity sensitivity, and the strong mismatch of soft matrix and hard rGO led to
limited reinforcement. In this case, the salt impacts the mechanical properties even
with a tiny amount in PECs.

To further promote the applications of rGO-PEC composites in electronic
components, the rGO content and dispersion in PECs are particularly important.
The PAA has been proven to have good compatibility with rGO and was used in
rGO dispersion, while there is no study focused on hybrid dispersing systems
consisting of oppositely charged PEs and high concentration of salt. The hybrid
system contained all components in the final-prepared composite, which increased
rGO content in rtGO-PEC composites. Therefore, this work compared different
dispersion methods on rGO content, rGO dispersion in PECs and the composites’
mechanical, thermal and electrical properties. The PAA single-phase approach had
the advantage in terms of the rGO dispersion, requiring a short sonication time to
achieve separation and dispersion of rGO, instead, the hybrid-phases approach
showed much higher rGO content in the composite and fast transformation from
dispersion condition into complexation condition. The mechanical property,
thermal and electrical conductivities, as well as stability in water were compared in
rGO-PECs prepared in two methods. To optimize desired properties, the effects of
PAA:rGO and sonication time on the physical properties of rGO-PECs were further
studied. In the single phase dispersion method, the low PAA:rGO ratio was critical
to achieving the improvement of electrical conductivity but also brought a much
higher salt fraction in PECs, which is unfavourable in terms of its mechanical
strength and stability in water. On the other hand, the mechanical property, thermal
and electrical conductivities of rGO-PECs fabricated by multiphase approach were
dependent on the combined effects of rGO aggregates and the dispersed rGO
size/defectiveness, which was dominated by sonication time. Indeed, longer
sonication time led to a better dispersion of rGO in PECs, improved mechanical
properties, and good stability in water, while also causing a slight decrease in
thermal and electrical conductivity.
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Chapter 1

1 Literature review

1.1 Liquid phase dispersion of graphene and graphene
related materials

1.1.1 Graphene and graphene related materials: definitions,
properties and applications

Graphene is a single-atom thick layer composed of sp? hybridized carbon atoms
with a honeycomb lattice. As a super thin 2D material, graphene has a very high
surface area (2630 m?/g) and short atomic distance (only 0.142 nm), can be used as
a barrier material to prevent passage of small molecules or even atoms [2]. It also
reveals extremely high electron mobility 350 000 cm? V''s™! [3], thermal
conductivity ~5000 W m~! K™! [4] and electrical conductivity 6000 S/m. Besides,
strong stiffness and high strength have been found because of the strong in-plane
carbon-carbon bonds (¢ bond) of graphene [5]. The antibacterial and anticancer
activities of graphene [6] have raised its potential in biomedical and therapeutic
applications. Some of graphene properties are recorded in Table 1.1. These
remarkable and intriguing properties make it become one of the competitively used
additives for different applications in sustainable energy production,
environmentally sustainable development and healthcare fields. For many of
applications, it is required to have a scalable production of the single or few layers
of graphene. Generally, graphene could be produced via either top-down method or
bottom-up technique. High quality of monolayer graphene can be constructed by
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bottom-up method, such as chemical vapour deposition (CVD) and epitaxial growth
on SiC [7]. These methods typically involve high temperature (i.e., 750-1200 °C
for CVD and ~1300 °C for epitaxial growth), high costs, but limited yields or
impurities getting into graphene monolayer [8]. Another choice is the top-down
method that produces of graphene flakes from exfoliation of graphite precursors in
liquid media or isolated as powder [9]. For instance, the liquid-phase exfoliation
technique is used to produce colloidal graphene suspensions by exfoliation of
graphite-based materials, resulting in a mixture of single to multilayer of graphene
dispersed in solvents with or without dispersants [10]. The top-down approach
shows advantages of scalability and versatility using only simple instruments,
while the graphene materials obtained in this way usually are not single-layer sheets
but a series of derivatives with different sizes, layers and defects. The main
challenge during manufacturing and processing of graphene is the strong van der
Waals force and m-m stacking between monolayers, which make it difficult for
graphene to be completely peeled off from graphite, and maintain its monolayer
state [11].

In fact, because of the limited-scale production for graphene, to use so-called
graphene related materials (GRMs) is common, including graphite nanoparticles
(GNP), graphene oxide or graphite oxide (GO), reduced graphene oxide or reduced
graphite oxide (rGO), several-layer graphene (FLG) and multilayer graphene
(MLG) [12]. They are diverse in the number of layers, lateral dimensions and/ or
degree of oxidation C/O ratio [13], thereby performing differences in mechanical
property, thermal property, electrical property, and dispersibility in aqueous
solutions. For instance, GO is a highly oxidized and chemically modified form of
graphene consisting single layer graphene with carboxylic acids, epoxides and
hydroxyl groups on planes. These oxygen-containing functional groups facilitate
GO to be hydrophilic and efficiently dispersed in water, but also generate high
defect densities that degrade mechanical, electrical and thermal performances [5,
14]. The rGO can be obtained via reduction treatment of GO that would partially
restore n-t conjugated structure by deoxygenation and dehydration, resulting in few
times to few orders of magnitude increase in electrical conductivity [15]. The
pristine GO with electrical conductivity of around 0.4 S/m increased the value to
0.8 S/m, 1.7 x10° S/m and 2 x 10* S/m respectively via applying different steps of
reduction (Figure 1.1) [14]. Several physical properties of GO and rGO reported in
previous researchers are summarized and compared with graphene in Table 1.1.
Due to the structure defects, limited surface areas, and/ or increased layers, most of
properties of GO and rGO are significantly lower than for graphene that could also
be found in the comparison between other GRMs and monolayer graphene. The



Liquid phase dispersion of graphene and graphene related 3
materials

attractive aspect of those GRMs is that those defects on surface and edges endow
them more favourable for homogeneous dispersion and easier fine interface control.
They can be used to fabricate graphene-based composites with still considerable
performances improvement. Besides, most of GRMs are easier to scale up
production compared to single layer graphene. Considering these advantages,
GRMs have been investigated together with ceramic, polymer or metal matrix to
form composite materials, which makes great potential in structure reinforced
materials, biosensors, interference shielding, energy conversion and energy storage
[16-18].

For most of GRMs, the strong cohesive force of graphene layers brings
difficulties to exfoliation and makes the dispersed sheets compact, clustered and
even re-aggregate into irreversible matrices. Therefore, it is essential to limit
aggregation of graphene sheets. In particular, many applications need graphene
dispersions, thus a stable GRMs dispersion in liquid medium is required.
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Figure 1.1 Schematic diagram of the GO reduction procedure and electrical
characterization of the products. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: [Springer Nature] [Nature Chemistry] [14] Copyright 2009.
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Table 1.1 Typical physical properties of graphene, GO and rGO

Property Graphene GO rGO
Elastic modulus 500 - 10° [19, 208 £ 23 for 250 £ 150 for
(GPa) 20] monolayer GO monolayer rGO [23]
(211, 32*for GO 41.8 for rGO paper**
paper® [22] [24]
Fracture strength 130[19] 0.015-0.13* [22] 0.293** [24]
(GPa)
Fracture 4+0.6 [25] - -
toughness (MPa)
m
Optical ~97 % for Not available ( 60-90 depending on
Transmittance monolayer expected to be reduction agent and
[26, 27] lower due to fabrication method
functional groups [28]
and defects)
Electron 3.5 x10° [3] 0.05-200 [29] 17-2x10% [30]
mobility at room
temperature
(cm> Vs
Thermal ~5 %103 [4] ~18,~770 [31] 30 -250[32]
conductivity (W
due K_%( 2x10° [31]
Electrical 10°-10%[33] 4 x1073 [14] 0.05-2 [34]
C"nd“;tlllﬂl)“es (S 103-5x10°[34]  10°-2.3 x10°[35]

Specific surface
area (m? g )

2630 [37]

2-10° [38, 39]
~2.4x103 [40]

6.3 x103[36]
~600-700 [41, 42]
320 [43]

* The paper-like material was made by flow-directed assembly of individual G sheets.
** The paper was fabricated by filtration of reduced graphene oxide dispersion, followed

by annealing at 220 °C

1.1.2 What makes a good liquid dispersion of graphene and GRMs

A good dispersion of graphene materials requires at least 3 points: 1) the pristine
GRMs can be dispersed/ exfoliated, the dispersion achieves a certain concentration,
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2) a solvent/ dispersant appropriate to the application and 3) the dispersion is stable
in a period. In order to obtain the good dispersion, it is important to overcome the
van der Waals force and m-m stacking of graphene interlayers and maintain an
energy barrier against aggregation or re-aggregation. Ultrasonication has been used
to prepare graphene sheets in various solvents via exfoliation of the layered-
graphitic materials, because the concentrated high-energy and shockwaves weaken
van der Waals interaction between graphene sheets and caused increase of
interlayer space [44]. It usually takes few days to obtain graphene sheets with single
and few-layers. Sonication technique also allows the soft dispersion of GRMs,
which only aims to simply separate aggregated graphitic materials. Even though
dispersion or exfoliation of graphene could be achieved by sonication, the
prolonged stabilization of graphene and GRMs depends on the surface charge
density, selected solvent and the presence of dispersants, usually surfactants or
polymers. It is well known that graphene was considered as a hydrophobic material
that cannot be dispersed well within water [45]. Considering from the surface
energy view, spontaneous wetting or spreading occurs when spreading coefficient,
S g for solvent spreading on graphene is positive.

Sijg=VYg—Yi—Yu>0 (1-1)

Where y, is the surface energy of graphene, y is the surface tension of liquid,
% 18 the interfacial energy of liquid/graphene interface. The surface tension of
water y at 25° C is about 72.8 mN/m, y, of graphene is 46.7 mN/m [46] and the
interfacial energy is estimated as 77 mN/m from molecular dynamics studies [47].
The spreading coefficient far less than 0, therefore water does not spontaneously
wet graphene surfaces. To achieve a favourable spreading coefficient, the surface
tension of liquid phase y and the interfacial energy j; should be limited. It can be
achieved by either solvent selection, or lowering the interfacial energy between
aqueous solution and graphene by using surfactants or polymers to bind to the
substrate [48].

Inspired from the dispersion and exfoliation of carbon nanotubes in solvents,
the surface energy argumentation and solubility parameter modelling of graphene
dispersion has been firstly studied with few organic solvents, for instance, N-
methyl-pyrrolidone (NMP) [49] N, N-dimethylformamide (DMF) [50, 51], and
Tetrahydrofuran (THF) [51]. Coleman et al. [52] prepared high-quality graphene
exfoliated in NMP, which achieved concentration up to 1 mg/ml, and the yield
scaled well with the square root of sonication time, t 2. Some other solvents were
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also proved to be useful in dispersing graphene, such as dimethyl sulfoxide
(DMSO) [53], and y-butyrolactone [54]. Low surface tension is not the only
important factor for choosing a suitable solvent, Hansen parameter and Hildebrand
solubility parameter (HSP) [55] were also researched for understanding the
dispersion mechanism of GRMs in solvents. The HSP (Jr) can be expressed as
equation (1-2)

6% = 85 + 63 + 65 (1-2)
(51') — Zsolv Cai,solv (1_3)
Zsolv C

The square root of each of these components is a Hansen solubility parameter
oi 1=D, P, H). op, op and oy are dispersion cohesion parameter, polarity cohesion
parameter and hydrogen bonding cohesion parameter respectively. In theory,
successful solvents are those where solvent and solute have similar values of HSP
when solutes is nonpolar, or similar all three Hansen solubility parameters for
solvent and the polar solute. However, graphene is not a molecular solute but a
nanomaterial. Thus, the Hansen parameters of graphene is estimated by solvent
screening, indeed, associating solubility parameters of solute with those of the most
successful solvents [56]. The graphene Hansen parameters can be obtained by using
equation (1-3), where i is D, P, or H. The C is the solubility of graphene in a given
solvent and di, is Hansen parameter in a given solvent [56]. Coleman et al. [56]
measured dispersibility of graphene in 40 kinds of solvents and found that good
solvents are characterized with Hildebrand solubility parameter close to graphene,
with dr ~ 23 MPa!’? and Hansen solubility parameters of dp ~ 18 MPa'?, 5p ~ 9.3
MPa!?, and 6y ~ 7.7 MPa'2. The dispersibility of GO and rGO are compared in
different solvents, taking into account of solvents polarity, surface tension, Hansen
and Hildebrand solubility parameters [57]. Table 1.2 summarized solubility of GO
and rGO under different solvents conditions [57]. The optimum concentrations of
GO (8.7 pg/ml) and rGO (9.4 pg/ml) are both obtained in NMP with surface tension
of 40.1 mN/m and J7 of 23 MPa!’?, which is consistent with the previous study in
graphene. Except from surface tension and o, the solubility of rGO is also affected
via solvent polarity. By comparing dispersion of rGO in 1-Chloronaphthalene (CN)
and Acetylaceton, both solvents have low surface tension and same value of 6t but
the solubility of rGO is very diverse. The good solvents to GO are NMP, ethylene
glycol and water, while rGO has better solubility performance in solvents NMP, o-
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Dichlorobenzene (0-DCB) and CN. However, the high boiling points of most
effective organic solvents make solvents removal difficult, especially in polymer-
GRMs hybrid systems. DMF, o-DCB, DMSO, ethylene glycol, NMP and CN
display boiling points of 153°C, 174°C, 189°C, 195°C, 202 °C and 263 °C
respectively [58]. The toxicity and health risks to human of certain organic solvents,
such as NMP, ethylene glycol and DMF further limit their wide usages [58].
Additionally, the solubility and stability of GRMs dispersions could be improved
by functionalization of graphene sheets, involving covalent and non-covalent
functionalization. In case of covalent functionalization, small organic molecules or
polymers are connected to graphene through a variety of chemical interactions
occurring at the edges and defect sites of graphene [59]. Based on the characteristics
of grafted molecules, the modified GRMs can be dispersed in specific solvents.
More information will be provided in 1.1.4. Alternatively, another option is non-
covalent functionalization, using dispersants to reduce surface tension of liquid
phase and/ or reduce the interfacial energy by bonding to substrates, thus to obtain
a stable graphene dispersion in water. The reduction amount of surface energy
depends on the concentration and chemical structure of the stabilizer molecules
[60]. The stability is controlled via electrostatic or steric repulsion, which induced
formation of energy barrier to limits re-aggregation of graphene nanoplatelets [48].
The detail will be discussed in section 1.1.5.
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Table 1.2 The surface tension and Hildebrand parameters 6t of solvents and
solubility of GO and rGO in range of solvents by bath sonication. Reprinted from [57],
with permission from Elsevier.

Dipole  Surface or GO rGO
moment  tension (MPa solubility solubility
(mN/m) ') (ng/ml) (ng/ml)

DI water 1.85 72.8 47.8 6.6 4.74
Acetone 2.88 25.2 19.9 0.8 0.9
Methanol 1.70 22.7 29.6 0.16 0.52
Ethanol 1.69 22.1 26.5 0.25 0.91
Propan-2-ol 1,66 21.66 23.6 1.82 1.2
Ethylene glycol 2.31 47.7 33 5.5 4.9
Tetrahydrofuran 1.75 26.4 19.5 2.15 1.44
(THF)
N, N- 3.82 37.1 24.9 1.96 1.73
dimethylformamide
(DMF)
N-methyl-2- 3.75 40.1 23 8.7 9.4
pyrrolidone (NMP)
n-Hexane 0.085 18.43 14.9 0.1 0.61
Dichloromethane 1.60 26.5 20.2 0.21 1.16
(DCM)
Chloroform 1.02 27.5 18.9 1.3 4.6
Toluene 0.38 28.4 18.2 1.57 4.14
Chlorobenzene (CB) 1.72 33.6 19.6 1.62 34
o-Dichlorobenzene 2.53 36.7 20.5 1.91 8.94
(o-DCB)
1-Chloronaphthalene 1.55 41.8 20.6 1.8 8.1
(CN)
Acetylaceton 3.03 31.2 20.6 1.5 1.02
Diethyl ether 1.15 17 15.6 0.72 0.4

1.1.3 Types of GRMs used in liquid phase dispersions

GO

GO contains a large number of carboxylic acid, epoxide and hydroxyl groups
on surface that not only reduce the interlayer forces, impart it strong hydrophilic
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feature, but also provide an opportunity for surface modification with conjugate
molecules and polymers. Depending on how strong the oxidation and delamination
conditions are, single layer, multi-layer stack or several carbon layers can be
obtained. These would properly be identified as single layer graphene oxide,
multilayer graphene oxide or graphite oxide, respectively, but these are generally
referred to as GO, also considering a range of different thicknesses are often
obtained. The deprotonation of carboxylic groups of GO sheets dominates the
colloidal stability and surface charge development, which can be modified by
increasing pH [61]. The uncharged but polar epoxides and hydroxyls allow for weak
interactions, hydrogen bonding and other surface reactions [28]. The solubility of
GO in solvents and hydrophilicity/ lipophilicity can be changed by loading different
molecules for functionalization. Besides, the unmodified areas of GO basal plane
contain free surface m electrons, similar to hydrophobicity of graphene. In other
words, GO is a kind of amphiphilic material, which allows different interactions
with other molecules. The multi-layered GO could be produced by the rough
oxidation of graphite in presence of oxidant reactants such as H2SO4, KMnOx,
H>0., and then dispersed in aqueous media by sonication or other processes.
Afterwards, repeated treatments, centrifugation and harsh environments produce
monolayer GO [62, 63]. A highly purified monolayer GO aqueous dispersion has
been prepared to concentration above 5 wt% [64]. Besides, the charges of carboxyl
groups could be shield with addition of salts, such as KCIl, NaCl and MgCl,,
consequentially, leading to an irreversible aggregation [65, 66], where divalent
cations were found to aggregate GO sheets more efficiently than monovalent
cations [66]. As the carboxyl groups are preferentially located at edges, smaller
sheets are more charged than larger ones, which provides an alternative method
(common method is centrifugation) to separate small sheets of GO from large ones
by adjusting pH or ionic strength [10]. Based on the scale production and good
dispersing ability of GO, it has been used widely in polymer composite materials.
However, the electrical properties of GO are limited due to the break of long-range
n-1 conjugation structure. Based on the good performance in dispersion and the
development of reduction technology, reduction of GO to obtain graphene
dispersion has attracted much attention.

rGO

rGO is prepared via the reduction of graphene oxide or graphite oxide, which
decreases the surface oxygen functional groups and mostly restores the sp?
conjugation structure. However, rGO can be obtained by variously oxidized states,
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which lead to the diversity of rGO in mechanical property, electrical property,
thermal conductivities, and dispersion properties. Moreover, the rGO could also be
different in layers: if it is monolayer or countable layer, it would be properly
referred to as reduced graphene oxide, instead, if the layer are not countable or
higher than 10, it should be referred to as reduced graphite oxide. However, this
terminally has not been generally agreed and many autors just use rGO, regardless
the thickness of the product, just the same as they call graphene particles that are in
fact GNP. The reduction degree is decided by reduction approaches and conditions.
The rGO could be obtained via different reduction approaches, involving thermal,
chemical and UV reductions [51, 67, 68]. The rGO tends to agglomerate and
precipitate in water since the reduction step increased hydrophobicity of sheets. One
option is adopting a modest reduction process that reserves more oxygen content
and reduces difficulties in the dispersion of rGO. The residual carboxylic acid
groups of rGO sheets assist solubility and stability. Li et al. [62] prepared water-
soluble rGO by using hydrazine monohydrate as reducing agent in ammonia
solution at pH 10. However, the dispersed concentration and size of rGO are still
limited in this way. To obtain a stable rGO dispersion with certain solubility,
dispersants are typically used. Shi et al. [69] dispersed rGO in an aqueous solution
by loading pyrenebutyrate (PB) towards rGO, as the large aromatic pyrene rings led
PB molecules assembled on rGO via n-n stacking and the hydrophilic carboxyl
groups induced repulsive interactions between rGO sheets. A frequently performed
dispersion process is to disperse GO in solvent and then in situ reduce the exfoliated
GO to generate a stable rGO dispersion. The used dispersant needs to be effective
in separating graphite oxide into GO sheets and stabilizing the reduced
counterparts. The reductants are also critical for forming final dispersions as the
reduction process manipulates the amount of residual oxygen-containing groups
and the quality of graphene sheets. Various reductants were used, including
hydrazine [70], sodium borohydride and its derivatives [71, 72], hydrohalic acid
[73], and sodium hydrosulfite [74, 75]. However, it was found commonly used
reductants could be toxic to human beings and/ or environment. Some green
reductants have been further studied, such as biomolecules, biomass waste biomass
and plastic waste materials [76, 77].

Graphene

In addition, the liquid phase exfoliation of graphite has been studied for
producing graphene flakes. Long-time sonication was applied in polar solvents for
breaking apart graphite and exfoliating it into single and few-layer graphene sheets.
The cavitation effects near graphite surface led to shockwaves caused by high-speed
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liquid jets (up to hundreds of meters per second) that damaged graphene surface
and weakened strong van der Waals interaction of adjacent layers [44]. The yield
and layers of graphene sheets relay on sonication time and power. For instance, the
graphene dispersion was presented with concentration of 0.3 mg/ml after sonication
400 h in aqueous solution with surfactant sodium cholate [78]. Furthermore, the
concentration of exfoliated graphene reached to 1.2 mg/ml and the monolayers
yields up to 4% when the process performed in solvent NMP with low-power
sonication for 460 h [79].

Figure 1.2 provides a simplified structure of G, GO and rGO. The dispersibility
of GRMs in water seems to be almost inversely proportional to its structural
integrity, thus, the dispersion performance follows the trend of GO > rGO >
graphene. It is difficult to improving dispersion of GRMs intensively without any
negative impact to the structure. Selecting a suitable graphene-based material based
on its end application is important because there is always a compromise between
resultant physical and corresponding properties.

graphene oxide (GO) reduced graphene oxide (rGO)

Figure 1.2 Structure of graphene (G), graphene oxide (GO) and reduced graphene
oxide (rGO). Reprinted from Ref. [80]

1.1.4 Covalent functionalization for GRMs dispersions

The covalent functionalization of graphene is a useful modification method for
improving liquid dispersion of GRMs as the interaction between graphene and
molecules is strong and the loaded molecules impart changes in the hydrophobicity
of GRMs flakes. GO is a commonly used starting material for covalent
functionalization due to the sufficient functional groups for covalent grafting small
organic molecules or polymers [59]. During covalent functionalization, different
reactions occur between molecules and functional groups of GO, leading to
differences in final graphene structures and properties. Figure 1.3 shows the
fundamental information of covalent functionalization of GRMs, in respect of
chemical reactions, functional groups involved in functionalization and the
modifying agents [81].
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Figure 1.3 Main information of covalent functionalization of graphene sheets,
including functional groups used in chemical reactions, grafting molecules and methods

Small organic molecules

In the early study, small organic molecules were used for covalent
functionalization of graphene materials by combining small molecules with the
oxygen-containing functional groups on GRMs. The attached new molecules with
different structures induced interesting properties, in particularly, the improved
dispersion performance in water and/or organic solvents. For instance, organophilic
graphene was prepared via reacting of GO and octadecylamine (ODA) followed by
reduction process [82, 83]. The amino of ODA covalent connected with carboxylic
acid or epoxy of GO, and the long octadecyl chain transforms the hydrophilic GO
to hydrophobic substance. The ODA functionalized graphene (ODA-G) dispersion
reveals solubility in THF, cyclohexane, toluene, DMF, and ethanol [81]. Wang et
al. [84] prepared hydrophilic GO sheets using allylamine at 90 °C for 0.5-2 h, which
led to the improved solubility of GO in water from 0.69 mg/ml to 1.55 mg/ml. He
[11] et al. prepared ethanol amine functionalized reduced graphene oxide (ETA-
rGO), revealing dispersed nanosheets with maximum width of 1 pm and thickness
of 0.8 nm in water. Functionalization of GO by imidazolium derivate has been
reported by Yang [85] et al. that 1-(3-aminopropyl)-imidazolium bromide (IL-NH>)
was attached to the epoxy groups of GO nanoplatelets. The imidazolium-modified
GO were stable for more than 3 months in water, DMF and DMSO due to improved
solubility and electrostatic inter-sheet repulsion provided by IL-NH> units.
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Polymers

With the research development of graphene functionalization, more and more
polymers have been applied to the covalent functionalization procedure based on
their apparent advantages. The polymer size could reduce significantly the cohesive
interaction of graphene sheets and improve the stability of graphene-based
dispersions. Besides, the presence of large number of functional groups in polymer
chains increases the interfacial interaction between graphene filler and polymer
matrix in graphene-polymer composites. Moreover, the structural parameters of
polymers are tuneable, including monomer type, topological structure, molecular
weight and electric property, which makes the covalent functionalization more
feasible and effective [11]. Generally, highly soluble and processable graphene
could be produced by grafting the synthetic polymers (“grafting-to” technique), or
by grafting polymer monomer followed by in situ polymerization (“grafting-from”
technique) [59]. The schematic diagram of grafting-from and grafting-to methods
for covalent functionalization is presented in Figure 1.4 [8].

Grafting-from Grafting-to

357

Figure 1.4 Schematic diagram of grafting-from and grafting-to methods to
functionalized graphene with polymers. Reprinted from Ref [8].

Different reactions occur in the grafting-to methods. The functionalized GO
was prepared through an esterification between carboxyl of GO and the hydroxyl
of polyvinyl alcohol (PVA), and this functionalized GO was further reduced to
produce a reduced graphene hybrid that is soluble in DMSO, or water in warm
condition [86]. Rani et al. have modified GO by direct amidation with aniline, 2-
aminothiazole, and 2-aminopyrimidine to synthesis the amide functionalized GO
(AGO), which resulted in the solubility in water, DMSO and DMF for months
stability [87]. In other cases, the former functionalization step of either graphene or
polymers is required for fabrication conjugated polymer-functionalized graphene-
based materials. For example, the GO was firstly acyl-chloride functionalized with
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SOCl,, then the esterification reaction occurs between functionalized GO and
CH>OH-terminated  regioregular  poly(3-hexylthiophene) (P3HT)  [88].
Additionally, the nitrene chemistry is a simple and efficient strategy allowing
various functional groups and polymers to covalently anchor on GO surface in one-
step reaction [8]. The azido terminated poly(ethylene glycol) (PEG) and
polystyrene (PS) chains were grafted on the graphene surface, and the PEG-
functionalized graphene showed better dispersibility and exfoliation in water, while
PS grafted graphene was dispersed better in chloroform, toluene and THF (Figure
1.5) [89]. Generally, the linkage reactions of polymers and graphene in grafting-to
method are diverse, and the solubility of polymer-functionalized graphene can be
adjusted from water-soluble to oil-soluble, from acidic to basic, and from polar to
non-polar by choosing a suitable grafting polymer. However, the steric hindrance
of polymer molecules influences their grafting density onto graphene. In addition,
the attachment of the polymer to graphene usually requires a long reaction time due
to the low diffusion constants of these macromolecules.

Ejﬂaili

Figure 1.5 Photographs of polystyrene and poly(ethylene glycol) functionalized
graphene nanosheets (G-N-PS and G-N-PEG1900) in various solvents. Reproduced with
permission from [89]. Copyright 2010, American Chemical Society.

The grafting-from is a modification approach based on the anchoring of
polymer-growth initiator on GRMs and followed by polymerization. This technique
allows the polymers to grow directly on graphene surface, thus avoiding the slow
reactivity during polymer grafting process. The length of the polymer chains and
the graft density could be adjusted by varying the amount of graft initiator and its
molar ratio to the polymer monomer [59]. Several grafting techniques are promoted,
including atom transfer radical polymerization (ATRP) [90], reversible addition
fragmentation chain transfer polymerization (RAFT) [91], polycondensation [92],
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ring opening polymerization (ROP) [93], and Ziegler-Natta polymerization [94].
The poly(dimethyl aminoethyl methacrylate) (PDMA) was synthesized from GO
surface via ATRP, which introducing amine group on GO firstly via amidation
reaction between 1,3-diaminopropane and GO, subsequently grafting initiator via
reaction of 2-bromo-2-methylpropionyl bromide with both the amine and hydroxyl
groups of GO, finally forming the PDMA from GO surface after in-situ ATRP of
monomer [95]. The final PDMA functionalized GO reveals significantly improved
solubility in acidic aqueous solutions and in short chain alcohol. Due to the good
control over the molecular weight, polymer composition and structure, the grafting-
from method has shown great potential in covalently functionalizing graphene
materials.

Yang et al. [96] compared the solubility of functionalized graphene sheets
prepared by grafting-to method and grafting-from method respectively. The
techniques of RAFT and click chemistry were used. Figure 1.6 displays the main
reactions in two approaches[96]. The graphene was firstly decorated with alkyne
groups using diazonium functionalization to form alkyne-functionalized graphene
(alkyne-FQG). In the grafting-to approach, various azide-capped polymers (polymer-
N3) were prepared by RAFT polymerization using azide-capped chain transfer
agents (CTAs-N3), then the formed polymers were grafted onto graphene sheets. In
the grafting-from approach, the CTAs were introduced onto graphene by interaction
of CTAs-N3 and modified graphene at first step, which followed by RAFT
polymerization to synthesis polymer chains on graphene. The grafting reaction,
polymer chain length and graft density were further compared (in Figure 1.7) [96].
Due to the steric hindrance of grafted polymers, the graft density in both approaches
were strongly associated with the polymer chain length, which is more obvious in
grafting-to method. The solubility of functionalized graphene flakes prepared via
grafting-from methods was much higher than that of samples from grafting-to
because of the longer polymer chain length.
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Figure 1.6 Synthesis of Alkyne-functionalized graphene (Alkyne-FG) and CTAs-
functionalized graphene (CTAs-FG) (a), RAFT polymerization of vinyl monomers with
CTAs-FG using ‘Grafting from’ method (b), RAFT polymerization of vinyl monomers
with Azido-CTAs (CTAs-N3) (c), Click Reaction of polymer-N3 to Alkyne-FG using
‘Grafting to’ method (d). Reproduced with permission from [96]. Copyright 2010,
American Chemical Society.
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Figure 1.7 PMMA-g/t-FG samples (green) from left to right have molecular weight
of PMMA-N3 ~2 500, ~5 000, ~10 000 and ~20 000 g- mol'. PMMA-g/f-FG (blue) from
left to right have weight ratios of the monomer MMA and initiator (2, 2'-azobis-(2-
methylpropionitrile, AIBN) [M]/[1] 2700, 1350 and 650. Reproduced with permission
from [96]. Copyright 2010, American Chemical Society.
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Grafting-to and grafting-from approaches have different advantages and
features in achieving covalent functionalization to graphene materials. Grafting-to
method gives rise to well defined and controlled grafted polymer chains, which
allows different grafting positions of polymers (at end, middle or branched chains).
There are different kinds of interactions between polymers and graphene materials
by taking use of different functional groups on GRMs. The major advantage of
grafting-from technique is the limited effect of steric hindrance on polymer growth.
The polymers typically connected on graphene via end of polymers in grafting-from
approach. This method also requires fine control to reaction condition,
concentration of initiator and substrate.

1.1.5 Non-covalent functionalization for GRMs dispersions

Compared to covalent functionalization, non-covalent functionalization of GRMs
is considered a better choice in reducing impact on the graphene structure and,
consequently, its properties [97, 98]. It depends mainly on the n-m interaction, van
der Waals force, hydrogen bonding and ionic interaction. In recent years, numerous
chemicals, involving surfactants and polymers (polyelectrolytes and biopolymers)
have been investigated to produce GRMs dispersions in water [48, 99, 100]. These
chemicals generally are bound to the graphene surface in purpose of minimizing
the interfacial energy and assisting the stabilization of nanosheets dispersion.

Surfactants

GRMs can be dispersed in water by non-covalent functionalization using
amphiphilic surfactants, which includes the commonly used traditional aliphatic
surfactants (i. . soaps) [101, 102] and the small polyaromatic dyes [63, 103, 104].
The polyaromatics, such as pyrene or perylene bearing polar groups, are indeed
known to strongly interact with graphene via n-n stacking thanks to their aromatic
structure, which provides sufficiently strong non-covalent bonding without
compromising graphene properties [103, 105, 106]. The surfactants can also be
classified as ionic or non-ionic surfactants based on their charges. Different
surfactants interactions have been studied such as surface adsorption, micelle
formation and/or m-m stacking [99, 107]. As a general principle, non-ionic
surfactants exploit the hydrophobic domains to absorb to graphene surface, and the
steric repulsion induced by hydrophilic heads spread into water to prevent re-
aggregation. This behaviour was found in n-dodecyl B-D-maltoside (DBDM),
perylenebisimide bolaamphiphile (PBI-Bola), different porphyrins and their
derivatives. On the other hand, ionic surfactants impart effective charges to
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graphene layers, leading to dispersions stability that can be altered via changing pH
or adding salt [101, 107]. Sodium dodecylbenzen sulfonate (SDBS), the firstly
investigated surfactant for graphite exfoliation, which possess an aromatic ionic
molecule with a polar sulfonate group and hydrophobic dodecyl chain attached to
benzene ring [102]. The suspensions with concentration of 0.002-0.05 mg/ml were
obtained with ~3% monolayer and ~45% multilayer (< 5 layers) graphene sheets
[102]. Nazari et al. [108] investigated graphene nanoplatelets aqueous dispersion in
different types of surfactants solutions, including anionic sodium dodecylsulfate
(SDS), anionic SDBS, cationic cetyltrimethylammonium bromide (CTAB) and
non-ionic nonylphenolethoxylate (NPE), where CTAB-containing GNP dispersion
showed the highest stability (it remained greater turbidity than other surfactants
even after 200h) and lowest graphene flake size (mostly 0-10 um). The molecular
dynamic simulation demonstrated better coverage of planar surface of GNP by
CTAB, while the SDS, SDBS were mainly absorbed on edge of GNP. Although it
has been reported that non-ionic surfactants show better performance in dispersing
GRMs than that of ionic surfactants, and the steric hindrance is more effective than
electrostatic repulsion [101], the contrast results were also reported in other cases
[105, 108]. The dispersion result depends on not only the type of ionic and non-
ionic surfactants selected, but also the dispersing parameters, such as surfactant
concentration, initial GRMs concentration, solution pH and solvents used.
Theoretically, the non-ionic surfactants with larger size are more effective than
smaller ones in increasing GRMs solubility in water (i.e. Brij30 vs. Brij700) due to
better steric hindrance. In case of ionic surfactants, the molecules with higher
electronegative functional groups are more competitive than others in driving
adsorption of surfactants onto graphene sheets, while some other factors to
dispersibility should also be considered, such as number and arrangement of
functional groups in surfactants, and the distance between charged functional
groups to their hydrophobic part. Recently, the mixed surfactants were studied for
stabilizing graphene-based dispersions. The dispersion of graphene in pure
surfactants of CTAB and SDS, as well as the mixture surfactants of cationic
SDS/CTAB 10:90 and anionic SDS/CTAB 90: 10 were compared using UV -visible
spectroscopy (UV-vis) in the study of M. Poorsargol et al., who discovered better
solubility of graphene sheets (higher absorption intensity in UV-vis) in pure SDS
and cationic SDS/CTAB 90:10 because the SDS’s shorter alkyl chain than CTAB
facilitates easier and stronger adsorption on graphene nanosheets [109].

Polymers
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The non-covalent bonding can also be obtained between polymers and GRMs
via different interactions. Similarly, the adhesion of polymer onto graphene and the
anti-aggregation force are required for maintaining a stable dispersion when ionic
or non-ionic polymers are used. Non-ionic polymer poly(vinylpyrrolidone) (PVP)
has been investigated to directly exfoliated high quality graphene from graphite
powder in aqueous solution, because it had a great affinity to graphite surface and
the N-substituted pyrrolidone rings of PVP resembles structure of NMP [110]. L.
Guardia et al. compared effect of a range of surfactants and polymers in producing
graphene dispersion, where non-ionic polymer Pluronic®P-123 yielding the highest
graphene concentration of 1.5mg/ ml after 5 h sonication [101]. Benefit from the -
© stacking, a number of pyrene-based polymers, such as pyrene-polyethylene glycol
(Py-PEG2k and Py-PEGsk), pyrene-polycaprolactone (Py-PCLj9 and Py-PCLasg)
[111], poly(pyrenemethyl acrylate)-b-poly[(polyethylene glycol) acrylate]
(polyPA-b-polyPEG-A) [112], pyrene-poly(2-N,NO -(dimethyl amino ethyl
acrylate) (Py-PDMAEA) and pyrene-poly(acrylic acid) (Py-PAA) [113] were also
investigated to exfoliate graphite and fabricate stable dispersions. In addition, the
hydrogen bonding was found between polyvinyl alcohol (PVA) and rGO in
preparing nanocomposites as the residual carboxyl and hydroxyl groups on rGO
surface interacted with hydroxyl of PVA [114, 115]. The hydrophobic interaction
was also employed for adhesion polymers to graphene surface. For example, the
biomolecule heparin consists of a relatively hydrophobic cellulose backbone, and a
dense hydrophilic network of negatively charged carboxylates and sulfonate
groups. The interaction of rGO and heparin is associated with the hydrophobic
character of the heparin backbone and the rGO surface, while the repulsive forces
between the charged surfaces of the composite keep it stable in aqueous biological
media dispersion [116].

Compared with surfactant molecules, the polymers have the variable molecular
weight and topological structure that make their dispersing ability to be tuneable,
more important, the polymer assisted GRMs dispersions can be directly processed
to fabricate composite materials.

Overall, a massive amount of research has been devoted to improving the liquid
dispersion of graphene and GRMs by using different strategies. Among them,
covalent functionalization provides strong and stable bonds between GRMs and
other species, which allows dispersibility regulation in different solvents by taking
use of functional groups of GRMs, typically GO. In contrast to the concept of
“grafting” in covalent functionalization, non-covalent functionalization of GRMs
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emphasizes the adsorption of molecules onto GRMs in a non-destructive way. It
will not damage the conjugated basal network of graphene, thus providing better
preservation of mechanical properties and inherent electronic properties.

1.2 Polyelectrolytes and polyelectrolyte functionalized
GRMs dispersions

1.2.1 Polyelectrolytes

Polyelectrolytes (PEs) is a class of macromolecular materials that could be
dissociated into highly charged polymeric chains when dissolved in a suitable
solvent, generally in water [117]. PEs can be classified as cationic, anionic or
zwitterionic type based on the group charges on the macromolecular chain. If the
group is ionic (i.e. based on an ionic bond), dissociation should be complete,
corresponding to a so-called strong PE whose charge is fixed. On the other hand,
partial dissociation is usually obtained from polar covalent bonds, that may
dissociate to produce ions, corresponding to a weak PE whose charge responds to
the local electrostatic environment by the chemical equilibrium known as ionization
[118-120]. Due to the partial or complete dissociation, the electrostatic intra- and
intermolecular interactions raise and that result in dramatic deviations of PEs
behaviours compared with an uncharged state.

Additionally, different stimuli were used to tune the PEs conformations and
properties such as pH, ionic strength and polarity of solvent. The ionic strength can
majorly alter PEs properties, like chain conformation, diffusion coefficients,
solution viscosity, polarizability, miscibility and so on [117, 121, 122]. The
conformation of PE chains depend on number of counterions strongly attached to
the backbone of the PE, the higher the number of counterions, the smaller the chain
size, which leads to the transition from extended to collapsed conformation [123].
. For the weak PEs, pH can influence the charge density and dispersing properties
by changing the degree of dissociation [124]. The PEs are highly attractive in
biomedicine, food and water treatment based on their sensitive to specific
conditions. Due to the abundant of charges on polyelectrolytes, they are used for
stabilizing, immobilizing or dispersing nanoparticles in liquid system. Many
studies on complexation of biomolecules and polyelectrolytes have been performed
out of interest in protein stabilization, immobilization and separation [121, 125]..
Figure 1.8 shows a typical spherical polyelectrolyte brushes, consisting of
polystyrene core and linear anionic polyelectrolyte grafted, polyacrylic acid (PAA)
[126]. Comparing with free PAA with random coil conformation in solution, the
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stretched-out conformation of PAA on colloidal particles provided enough space
for immobilization of protein molecules. In addition, it is also reported that the PEs
were useful for dispersing carbon nanotubes (CNTs), by attaching covalently to
nanotubes surface [127] or via non-covalent modification [128, 129].

Figure 1.8 Structure of confined PAA on a nanoparticle surface. R is the radius of a
polystyrene nanoparticle, D is the average distance between two PAA chains, and L is the
thickness of PAA layer attached on the nanoparticle. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: [Springer Nature] [Colloid and Polymer
Science] [126] Copyright 2019

1.2.2 PE-functionalized GRMs for aqueous dispersion

Similarly to un-charged polymers using for GRMs dispersion, the hydrophobic part
or aromatic structure in PEs might also be considered for the preparation of GRMs
water suspension, because PE is water soluble and its substantial amount of charges
provide repulsive force to limit re-stacking of graphene sheets [97, 130]. For
instance, poly(styrenesulfonate) (PSS) has been served for stabilizing graphene
nanoplatelets suspension because its benzene rings offer the possibility for m-n
stacking with graphene sheets, meanwhile the sulfophenyl groups allow rGO to be
hydrophilic [131-133]. The stable graphene sheets dispersion in water was achieved
via exfoliation/in-situ reduction of graphite oxide in presence of PSS [133]. With
concentration lower than 0.1 mg/ml, the dispersion obtained after 30 min sonication
could be stable for over one year, while a certain amount of precipitate appeared
after several days in higher concentrated dispersions [133]. In the non-covalent
modification, the high concentration of PSS is required for preventing aggregation
of graphene sheets, usually 10 folds to rGO in weight ratio. In previous literature,
PEs have been widely investigated in amount of empirical tests to facilitate the
dispersion of GRMs by combining with other different auxiliary means, including
the use or addition of organic solvents/surfactants [134, 135], in-situ reduction of
GO to form covalent or non-covalent functionalization [ 136, 137], and modification
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of polyelectrolytes, like pyrene-terminated polyacrylic acid (py-PAA) [111, 113].
In order to achieve aqueous dispersions of GRMs, the combined use of PEs and
other dispersants was recently investigated. The hexadecyltrimethylammonium
(CTAB)-exfoliated graphite followed by branched poly(ethylenimine) (BPEI)
modification [134] was reported to produce a stable graphene dispersion with
maximum concentration of 0.55 mg/ml, which was even more stable when using
BPEI with higher molecular weight. In addition, the exfoliation and reduction of
GO in presence/assistance of PEs were investigated. They are to exploit the strong
ionic and/or hydrogen-bond interaction occurring between GO and PEs by
performing the GO reduction in presence of the PE of selected [115, 138, 139] or
GO reduction followed by in situ living free radical polymerization [140]. During
the radical polymerization of PAA, the charged polymer is wrapped onto the
graphene sheets because the radical initiators can activate graphene sheet to open
n-bonds and allow graphene to participate in polymerization process[141]. It was
reported that hydrogen-bond interaction occurring between carboxymethyl
cellulose (CMC) and rGO by performing the GO reduction and then ultrasonication
with CMC [139]. Interestingly, few PEs can yield synergistic reduction effects
while  exerting their main  stabilizing  function. For instance,
Poly(diallyldimethylammonium chloride) (PDAC) not only induces the reduction
process but also improves the stability of the resulting PDAC modified rGO
(PDAC-rGO) dispersions due to electrostatic repulsion [142-144]. Chitosan (CS)
was used as both a reductant and a stabilizing agent to prepare stable RGO
suspensions [145]. Although the literature background has clearly highlighted the
potentialities of different PEs in producing rGO dispersions, there are only few
research works focused on the direct stabilization graphene sheets with only
assistance of PEs. Viinikanoja et al. [146] compared some ionic molecules
including six ionic surfactants and two PEs, in which the best colloidal stability,
based on zeta potential of graphene flakes were obtained with PSS and BPEI. Lu et
al. [147] studied stability of aqueous suspensions of exfoliated graphite
nanoplatelets (GNP) with few polyelectrolytes, namely PDAC, PSS, BPEI or PAA,
showing that approximately half of the initial GNP was retained after 48 h in PSS
and BPEI dispersions.

As mentioned before, the morphology and properties of PEs responds to the
local electrostatic environment, thus that could further influence the dispersion of
GRMs when pH, ionic strength changed. The stability of BPEI dispersed graphene
suspension increased at lower pH due to the increasing of electrostatic repulsion
between graphene sheets by adsorption of PEI molecules, while aggregation of
graphene sheets could be induced at high salt concentration [134]. The pH
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responsive behaviour of the chitosan dispersed rGO suspension was also observed
as the alterations of molecular conformation and charging state of chitosan [136].
These environmental parameters sensitive stability performance makes the
dispersion system highly desirable and to be potential in biological and medical
applications.

Numerous studies have been carried out on PE covalently or non-covalently
functionalized GRMs and their dispersions, which connects the GRMs dispersion
with polymers, providing a shortcut for the preparation of graphene/polymer
composites. For the aqueous PEs dispersed GRMs, the step of solvent removal is
eliminated which is a critical step when using organic solvent and other ionic
molecules for GRMs stabilization. Nevertheless, how to improve the adsorption
capacity and adsorption strength of molecules to GRM surface, and improve the
higher stabilization efficiency still need to be further explored.

1.3 Polyelectrolyte complexes

1.3.1 Polyelectrolytes complexes and polyelectrolyte multilayers

A major characteristic of polyelectrolytes is the tendency to complex with
oppositely charged one(s), forming polyelectrolyte complexes (PECs) or
polyelectrolyte multilayers (PEMs). The electrostatic interaction accounts for the
main effect for polymer chains bonding, other interactions, like hydrogen bonding,
ionic dipole forces and hydrophobic interactions could also be included in some
PECs [148].

Based on the thermodynamic contributions, the formation of PEC benefits from
the entropy gained by releasing counterions [149-151]. PE molecules in aqueous
solution are surrounded by the electrical double layer, which limit the motion of
counterions closing to the ionic sites of PE chains. When the ionic groups of the
opposite charged PEs interacted during complexation, the double layer is destroyed
to a certain extent and these counterions are released. The fundamental interaction
in a PEC is represented in equilibrium (1-4) [152]:

Pol* Az, + Pol™Cg, = Pol*Polg + Ay, + Cg (1-4)

Where Pol™ and Pol" are respective polyanion and polycation repeat units, A~
and C* are counteranion and countercation respectively. The subscript s represents
PEC phase and ag refers to a solution phase. Therefore, the formation of PEC is
favourable as the counterions release increases entropy and decreases the free
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energy in system. The complexes formation also leads to the loss of freedom degree
of PE chains that contributes to the entropy change, however, this loss is small
compared with the entropy gain origin from counterions release [153]. The PEMs
are established by self-assembly of polycations and polyanions from diluted
solution onto a charged substrate, the widely used technique is called layer-by-layer
electrostatic self-assembly (LbL) [154]. The thermodynamic contribution for the
PEMs formation is similar to PEC, the entropy increases due to the release of
counterions. Most of PEMs have been found to contain a very small numbers of
counterions because they are removed during deposition and subsequent rinsing
steps. Another entropy contribution to free energy change in LbL assembly is the
release of solvent molecules from the hydration shell [148]. Thus, enhancing the
electrostatic interaction during complexation is benefit to both of the PEC formation
and PEM build-up because of the dropped free energy.
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Figure 1.9 The formation of PEC in solution with counterions release (a) and PEM
fabrication via LbL (b).

The complexation process of PEC can be usually divided into three steps,
primary complex formation, intracomplex and intercomplex/ aggregation process
[121, 148]. In the step one, the primary complexes formed immediately via
electrostatic interaction after mixing oppositely charged PEs solutions. Then, new
electrostatic bonds form and chains rearrangement occurs in 1-2 h that forms the
PEC particles. At last, the intermediate complexes further aggregate to larger
structures through hydrophobic interactions. The aggregation process can be
accelerated via stirring. Similar to the formation of PEC, the deposition of PEM
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shows two steps: a fast adsorption followed by a slow rearrangement. The PE
molecules move to surface in few seconds as the electrostatic attraction, and then
they move within layers and change conformation in few hours. The formation in
PEC and PEM is affected by both polymer structure and complexation conditions.
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aggregation
4 ‘ e
g primary secondary
polycation PEC particles PEC particles

Figure 1.10 The processes occurring during mixing of PE solutions and formation of
PEC particles [155]. Copyright 2012, American Chemical Society.

On a macroscopic level, the complexation process results in aggregated
polymers and phase separation from a solution state into a highly diluted
supernatant phase and a dense polymer-rich phase. The resulted dense phase could
be solid-like precipitate or liquid-like coacervate (the loosely associated PEs with
more liquid-like properties) depending on the interaction strength between PEs
chains. The coacervate is a reversible and equilibrium phase near charge neutrality,
which can be considered as a semidilute solution mediated by dynamic rearranging
ion pairs between many distinct polymer chains [156, 157]. The coacervates have
been studied as potential biopolymers with applications in cosmetic, food,
pharmaceutical and biomedicine industry. Nevertheless, the formation of solid
precipitate is a kinetically controlled process via strong attractive interaction of PEs,
which is irrespective of the mixing stoichiometry [157]. The precipitates show stiff
or rubber-like properties and are opaque due to intrinsic inhomogeneity [158]. The
solid PECs are generally assumed to be a kinetically arrested glassy state [156]. The
morphology of PEC is controlled by the balance of water, polymers and salt ions
within the complexes. When the “doping” salt (counterions) concentration is
increased, the intrinsic charge compensation (Pol" Pol") transfers into extrinsic
charge compensation (Pol” M", Pol” A") and eventually resulting in the dissociated
PE chains, therefore the morphologies of PECs can be altered from dense
precipitates to polyelectrolyte coacervates, or even a PEs solution[120, 159]. The
intrinsic and extrinsic ionic pairs has been proposed [160] and shown in Figure
1.11. The transition of solid complex to coacervate leads to a dramatic decrease of
viscosity and storage modulus as the physical cross-link of PE chains is contribute
only by intrinsic interaction [ 156]. In addition, the ion-pairing strength and complex
morphology (precipitates or coacervates) could be influenced by hydrophobicity of
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PEs, where the more hydrophilic PECs tend to be weakly associated with each other
and form coacervates , small primary amines bind strongly, carboxylates bind
weakly, and aromatic sulfonates interact more strongly than aliphatic ones [161].
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Figure 1.11 Representation of intrinsic and extrinsic compensation in PEC [160]

As there is abound of water in the dense polymer-rich phase, the PEC is usually
densified by ultracentrifugation [160], extrusion [152], hot-pressing (compression
moulding) [162] or sedimentation/evaporation [163]. The obtained dense solids are
called compacted polyelectrolyte complexes (CoPECs). During compaction, much
of water is removed and the aggregated structures are forced together.
Centrifugation is a commonly used method to separate PEC and water via
centrifugal force, but the CoPEC:s still contains pores and voids after drying [160].
Unlike the macroporous CoPEC prepared by centrifugation, extrusion process
eliminates most of water and porous, resulting in a dense material that is less
deformable [152]. Salt has been found to be useful in plasticizing PEC and blending
the PEs under strong shear force during extrusion process [152]. It is notable to
maintain sort of water in starting PEC for extrusion and hot-pressing as the dry PEC
is brittle and impossible to be processed. The hot-pressing is a method applied to
fabricate CoPEC films with desired shape and thickness [162, 164].

On the other hand, the PEMs are fabricated by repeatedly assembling
oppositely charged PEs because the overcompensation of charges on deposited
layer makes sure the adsorption of subsequently opposite charged PE chains and
the formation of stable multilayer [165]. The deposition amount and multilayer
thickness follow either linear or exponential growth mechanism [166-168]. In linear
growth of PEMs, the charge inversion during each deposition is independent from
deposited layer number, thus the increased mass for each layer is also constant that
is typically found for PEs with high charge density. The PEMs fabricated with
linear growth exhibit more controlled film structure and composition. In general,
these films show low swelling and low solution transport due to the high degree of
ionic crosslinking. However, the PEs with low charge density, low molecular
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weight, high flexibility of the polymer chains and better hydrophilicity are
favourable for the exponential growth of PEMs [148]. In the exponential growth,
the incoming PE molecules acting as free polyions that not only interact with outer
surface, but also enter multilayer structure. These polyions move to the surface to
increase the surface net charges and then complex with opposite charged polymer
chains during rinsing. Thus, more and more PE chains can diffuse in and out during
LbL assembly, and the mass increment is varied with layer number increasing.
These obtained PEMs can be considered similar to coacervate in PECs since they
both have the loosely associated PEs and more liquid like properties. The permeable
property of exponential growth films makes them to be effective in exchange
process. Moreover, it should be noted that the growth mechanism in some of PEMs
could be tuned with modifying LbL condition. For instance, in the alternating
adsorption of poly(allyl amine hydrochloride) (PAH) and poly(acrylic acid) (PAA),
different growth laws and properties were found depending to the pH value during
deposition [168]. The identity of PEs and the interaction between PEs determine
the thickness, roughness and wettability of PEMS. PEMs are recognized as
materials with the potential for biomedical and environmental applications [169].

1.3.2 Parameters affecting the formation and properties of PEC

The formation and properties of PECs can be controlled by varying certain
parameters including the structure parameters (like charge density and molecular
size), media parameters (PE concentration, pH, ionic strength of react medium and
salt concentration) and preparation parameters (mixing order, temperature, mixing
ratio and so on).

The salt concentration is a significant parameter to control the cross-linking
density and PECs’ properties as the salt can transfer the intrinsic sites between
polymer/polymer ion pairs into extrinsic sites of polymer/counterion pairs. The salt
interacts with PEs based on the following equilibrium (1-5). M" and 4" are salt
cations and salt anions respectively. The doping equilibrium is summarized by
equation (1-6) [149], in which the salt doping level ¢ is defined as the ratio of
extrinsic ion pairs to total ion pairs in PECs, and (/-¢) is therefore the fraction of
intrinsic ion pairs. With salt concentration increased, the association and cross-link
of polymer chains became looser, until the number of the intrinsic ion pairs is not
sufficient to maintain a polymer-dense phase and PEC dissociates, the salt
concentration at this transform point is called critical salt concentration [170]. The
doping level varies from 0 where no extrinsic charge compensation exists, to 1
where no intrinsic charge compensation exists. Besides, salt ions were found to
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partition preferentially in supernatant phase compared to polymer-rich coacervate
or precipitate phase due to the excluded volume effects [171, 172]. Since salt ions
provide additional free volume for polymer chain motion and weaken ion pairing
of Pol" and Pol", which leads to the weakness in mechanical properties and decrease
in glass transition temperature (Tg). The Tg of PDAC/PSS with 24 wt% water
decreased from 70 °C to 32 °C when the salt concentration increased from 0 to 1.5
M [173]. Additionally, the room temperature mending and self-healing process of
PAA/PAH were faster and more complete with increasing salt concentration, which
caused the fast inter-diffusion of polymer chains at the incision [174]. The self-
healing ability of BPEI/PAA was improved after being exposed to NaCl solution,
while it became more rigid after exposure in transition metal ion containing salt
(CuCly) [164]. Not only salt concentration, but also salt type affects the
complexation in polyanion and polycation [175, 176]. Dautzenberg et al. [175]
studied the response of  different PECs, PSS/PDAC poly(methacrylate)
(PMA)/PDAC, to addition of various chloride salts, including LiCl, NaCl, KClI,
CaCl,, MgCl,, AlCI3, and FeCls, in which the ion radius of monovalent cations had
essentially no effects on the response of PECs, but the multivalent cation brought
about rapid flocculation of complexes, especially in the case of polyanion-excess
complexes. Considering the strong power of salt to PEC fabrication, stability and
physic-mechanical properties, interaction of salt and PEs, salt and PECs have been
widely investigated in recent years.

Pol* Poly, + oMz, + @Az, = Pol*A, + Pol™M (1-5)

_ ¢* (1-6)
Kaow = A=) MaR

For the weak PE involved PECs and PEMs, the formation process and the
properties could be strongly influenced by pH. During the fabrication of PAA/PAH
multilayers, the layer thickness is depends greatly on the pH of PAA and PAH
[177]. Larson et al. studied the effects of pH and concentration on the complexation
behaviour of PAA- poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) -
KCl and PAA-PDAC-KCI , where the critical salt concentration for phase
separation increased with increasing of PE ionization degree [178]. Rydzek et al.
prepared poly-(methacrylic acid) (PMAA)/PAH CoPEC by mixing two polymers
in an equimolar concentration at pH 7 and investigated the response of fabricated
(PMAA)/PAH complexes to pH changes, including composition, charge balance,
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microstructure, water content and cross-link points [179]. They found that the most
of reticulations points of PMAA and PAA were reserved from pH 7 to 4.5, while at
PH 3 and pH 9, the extrinsic charge compensation was predominant, indicating the
breakage of PMAA/PAH bonds and increased doping rate of carboxylate groups.
These structure variations of PMAA/PAA indicates the differences in composite’s
mechanical property and porosity, in brief, stiffer and more porous PEC was
obtained owing to poor solubility of PMMA at low pH, and ductile softer PEC with
modest porosity was formed at high pH resulting from the intake of counterions. In
addition, the PE condition (concentration and PE molecular weight) and mixing
condition (mixing ration and order) could directly affect the PEC products in
structure, morphology and/ or stability. In general, the size of the formed PEC
particles increases with increasing polymer concentration, while the complexes
dispersion, polydispersity index could be constant or unstable with variation of
concentration [148, 180]. During the titration process of poly(acrylate) (PA) with
PAH, or in opposite direction, no phase separation was observed at low PE
concentration (C titrand < 1x10 > mol L) and no electrolyte present. In contrast, the
coalescence with smaller primary complexes resulting in flocculation occurs near
the equivalence by increasing PE concentration [181]. In the early study of
polyelectrolyte complexation, it was reported that the constant binding between two
oppositely charged PEs is associated with the number of contact point, which could
be determined by molecular weight of PEs. The association of PEs has shown a
preference to the components with higher molecular weight, the range of phase
separation (flocculation and/or coacervation) enlarged by increasing molecular
weight of molecules [182]. Monte Carlo simulations suggested that when the
applied PEs have same length and the amount of both PEs are nearly equal, the
tendency to form large clusters of PECs reached a maximum, however, when one
of PEs is shorter, the propensity to form large clusters decreased and the
fluctuations in cluster charge increased [183]. In the complexes system of
PAA/PDAC, the PAA with lower molecular weight didn’t show a pH-responsive
conformational change, but the different electron spin resonance (ESR)
spectroscopy was found in bigger-sized PAA at different pH, which could lead to
the different complexation behaviour of PAA and other molecules [184]. On the
other hand, using longer PAA chains (38k Da) to mix with PDAC at extremely low
mixing ratio (molar ratio of PAA/PDAC=0.01), the PEC nanoparticles formed with
radius 300 nm, while the soluble complexes were formed using short PAA chains
(2k Da) at the same mixing condition [185].

The relative ratio of components determines the morphology, structure and
stability of PECs. Stoichiometric mixing of PEs with comparable molecular weight
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usually forms highly aggregated and insoluble complexes, however, a non-
stoichiometric ratios could result in smaller complexes [153]. A complex having
extremely low/high content of polycation (or polyanion) is colloidal stable as the
hairy shell of excess charges covered hydrophobic core, while the neutral
condensed coacervate droplets formed when the mixing ratio of polycation and
polyanion is close to 1, which leads to the instability of complexes in liquid phase
[148, 157, 183, 185]. The transition boundary of nano-sized stable complexes and
insoluble unstable aggregates could be changed by salt: with increasing salt
concentration ,the nanoparticles incline to flocculate and further dissociate [186].
Additionally, the highest ionic crosslink density of compact PAH/PAA was
obtained at a stoichiometric ratio (1:1) of PAA to PAH, thus causing the highest
storage modulus and loss modulus and the lowest water content [187]. On the other
hand, the mixing order could also influence the formation of complexes. A two-step
behaviour in thermodynamic titration of PDAC and sodium polyacrylate (PANa)
(addition of PDAC to PANa or vice-versa) was observed: the primary process was
the formation of highly charged complexes in size of 100 nm, then these charged
complexes transformed towards coacervate droplet at around charge stoichiometry,
which was referred as the second process. The results indicated that 1) the
complexes formation was endothermic for both mixing orders, with small positive
enthalpies (+(3.4-5.0) kJ mol ™) and large positive entropies (+(83-98) J mol! K'!);
2) the coacervate transition was exothermic for the addition of PDAC in PANa (-
(2.1-3.0) kJ mol "), and endothermic for versa order (+(2.5-7.0) kJ mol™), while
their entropies were both positive with number of (+(60-90) J mol™! K! and +(90-
110) J mol™! K-!, which indicates the entropically driven in PEC formation [188].

1.4 Incorporation of organic and in-organic particles into
PECs

In the last decades, the incorporation of particles or molecules into PEMs and PECs
has attracted great interest as potential composite materials in pharmaceutical and
biomedical fields. The loaded active substances include drugs, proteins, peptides
and other bioactive molecules. With the developments particles loading and
releasing in PECs, other incorporated molecules have been explored into PEMs and
PECs for extending applications, such as polyoxometalates (POMs), single- or
multi-walled carbon nanotubes, GRMs, and other inorganic nanoparticles. In
general, there are four different ways for the incorporation of active substances in
PEMs or PECs [121]:

1) Entrapment of active substances in solution during complexation,
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2) Adsorption of active substances by PEC with special structures, like porous
materials or gels with sponge-like properties,

3) Chemical bonding between active components and PEs,
4) Employment of the active compounds as a partner of PEC formation.

The incorporation is affected by size, shape, charge and concentration of
particles, as well as external parameters like ionic strength, pH and temperature.

1.4.1 Incorporation of proteins, drugs and bioactive molecules

A large number of bioactive substances, involving drugs, enzymes, proteins and
liposomes, have been incorporated into PEMs and PECs for drug-releasing [189,
190]. The incorporation of bioactive molecules with PEs could be achieved either
by encapsulating drugs or other bioactive components within a shell made of
alternating anionic and cationic PEs, or by the adsorption within PEM nanofilms.
Different strategies were applied to the loading and release of bioactive particles
according to their structure and properties. The small charged drugs could directly
participate in the PECs or PEMs fabrication, for example, cefazolin and gentamicin
incorporated into poly-1-lysine/ poly-1-glutamic acid (PLL/PLGA) multilayer based
on the electrostatic interaction [191]. The drug binding-sites within the PECs can
be tuned simply by changing pH of solutions when the weak PEs were applied,
which provided an effective method to control drug adsorption/ release. In the case
of small, uncharged, hydrophobic molecules, the integration of amphiphilic block
copolymer micelles was used, which provide a hydrophobic core to isolate drugs
and a charged hydrophilic part to interact with the oppositely charged PE [192-194].
In addition, building microporous and/ or nanoporous structure is benefits to
improve molecules adsorption. The microporous structure of PEI/PAA multilayers
fabricated by freeze drying technique was used to load high content of hydrophobic
drug, and these porous were healed via exposure to saturated humidity [195]. This
healable porous PEI/PAA is favourable for the long-term sustained release of drugs.
Proteins are long chain of polypeptides with particular sequences that are folded
into globular structures by secondary intermolecular interactions, containing both
positively and negatively charged amino acids as well as other amino acids [196].
Thus, the protein can complex with oppositely charged homo or block PEs to form
bulk or micellar complexes. Generally, proteins are weakly charged
macromolecules with low charge density but in a mon-uniform distribution. To
enable their surface properties to be standardized, in recent studies the protein was
complexed with PE to obtain protein-polyelectrolyte complex (PPC), which can be
assembled via LbL assembly with another oppositely charged PE [197, 198].
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1.4.2 Incorporation of metal nanoparticles

The tantalizing potential of PECs as sorbents or ion-exchange materials inspired
investigators’ interest in the incorporation of metal ions in macromolecule
assemblies. The adsorption of metal ions from solutions is a useful method to
embedded metal ions into PEMs, these multilayers could be further applied as
precursors for polymer-metal nanoparticles fabrication. For instance, the Ag
nanoparticles enriched nanocomposite films with improved catalytic and electrical
properties were prepared by reducing PEC multilayer film containing Ag" (PAA-
(PELi-Ag'/PAAo4s5)) [199]. The metal ions in PECs or PEMs could be reduced into
metal nanoparticles via chemical reduction or radiation reduction. The chemical
reducer includes aluminium hydrides, borohydride, hypophosphites, formaldehyde
and others [200-202]. Highly connected PEs capped Pt nanoparticles were
fabricated by alternately soaking electrodes in PSS and Pt-PDAC nanoparticles
dispersions, where the Pt nanoparticles were reduced from PtCls >~ ions using
reducer NaBH4 in presence of PDAC [203]. Besides, PDAC has been proved to be
considered as stabilizer for Au nanoparticles [142], or the reducer and encapsulate
to Au particles [204]. On the other hand, the X-ray irradiation induced preparation
of metal particles (copper, silver and gold) in coatings of PEI-PSS and PEI-PAA
complexes, revealing an improved antibacterial activity [205]. The preparation of
metal-polymer composite with a variable size of metal nanoparticles has driven the
development in catalytic, antibacterial and magnetic materials.

1.4.3 Incorporation with silica, carbon nanotubes, GRMs and other
inorganic particles

In the previous literature, the fabrication of organic/inorganic nanocomposites has
been widely studied as the incorporation of inorganic fillers in a polymer matrix
usually increases the strength and stiffness, as well as other properties. Beside of
metal-based nanoparticles, a number of inorganic compounds with different shapes
and sizes have been investigated for doping PECs and PEMs. PEC-silica hybrid
colloidal particles have been synthesized by using negatively charged PEC
micelles, nonstoichiometric complexation of polycation poly(L-lysine) (PLL) and
PLGA, PSS, or PAA, as colloidal templates for silica mineralization [206]. The
amino groups of PLL interacted with orthosilicic acid/ silicate oligomers, leading
to the aggregation of silicate precursor near amino groups and polycondensation of
orthosilicic acid. As reported in Figure 1.12, the polycation induced silica
mineralization, the excess negative charges of PEC endowed the hybrid particles
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with good colloidal stability. The size, charges of PEC-silica particles and the chain
conformation of complex were determined by mixing ratio of polyanion and
polycation, and the molecular weight of polymers. In addition, SiO> nanoparticles
were finely dispersed in PEC nanohybrid membranes due to the pre-dispersion of
SiO2 nanoparticles in low viscosity anionic PE solutions and the in situ
incorporation with polycations during complexation [207].
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Figure 1.12 Schematic diagram of formation of polyanion-decorated PEC-silica
particles (a) and the charge change on particles with varying pH (b). Reprinted from
[206], Copyright (2015), with permission from Elsevier.

Nanocalys are nanosized phyllosilicate minerals with layered structure units,
which bear a net surface charge resulting from isomorphic substitutions [208]. The
nanoclay particles are very fine, and the charges between particles induce their
stability in dispersions. The cationic PEs have been used in coagulation-flocculation
processes of clays as the adsorption of polymer chains on particles resulted in the
surface charge neutralization. The clay could also be used for improving
mechanical, impermeability and flame retardancy properties of PECs. It was found
that the montmorillonite (MMT) clay increased the degree of swelling, mechanical
resistance, improved thermal stability of hydrogel PEC based on pectin, chitosan
and MMT [209]. The kaolinite clay decorated PAA/PEI coacervate was prepared
and deposited onto poly(ethylene terephthalate) (PET) film showing a high oxygen
barrier [210].

Carbon nanotubes (CNTs) are one-dimensional tubular forms of sp? carbon,
which possess unique electronic, mechanical and thermal properties and have wide
applications in transistors, sensor technology, and biomedical material [211]. The
incorporation of CNTs into PEMs and PECs requires a good miscibility of the
components, especially for composites emphasizing CNTs reinforcement.
Therefore, to overcome the high attraction between individual CNTs and achieve a
solubility in organic or aqueous media, different strategies including covalent
functionalization, oxidative cutting of the tubes, and noncovalent surfactant
adsorption have been applied [212]. Unmodified CNTs are electrically neutral,
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while oxidatively shorten CNTs can electrostatically interact with polycations as
oxidation induced the formation of anionic groups (carboxylates) at open tube ends
and side walls [213]. Thus, the combination of carboxylated CNTs and PEs has
been studied, such as PDAC/multiwall carbon nanotube (MWNT) multilayers
[214], nanocomposite of PDAC@CNTs-CMCNa bulk PEC [215]. For the
noncovalent method, pyrene derivatives were used as the bridge of CNTs and PEs,
indeed, they connected with CNTs via n—r stacking and simultaneously endowed
surface charges to CNTs for further complexation with PEs, which is revealed in
Figure 1.13 [212, 216]. This method not only retains the desired structure and
properties of CNTs, but also allows fabrication of CNTs-based films with arbitrary
composition and architecture as it enabled CNTs electrostatically connect with
cationic PEs, anionic PEs, or even only oppositely charged CNTs.
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Figure 1.13 Schematic diagram of the carbon nanotube noncovalent modification in
LbL electrostatic self-assembly. Reproduced with permission from [216]. Copyright
2012, American Chemical Society.

As an important two-dimensional carbon material with extremely good
performance in mechanical strength, thermal conductivity, electrical conductivity
and light transmittance, graphene and GRMs are considered as useful fillers to
improve physico-chemical properties of PECs. Similar to CNTs, the unmodified
graphene sheets are inclined to stack together to form multi-layered aggregates or
even graphite, therefore, insolubility in common solvents, this has been fully
discussed in 1.1. Inspired from the study of CNTs, oxidation of graphene/ using GO
is a commonly reported solution to improve the compatibility with PECs. The
presence of oxygen-containing functional groups allows GO to be easily exfoliated
and to be dispersed in range of solvents. Considering the favourable structure
feature of GO, various types of GO-containing PEM films and PEC scaffolds have
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been developed. Zhang et al. [217] successfully fabricated GO decorated PEI/PAA
dye-removing membrane by sequentially assembling of PEI-modified GO and PAA
onto supporting substance, shown in Figure 1.14. Besides, the GO incorporated
PEC membranes could also be obtained via solution casting of GO-PEC
nanoparticles dispersions [218, 219]. The bulk materials of GO decorated PECs
were fabricated via one-pot solution precipitation process, for instance, the
BPEI/GO/PAA composites was fabricated by mixing GO/PAA dispersion and
BPEI solution at a specific pH, in which GO (0 -12.6 wt%) restrained the viscous
flow of complex and further improved the mechanical strength [220]. The
electrostatic interaction was commonly used in assembly of the GO and PEs, while
other interactions could also be observed in GO decorated PECs and PEMs. For

instance, GO was dispersed homogeneously in poly (4- styrenesulfonic acid)
(PSSA)/polyvinyl alcohol (PVA) blend matrix by colloidal processing and
effectively reinforced the dielectric constant, which benefits from the strong
interfacial interaction of hydrogen bonding between PSSA, PVA and GO [218].

Bepeat

Figure 1.14 Fabrication of GO incorporated PEI/PAA nanohybrid membranes.
Reprinted from [217], Copyright (2012), with permission from Elsevier.

Compared to GO, rGO was studied for incorporation into PEC due to its mostly
recovered sp’ conjugation structure and better electrical properties. Different
strategies have been explored to improve the dispersibility and compatibility of rGO
and PEC matrix. The rGO decorated PECs are usually fabricated via three steps of
GO dispersion, reduction of GO in presence of PEs, and complexation of oppositely
charged PEs with rGO [221-224]. During dispersion process, the GO sheets could
be dispersed in at least one kind of PEs, polycation and/or polyanion. The
carboxylic group of GO was firstly conjugated to BPEI and then be reduced with
hydrazine monohydrate, thus the formed BPEI-rGO was further complexed with
polyethylene glycol (PEG) through 1,1’-carbonyldiimidazole (CDI) coupling, this
obtained nanocomposite showed improved colloidal stability and photothermal
response [221]. In another case, GO dispersion was slowly dropped into PDAC and
PSSNa solutions followed by sonication and chemical reduction to obtain
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homogeneous dispersions of PDAC-rGO and PSSNa-rGO using for building
antibacterial PEMs [222, 223]. These rGO-PSS/PDAC multilayers killed more than
90% of airborne bacteria within minutes of solar irradiation, since the rGO acts as
a near-infrared photothermal converter to produce rapid localized heating [223].
Except for common chemical reducing agents hydrazine, sodium borohydride, and
hydrogen sulphide, other environmentally friendly materials, such as amino acid
and polyphenols [225, 226], or different reduction method, like electrochemical
reduction [227] have been developed to produce rGO during fabrication of PEMs
and PECs. The reduction was done with fenugreek seed extract, then the obtained
rGO could be dispersed in xanthan gum (XG) solution and further complexed with
chitosan (CS) in the presence of d-galactone (GDL) as an acidifying agent [228].
The GDL created acidic condition for dissociation of CS as the amino groups of D-
glucosamine residues turned to cationic ammonium ions at a pH lower than 6. This
developed rGO decorated XG/CS PEC hydrogel shows potential in specific would
dressing applications due to high antibacterial activity [228]. In addition, the
excellent robustness and highly efficient healing property have been achieved by
LbL assembly of PAA with complexes of BPEI grafted with ferrocene (BPEI-Fc)
and rGO nanosheets modified with 3-cyclodextrin (GO-CD) [229].

Another strategy to obtain rGO-containing PECs is in-situ polymerization of
PE in presence of GRMs. Ma and co-workers [140] prepared the stable graphene
sheets dispersion via an exfoliation/in situ reduction of GO followed by in situ
polymerization of PAA, which was further used to build the PAA-rGO/PDAC-
Prussian Blue (PB) multilayer by LbL technique. The polymerization was applied
in both PAA and PAM during preparing rGO grafted polyacrylic acid/
polyacrylamide composite (rGO-g-PAA/PAM), in which the PAA grafted rGO
(PAA-g-rGO) was synthesized from in-situ polymerization of monomer AA in
presence of GO and followed by reduction process [230]. The PAA induced the
uniform dispersion of graphene sheets and improved interfacial interaction of rGO
and matrix.

Considering different requirements of functionalized materials, multiple
incorporations of GRM-organic molecules, GRM-metals, and GRM-inorganic
particles have been further studied, such as GO/CNT reinforced sodium
carboxymethyl cellulose/poly(2-methacryloyloxy ethyl trimethylammonium
chloride) CMC/PDMC composite [231], polyacrylamide-sodium carboxymethyl
cellulose (PMC) hydrogels reinforced with GO and/or cellulose nanocrystals
(CNCs) [232], and the spiky noble metal particles wrapped within rGO-PEI/PAA
multilayers for biomedical applications [233]. The hybrid composites show a wide
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range of applications based on the choice and combination of PEs as well as the
doping molecules.

Generally, the property improvement and property stability of GRM-PECs
require a certain number of GRMs fillers well dispersed in PEC matrix. For the
rGO-reinforced PECs, whether using rGO directly or using GO dispersion followed
by reduction, the good compatibility, solubility, and dispersion of rGO in selected
PEs is the base for further fabrication of rGO-PECs composites with good
dispersion of fillers in matrixes. The adsorption of PE on rGO involves different
interactions, such as covalent bonding, hydrophobic interaction, hydrogen bonding,
electrostatic attraction and van der Waals interaction [234]. Strong interfacial
interactions based on covalent interaction or hydrogen bonding between rGO flakes
and polymer matrix facilitate the load transfer from the polymer matrix to
nanofillers, thus allowing improved mechanical properties. Moreover, the PE type
and interaction between PEs could influence the properties of composites. The
weak PE conformations (extended or collapsed conformation) is easily tuneable
during complexation by changing pH, thus the complex morphology can be
controlled in weak-weak PEs combination and weak-strong PEs combination. The
different ion pairing strength, functional groups and charge density of PEs could
also change the matrix properties, thus influence the final composites properties.
For example, due to the strong interactions between polyanion and polycation, the
high affinity of PAA for water appears to be inactivated in PAH/PAA, instead, the
PDAC allows PAA to form more H-bonding with water, which is even competitive
PAA-PDAC intrinsic interaction [235]. It is expected the rGO-PEC composite
composing of PAA and PDAC could be sensitive to water, leading to a significant
swelling.

1.5 Aim of research

The critical challenges in the preparation and development of rGO-PECs are the
aggregation of graphene sheets and the limits of doping content. Usually the
synthesis of rGO-PEC relies on the dispersion of GO and the reduction process in
PE solution. In this thesis, we aimed at the achievement a high concentration of
rGO incorporated in PEC with direct ultrasonic dispersion and self-assembly
complexation.

Three main research objectives of this thesis are:

(1) To advance the knowledge and complete characterization of polyelectrolyte
stabilized rGO dispersions in aqueous solution, in particular the interaction between
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graphene sheets and different PEs, as well as the dispersion behaviour of rGO in
PEs.

(2) The fabrication of self-assembled composites composed of strong-weak PEs
and rGO, for the development of rGO reinforced PEC healing materials.

(3) Exploring the high loading of rGO in PECs based on monodisperse-
complexation and multidisperse-complexation approaches, eventually obtaining
composites with improved thermal and electrical conductivity, as well as stability
in a high humidity environment.

The first objective is the basis for the other two objectives in this work. The
study concerning the stability of rGO in different PE solutions is to determine
appropriate polymer and conditions and further develop stable graphene-PE
assembles. To better understand the effect of charge density of PEs on rGO
dispersion, the rGO dispersed in weak PEs with different pH was also explored. In
addition, the effect of molecular weight, chain structure and positive/negative
charges was also investigated.

The second objective is to explore the application of rGO in the hybrid
assembly of PECs. Considering the dispersion of rGO in the PE solutions and the
tunability of PEC, we chose a strong-weak PEs combination. The quality of the
composite films as well as the thermal stability, mechanical properties, and healing
ability were regulated by ionic strength and/or graphene sheets.

Pristine PAA/PDAC has features of low thermal conductivity, low electrical
conductivity, and unstable in high moisture environments. GRMs materials could
help PEC composites to overcome these issues. However, another problem we
faced is the limited content of rGO introduced in PEC matrix. Thus, the third
objective of this thesis is to explore different methods to prepare high-content
graphene-incorporated PECs, using either a PAA-based monodispersed-
complexation approach or a PAA/PDAC-S-based multiple molecular dispersed-
complexation approach. The former method has advantages of good affinity of
PAA to rGO, and dispersion performance. In the second method, the hybrid system
was designed to increase directly the proportion of rGO without the further addition
of opposite PE, and transformation from dispersion to complexation is very fast and
convenient.
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Chapter 2

2 Materials and Methods

2.1 Materials and sample preparation

Avanzare Innovacion Tecnologica S.L. (Spain) provided the rGO. As reported
previously [236], the synthesis procedure included the obtained by oxidation of
graphite, ultra-sonication and then thermal reduction of GO. The surface area BET
is 196 m?/g, the oxygen percentage, atomic by XPS is 2 %. Figure 2.1a shows the
X-ray diffraction (XRD) pattern and of pristine rGO measured in a range of 20 from
5° to 80°. The XRD pattern of pristine rGO reveals a broad peak at 26=26.36,
indicating a d-spacing of (002) plane of 0.337 nm. Meanwhile, the widely known
characteristic peak of GO at around 9-12° [237, 238] is undetectable. These confirm
the reduction to GO. Based on the SEM images of Figure 2.1b and Figure 2.1c, the
rGO used in this study appears to be large (tens of pm) and very thin layers
thicknesses, as indicated by the transparency in FESEM observation of Figure 2.1c.
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Figure 2.1 XRD pattern recorded (a) and SEM images (b) (c) for pristine rGO.

All polyelectrolytes involved in the building of dispersions and PECs are
mentioned in Table 2.1. Sodium chloride (NaCl) was purchased from Sigma-
Aldrich. All solutions and dispersions were prepared using deionized water (Direct-
Q® 3 UV Millipore System, Milano, Italy).

Table 2.1 Polyelectrolytes used for rGO dispersions and PEC composites

Polyelectrolyte Structure Formular Molecula pKa  Supplier
r Mass
Mw (Da)
poly(acrylic acid 0. oH 100 000, 4.5 Sigma-
sodium salt) (PAA) j’ 250 000 Aldrich
n
Branched (w250 000, 4.5, Sigma-
Poly(ethyleneimine) "~y "™y i 270000 6.7,  Aldrich
(BPEI) 11.6
HNT N\/\Nr
poly(sodium 4- 70 000, - Sigma-
styrenesulfonic acid) " 200 000 Aldrich
(PSS)
0=5=0
ONa
sodium OR or 90 000, - Sigma-
carboxymethyl "'Mow < 250 000 Aldrich
cellulose (CMC) OR R o
o]
NP
N 400 000- - Sigma-
Poly(diallyldimethyl 500 000 Aldrich
ammonium chloride) 2o
(PDAC) HsC' "CHg
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2.1.1 Preparation of polyelectrolyte/rGO dispersions

The selected PEs (PAA, BPEI, PSS and CMC) were used for dispersing rGO in
aqueous solution following the preparation process schematized in Figure 2.2. Each
PE was dissolved at a concentration of 0.1 wt%, then 25mg rGO was added to the
PE solution (100 ml) and sonicated for 30 min, using a probe sonicator VC-505
(Sonics & Materials, Newtown, CT, USA) with 15 s ON / 15 s OFF pulses cycles,
20 kHz frequency and 30% amplitude. The measured amount of energy for unit
volume in 30 min sonication is ~344 J/ml. In this step, the standard sonic probe
with threaded end and replaceable tip (model 630-0210, Sonics & Materials,
Newtown, CT, USA) was immersed into solution and the distance of the top of
probe to the bottom of beaker was set to 10 mm. The so-obtained suspension was
allowed to settle overnight. Then, the PE/rGO dispersions were centrifuged for 15
min twice at 3300 rpm (Eppendorf centrifuge 5702, Milano, Italy) and the black or
grey supernatant was collected. PAA and BPEI are weak PEs in water with a pH-
dependent charge density. The pH of PAA and BPEI were adjusted from 2 or 4 to
12 with use of HCl or NaOH in 1 M. Thin films of PE/rfGO were obtained by
gravimetric filtration of the supernatants using polycarbonate membrane with 0.2
um pore size and then dried in oven at 60 °C for 24 h. The employed PE solutions
are herein referred to with codes containing the PE name followed by the mass in
kDa. For example, the PAA with M 100000 Da is coded as PAA100. Similarly,
the dispersion stabilized with PAA100 is referred to as PAA100/rGO, and the same
coding format was applied to the other dispersions.
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Figure 2.2 Illustration of fabrication process
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2.1.2 Preparation of rGO and/or salt incorporated PAA/PDAC
composite

The fabrication process of PAA/G//PDAC is provided in Figure 2.3. Firstly, 225
mg rGO were added into 0.125 M 100 ml PAA solution (input mass ratio PAA:
rGO= 4: 1), and subsequently sonicated for 30 min with pulse 15 s (15 s ON and
15 s OFF). The resulting mixture was settled overnight. Afterwards, the dispersion
was centrifuged at 3300 r/min for 30 min and the upper suspension of PAA/G was
collected and saved. Mixing same volume of PAA/G dispersion and PDAC solution
with monomer concentration 0.125 M at pH 7, the rGO incorporated PEC complex,
PAA/G//PDAC aggregated and separated from liquid phase under stirring. After
stirring for 1 h and setting overnight, the separated dense phases were dried at
ambient conditions and then were compressed at 85 °C with 100 MPa hydraulic
pressure. Since salt plays an important role in the properties of PEC, salt-addition
and salt-removing treatments are also applied to PEC samples. For PAA/G//PDAC-
s (complex of PAA/G//PDAC with salt), NaCl was added until 0.25M for each PE
solution before mixing. PAA/PDAC and PAA/PDAC-s complexes were also
prepared for comparison. Additionally, all these samples were soaked and rinsed in
deionized water for four days to remove salt. The salted PEC samples are referred
toas  -s, whereas rinsed samples are referred to as (_)R. The detailed information
of PEC samples are list in Table 2.2.

PDAC solution pH 7

85°C 100MPa
PAA/rGO dispersion
xz f;[
| DH e 0 e .

Stoichiometric mixing 1:1 Compression PAA/G//PDAC

Figure 2.3 Schematic representation of the fabrication process used to create
PAA/G//PDAC films
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Table 2.2 Detail information for PEC samples
Input Input Input salt: Washing
PAA: PAA: PAA and soaking
PDAC rGO
PAA/PDAC 1: 1 -- -- no
PAA/G//PDAC I:1 4:1 -- no
PAA/PDAC-s I:1 -- 4:1 no
PAA/G//PDAC-s 1: 1 4:1 4:1 no
(PAA/PDAC)R 1: 1 -- -- yes
(PAA/G//PDAC) R 1:1 4:1 -- yes
(PAA/PDAC-s)R 1: 1 - 4:1 yes
(PAA/G//PDAC-s)} 1:1 4: 1 4:1 yes

To explore PAA/G//PDAC with higher rGO contents, indeed, higher
concentrations of dispersed rGO, a few techniques were applied, for example
enhancing feed rGO and/ or increasing the sonication time. In addition, the re-
dispersion method was used by filtrating 2 PAA/G suspensions and then re-
dispersing the deposited material into a new PAA/G suspension (80 ml). The
prepared PAA/rGO dispersions were stoichiometric mixing with PDAC solution at
pH 7, same process as before, sample details are list in Table 2.3.

Table 2.3 Fabrication information for rGO-PECs with different rGO loadings

PAA/G/ PAA/Go1 PAA/Gors PAA/Gos; PAA/Gosw PAA/Goas
/PDAC  4//PDAC //PDAC //PDAC //PDAC*
Input PAA: . . . . .
GO 4:1 4:1.5 4:1 4:1 4: 1
Sonication
fime (min)** 30 30 60 30 30
Dispersions 1 1 1 3 3
rGO
concentration 4 17 0.28 0.40 0.48
in dispersions
(mg/ml)
rGO
concentration 5 ) 0.03 0.04 0.05
in dispersions
(wt%)

** Sonication time for every dispersion

* PAA in PAA/G (43//PDAC has molecular weight 250 000 Da
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2.1.3 Preparation of PAA/PDAC composites incorporating high
rGO concentration

Two methods were applied in preparing high content of rGO decorated PAA/PDAC
samples; synthesis processes are represented in Figure 2.4. In Type 1 method, 225
mg rGO was sonicated in 0.125 M 100 ml PAA solution where weight ratio of PAA
to rGO is 4:1. Sonication time is 60 min with pulse circles of 15 s ON and 15 s OFF.
Afterwards, the neutralized PAA/G dispersion was mixed with PDAC solution at
pH 7, where the salt concentration was set as 0.25 M. The monomer ratio of PAA:
PDAC =1:1.The formed rGO-containing complexes of PAA and PDAC in this way
is named as PAA/G//PDAC-S (which is different to the PAA/G//PDAC-s defined
in 2.1.2). Alternatively, the dispersion of Type 2 was prepared in hybrid solution of
PAA, PDAC and salt, where the polymer concentrations, the molar ratio of PAA to
PDAC were set same as Type 1. 0.5 M NaCl was used to keep liquid PEs solution
instead of phase separation (dense polymer-rich phase and salt-rich supernatant).
After pulse sonication with rGO 225 mg for 1 h, same volume of water to dispersion
was input into system under stirring, thus the salt concentration in system dropped
to 0.25 M. The formed composite is (PAA/PDAC-S)/G.

N\
\

Type 1 | } Type 2
| |
I
0.125M PAA 0.125M | | 0.125M 0.125M
PDAC, pH7 | | PAA, pH 7 PDAC, pH7
sonication ! |
I |
. i i 0.5M NaCl 0.5M NaCl
! | Mixing ratio1: 1
pH medification 1 }
PAAIG, pH 7 } | PAA/PDAC-S g5
1 I
} } sonication
0.25M NaCi 0.25M NaCi } }
|
Mixing ratiot: 1 i ! (PAAIPDAC-S) G
! ! suspension
PAA/G//PDAC-s
complex i i Water, Csalt to 0.25M
I |
. / (PAAIPDAC-S) G
B ittt - complex

Figure 2.4 Schematic representation of the two different methods for fabricating rGO
decorated PAA/PDAC
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2.2 Characterization methods

2.2.1 X-ray diffraction

The rGO was determined by XRD using a Philips PW 1830 powder diffractometer
by employing a scanning rate of 0.1 deg/s in a 26 range from 5° to 80° with with
CuKo radiation (AY41.542 A)

2.2.2 Contact angle of polyelectrolyte on rGO film

The contact angle was qualitatively measured by dropping PE solution on rGO film.
rGO (30mg) was loaded in 100ml deionized water (within 250ml beaker), and
subsequently sonicated for 30min with 15 s ON/ 15 s OFF pulses cycles. At least
200 ml supernatant solution was filtrated by polycarbonate membrane with 0.1 um
pore size. Water or 0.1 wt% PE solution with 10 ul was placed on the resulting
films by microsyringe, and the images of the liquid droplet were obtained
instantaneously using camera. The contact angle of solid and liquid interface was
obtained by measuring the angle between the tangent lines to the droplets and

baseline. Five measurements for each solution were taken at different area of rGO
film.

2.2.3 Dispersion stability and rGO concentration from Ultraviolet-
visible spectroscopy

Ultraviolet-visible (UV-vis) spectra were recorded at wavelength range of 200-700
nm (Shimadzu 2600 UV-vis Spectrophotometer, Kyoto, Japan), using quartz
cuvette from Exacta-Optech® with path length of 10 mm and a volume of 3.5 ml.
The characterization of the stability of the polyelectrolyte/rGO dispersions was
based on the fraction of rGO remaining for every dispersion after aging, which can
be calculated from the ratio of absorption intensity A /A g, i of the rGO dispersed
after aging (Ag) to that before aging (Ag, i), where the absorbance value was
monitored at 600 nm.

Additionally, the dispersed concentration of rGO was obtained according to
UV-vis spectroscopy and Beer-Lambert law (4 = acL where o is absorption
coefficient, ¢ is concentration and L is path length) [10, 79]. The first measurement
of ¢ used for determine o was obtained by filtration, drying and weight measure on
a high sensitivity and resolution balance. The known volume of suspension was
filtered through a pre-weighted polycarbonate filter membrane with pore size 0.2
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um, then the deposited mass was measured after drying the membrane for 24 h at
60 °C. Weight fraction of rGO on filter membrane was determined by
Thermogravimetric analysis (TGA) result. Thus, the concentration of rGO is
calculated from equation (2-1):

¢ = ((my —mg) *wg)/V (2-1)

M-M -
PE %« 100% (2-2)

W = —m-—-—-—-—--——
7 Mg — Mpg

Where m; and my are the mass of filter membrane combined with deposited
material, and the mass of pristine filter membrane respectively. V is the volume of
dispersion for filtration. wg is the mass proportion of RGO in deposited PE/rGO on
filter membrane, which could be measured via equation (2-2), where M, Mpr and
Mg represent the residual weight of PE/rGO, pure PE and rGO, respectively. TGA
was performed with a Q500 thermobalance (TA Instruments, Newcastle USA)
under nitrogen. The deposited samples after filtration were held isothermally at 100
°C for 30 min to remove weakly adsorbed water, followed by a heating rate of 10
°C/min from 100 °C to 800 °C.

The coefficients for each samples are reported in Figure 2.5. The coefficient a
varied among different PE/rGO samples, but for the same type of PE with different
molecular weight, the deviation of a was small. Taking corresponding a and 4 for
each dispersion, the concentration after 4 weeks was obtained. Four samples were
analysed for each dispersion to provide average values and experimental deviations.
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Figure 2.5 Absorption coefficient (o) of RGO dispersions with different PEs.



2.2 Characterization methods 47

2.2.4 Size measurement by dynamic light scattering

Dynamic light scattering (DLS) measurement was evaluated by Malvern Zetasizer
Nano ZS90 (Malvern Instruments, Malvern, UK) at 25 °C with a refractive index
of solvent (water) 1.33. Every sample was tested three times and the results were
averaged.

2.2.5 Raman spectroscopy

Raman spectra of filtrate polyelectrolyte/rGO thin films, PAA/G suspensions
(0.125 M PAA) and (PAA/PDAC-S)/G suspensions (0.5M salt) were performed on
a Renishaw Invia Raman microscope system (Renishaw, Wotton-under-Edge, UK)
equipped with 532 nm laser. 20x objective lens was used for measurements. Raman
spectra were collected at 5 random points for each sample, and the average spectrum
was used for characterization.

2.2.6 Phase quantification and thermal properties of PECs

Quantification of rGO in PECs

The rGO content in PEC films was determined by TGA in temperature range
100-700°C, at a heating rate 10°C/min, under N> atmosphere. All samples were
isothermal at 100°C for 30 min to remove water. Direct comparison the TGA results
of rinsed PECs (PECs®) with or without rGO addition allows the determination of
the rGO content in composites, in formula (2-3).

M;ep/pr — Mppr (2-3)
MG - MP/pR

WG:

Where W is the weight fraction of rGO in PECR composites, M car#”, M ¥,
and Mg represent the residual weight (%) of rGO-containing PEC®, (PAA/PDAC)R
and pure rGO respectively. This calculation considers the PAA/PDAC as an
independent phase and assumes that there is no interaction between components
during decomposition. To be clear that the value is about rGO content in
polymer/rGO matrix without consider of salt, and it might be inaccurate if the G
content is quite low.

rGO concentration from direct method

The rGO concentration has been calculated via UV-vis spectroscopy method in
the first part study about PE/rGO dispersions due to the simple and low dispersion
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consuming advantages. However, the presence of large aggregates may result in
significant scattering in addition to absorbance when high concentration of rGO
was achieved, which precluding the application of UV-vis method, and the rGO
dispersion (in chapter 4 and 5) was determined in a direct method via isolating and
weighting dispersed graphene sheets. A known volume of PAA/G suspension was
dried in an oven, and the deposited material was performed with TG test. The mass
proportion of GO in dried deposited mixture (w’ ) was calculated by mass residual
of neat components and dried composite based on equation (2-4). The rGO
concentration (¢ ’) was measured via formula (2-5).

Mpps@c — Mpaa (2-4)
= x 1009
"' = Mg — Moas ’
¢ =(m=w'g)/V (2-5)

Where m and V'’ are weight of dried composite and volume of dispersion
respectively.

Quantification of salt content in PECs

The salt content was measured by applying PEC samples in TGA under air
atmosphere, within temperature of 100-700°C. Polymers and rGO have been
degraded, thus the residual weight was used to roughly consult salt content in PEC.
This can also be used to check the residual salt of of PECs®.

In chapter 5, the salt content was measured according to the residual weight of
pure salt, PEC and PECR, where polymers and rGO in PEC was considered as an
individual phase with residual mass percentage same to PECX.

Mpgc —M

PECT  100% (2-6)

Wsalt = M _ M
salt PECR

Wiair is the weight fraction of salt in PECs, M pec, M pec®, and M, represent
the residual weight (%) of PEC, the salt-removed PECR and pure salt respectively.

Thermal stability

The thermal stability of PECs was compared with TGA curves of pristine
PAA/PDAC, and decomposition temperature was obtained from the degradation
speed curve (DTG). Samples were isothermally held at 100 °C for 30 min, and
heated in temperature region of 100-600°C, at a heating rate 10°C/min, under No.
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2.2.7 Fourier transformed infrared-Attenuated total reflection
spectroscopy

To analyse the complexation of PAA and PDAC in PECs, a Frontier spectrometer
(PerkinElmer Frontier, Waltam, USA) was applied to measure the Fourier
transformed infrared (FTIR) and attenuated total reflection-Fourier transformed
infrared (ATR-FTIR) spectra of neat components (PAA, PAA at pH 7 and PDAC)
and the ATR-FTIR spectra of composites PECs in a range of 4000-400 nm.

2.2.8 Scanning electron micrographs and energy dispersive X-ray
spectroscopy

The morphology characterization of PECs were evaluated by high-resolution field
emission scanning electron micrographs (FESEM, Zeiss Merlin 4248, Jena,
Germany; beam voltage: 5 kV), on the cross-section of films, obtained by cryo-
fracturing after dipping films in liquid N2. Samples were fixed on supports and
surfaces were sputtered coated with gold-palladium before SEM observation.
Energy dispersive X-ray spectroscopy (EDS) allows for targeted analysis of
elements content and distribution of Na and Cl on cross-section surfaces.

2.2.9 Mechanical properties

Tensile test

Stress-strain measurements were conducted using a 5966 dynamometer
(Instron, USA) at room temperature with initial strain rate of 1 mm/min during
strain below 1%, then the speed increase up to 10 mm/min until films ruptured. The
elastic modulus was calculated as the slop of initial linear region with strain under
1%. The test stops when force dropped to 60% of maximum force. The initial
distance of clamps was 30 mm.The PECs with a thickness of around 150 um after
hot-pressing were cut in size of 15mm x 60mm. At least 6 specimens for each
investigated PEC films were tested, and the results were averaged. All composite
films were saved in relative humidity (RH) constant condition1 week before testing.
In order to understand the relationship of tensile result of PECs and RH, different
RH (50% and 70%) storage were applied to specimens before tensile measuring.

Dynamic Mechanical Thermal Analysis

Mechanical properties of composite films were measured by dynamic
mechanical thermal analysis (DMTA) using a TA instrument Model Q800 (New
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Castle, USA). Samples in size of 6mm width x 30mm height x 0.15mm thickness
were used. All samples were saved in ambient condition (relative humidity 50%
and 23 °C) for one week before tests. A heating/cooling rate of 3 °C min™! was
employed in temperature ramp under nitrogen environment, including heating from
-100 °C to 160°C, isothermal for 20min and then cooling back to -100 °C. The test
was carried out with a tension clamp, in a multi- frequency strain mode with
frequency 1Hz and a strain of 0.05%.

2.2.10 Healing properties

To figure out the mechanical recovery ability of materials, the cut and healed
specimens (films) were characterized via tensile test and compared with
corresponding original samples. The cross-cutting wounds (4x6mm) at the central
of tensile specimens were healed by add 2 ul water to the incisions. The healed
samples were saved in RH 35% at room temperature for removing water.

2.2.11 Electrical conductivity

The electrical conductivity o and electrical resistivity p are inversely to each other.
The electrical conductivity can be calculated through measuring material electrical
resistance and sample size according to formula (2-7) and (2-8).

1 (2-7)

o=-
P

RS 2-8
,_Rs 2-9)

Where R is resistance, S is the surface (thickness and wideness of sample) and
[ is the distance between the electrodes. The resistance was measured by connected
devices, containing a direct current regulated power supplier (Tektronix PWS4323),
a number table multimeter (HP 3458A) and two homemade brass electrodes, ,
which consisted of two parallel metal plates with 100 mm side and 3 mm thickness,
and a plastic cuboid with 12.7 mm wide/height using for fixing the relative position
of plates [239]. Every electrode has a hole for the connection and a wire furnished
with a 4 mm banana plug. The system worked with the four-terminal measurement.
Clamps were used in place of the usual "probe or test lead" to obtain more accurate
results by limiting variability due to tip positioning and tilting on the sample [240].
Using strip shaped composites with 40 x 10x 0.15 mm?®. Each sample has been
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measured three times in both sides, at least three parallel samples were set and
tested.

2.2.12 Thermal conductivity

The thermal conductivity was measured by the slab method under hot disk AB (TPS
25008, Goteborg, Sweden) equipped with a Kapton sensor (radius 3.189 mm).
Samples were hot-pressed (110 °C) into disks with a thickness of 3 mm and
diameter of 10mm, and saved in ambient condition for at least two days. The test
was controlled at 23 £+ 0.01°C by a silicon oil bath (Haake A40, Thermo Scientific
Inc., Waltham, MA, USA) equipped with a temperature controller (Haake AC200,
Thermo Scientific Inc., Waltham, MA, USA).

2.2.13 Stability in water

The composite stability in aqueous solution has been measured by immersing PEC
films into water. After soaking 2 weeks or 5 weeks, samples were dried in vacuum
freeze dryer (TOPT-10A, Toption Group Co. Limited, Xi’an, China) equipped with
4 layer of 200 mm trays and subsequently observed in top and cross-view using
SEM.
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Chapter 3

3 PE-enabled rGO water
dispersions: effects of PE
structure, molecular weight and
charge density

3.1 Introduction

The surfactant and polymer are considered effective stabilizers for dispersing
graphene and graphene related materials (GRMs) in an aqueous solution via non-
covalent functionalization. As the central part of polymer-modified GRMs,
dispersions of polyelectrolyte grafted graphene related materials (PE-GRMs) have
been widely used in solution based processing of graphene, layer-by-layer
fabrication of graphene based films [140, 241], and complexation to form GRM
reinforced polyelectrolyte complexes (G-PECs) [220].

In general, the stability and dispersion of GRMs in PEs solutions could be
influenced via PE features in solution, thus the molecular weight, chain structure,
charges, and specific interactions of functional groups in molecules must be
considered in the study of PE-GRMs dispersions. A comprehensive understanding
of interaction mechanism of PE on graphene sheets in water is required and
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essential to allow sustainable applications of graphene-based material. In previous
studies, the dispersion-reduction method, the GO sonication/ exfoliation followed
by reduction of GO in presence of PE molecules, has been usually used to prepare
rGO dispersions. Considering that sort of PEs might affect the reduction process,
for instance, PDAC and chitosan are favourable to the reduction of GO [145, 242].
This may interfere with the comparison of effect of PE on stability and dispersing
performance of rGO, the rGO with higher reduction degree has higher dispersing
resistance. Moreover, to avoid the influence of surfactants and organic solvents, the
direct sonication dispersing with only PE molecules assistance was employed in
this study. One thing should be noted that the nano-sized dispersion is not
emphasized in this study, Lu [147] and co-workers studied the ability of several
PEs to suspend exfoliated graphite nanoplatelets (xGnPs) with an average thickness
of 1-10nm. However, the focus here is on dispersing efficiency from pristine large-
sized reduced graphite oxide and the stability of separated graphene multilayers.

In this chapter, the effectiveness of PEs having different chemical structures for
the production of a stable rGO dispersion in water was systematically investigated.
The interactions occurred between rGO particles and weakly or strongly charged
polyelectrolytes have been studied by combing a complete set of characterization
techniques also considering different PE molecular weights. Moreover, the weakly
charged PE-rGO interactions were further studied at different charge densities as a
function of dispersion pH, since the dispersing ability and the assembly processing
of weakly charged PE are tunable.

3.2 Result and discussion

3.2.1 Visual observation and surface tension

Polyelectrolyte/reduced graphite oxide (PE/rGO) dispersions were prepared by
directly adding rGO in PE solutions and then sonicating in relatively mild
conditions. It is interesting to note that within few seconds after rGO comes into
contact with the liquid surface, the rGO powder rapidly produces a film at the
water/air interface for PAA and BPEI solutions but not on water, PSS or CMC
solutions, see in Figure 3.1.
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BPEI25

CMCS0

Figure 3.1 rGO inclusion in water and polyelectrolytes.

In addition, Figure 3.2 displays the condition of rGO entering into PE liquid
phase without sonication over storage one night. It is easy to tell that more inclusion
of rGO occurs in PAA-based solutions, subsequently, in the BPEI-based solutions.
The PSS and CMC-based solutions show clear and transparent appearance, with
hardly found rGO included. The observed, practical, behavior can be ascribed to
change in surface energy of PE containing water-based solution.
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Figure 3.2 rGO inclusion in polyelectrolyte solutions over 1 night

It is indeed well-known from the literature that the type and concentration of
the PE can affect surface energy value to different degrees. The values of surface
energy of PEs aqueous solutions, extrapolated from the literature background, are
summarized in Table 3.1. When the PE concentration is close to 0.1 wt% (the
concentration employed in this work), the PSS, CMC and BPEI solutions show
surface tensions similar to water (72.8 mJ m™), which is expected at such low
concentrations. Conversely, PAA was reported to have a lower surface tension even
at 0.1 wt%. This latter behavior is explained by the fact that PAA macromolecules
consist of non-polar hydrocarbon backbones which tend to orient toward the surface
of the solution to minimize the surface tension [243]. When rGO comes into touch
with the surface of aqueous PE solution, the interplay of three interfacial tensions
determine the wettability of the rGO, expressed as cos0, following Young equation
[244]:

Tgg = Tg + 119 COSO (3-1)

where ¥4, 7%1and y, are the solid- air, solid-liquid and the liquid- air interfacial
energy respectively. The solid surface free energy can be determined by several
theoretical models or through direct contact angle measurements [245]. The surface
energy of rGO has been estimated to be ~47mN/m by Neumann’s method [46]. On
the basis of state equation, contact angle is given as equation (3-2).

3-2
cosf =—-1+2 n—ge‘ﬁ(ysg"ylg)z C2
ylg

where £ is the constant coefficient related to specific solid surface. y, and y,
represent solid and liquid surface free energy respectively. By combining equation
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(3-2) and the values reported in Table 3.1, it is immediately apparent that a lower
ye would lead to smaller contact angle.

Table 3.1 Surface tension of polyelectrolyte solutions reported in literatures.

Temperature ~ Concentration  Surface Method
°O) (W/v%) tension
(mN/m)
PAA 25 0.07 ~59 Du Nouy ring method
(Dickhaus et al. [246])
PAA 25 0.1 ~63 Du Nouy ring method
(Vasilieva et al [247])
BPEI 25 0.1 ~71  Du Nouy ring method
(Griffiths et al. [248])
BPEI 25 0.1 ~72  Du Nouy ring method
(Bellettini et al. [249])
CMC 20/ 25 0.1 ~72  Wihelmy method/

axisymmetric drop shape
analysis method (Guillot
et al. [250])

CMC 25 0.5 ~75  Du Nouy ring method,

- ;i Harkins—Brown (HB)
- drop weight method, Lee—
Chan—Pogaku (LCP) drop
weight mrthod (Lee et al.
[251])
CMC 0.25 ~69 Du Nouy ring method
(Weber et al.[252])
PSS 25 0.1 ~72.5 Wihelmy method (Okubo

et al.[253])

Therefore, PAA has a smaller contact angle when compared with water or other
PE solutions in our study. This was confirmed by practically evaluating the
wettability of rGO films as shown in Figure 3.3, which shows the variation of
contact angle of PE droplet and rGO film with time. The contact angles of different
PE solutions and water are similar within the first few seconds. Deionized water,
BPEI25, PSS70 and CMC90 all formed spherical droplets with contact angles
higher than 90 °. These droplets kept relatively stable angles on rGO in the first 4
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min. However, PAA yielded smaller contact angles from 1 min, corresponding to a
fast decrease in droplet height. After 10 min, all samples exhibit smaller contact
angle than the corresponding initial shape, in which BPEI25, PAA100 and PSS70
have higher variation. This is related to the partial absorption of the solution. From
the performed experiments, it seems that PAA has a better wettability to rGO when
compared with water and other PEs. This could explain the inclusion of rGO
clusters within the PAA solution without the need for external energy inputs. It is
worth mentioning this fast rGO inclusion in the liquid was exclusively formed in
PAA solutions at low pH values (namely within pH 2 and pristine pH 3.4), which
suggests this being related to the low ionization degree of PAA at such pH
conditions. Indeed, as reported by Dickhaus et al. [246], the surface tension of PAA
solutions dramatically increase in the pH 4-7 range pH as the PAA is mostly ionized.
Thus, rGO was not expected to incorporate into the liquid rapidly in PAA solution
with pH above 5, which was consistent with the observation (Figure 3.4). On the
other hand, BPEI also revealed ease of rGO inclusion into the liquid phase (Figure
3.2), despite its high surface tension, which suggests possible electrostatic effect as
driving interactions [236].

water BPEI PAA PSS

a-ﬁ__ﬂ__é-n
1°""”-&-_—a--ﬁ—-ﬁ_

Figure 3.3 The liquid contact angel images of water, BPEI25, PAA100, PSS70 and
CMC90 droplets on the surface of rGO with time
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Figure 3.4 rGO inclusion in PAA solutions at different pH

Aiming at the separation of aggregated rGO flakes, rather than their extensive
exfoliation, 30 min pulsed sonication was applied in this work, which is
significantly shorter than conventionally employed in exfoliation procedures from
graphite, where sonication times range from tens to hundreds of hours [78, 254].
The appearance of the dispersions obtained right after sonication can represent a
first qualitative evaluation of the quality of the rGO dispersion. From an overall
point of view, the darker the supernatant, the better is the dispersion, with a higher
concentration of suspended rGO. However, the appearance of just-prepared
dispersion is not representative of their long-term stability, which should be
evaluated in time. Figure 3.5 shows the images of different PE-stabilized rGO
dispersions before and after four-week storage in static conditions. Darkest rGO
dispersions were obtained in PAA-based (both PAA100/rGO and PAA250/rGO)
and BPEI-based dispersions (both BPEI25/rGO and BPEI270/rGO). Light grey
supernatants were obtained for PSS-based (PSS70/rGO and PSS200/rGO) and
CMC-based dispersions (CMC90/rGO and CMC250/rGO). This suggests that a
higher content of rGO was dispersed in PAA-based and BPEI-based dispersions
after preparation. After storing for 4 weeks, rGO in PSS-based dispersions was
almost completely precipitated (Figure 3.5b). CMC-based dispersions also showed
conspicuous sedimentation. On the other hand, the PAA-based and BPEI-based
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dispersions remained qualitatively equivalent, suggesting for a good stability over
4 weeks.
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Figure 3.5 Photographs of rGO dispersed in different polyelectrolytes solutions
before (a) and after four-week of aging in static conditions (b)

3.2.2 UV-vis analysis

UV-vis spectroscopy was used to investigate and quantify the rGO concentrations
in the prepared PE solutions and their stability through time. Firstly, the UV-vis
results of PE solutions (0.1 wt% PE) are presented in Figure 3.6a. The spectra of
same type of PE with different average molecular weight (Mw) are quite similar.
PAA displays an absorbance peak at 212 nm. PSS shows two characteristic shoulder
peaks at 256 nm and 261 nm, partially overlapped to the main absorbance, which
appears heavily saturated at this concentration. To resolve the position of the PSS
main absorbance peak, a 0.01 wt% PSS solution was also analyzed (inset),
exhibiting a peak at 222 nm. As for BPEI a strong absorption is found below 250
nm, which saturates at 0.1 wt% concentration. Even at lower concentration (inset),
the peak is not visible, which suggest this to occur at a wavelength lower than 200
nm. Finally, CMC only displays a weak absorbance below 225 nm. Figure 3.6b
displays the UV-vis spectra of PE/rGO dispersions. Based on the PE solutions and
PE/rGO results, the presence of rGO is related to the appearance of an additional
signal at wavelength ~270 nm, ascribed to sp>-conjugated graphene network [255].
Moreover, the addition of rGO increased the overall optical density of the
dispersion within 200-700 nm, as a consequence the signal baseline shifted from
the zero of neat PE solutions to variable values for PE/rGO dispersions. As the
increased absorbance intensity is dominated by the concentration of graphene
sheets [10, 100], the shift of the baseline can be related to the difference in the
concentration of rGO dispersed in each PE. The selected different molecular
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weights have little effects on the collected spectra of most samples as shown, for
example, by comparing PAA100/rGO and PAA250/rGO. On the other hand, the
absorption intensity of BPEI25/rGO was significantly higher than that of
BPEI270/rGO, suggesting a better dispersing concentration of rGO for the former.
The calculated concentrations of rGO for each prepared dispersion before (filled
square) and after (filled round) 4 weeks are reported in Figure 3.6¢. The initial
dispersed concentration of rGO follows the trend: CMC90/rGO = CMC250/rGO <
PSS70/rGO < PSS200/rGO < PAA250/rGO < PAA100/rGO < BPEI270/rGO <
BPEI25/rGO. This is in agreement with the qualitative considerations based on rGO
wettability described at the beginning. The good dispersion of rGO in BPEI
solutions is closely connected to its branched chains, electrostatic interaction and/or
cation- 1 interaction with rGO [256, 257], which facilitates better entanglement and
adsorption of BPEI molecules onto rGO flakes. The higher concentration of rGO in
lower molecular weight BPEI25 could be associated with the polymer conformation
in solution and interaction sites between rGO and polymer chains. As reported in
the literature, the BPEI molecules in solution exhibit spherically symmetric
compact molecules, and they are more compact with increasing molecules weight
[258]. Lee et al. [259] found that the percentage of low molecular weight BPEI
incorporated in to the rGO/PEI composites was higher than sample using high
molecular weight BPEI, because the former had greater polymer chain flexibility
and therefore the reactive nitrogen atoms of BPEI are more likely to interact with
GO. Thus, the more flexible and loose conformation structure BPEI with lower
molecular weight inclines to a better interaction with rGO. Moreover, the different
molecular weight of BPEI indicates the significantly different number of branching
and length of side chains that could also influence the adsorption of BPEI molecules
on rGO. After 4 weeks the concentration remained almost unchanged only for PAA-
based dispersion whereas decreases were observed for BPEI- and PSS-based
dispersions (Figure 3.6c).

In addition, the UV-vis spectra were also employed to follow the stability of
rGO dispersions as a function of time (i.e. 1, 2 and 4 weeks). The residual rGO
fraction, expressed as % of the initial concentration, is plotted in Figure 3.6d. Most
PEs clearly show that relatively large fractions of rGO had sedimented during the
first week, after which limited reductions are observed. Interestingly, PAA-based
dispersions yielded very low sediment fraction over the whole period (4 weeks). In
addition, it is also possible to observe the effect of different molecular weights.
Indeed, for both CMC and PSS lower molecular weight PEs led to relatively higher
stability in time. On the other hand, the gaps between PAA100/rGO and
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PAA250/rGO, BPEI25/rGO and BPEI270/rGO were narrow thus suggesting a
limited effect of the molecular weight the on stability in time for these PEs.
Interestingly, although the original absorbance of BPEI25/rGO was slightly higher
than that of BPEI270/rGO (in Figure 3.6b), the two PEs absorbance decreased in
time by equal proportions. In addition, although the BPEI-based samples show a
quite drastic reduction in concentration during aging, the initial amount of dispersed
rGO was so high that even after four weeks these dispersions still display the highest
concentrations among all PEs. Combined with the results in Figure 3.6¢ and Figure
3.6d, it is concluded that, among the different PEs addressed, BPEI-based
dispersions show the highest concentration of rGO, and the PAA-based dispersions
exhibits the best stability over 4 weeks.
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Figure 3.6 UV-vis spectra of of PEs with 0.1 wt%, inset: absorption spectra for
BPEI25, BPEI270, PSS70 and PSS200 with 0.01wt% (a), PE/rGO dispersions (b),
concentration of rGO in PE/rGO dispersions (c), the amount of remaining rGO in
dispersions after 0 to 4 weeks, expressed as percentage of original absorptions (original
concentration), A/A g (d).
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3.2.3 Quantification of polyelectrolyte adsorbed to rGO

To further investigate the mechanism of stabilization of rGO dispersions, it is of
importance to determine the amount of PE adsorbed on rGO in dispersion (PE:
rGO) in time. To this aim, TGA was conducted for pristine rGO, PEs and PE/rGO
films obtained after filtration, as shown Figure 3.7. Pristine rGO showed a mass
loss of 4.9 % upon heating to 800 °C under nitrogen, indicated relatively small
amount of oxygen-containing groups [260]. The selected PEs show a different
weight loss behaviour. Indeed, BPEI start decomposing at 250 °C and above 650
°C it is completely volatilized [220]. PAA yielded two decomposition steps, the
first assigned to the thermal decomposition of the carboxylic acid groups at around
280 °C and the second reflecting scission of the polymer backbone [261], eventually
leading to a ~15 % residue. CMC exhibited a first main mass loss at 260 - 300 °C,
assigned to the loss of CO; from decarboxylation coupled the pyrolytic
decomposition of the main chain followed by further mass loss ascribed to
aromatization, the final residues accounting for 35% (CMC250) and 27 %
(CMC90). [262, 263] PSS shows a more complex and multi-step decomposition
path with an onset temperature of mass loss of at approx. 400 °C and a final residual
weight around 35% [264]. The TGA curve patterns of PE/rGO composite films
were similar to their corresponding PEs, suggesting that the decomposition
mechanism was not altered by the presence or rGO. The final residues fell within
the values obtained for the neat film constituents thus allowing for the evaluation
of the PE/rGO relative amounts Table 3.2 reports the weight residual of PE/rGO
within the 100 - 800 °C temperature range, the weight percentage of rGO wg and
the corresponding fraction of PE in the PE/rGO composite (calculated as /-wg).
rGO accounted for more than 60wt% in all cases, with some differences between
the different PEs. The (/-wg) of PAA and BPEI are similar, whereas CMC shows
the greatest ratio in PE/rGO composite and PSS gives the lowest value. Combined
with previously measured concentrations, these results suggests that the fraction of
PEs attached on the rGO basal plane was relatively low compared to the total in
solution, leaving a significant excess of PEs solubilized in water.
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Figure 3.7 The TGA curves of PE/rGO after aging 4 weeks.

Table 3.2 Weight residual of PE/rGO after TG and the weight percentage of rGO and

PE in PE/rGO films
Sample Weight rGO PE weight
residual weight  percentage
(%) percentage  (1-wg)

wa (%) (%)

BPEI25/rGO 76.1 80. 1 19.9

BPEI270/rGO 75.4 79.3 20.7

PAA100/rGO 76.3 76.4 23.6

PAA250/rGO 76.4 77.1 22.9

PSS70/rGO 86.7 86.0 14.0

PSS200/rGO 84.6 82.4 17.6

CMC90/rGO 70.2 63.5 36.5

CMC250/rGO 75.6 67.3 32.7
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3.2.4 Size and defectiveness of suspended rGO

To investigate the evolution of suspended particles size vs. time, DLS
measurements were carried out. DLS was used for measuring the size distribution
of aqueous dispersion of GRMs in previous studies [146, 265]: however, it should
be noted that this could only be considered as a semi quantitative analysis because
of the complex shapes of GRMs, and is therefore taken as a purely comparative
value between different dispersions. Z-average is the harmonic intensity average
particle diameter, a measure of the average hydrodynamic diameter and
corresponds to the radius of an equivalent hard sphere diffusing as the same rate as
the particle under observation [266, 267]. Figure 3.8 displays the Z-average for the
different PE/rGO dispersions during 4 weeks. PAA100/rGO and PAA250/rGO
yielded the smallest initial Z-average, almost half of BPEI/rGO and PSS/rGO. The
initial measurements for CMC90/rGO and CMC250/rGO were much higher than
other samples. The average size of the suspended rGO generally decreased with
time (Figure 3.8), suggesting the precipitation of larger size rGO. PSS-based and
BPEI-based dispersions showed a significant Z-average size decrease within the
first week, suggesting that most of the rGO precipitation occurs in this time-frame.
CMC exhibited downward trend in overall period but still much higher in Z-average
than other groups. PAA100/rGO and PAA250/rGO showed the most stable Z-
average during the whole four weeks (PAA100/rGO changed from 644 + 5 nm to
563 £ 4 nm, PAA250/rGO varied from 652 + 3 nm to 575 + 8 nm) thus confirming
a better long-term stability of the prepared dispersion. Such result is consistent with
UV-Vis measurements reported in Figure 3.6b. In addition, the light scatter analysis
provides insight on the reasons behind the better stability obtained with PAA, which
appears to be directly related to the reduced particle size dispersed, with respect to
other PE systems. This suggests that PAA, compared to other PEs understudy, is
more efficient in limiting the aggregation of rGO into larger and poorly suspended
clusters. The polydispersity index (PDI) was also evaluated before and after aging
(Table 3.3). PDI is a dimensionless parameter that indicates the width of the
detected particle size distribution,) which is used to quantify the quality of the
dispersion [268]. When PDI < 0.1, the sample is defined as monodisperse, values
in the range of 0.1 < PDI < 0.2 indicate narrow particle size distributions and values
between 0.2 < PDI < 0.5 are normally obtained for broad particle size distributions
[268]. In PAA100/rGO and BPEI25/rGO, the smallest and greatest PDI values of
0.19 and 0.62 were obtained, respectively, highlighting a strong difference in the
particle size distribution. Of all the tested PEs only PAA100 and PAA250 obtained
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a PDI close to 0.2 thus suggesting their superior size distribution and better
homogenous dispersion of rGO with respect to the other tested PEs. It is worth
noting that the PDI decreased for almost all systems after aging likely due to the
sedimentation of the big particle fractions.
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Figure 3.8 Average size of suspended rGO with different aging time

Table 3.3 The PDI values of PE/rGO samples before and after aging 4 weeks.

Storage time (week)

Sample

0w 4w
BPEI25/rGO 0.62 0.25
BPEI270/rGO 0.54 0.30
PAA100/rGO 0.19 0.24
PAA250/rGO 0.32 0.25
PSS70/rGO 0.60 0.50
PSS200/rGO 0.54 0.52
CMC90/rGO 0.57 0.43
CMC250/rGO 0.46 0.41

The structural quality of the dispersed rGO was further investigated by Raman
spectroscopy. Figure 3.9 presents the spectra of PE/rGO composite film, pristine
rGO as well as the sonicated rGO (rGOs). The latter was treated in water with same
process employed for PEs-based dispersion in order to evaluate the effects of
sonication on the defectiveness of the pristine rGO. As shown in Figure 3.9, two
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main sets of signals are observed in pristine rGO, rGOs and other PE/rGO samples.
The first-order of signal (1200-1700 cm™) is composed of D, G and D’ bands. The
D band is related to the breathing modes of six-atom rings and it requires a defect
for activation while the G band is ascribed to the in-plane stretching vibration mode
of sp? carbon atoms [269, 270]. In the second-order, 2D band, D+ D’ band and DD’
band are observed. The 2D band and DD’ band are the overtone of D band and D+
D’ band, respectively [271, 272]. It is well established that the relative intensity of
D band to G band (In/lg) and full width at half maximum of G band (I'G) can be
associated with the disorder of graphene material network [270]. The Ip/Ig ratio
were found comparable at 1.41 + 0.17 and 1.45 = 0.06 for rGO and rGOs,
respectively. Meanwhile the I raised in D band and a very relevant increase is
observed in I'g, indicating the formation of new edges or a slightly increase in defect
content due to the sonication treatment [271, 273]. After being dispersed within the
PEs, the calculated Ip/Ig values were similar to rGOs and fell within the range of
1.40-1.45 except for BPEI25/rGO that reveals a lower ratio value of 1.26 + 0.09. In
addition, the slightly lower I'c and position of G band suggest a weak reduction
effect by BPEIL that was previously reported in studies[274, 275]. Overall, the
Raman results clearly point out a limited effect on the defectiveness of rGO, which
is consistent with the non-covalent interaction between PE and rGO.

/
7/

yi
D
D' 2D D + D DD’
BPEI270/GO
BPEI25/GO
PAA250/rGO
PAA100/GO e |

%

=
£ PSS200/rGO
S
PSSTIGQ et
CMC250/rGO
CMC90/rGO
ch_)s_____/\__./\__
I'GQ—____/\_/\’\_
T T T T //// T T T
1000 1500 2500 3000

Raman shift/ cm™

Figure 3.9 Raman spectra of rGO with PEs, pristine rGO and rGOs after sonication in
water.
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3.2.5 Interaction between polyelectrolyte and rGO

Effect of charge density of PAA and BPEI to dispersibility of rGO

The above results clearly demonstrate the highest concentration of rGO in BPEI
based dispersion and the remarkable stability for PAA/rGO dispersion. Considering
both BPEI and PAA are weak PEs, their surface charge density is tunable with pH,
which makes it possible to adjust the interaction between PE and rGO by
reinforcing or weakening electrostatic interaction. Due to the similar dispersing and
stability of PAA100 and PAA250 in above results, PAA100 was investigated.
Conversely, BPEI25 was selected due to the obtained high concentration of rGO.
rGO is well known to have weak negative charges in water mainly due to the
ionization of residual functional groups of carboxylic[276]. Therefore, the pH
modification changes the surface charges on rGO where the high pH leads to
deprotonation of carboxyl groups into carboxylate groups thus the increase of
negative charges. As the pristine PAA solution shows an acidic environment, the
charge on rGO is weak. Thus, the adsorption of PAA to rGO surface is made
possible by attractive hydrophobic interaction occurring between PAA backbone
and rGO. The negatives charges (-COO") on PAA then provide effective repulsive
force to prevent rGO sheets re-stacking [236]. The interaction between rGO and
PAA as well as the surface tension of PAA solution are deeply related with the
dissociation degree of PAA functional groups that can be modified by changing pH.
Aiming at further investigating the nature of interaction between PAA and rGO, a
series of PAA100/rGO with variable pH were prepared (Figure 3.10). The
unmodified dispersion (pH 3.4) showed the highest intensity of absorbance in UV-
vis spectra, corresponding to higher concentration of rGO, which can be
qualitatively appreciated by visual inspection as it yields the darkest dispersion. The
degree of ionization a can be calculated according to the Henderson—Hasselbalch
equation (3-3) [277], where pKa is the dissociation constant. The o of PAA solution
with pH 3.4 was calculated and it was around 0.12, which means that the functional
groups were predominantly protonated and a limited fraction of the carboxyl groups
were dissociated to -COO". At pH 2, a is 0.005, which results in limited repulsion
interaction to counterbalance van der Waals and n-nt driven rGO re-stacking. On the
other hand, at pH 5, a strongly increases to 0.84, leading to a strong repulsion forces
(due to the ionized -COO" from both PAA and rGO) that hinder the close contact
between rGO and PAA. When pH reached 7 or above, a is further increased towards
the full dissociation of PAA. At this point, it’s extremely hard for PAA to adsorb
on graphene. Therefore, the good dispersion performance of rGO in PAA appears
to be the result of an optimum balance of both electrostatic repulsions and
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Figure 3.10 Photographs and UV-vis spectra of PAA100/rGO with different pH
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Conversely, BPEI is a cationic hydrophilic PE bearing primary, secondary,
tertiary amines, they easily coordinate with hydrogen to form positively charged
functional groups of NH3*, NH>" and NH" at a low pH condition. The protonation
degree of BPEI increases gradually from 0 at pH 12 to 1 at pH 2, with three pKa
calculated for primary, secondary and tertiary amines have been calculated as 4.5,
6.7 and 11.6, respectively [246, 278]. A strong electrostatic attraction is expected
to form between BPEI and rGO at a suitable pH. In order to evaluate the adsorption
behavior of BPEI to rGO, a series of BPEI25 solutions with different pH, from pH
4 to pH 12, are used to prepare BPEI/rGO dispersions (Figure 3.11). With
decreasing degree of protonation, i.e. by increasing pH, it is possible to note that
the concentration of rGO increases by moving from pH 4 to 10 and then drops in
the 10 to 12 pH region. The uncharged BPEI solution (pH 12) reveals better rGO
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dispersing performances with respect to that of solutions characterized by
ionization degree o higher than 0.4 (pH < 8).
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Figure 3.11 Photographs and UV-vis spectra of BPEI25/rGO with different pH

These results are in agreement with a previous study describing the adsorption
of BPEI on uncharged graphite [279]. Indeed, the adsorption process of BPEI onto
graphite could be divided into three steps: diffusion toward the surface, adhesion to
the surface, and rearrangement [279]. Step two plays an important role in dispersing
and stabilizing rGO, and it is influenced by the intramolecular segment-segment
repulsion in BPEI. At lower pH, BPEI is highly protonated and shows a strong
repulsive interaction between charged segments. Even if positive to negative charge
compensation occurs at the surface of rGO, the interaction is limited based on the
huge difference in charge density between poorly charged rGO and strongly ionized
BPEI. Thus, the adsorption of a high number of highly protonated BPEI chains is
limited due to charge repulsion effects. With decreasing charge density (higher pH)
the repulsive force is reduced, consequently the adsorbed amount increases until it
reaches a maximum with uncharged molecules. However, as demonstrated in
Figure 3.11, the best dispersion is obtained at pH 10, not at pH 12. This can be
easily explained by considering that the driving force for adsorption is limited with
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the charged rGO but non-protonated BPEI. Even with small amount of BPEI
adsorbed, electrostatic repulsion is lacked in order to achieve a stable dispersion.
Thus, obtaining a suitable degree of protonation represents a critical condition for
dispersing and stabilizing rGO as it limits BPEI segment-segment repulsion while
allowing for optimal attractive van der Waals interactions between rGO and BPEI.

Interaction of CMC and PSS with rGO

In principle, similar interactions (like PAA to rGO) may also occur in rGO
dispersions containing other negatively charged PEs, like PSS and CMC. CMC
consists of B-linked glucopyranose units with varying level of carboxymethyl (—
OCH2COQ") substitution [280]. The degree of solubility (colloidal dispersion or
full solubility in solution) is accepted to be function of the degree of substitution
(DS) as the carboxymethyl groups are deemed responsible for solubility as cellulose
is insoluble in water at room temperature and mild pH [281]. It was reported that
CMC with lower DS preferentially adsorbs on graphite due to attractive
hydrophobic interactions [282]. This is also verified in this work where, although
the two CMC grades used differ for both molar mass and DS, a greater uptake of
CMC on rGO was measured for CMC90 with DS value 0.7 with respect to CMC250
with DS 1.2.

On the other hand, PSS is an amphiphilic polymer in which the hydrophobic
benzene ring may provide m — m interaction with aromatic structure of rGO sheets,
meanwhile the sulfonate functional groups might in principle confer stability to the
rGO dispersion by charge repulsion [115, 283]. However, the stability of rGO in
PSS resulted to be limited in this work, leading to about 60 % reduction in the
concentration of rGO in dispersions after 4 weeks. This could be explained by
considering that, although the hydrophobicity of PSS is much higher than PAA due
to the hydrophobic backbone and side chain groups, the steric hindrance exerted by
the PSS functional group and the high charge density prevent the adsorption of PSS
chains on the surface of rGO.

3.3 Conclusions

In this part of the work, aqueous rGO dispersions were prepared using polyacrylic
acid, branched poly(ethylenimine), sodium carboxymethyl cellulose and
poly(sodium 4-styrenesulfonic acid). The effect of polyelectrolyte type, molar mass
and charge density on the quality and stability of the dispersion have been
evaluated. Unlike high-energy exfoliated single or few-layer graphene sheets, this
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work emphasizes the ability of polyelectrolyte molecules to separate and stabilize
reduced graphite oxide under mild ultrasonic conditions, implying larger size, more
layers of graphene layers and more difficulties in maintaining stability. Moreover,
the rarely mentioned relationship between the surface energy of polyelectrolyte
solutions and their graphene dispersing ability is discussed, while the surface
energy theory is usually applied in organic solvent dispersion systems.

According to the results, the dispersing performance of anionic polyelectrolytes
is strongly correlated with the solution surface tension, and polyacrylic acid-based
dispersions with lower surface tension displayed the lowest average particle size, a
narrow size distribution as well as negligible change in rGO concentration after four
weeks. Conversely, sodium carboxymethyl cellulose and poly(sodium 4-
styrenesulfonic acid) showed limited dispersion capability achieving the lowest
rGO concentration. On the other hand, the dispersion effectiveness of cationic
polyelectrolytes is not limited by high surface energy, as rGO dispersions
containing branched poly(ethylenimine) exhibited the highest concentration of
dispersed rGO compared with other PEs after four-week aging, while concentration
has been found to be inversely proportional to the molar mass. For weak
polyelectrolytes, the possibility to control charge density through pH has been
evaluated as well. When employed at the boundaries of high and low charge
densities (i.e. very high or very low protonation and deprotonation degrees), both
weak polyelectrolytes understudy obtained poor rGO dispersions. Conversely, the
optimal dispersing conditions have been found to be related to mild charge densities
allowing for favorable interplay of electrostatic repulsion/attraction and
hydrophobic interactions between the polyelectrolytes and rGO. The results
presented here open up for the further development of polyelectrolyte/rGO
dispersions in water-based assembly processes exploiting electrostatic interactions
for the production of membranes and functional coatings.
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Chapter 4

4 PAA/PDAC complexes
incorporating rGO

4.1 Introduction

In chapter 3, it was reported that rGO disperses well in PAA solution at pH 3.4 after
tip- sonication for 30 min. The PAA/rGO dispersion exhibits good stability, narrow
size distribution, and relatively high rGO concentration, which relays on the mild
charge density and relatively low surface tension of PE solution. Additionally, a
complexation forms with two oppositely charged PEs mixing together, which
creates the possible approach to achieve rGO incorporated polymer-based
composites under room temperature and aqueous-based conditions. The
complexation of PEs occurs with the types of strong-strong, strong-weak or weak-
weak combination. The weak-weak combination usually requires two different pH
for fully dissociate the positively and negatively charged PEs, indeed, it requires
more stringent conditions for completely complexing. Apparently, the
complexation is easier to control with the combination of PAA and strong Pol"
(positively charged polyelectrolyte), because the pH changes only the dissociation
of PAA but has no influence on strong Pol". The poly(diallyldimethylammonium
chloride) (PDAC), a linear positively charged PE, has been found to be attractive
to GRM functionalization; indeed, PDAC modified GO followed by reduction
process was used to fabricate PDAC-rGO [142, 284]. The rGO was loaded on
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surface  of  structural  defined  nano-metal-oxo-cluster =~ compounds,
[Ni4(Trz)s(H20)2][SiW12040]- 4H>0 via bridging agent of PDAC, which increases
the peroxidase-like activity, conductivity and stability [144]. The interaction
strength between Pol™ and Pol” reveals the ability of salt added to break polymer ion
pairs. Generally, the strong ion pairs of polymers are more likely to result in glassy
PEC with lower permeability to small molecules or ions, while weak ion pairs are
more likely to produce coacervate, which allows the transport of small molecules
and are more sensitive to salt, indeed, it requires less salt concentration to achieve
complete dissociation [153, 161]. The relatively weak association of PAA and
PDAC endows favourable condition to the coacervate formation and thus facilitates
subsequent processing of composite materials.

The addition of inorganic nanofillers could influence the properties of PEC
multilayer and bulk materials. For instance, the tensile strength and elastic modulus
of  graphene oxide decorated sodium  carboxymethyl cellulose/
poly(diallyldimethylammonium chloride (GO-CMC/PDAC) membrane reached to
115 MPa and 3.5 GPa with loading of 1.5 v/v% GO into PEC membrane, which
were 3 and 1.5 times higher than pristine CMC/PDAC [285]. It is expected that the
rGO addition could also improve the mechanical robustness of PAA/PDAC in
present study due to the stiffness of fillers and transfer of stress distribution.
However, the presence of salt and/ or the water in PECs could significantly change
the cross-linking density of polymers and thus influence their mechanical properties
[149, 170, 286, 287]. Salt ions doped PEC of poly(styrene sulfonate)/
poly(diallyldimethyl ammonium) (PSS/PDAC) could soften materials into viscous
fluid-like state [160]. The presence of water can partially break the electrostatic
interaction and improve mobility of polymers. The PEC fiber of
alginate/poly(diallyldimethylammonium chloride) (ALG/PDDA) revealed a
sensitive humidity response, it was plastic with a modulus of ~10 ° Pa at
environment humidity lower than 65 %, and transferred into rubbery with modulus
of ~10 ® Pa at humidity above 65 % [286]. Moreover, the reversible electrostatic
interaction between PEs with assistance of water makes them intrinsically healing.
In general, improving the mechanical property of PECs will suppress the mobility
of polymer chains and decrease their healing property. As a result, the mechanical
property and healing property of composites PAA/PDAC is expected to be defined
by the combined effects of salt, rGO and moisture. Based on this consideration, this
chapter reports the preparation of rGO-reinforced PECs based on the rGO
dispersion in PAA solution and complexation of PAA and PDAC molecules. The
distribution and dispersion of rGO in PEC, mechanical properties and healing
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properties of these composites are studied systematically. Besides, the effect of salt
into pristine PAA/PDAC and rGO-PEC:s is also discussed.

4.2 Result and discussion

4.2.1 Selection of PAA/PDAC complexation conditions

The mixing pH and salt concentration were determined at first, as shown in Figure
4.1. Only when the pH reached 7, the complex of PAA and PDAC formed a
coacervate instead of precipitation. The coacervate is a reversible and equilibrium
phase near charge neutrality, which indicates the PAA was dissociated and the
charges almost fully interacted with PDAC at pH 7. Even if the solid precipitate
phase could be transformed into coacervate with addition of salt, the precipitate of
PAA/PDAC at pH 3 and pH 5 didn’t show the transition point even with salt
concentration as high as 1.2 M. On the other hand, the coacervate PAA/PDAC at
pH 7 seems more sensitive with ionic strength, the viscosity decreased with
increasing salt concentration, and turned into a single liquid phase at 0.5 M NaCl.
Thus, in order to obtain processable complexes and better rGO incorporation
conditions, the mixing pH was set to 7. For the salted samples, NaCl concentration
was set as middle of phase separation turning point, i.e. 0.25 M.

Figure 4.1 PAA and PDAC mixing at different pH and salt NaCl concentration

4.2.2 FTIR-ATR and components analysis

Before the discussion of PECs, the FTIR-ATR was applied to pure components
PAA and PDAC. PAA, known as a weak PE, varies its degree of dissociation from
COOH bond to ionized COO~ by increasing pH. The spectra of pristine PAA and
PAA modified by NaOH to pH 7 are compared in Figure 4.2a and Figure 4.2b
respectively. The main features of these spectra are summarized in Table 4.1. The
FTIR spectrum of PAA shown in Figure 4.2a indicates that the broadband at 3445
cm! and the bands at 2960 cm™! and 2657 cm™! are assigned for the O-H stretching
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in the presence of hydrogen bonding [288], overlapping with C-H stretching. The
strong band at 1714 cm™! indicates the C=O stretching vibration for the carboxylic
acids. The weak bands at 1454 cm™! with a shoulder band at 1416 cm™' are due to
the combination of -CH> stretching and symmetric -COQO™, the presence of latter
indicates partially dissociation of PAA. The peaks with maximum at 1252 cm™' and
930 cm™! are associated with the occurrence of C-O stretching vibration. The band
at 1176 cm™ is due to (C-O)H stretching mode [289]. The FTIR spectrum of PAA
changes with pH modification because of the dissociation of COOH. The main
difference is noticeable sharp bands at 1562 cm™! corresponding to asymmetrical
vibration of carboxylic anions COO™~, and the symmetrical vibrations of COO™ at
1411 cm™! and 1330 cm™!. Meanwhile, the disappearance of C=0 (from COOH) at
1714 c¢cm™!, and the negligible (C-O)H at 1170 cm™' further confirm the
deprotonation of PAA. Moreover, the narrowing of the O-H stretching band around
3400 cm™! could be associated with limitation of intramolecular hydrogen bonding
of hydroxyl groups due to the transformation of COOH to COO~. Except from
FTIR, the ATR-FTIR were also applied to solid (dried) PAA, and PAA at pH 7 for
better comparison of the ATR-FTIR spectra with other PECs’ results. Besides, the
shift of wavenumbers and bands distortion may occur in ATR-FTIR measurement,
the two kinds of measurements are also for better determination of characteristic
bands. For instance, the C=0 of PAA in ATR-FTIR is at 1690 cm™!, which is lower
than the well-known 1714 cm™' in FTIR. A lower wavenumber of ((C-O)H at 1110
cm! is also observed in ATR-FTIR of PAA. The antisymmetric and symmetric
COO- in PAA at pH 7 are found in 1547 cm™!, 1400 cm™' and 1321 cm™.
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Table 4.1 Peak assignments of pristine PAA and PAA at pH7.

Peak positions (cm™) Peak References
PAA PAA PAA  PAA,pH7 2ssignments
bands in pH7 bands in bands
FTIR bandsin ATR-FTIR in ATR-
FTIR FTIR
3445 3415 3108 3300 O-H [288, 290]
stretching
2960 2949 2935 C-H
stretching
1714 1690 -C=0 (free  [290, 291]
COOH)
1562 1547 -COO~ [291]
(antisymme
tric)
1454 1454 1454 1454 -CHz [289, 291,
292]
1416 1411 1414 1400 -COO~ [289, 291]
(symmetric)
1330 1321 -COO~
(symmetric)
1252 C-O0 [291, 293]
stretching
1176 1170 1110 1119 -(C-O)H [289, 290]
stretching
920 895 C-O0 [294]
stretching

805 790 784, 851 CHz rock [289]
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On the other hand, the FTIR and ATR-FTIR spectra of PDAC are shown in
Figure 4.2¢ and Figure 4.2d, the band assignments are listed in Error! Not a valid
bookmark self-reference.. In the FTIR of PDAC, O-H is found in broadband at
3400 cm™'. The characteristic bands of C-H of -CH, -CH3 and -CH> are located at
3025 cm™!, 2945 cm™!, 2869 cm! and 1476 cm™! respectively. The C-N stretching
band is observed in 1143 cm™' and quaternary ammonium groups is confirmed at
948 cm™!. Similar characteristic bands are observed in FTIR and ATR-FTIR spectra
of PDAC.

Table 4.2 Peak assignments of PDAC observed in FTIR and ATR-FTIR

Peak positions (cm™) Peak assignments References
Bands in Bands in

FTIR ATR-FTIR

3400 3360 O-H stretch [295]
3025 3012 C-H stretch of -CH [295]
2945 2934 C-H stretch of —-CH3 [295]
2869 2866 C-H stretching of -CH> [295]
1476 1475 C-H bending of —CH> [295]
1143 1154 C-N stretching [295, 296]
948 947 -(CH2)N'(CH3)2(CHz)- [295]

stretching

Figure 4.3 compares the ATR-FTIR spectra of initial PEs and the obtained
PECs. The spectra of PECs contain spectral features of both starting polymers of
PDAC and PAA at pH 7. In the spectra of PECs, Figure 4.3a displays the presence
of characteristic bands related to symmetric and antisymmetric -COO~ of PAA, as
well as bands C-H, C-N and quaternary ammonium groups of PDAC, which proves
the presence of both polymer components in PECs. Compared to pure components,
the PAA/PDAC and PAA/G//PDAC show obvious band shifts, including
symmetric -COO~ bands shift from 1400 cm™ to 1392 cm™, from 1321 cm™' to
1314 cm™!, and antisymmetric -COO~ band shifts from 1547 cm™! to 1555 cm™' (in
Figure 4.3b). The sign of peak shifting of —COO~ indicates the interaction of
carboxyl ion of PAA and -(CH2)N"(CH3)2(CHz)- of PDAC. The presence of rtGO
did not change the shape and position of absorption bands. Comparing to PAA at
pH 7, the salt involved samples PAA/PDAC-s and PAA/G//PDAC-s reveal also a
downwards shift for symmetric —COO~ bands and an upwards shift for
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antisymmetric —COO~ band, which confirms the interaction of PAA and PDAC.
However, the -COO~ bands undergo weaker wavenumber shifts in salted PECs than
that of PAA/PDAC (see in Figure 4.3b). It is because the conversion of polymeric
ion pairs (PDAC" PAA") to extrinsic ion pairs (PDAC" Cl-, PAA~ Na") in presence
of salt. The polymer segments of (PAA~Na") in PAA/PDAC-s and PAA/G//PDAC-
s reveal similar features to individual PAA neutralized with NaOH. The absorption
spectra of salt-removing PECs® are presented in Figure 4.3c and Figure 4.3d. They
show similar features to each other, and the characteristic features in 1800-1200
cm™! are similar to pristine PAA/PDAC, which suggests restoration of polymeric
interaction after getting rid of salt ions.
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Figure 4.3 ATR-FTIR spectra of PAA, PDAC at pH 7 and the PECs, rinsed PECs® in
wide range of 4000-400 cm™ (a), (c) and specific range of 1800-1200 cm™ (b), (d).

The concentration of G in PAA/G dispersion is around 0.18 mg/ml, which is
obtained from the residual mass of individual components PAA, rGO and dried
PAA/G in TGA and the volume of dispersion used. The rGO content in
PAA/G//PDAC is around 0.6 - 0.7 wt%, where 0.6 wt% is rGO accounts on the sum
of rGO, PAA and PDAC molecules in system, 0.7 wt% is based on the assumption
of fully complexing of PAA and PDAC with release of small counterions. On the
other hand, moisture content and salt content in different PECs are summarized in



4.2 Result and discussion 79

Figure 4.4a, the moisture content is measured by weighing samples before and after
drying in vacuum oven at 90 °C overnight and salt content is determined according
to TG results in Figure 4.4b and Figure 4.4c.It should be noted that the mass
percentage of salt and rGO in PECs exclude the moisture effect, and they are the
wt% of net weight of samples. The moisture content of samples ranges from 14 to
18 wt%, where the rinsed samples PECs® show slightly lower value (~15 wt%) than
that of samples without salt-removing treatment (~18 wt%). However, the salt-rich
samples PAA/PDAC-s and PAA/G//PDAC-s show comparable moisture content to
that of PAA/PDAC and PAA/G//PDAC. Most of water in the coacervate is removed
during drying at room temperature, transforming the materials from hydrogel to
stiff solid. The water in PECs can be further removed during hot-pressing. As
reported in literature [171, 297], water molecules exist in different
microenvironments within PECs, including the bulk water independent from PE
chains, and the water with tightly or loosely bound states near intrinsic and extrinsic
ion pairs. The salt-removing treatment transfers ion pairs from extrinsic interaction
(interaction of salt and PE) into intrinsic interaction of PEs, resulting in tighter
packed assemblies of polymers. Moreover, the rGO-involved samples show slightly

lower moisture content than rGO-free samples due to the hydrophobicity of rGO.
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Figure 4.4 Salt and moisture contents in all samples (a), TGA curves of PECs (at air)
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PAA/PDAC-s and PAA/G//PDAC-s show salt proportion at 6.5 + 0.4 wt% and
6.6 + 1.3 wt%, respectively (Figure 4.4a). Salt ions are distributed preferentially in
the supernatant if comparing the input salt proportion of around 50 wt% to final salt
reserved in complexes around 7 wt%, which is accordance with previous studies of
exclusion of salt from the polymer-rich coacervate phase [298]. After rinsing and
washing, salt in PAA/PDAC-s and PAA/G//PDAC-s are mostly removed,
corresponding to approx. 0.2 wt% residual weight for their rinsed samples. It is
worth mentioning that a small amount of salt was retained in PAA/PDAC and
PAA/G//PDAC because Na' ions were introduced in the system when neutralized
with NaOH, which could form NaCl together with the CI~ ions. This is hard to be
detected in TGA as the amount is comparable with the sensitivity of the TGA, but
easy to confirm using EDS.

Element analysis in Table 4.3 shows the average percentage of Na and Cl in
PECs. A small amount of Na and CI have been found in PAA/PDAC as well as in
PAA/G//PDAC, suggesting limited salt concentration in pristine samples. The
concentration of Cl was significantly higher than Na in all cases, suggesting the
excess Cl could be associated to incompletely complexed PDAC. After soaking and
rinsing, Na was completely removed while there was residual ClI in corresponding
PECsR®, while approx. 0.3% Cl remains. The complexed monomer ratio of PDAC
and PAA (n ppac/paa) can be calculated based on EDS results and euqation (4-1),
where it is assumed that rGO in PECs would not consume the charges of PAA and
PDAC, and the consumption of Cl is only because of complexation. Moreover,
because the elements of Na and Cl in normal PECs could be influenced by salt, this
calculation is only applied in PECs®. The Npec® and Nppac are atomic percentage
of nitrogen of PECR and PDAC respectively, and the Clpec® and Clppac are atomic
proportion of chlorine from PECR and PDAC respectively. The n ppacpas of
(PAA/PDAC)R, (PAA/G//PDAC)R, (PAA/PDAC-s)} and (PAA/G//PDAC-s)} are
1.04, 1.07, 1.03 and 1.07 respectively, indicating that the molar ratio of PDAC and
PAA in complexes is close to 1.
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Table 4.3 Element atomic percentage in cross-section of PECs based on EDS result

Cl (%) Na (%) N(%)
PDAC 8.8+0.5 - 8.9+0.5
PAA/PDAC 1.0+0.3 0.2=+0.1 6.6+ 0.6
PAA/G//PDAC 0.9+0.2 0.2+0.1 6.8+0.5
PAA/PDAC-s 26+0.2 2.0+0.1 5.6+0.7
PAA/G//PDAC-s 2.6+0.5 1.8+ 0.1 59+03
(PAA/PDAC)R 0.3+0.1 --- 7.5+0.7
(PAA/G//PDAC)R 0.4+0.1 --- 6.6+04
(PAA/PDAC-s)} 0.2+0.1 --- 6.7+0.6
(PAA/G//PDAC-s)} 0.4 +0.04 6.3+1.1
Neect /X Clopac (@)
Nppac/pada = N ppcr
/NPDAC X Clppac — Clpgcr

4.2.3 Thermal stability and morphology

The thermal stability of PEC grafted with GO and/or salt was further studied
according to TGA results and mass loss rate of samples upon heating (DTG), in
Figure 4.5. In order to evaporate water, all of the samples were heated at 100 °C for
30 min. Before discussing the thermal stability of PECs samples, the TGA results
of pure components in Figure 4.5a are firstly studied. Both PAA and PDAC show
two stages of degradations where the degradation of PAA takes place over two
broad temperature ranges, corresponding to thermal decomposition of carboxylic
acid group at 200-300 °C and decomposition of backbones at 350-500 °C. Instead,
two decomposition stages of a wide range at 250-400 °C and a relatively narrow
range at 400-485 °C are found in pure PDAC. The first thermal decomposition stage
of PDAC was found to be related to the reaction similar to quaternary ammonium
salts dissociate with the formation of alkyl halide, in reaction (4-12) [299]. Where
Me is —CH3z. However, the pH modification may also change the degradation
process of PEs since it influences the dissociation of weak PEs.
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Figure 4.5 TGA and DTG of pure components (a), PECs (b) and PECs® (¢) at N,
atmosphere

As expected, the PDAC at pH 7 reveals similar results with pristine PDAC,
while only one peak of DTG result is observed near 460 °C in PAA at pH 7. The
PAA neutralized by NaOH can be considered as sodium polyacrylate (PANa). It
shows a maximum weight loss at 440-500 °C and a substantial residual, around 60
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% of the initial polymer weight, remaining at 600 °C, which consists mainly of
sodium carbonate [300]. After complexation, it is interesting to note that the TGA
curve for the first decomposition stage of PAA/PDAC (dash curve in Figure 4.5a,
lower than 300°C) lies below that of individual pure PAA at pH 7 and PDAC at pH
7. The onset decomposition of PAA/PDAC starts at 230 °C (defined as 5 wt%
weight loss), which is close to that of pure PAA (223 °C). Moreover, PAA/PDAC
has no peak of DTG at 300-400 °C, suggesting that the conversion of PDAC to
alkyl halides was limited by ionic bonding with PAA. Besides, the decomposition
of PAA/PDAC approaches to decomposition curve of PDAC at high temperature,
especially above 430 °C, where the PAA has been mostly decomposed and the
degradation is dominated by the PDAC. At 500 °C the PAA/PDAC is completely
decomposed, leaving negligible char residual. The mass residual is even lower than
the individual pure components due to the amount of salt excluded in the
complexation process.

Two decomposition steps are found as well in other kinds of PECs from
according to TGA results in Figure 4.5b and Figure 4.5¢c. The decomposition of
pristine PAA/PDAC gives the first DTG peak value of weight loss rate at about 270
°C, then a rapid weight loss with a maximum rate is observed at about 460 °C. The
onset decomposition temperature of salt containing samples (PAA/PDAC-s and
PAA/G//PDAC-s) increases to ~245 °C and the maximum weight loss rate in the
first decomposition region drastically shifts to ~320 °C. The existence of salt
partially replaced the interaction of polymers (Pol” Pol") into interaction of polymer
and salt ions (Pol” CI" or Na' Pol"). Therefore, the thermal decomposition of salted
PECs is the sum of segments of different types (PDAC" PAA", PDAC" Cl" and Na*
PAA"). The temperature increase corresponding to the first DTG peak (from ~270
°C to ~320 °C) in the salted samples (appears to be associated with the polymer
segments of PDAC. Additionally, the maximum rate of weight loss (at ~460 °C) of
saline samples decreased compared with PAA/PDAC due to the thermal stability
of salt and lower polymer fraction. On the other hand, rGO in PAA/G//PDAC shows
a minor influence to onset decomposition temperature (less than 10 °C deviation to
PAA/PDAC), but its maximum weight-loss rate at ~460 °C is similar to
PAA/PDAC-s that suggests a role of rGO in decreasing rate of volatilization,
possibly by reduction of diffusivity for the decomposition products and/or
adsobance of the volatiles onto the rGO surface.

Thus, PAA/G//PDAC-s displays the highest onset decomposition temperature
and the lowest maximum weight-loss rate due to the effects of both rGO and NaCl.
Besides, PAA/G//PDAC-s displays obviously higher residual amount than
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PAA/PDAC-s. The residual amount of PAA/G//PDAC-s corresponds to the sum of
carbonaceous residue out of polymer decomposition in presence of salt, residual
rGO and the salt itself. The deviation is assigned to retained salt within the
formulation, assuming the presence of salt is not promoting charring of the PEC.
TGA and DTG curves of PECs® are compared in Figure 4.5c. The salt-removing
treatment yields TG curves corresponding to that of PAA/PDAC, which
reconfirmed the salt influence in raising onset decomposition temperature. Besides,
the rGO-containing PECs® reveal a smaller maximum weight loss rate during
decomposition, confirming rGO effect in slowing down PEs volatilization.

SEM is carried out to characterize cross-sectional surface of PEC films, shown
in Figure 4.6. In Figure 4.6a and Figure 4.6b, cross-section of un-pressed
PAA/G//PDAC exhibit surface with pores, micro cracks and the randomly oriented
G (with size in the range of 0.6-2 um), which is different with pressed films, where
the defects are negligible (Figure 4.6¢c-f), meanwhile rGO distribute in parallel,
orienting perpendicular to pressing direction. The comparison between
nanocomposite PECs prepared with or without added salt is also informative.
Indeed, PAA/G//PDAC-s displays a surface with less evident rGO flakes,
suggesting the highly salted PEC to be softer even at low temperature during
fracture, producing a less defined fracture surface embedding rGO.

Pressing direction

f 20 pm
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Figure 4.6 Cross-section images of un-pressed PAA/G//PDAC (a) and (b),
PAA/G//PDAC (c¢), and (d), PAA/G//PDAC-s (e) and (f). The (d) and (f) are the regions
marked by yellow dotted boxes in (c) and (e) respectively. White arrows: defects in un-
pressed PAA/G//PDAC, red arrows: the direction of G, yellow arrows: the G at fracture
boundary, dashed curve, the fracture boundary

4.2.4 Mechanical properties

The mechanical properties of PECs were measured via tensile test, as presented
in Figure 4.7. The pristine PAA/PDAC shows brittle characteristics with ultimate
stress and elastic modulus of 31.5 +2.4 MPa and 1114 + 85 MPa respectively, while
its deformation is only 7.7 + 2.2 %. The presence of salt in PAA/PDAC-s transfers
PAA/PDAC from brittle to ductile, leading to a much higher elongation at break
(295 £ 90 %), as well as the decreased stress at break (1.6 = 0.3 MPa) and elastic
modulus (166 + 43 MPa). The ion pairs of Pol” and Pol” in PECs can be viewed as
dynamic physical crosslinks, some of which break and reorganize during strain.
According to the classical theories of rubber elasticity, the modulus is related to the
cross-link density [170]. The salt doping to PECs has been previously shown to
reduce the crosslink density, thereby decreasing the modulus and enhancing strain
[152, 301]. This trend usually becomes more obvious with salt concentration
increasing. The residual water in samples (Figure 4.4) also accounts for the
softening of PECs, in particular, in the salted samples, the doping and water
molecules make them significantly softer.
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Figure 4.7 The stress-strain curve of PECs with the inset of enlargement at strain
range of 0 to 12% (a), elastic modulus, stress at break and failure strain (b)

On the other hand, the increase of stress at break and elastic modulus are
obtained (32.7 = 1.6 MPa and 1346 + 172 MPa respectively) in PAA/G//PDAC
with rGO content of 0.7 wt%. The addition of rGO strongly improved the
mechanical properties to salted samples; PAA/G//PDAC-s showed elastic modulus
of 320 = 51 MPa and stress at break of 7.13 + 1.68 MPa, corresponding to the
respective 1.9 and 4.4 times to those of PAA/PDAC-s. The improvements of rGO
on elastic modulus and tensile strength in salted samples are accompanied by
sacrifice of elongation at break. The reinforcement of rGO in PECs with and
without of salt depends on the soft and rigid polymer matrix. The mechanical
property of GRMs reinforced polymer composites is affected by the fillers size
[302], number of layers [303], distribution and orientation [304, 305], interfacial
adhesion [306, 307], and fillers loading [308]. For the hard polymeric composite,
elastic modulus and mechanical strength are sensitive to fillers loading since the
fillers support applied loads, therefore an increase in loading results in a stronger
composite [308]. However, in GRMs reinforced polymers with low-modulus
polymeric matrices, elastic modulus can be dramatically improved, depending on
the aspect ratio, orientation and interfacial strength of the nanosheets [309].

With the removal of salt, the PECs turn to salt-free samples PECsR, which
bumps up the elastic modulus (1200 -1400 MPa) and tensile strength (35-38 MPa),
slightly higher than that of pristine PAA/PDAC. A slight decrease in moisture
content was found after the desalination treatment in Figure 4.4, which also
facilitated the formation of a rigid polymer matrix. These results reveal that the
mechanical properties of these PECs are reversible by controlling salt content, and
the reinforcement of rGO in composites is strongly associated with the PEC matrix
conditions.
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DMTA was also carried out to measure the viscoelastic properties of PECs as
a function of temperature. Figure 4.8 shows the storage modulus (E’), loss modulus
(E’’) and loss factor of PECs during heating and subsequently cooling process,
those representing the dynamic mechanical property of moist and dried PEC films
respectively. Indeed, on heating process the samples containing equilibrium
moisture are measured, thus reflecting the viscoelastic properties of the moist
samples. Heating in dry atmosphere results in a progressive moisture reduction,
with consequent evolution of dynamo-mechanical properties as reported in Figure
4.8a-f. Pristine PAA/PDAC exhibits a progressive decrease in storage modulus
until approx. 75 °C, followed by a subsequent increase in E’, likely related to water
loss and possible reorganization of the complex. PAA/G/PDAC exhibits a
qualitatively similar trend, with higher E’ value over the whole temperature range,
in agreement with the stiffening previously observed in tensile tests, indicating the
ability of rGO to restrict segmental motion in PEC. The inclusion of added salt in
PECs resulted in much lower storage modulus compared to their salt-less
counterparts, confirming the softening effect attributed to weaker interaction of
polymer chains after salt ions substitute PAA and PDAC intrinsic ion pairs. Similar
trend of significantly decrease followed by the increase in E’ is also observed in
heating of PAA/PDAC-s and PAA/G//PDAC-s (Figure 4.8d), but the turning point
shifts to lower temperature of approx. 25 °C. The abrupt decrease in E’ corresponds
to peaks in the curves of loss modulus E’’ (Figure 4.8b and Figure 4.8¢) and loss
factor (Figure 4.8c and Figure 4.8f), thus suggesting a reorganization of the PEC
structure. Considering the dynamic variation of both temperature and moisture of
PEC samples during heating, the E’ and E’’ curves can be considered as a segment
combination of modulus curves of PEC with different water content at different
temperature which is close to the real-life condition when materials are heated.
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Figure 4.8 Storage modulus, Loss modulus and Tan Delta of PECs during heating (a-
f), and cooling process (g-m)

After the isothermal at 160 °C for 20 min, almost of all the water is removed.
Taking one sample heated in TGA for 20 min at 160 °C, the lost water weight was
calculated to be around 23 wt%. Even though the TGA heating process is not
exactly same as DMTA, which has a heating process of cooling from room
temperature to -100 °C, and then healing to 160 °C isothermally for 20 min, it still
reflects the water removal condition. Dynamic-mechanical properties measured on
cooling in dry atmosphere are representative of the molecular relaxation of dried
PECs with temperature, presented Figure 4.8g-m. PAA/PDAC expectedly shows a
regular increase in stiffness with decreasing temperature, with a room temperature
value of 4 GPa and a broad peak in E’” with maximum at -30 °C. PAA/G//PDAC
shows a similar trend, with confirmed higher stiffness compared to PAA/PDAC
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over the whole temperature range and further broadened E’> with maximum at
significantly higher temperature. This confirms relaxation of PEC in dry state is
strongly affected by the presence of rGO, despite the very low content of
nanoflakes.

Salt-added PECs confirmed much lower E’ than PAA/G//PDAC and
PAA/PDAC as well as a stiffening effect brought by the presence of rGO. Indeed,
E’ of PAA/G//PDAC-s is significantly higher than that of PAA/PDAC-s during
cooling process, and the difference increases with decreasing temperature. On the
other hand, E’ plots of PAA/PDAC-s and PAA/G//PDAC-s are similar with a
broad peak at approx. -50 °C, which illustrates the plasticizing effect of salt that
shifts the relaxation of dried PEC-s to lower temperature. However, there is another
broad peak at higher temperatures of E’’ plots, corresponding to the maximum at
approx. 140 °C in PAA/G//PDAC-s and 100 °C in PAA/PDAC-s. The E’’ peak in
salted samples at high temperatures (above 100 °C) appears to be related to the main
relaxation of the complex. Based on previous study [310], as determined by
differential scanning calorimetry (DSC), the glass transition temperature (Tg) of
PAA/PDAC weakened and shifted toward higher temperature with the ionic
complexation degree (ICD) increase, and finally became undetectable when ICD
was above 0.16 (Tg was 123 °C when ICD = 0.16). The ICD was defined as the
ratio of the number of ionized carboxylic acid groups interacting with PDAC to the
total number of carboxylic acid. The undetectable Tg could be because ionic
complexation between PAA and PDAC restricted the mobility of polymer chains,
which could also be found in other PECs, such as PDAC/PSS and PAH/PAA [171,
311]. Therefore, with the ICD around 1 in this study, it is expected that the Tg of
PAA/PDAC could be high and hard to be detected. Since the thermo-mechanical
analysis, DMTA is more sensitive, and the Tg from DMTA is close to that of DSC,
it is expected that the high-temperature transition in salted PECs could be associated
with glass transition, as the salt doping reduced ionic interactions of PAA and
PDAC. However, further confirmation requires a deep investigation with DMTA
that is out of our aims of viscoelastic response of PECs with temperature.

4.2.5 Effect of rGO concentration in PECs

The reinforcement of rGO to PECs has been found in previous discussions,
however, a further understanding of effect of rGO concentration in PECs to
mechanical improvement and nanofiller distribution is lacking. Figure 4.9
compares mechanical reinforcement in composites under different rGO loadings,
as well as the nonlinear curve fittings in stress at break and elastic modulus
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improvement factor (E/Eo, Eo is the elastic modulus of PAA/G//PDAC). A nearly
linear increase in stress at break with rGO filler loading is found, while the
reduction in reinforcing efficiency of elastic modulus, corresponding to a gradually
decreased slope in fitting curve. In addition, the small value of failure strainis
observed in PECs, which slightly decreases with rGO concentration (Figure 4.9b).
Those results confirm the brittle features and mechanical reinforcement of rGO
increases with rGO concentration.
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Figure 4.9 Mechanical reinforcement (a) and elongation at break (b) of rGO as a
function of concentration. Experimental and theoretical elastic moduli derived from the
Halpin-Tsai model for PAA/G//PDAC-based composites with aligned and random
dispersions (c).

The elastic moduli of composites under unidirectional and random distributions
were simulated and compared with the actual mechanical results. Halpin-Tsai
equation was previously validated for predicting modulus of unidirectional or
randomly distributed filler-reinforced nanocomposites, for instance, the GO
reinforced PVA composite [312], GO-PAH/PSS nanomembrane [313], and



4.2 Result and discussion 91

polyethyleneimine reduced graphene oxide incorporated methylcellulose (PEI-
rGO/MC) composite[224]. The elastic moduli of rGO-PECs composites with
randomly oriented and aligned parallel rGO, E, and E,, are given as follows:

5 —p 31+ (2l; /3t N, Ve N 51+ 2n,V. (4-3)
R I 1—-n,V 8 1—n7V;
E —E 1+ 2lg/3te)n, Ve (4-4)
@« om 1-—n,V,
n = (Eg/Em) — 1 (4-5)
LT (Eg/En) + (2l /3te)
_ (Eg/En) —1 (4-6)

1= B /By + 2

where Eg and E,, are elastic modulus of rGO and matrix respectively. Eg was
assumed 0.25 TPa according with a previous study [224], while E,, =1.1 GPa is
taken from result in 4.2.4while. This calculation considers the matrix modulus is
basically constant with rGO loading. /g, ?c are V. are length, thickness and volume
fraction of rGO flakes. The aspect ratio of /¢/tG is estimated to 250, based on the
FESEM images. The volume fraction of GO V. can be obtained from weight
fraction of rGO (w) based on equation (4-7).

_ WpPp
wpp + (1 —w)pg

Ve 4-7)

Where p, and pg and density of matrix and rGO respectively, using as 1.1 g/cm?
and 2.2 g/cm?’. Figure 4.9¢ displays the modulus based on Halpin-Tsai model and
the measured modulus of rGO-PECs and its curve fitting. The experimental
modulus is found closer to the theoretical plots of aligned rGO-PEC, especially at
lower rGO loadings, in greement with the SEM experiemntal observation showing
the distribution of rGO tends to be aligned. However, the stiffness for higher rGO
concentration is lower than predicted by aligned Halpin-Tsai model. When the rGO
loading reaches to 1.92 wt% (0.97 vol.%), the experimental data approachs to plots
of random dispersion, suggesting the degree of orientation to depend on the
concentration of rGO flakes.

The rGO distribution in cross-section of PECs with different rGO loadings is
presented in Figure 4.10 a-e, and the corresponding SEM images with higher magnification are

displayed in Figure 4.10 f-p. Good dispersion and distribution of rGO in matrix have been observed
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in PECs when the rGO concertation ranged from 0.17 mg/ml to 0.48 mg/ml, corresponding to the rGO
content in PECs ranging from ~ 0.6 wt% to ~2.0 wt%. Compared to the PAA/G//PDAC in Figure 4.6

Pressing direction

20 pm

—t

Figure 4.6¢, the distribution density of rGO increases slightly in PEC prepared
by increasing feed rGO amount (Figure 4.10a, f, and k), however, it increases
obviously in other samples. They are PECs prepared using longer sonication time
(Figure 4.10b, g, m and Figure 4.10c, h, n) or by filtration followed by re-dispersing
method (Figure 4.10d, 1, o and Figure 4.10e, j, p). Based on SEM with higher
magnification, the rGO size ranges from 0.3 to 2 pm in PECs, however, it is easier
to find rGO with size over 1 pm in samples prepared using 0.5 h sonication time at
Figure 4.10 k, o and p. On the other hands, most of rGO are oriented perpendicular
to pressing orientation (rGO oriented along with the top surface of pressed
specimens) in PECs. Moreover, the preferential orientation of rGO flakes are easily
found at lower rGO loadings, while the oriented rGO in PAA/Go.40//PDAC is not as
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clear as PAA/Go.17//PDAC. This result is in accordance with the prediction of
random/aligned rGO dispersion in Figure 4.9.

Figure 4.10 The cross-section SEM images of PAA/G ¢.17//PDAC (a) (f) (k), PAA/G
0.30//PDAC (b) (g) (m), PAA/G 037//PDAC (c) (h) (n), PAA/Go.40//PDAC (d) (i) (0) and
PAA/Go4s//PDAC () (j) (p). The (f) (g) (h) (i) and (j) are the regions marked by yellow
dotted boxes in (a) (b) (c) (d) and (e) respectively.
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4.2.6 Humidity influence on mechanical behavior

Mechanical reinforcement of rGO was demonstrated with a small concentration of
rGO, as discussed in 4.2.4. These samples were pre-conditioned in ambient
condition (23 °C 50% RH) for 1 week before mechanical measurement. Here, the
effect of rGO and/or salt on mechanical properties of PECs after conditioning of
higher relative humidity (RH 70%) is addressed. The moisture contents in PECs
were firstly measured and summarized in Figure 4.11a. As expected, the PECs
saved in RH 70% display higher moisture content (27-30 wt%) than samples saved
in RH 50% (15-19 wt%). Besides, the desalted PECs® conditioned at both RH 50%
and RH 70% show lower water contents than other samples, indicating improved
water resistance after restoring intrinsic interactions. The tight bonding of intrinsic
interaction limits the space of adsorbed water molecules between polymer chains.
The presence of rGO with contents of 0.7-1.5 wt% slightly reduced the moisture
content in PECs, corresponding to the moisture contents lower than PAA/PDAC
but higher than PECs®. The higher the rGO, the lower in moisture.
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Figure 4.11 Moisture content (a) stress (b) and strain at break (c) of PECs under
different relative humidity. The stress-strain curves of PECs saved in RH 70% (d), the
images of PAA/Go37//PDAC under stretching (e) and after stretching ().

The tensile test for PECs saved in RH 70% is carried out, and the results are
summarized in Figure 4.11b-e. The stress-strain curves of PECs saved in RH 70%
are presented in Figure 4.11d, the corresponding tensile strength and strain at break
comparison between samples saved in RH 70% and RH 50% are shown in Figure
4.11b and Figure 4.11c. A high deformation over 1000 % and a low tensile strength
can be observed in most of cases except (PAA/G//PDAC)R. Based on the
comparison results, it is obvious that PECs in RH 70% reveal much lower tensile
strength and higher deformation than that of samples in RH 50%. It indicates that
the higher moisture environment transferred PECs from brittle to ductile. The
polymer matrix of PAA/PDAC was extremely soft and ductile at high moisture
condition due to the plasticization of water molecules, which strongly weaken the
intrinsic ion pairs and made space for facilitating the sliding motion and relaxation
of PEs within the assembly [173, 287]. In the condition with RH 70%,
(PAA/G//PDAC)R exhibits the highest strength of 1.3 + 0.5 MPa that emphasizes
the importance of salt removal, instead, the reinforcement of rGO is not obvious
even with an increase of rGO amount, showing similar values (below 0.2 MPa) in
PAA/G//PDAC and PAA/Go37//PDAC. Similarly, the elastic modulus of ~1.4 MPa
for (PAA/G//PDAC)? is higher than other samples with only 0.1-0.4 MPa. The
elongation at break results in Figure 4.11c show superior mechanical flexibility and
higher stretchability for PAA/PDAC, PAA/G//PDAC and PAA/Go37//PDAC, but
limited deformation ~300% for (PAA/G//PDAC)R.

Figure 4.11e shows the images of PAA/Go37//PDAC during stretching with
around 2000% deformation and after stretching. The deformation tends to start from
one or a few regions usually near the clamps, and gradually develops to other places.
The stretched regions with high deformation turn out to be semi-transparent with
light grey appearance decorated with a few visible rGO aggregates (Figure 4.11e-
1). The region with lower deformation still maintains black, Figure 4.11e-ii. After
release of stretching force, the PEC could partially recover from 630 mm to around
260 mm, which indicates the partial recovery of sample length. The after-stretched
PEC displays a rough surface due to the rGO fillers, shown Figure 4.11f.

Combined with the moisture result in Figure 4.11a, the mechanical
enhancement of (PAA/G//PDAC)R is attributed to the limitations to salt
plasticization and water plasticization, indeed, recovering intrinsic interaction of
polymers and limiting polymer chain mobility. However, in RH 50%, the highest
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stress at break and the smallest deformation are found in PAA/Go37//PDAC. Thus,
the mechanical reinforcement at RH 50% is dominated by the rGO content in PECs,
which is because the tight bond between the rGO filler and the polymer matrix
allowing transferring the applied load to GO through interfaces. Owing to the
limited moisture content (15-19 wt%), the small amount of extrinsic interaction
between salt ions and polymer chains brings narrow influences to the sliding and
relaxation of PEs, thus the results of PAA/G//PDAC and (PAA/G//PDAC)R are
similar. These results further confirm the mechanical property of our specimens are
controlled by the combination of three parameters, namely rGO concentration, salt
concentration and equilibrium moisture.

4.2.7 Water triggered self-healing property

The healing capacity of PECs films was examined by adding water after cutting
wounds. Adding 2 ul of water to cutting wounds then covering with plastic film for
better contact between water and cuts. After exposing samples in 23 °C and RH
35% for 1-2 days, remove cover films and keep samples at the same condition for
1 week. Saving healed PECs in a relatively lower RH environment induced a shorter
time for achieve a constant mass, where the healed PECs saved in RH 35% reached
a relatively stable mass after 5 days, but the mass of PECs in RH 50% could not
achieve equilibrium even after 2 weeks. It could be related to the high affinity of
PAA to water [235], which hinder moisture removal at room temperature and/ or
high RH environment. Figure 4.12 displays the mechanical results of healed PECs
(Figure 4.12a-e) and the images of cut and healed PEC film (Figure 4.12f). The
healed PECs were measured by tensile test and the mechanical recovery degree was
calculated, which defined as the % to initial value. The comparison of stress at
break, elastic modulus and strain values of pristine PECs and healed PECs are
presented in Figure 4.12a, Figure 4.12b and Figure 4.12c. Figure 4.12d displays the
stress-strain curves of healed PECs. Figure 4.12e shows the mechanical recovery
degree, including stress at break recovery degree and elastic modulus recovery
degree of healed PECs. During the calculation of stress/ modulus recovery, the
average value is used in pristine and healed samples.
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Figure 4.12 Comparison of stress at break (a), Elastic modulus (b) and strain at break
(c) between healed PECs dried in RH 35% at room temperature and pristine PECs, the
stress-strain curves (d) and corresponding recovery degree of healed PECs (e), the cut and
healed PAA/G//PDAC film (f).

Based on the healed specimens of PAA/PDAC, PAA/G//PDAC and
PAA/Go37//PDAC, the mechanical properties restored to a comparable level to
pristine PECs, and the mechanical recovery degree decreases with increasing rGO
content. The restored degrees of strength and elastic modulus in healed PAA/PDAC
are even above 100%, which is possible due to the low RH (35%) during healing
inducing more moisture removal in PECs. The healed PAA/G//PDAC shows ~90%
and ~100% of elastic modulus and tensile strength of the pristine PAA/G//PDAC,
and the corresponding values to healed PAA/Go37//PDAC are ~85% and ~80%,
respectively. It should be noted that the stress at break of healed PECs reached
similar levels of ~35 MPa (Figure 4.12a), but were different in the pristine PECs.
On the other hand, the healed (PAA/G//PDAC)R is significantly different to other
healed specimens, obvious increased elastic modulus but decreased tensile strength
are found after healing, with restore degrees of ~130 % and ~64 %, respectively.
Moreover, the healed samples exhibit obvious decreases in strain at break, where
the healed (PAA/G//PDAC)R shows the smallest value at ~1.7 %. The break occurs
at the healed position during stretching (insert of Figure 4.12c), confirming that the
stress concentration at this area, owing to the presence of remaining defects after
healing. During healing, the electrostatic interactions among PAA and PDAC at
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fracture surface reformed accompanied by migration of the polymer across the
damaged area and into intimate contact. Although the damaged area was restored
in healed (PAA/G//PDAC)R, there are a clear boundary of the water-wet region in
the healed (PAA/G//PDAC)R, where it could develop as stress concentration area.
As a result, the factors of rGO content, salt and moisture not only influences the
mechanical properties of PAA/PDAC based composites, but also bring different
results in self-healing properties.

4.3 Conclusions

This chapter presents a simple and efficient approach to prepare homogeneously
dispersed rGO-polymer composites at room temperature and in aqueous solution,
which is different to traditional methods of melt mixing, or solution mixing under
organic solvents, avoiding complex solvent removal process. The fabrication of
rGO incorporated PAA/PDAC composite was demonstrated by complexing PAA
dispersed rGO with PDAC solution followed by shape processing. The effect of
rGO amount, salt and relative humidity on the mechanical properties of PEC
composites have been studied. The rGO fakes have good dispersion and distribution
in polymer matrix with this aqueous solution mixing method. The incorporation of
rGO improved stress at break from 31 + 2.4 MPa to 51 + 2.4 MPa within around 2
wt% of rGO. The reinforcement of rGO in salted PEC is more obvious, with only
around 0.6 wt% of rGO the tensile strength and elastic modulus of PAA/G//PDAC-
s are 1.9 and 4.4 times to those of PAA/PDAC-s respectively. In contrast, the
addition of salt endows materials ductility and higher deformation. Salt not only
decreases the mechanical property in tensile test but also decreases strongly storage
modulus of composites through transferring the intrinsic interaction from
polyelectrolytes to extrinsic ion pairs between salt ions and PE charges. The
mechanical properties of salted samples could back up to a similar level to pristine
samples after soaking and rinsing to remove salt in composites. Despite from salt
and rGO, the mechanical properties of rGO incorporated PAA/PDAC composites
i1s strongly associated with environment moisture, and most samples reveal
extremely high elongation (over 1000%) and low resistance at around RH70%. The
reinforcement of rGO 1is restrict at this condition because of the mechanical
mismatch of matrix and fillers rGO, while effect of salt plasticizing to ductile
composites turns to important even if with only small amount of salt. The rGO-
doped PAA/PDAC composites show potential in versatile applications as the good
dispersion of rGO and tuneable strength and ductility, as well as moisture-triggered
healing properties.
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Chapter 5

S PAA/PDAC complexes
incorporating high rGO
concentrations

5.1 Introduction

According to chapter 4, rGO can be introduced to PAA/PDAC complexes via
dispersion into PAA solution and consequently further complexing with PDAC
polymer chains at pH 7. The mechanical properties of rGO-PAA/PDAC composite
can be controlled in terms of stiffness, resistance and deformation by rGO content,
salt content and moisture. The addition of rGO is an effective way to reinforce
PAA/PDAC matrix, especially in the salted PECs. However, the limited amount of
rGO (less than 2 wt%) in the polymer matrix limits the performance improvement,
not only in terms of mechanical properties but also for thermal and electrical
conductivity. Moreover, pristine and rGO-containing PAA/PDAC samples failed to
maintain a stable shape within a few minutes of immersion in water (100% RH)
because of the strong swelling behaviour, although the salt-removing treatment
could improve the stability in some degree (higher strength relative to samples with
retained salt) at higher relative humidity (70%). In this chapter, a higher content of
rGO in PEC is pursued for fabricating electrically and thermally conductive rGO-
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PEC composites, with stability in water, which endows the PECs with potential in
conductive devices and bio-sensing.

Generally, the synthesis of GRMs-filled PEC complexes contains two steps,
GRM is dispersed in at least one of the PEs and then the PEs complexation. In our
previous study, rGO can be well dispersed in PAA solution without pH
modification. However, the PDAC solution is not suitable for rGO dispersing as
significant precipitation was observed to occur after sonication which could be
associated with its high surface tension. It has been found that the complexing of
oppositely charged PEs leads to a decrease in surface tension compared to the
individual PE solutions, which was observed in PEC composed of PAA and PDAC,
PSS and PDAC [314]. The maximum decrease could be achieved with molar charge
ratio equal to 1. On the other hand, in most cases, the complexation of PEs results
in a coacervate or precipitation separated from liquid but the morphology could be
further controlled by salt concentration. Using the critical salt concentration (0.5M)
in PAA/PDAC, which has been studied in chapter 4, it is possible to transform a
coacervate to a liquid. Therefore, the hybrid PEs system including PAA, PDAC and
salt ions is designed to disperse rGO and build rGO-PAA/PDAC composites. The
hybrid dispersing contains all the components during sonication and gives a high
concentration of rGO in finally obtained composites, approx. double the sample
prepared by the single PE-based dispersion. Moreover, adding water could simply
trigger the complexation of PAA, PDAC, and rGO as the salt concentration drops
below than critical salt concentration.

In this chapter, the preparation of electrical and thermally conductive rGO
incorporated PAA/PDAC composites by using two different dispersion methods.
The schematic representation for preparation methods and complexation processes
are compared in Figure 5.1. Type 1 method prepared rGO-PAA/PDAC by
adsorption of PAA molecules onto rGO followed by complexation triggered by the
PDAC addition. Three steps were applied in Type 1 method, namely rGO
dispersion in PAA solution, pH and salt concentration modifications in PE
solutions, and the complexation by adding PDAC into PAA/G during stirring. The
rGO decorated PAA/PDAC obtained in method one is named as PAA/G//PDAC-S.
It is different with the PAA/G//PDAC-s in chapter 4, the dispersion of PAA/G in
preparation of PAA/G//PDAC-S was not centrifuged. In the Type 2 method, the
complexation of PEs was restricted by high salt concentration at first, then the PAA,
PDAC and rGO intensively complexed with the trigger of water addition. The rGO
was first dispersed in a mixture of PAA and PDAC solution with pH 7 and salt
concentration of 0.5M, which is called PAA/PDAC-s. Secondly, the complexation
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of PAA and PDAC was triggered via adding water that decreases salt concentration
to 0.25M. The samples prepared in this way are referred to (PAA/PDAC-S)/G. The
PEC composition, distribution of rGO and mechanical, thermal and electrical
properties are investigated in rGO-PAA/PDAC composites fabricated via both
methods. Besides, the stability of PEC composites in water is also compared. Both
rGO content and distribution in PEC matrix influence these properties, thus the
improved distribution of rGO and improved rGO content have been pursued as two
methods to optimize their properties.
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Figure 5.1 Schematic representation of the two different methods for fabricating rGO
decorated PAA/PDAC

5.2 Result and discussion

5.2.1 Visual observation

Before sonication, the differences in the rGO inclusion into liquid phases were
observed, as reported in Figure 5.2. The inclusion of GO into PAA solution occurs
immediately (in approx. ten seconds) when the rGO powder comes into contact
with liquid surface, however it requires much longer time in PAA/PDAC-S
solution. After 30 min in static conditions, there were still rGO on interface that
were not wetted (Figure 5.2). As previously discussed in section 3.2, rGO can be
included in PAA solution (0.1 wt%) in few seconds contact due to the relatively
low surface tension of the solution. The surface tension of PAA solution is strongly
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associated with the dissociation: the PAA would become a water soluble organic
salt at high pH, corresponding to an increase in the surface tension of water at
liquid/air interface, whereas the PAA acts as a water soluble organic compound at
lower pH, which would facilitate the aqueous surface tension to level off at lower
value [246]. As reported in literature, the surface tension of PAA solution decreased
with increasing PAA concentrations. The surface tension was reported around 54
mN/m at PAA concentration of 0.11M without pH modification [247], which is
close to the PAA concentration (0.125M) used here. The PAA concentration ranges
from 0.1 wt% to 0.9 wt% (0.125M) inducing the solution pH to change from 3.4 to
2.8, corresponding to a dissociation degree decrease from 0.12 to 0.03. In contrast,
most of the highly charged PEs are not hydrophobic enough to spontaneously
adsorb at liquid-air interfaces at low concentrations owing to the hydrophilic and
charged nature of polymer chains. The slower adsorption kinetics means that more
time is needed to achieve equilibrium and the reduction of surface tension. In this
regard, partially dissociated PAA appears more suitable than strongly charged
PDAC in obtaining a lower surface tension at same concentration.

="
__\.)

7 min

30 min

5 min

Figure 5.2 rGO inclusion in PAA solution (used for PAA/G//PDAC-S, first row) and
PAA/PDAC-S solution (used for (PAA/PDAC-S)/G, second row)

The PDAC solution exhibits high surface tension similar to water at
concentration below 3 wt% (we use PDAC solution here with 0.125M, around 2
wt%) [315]. This condition is improved in the presence of added electrolytes (salt),
or at sufficiently high concentration, for example, PDAC reaches to 48 mN/m at 5
wt% [315]. The increased ionic strength via salt addition or achieve a sufficiently
high PDAC concentration screens the electrostatic repulsions and leads to a
decrease in surface tension. On the other hand, the mixture of oppositely charged
PEs solutions would decrease the surface tension by the consumption of charges on
polymer chains, which makes the assembly similar to a neutral polymer,
particularly when mixing molar charge ratio close to 1: 1. Li et al. [314] found that
the surface tension obtained with PECs are much lower than those found with PEs
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alone at similar concentration, and mixing of PANa (full dissociated PAA modified
by NaOH) and PDAC decreased the surface tension from 70 mN/m in PEs to 57
mN/m in PANa/PDAC suspension at PE solution 18.6mM, pH 10 and molar charge
ratio 1: 1.

Predicting the surface tension of our mixing system of PAA/PDAC-S is
complicated, because it involves both oppositely charged PEs and high ionic
strength from the salt. The PAA/PDAC-S solution was prepared via mixing same
volume of 0.125 M PAA and 0.125M PDAC at salt concentration 0.5 M, thus the
polymer concentration (PAA and PDAC) and salt concentration in the hybrid
system is 0.125M and 0.5 M respectively. The effects of salt addition on interfacial
tension between coacervate and supernatant phases have been investigated
systematically in previous studies. The coacervate/ supernatant interfacial tension
() decreases with salt concentration (Cy) increase, their relationship is in a law of
y~(CE™ — C5)3/? [316, 317]. C is critical salt concentration. The interfacial
tension y vanish at C,“, corresponding to disappearance of phase separation.
However, the surface tension (interfacial tension of liquid/air) of mixing PE
solutions with salt concentration above to Cs” is unknown. The addition of salt
could have two opposite effects. On the one hand, salt ions disrupt intrinsic
interaction of polymers, loosening the tight bond between PAA and PDAC, and
even make the polymer independent and free from complexes at a high enough salt
concentrations. The fully charged polymers indicates a high surface tension. On the
other hand, the high ionic strength inhibits the electrostatic barrier generated by the
charged polymer chains. Even if the value of surface tensions of PAA/PDAC-S
solution we used here 1s not known, the difference of rGO flakes wetted in
PAA/PDA-S and pure PAA solution might suggest a lower surface tension in the
latter. After sonication, both PAA/G and (PAA/PDAC-S)/G dispersions reveal dark
appearance even after three months storage (Figure 5.3), suggesting a good stability
of rGO in PAA solution and mixture of PAA, PDAC and salt.

Figure 5.3 rGO dispersions of (PAA/PDAC-S)/G (left) and PAA/G//PDAC-S (right)
after 3 months
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5.2.2 General characterization

The rGO dispersions of PAA/G and (PAA/PDAC-S)/G were further used for rGO-
PECs fabrication. Based on TGA results in Figure 5.4a and Figure 5.4b, rGO
content in (PAA/PDAC-S)/G of 15.2 wt% is higher than PAA/G//PDAC-S of 8.4
wt% , which is expected because the initial polymer concentration and volume of
dispersions are the same, but the further addition of PDAC solution during
PAA/G//PDAC-S fabrication decreases rGO content. In PAA/G//PDAC-S, the
complexation occurs with addition of PDAC solution into PAA/G dispersion, while
reducing the salt concentration by water facilitates the complexation of PAA,
PDAC and rGO in (PAA/PDAC-S)/G. For the salt content, both PAA/G//PDAC-S
and (PAA/PDAC-S)/G reveal higher salt content (11.0-18.0 wt%) than that of
sample PAA/PDAC-s (around 7.0 wt%), which was fabricated using same
concentrations of salt and polymer to PAA/G//PDAC-S and (PAA/PDAC-S)/G
during complexation. This difference of salt content is likely contributed by rGO
inclusion. However, it is surprising that PAA/G//PDAC-S with lower rGO content
reveals higher salt content of 17.0 wt%, which is higher than 11.5 wt% in
(PAA/PDAC-S)/G.
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Figure 5.4 TGA, ATR-FTIR and Raman results of samples PAA/G//PDAC-S and
(PAA/PDAC-S)/G

The rGO flakes help to trap more salt ions from supernatant during
complexation, which could be affected not only by the content of rGO. One possible
factor is the surface area of rGO flakes, which influenced by the rGO amount and
the dispersion of rGO. The thermal stability was further analysed. In Figure 5.4a,
the presence of salt and rGO shifts the onset decomposition to higher temperature.
The first decomposition peak moves from 270 °C for PAA/PDAC to 309 °C for
PAA/PDAC-s with salt content of approx. 7.0 wt%, whereas this decomposition
peak shifts to a higher temperature at 323 °C for both PAA/G//PDAC-S and
(PAA/PDAC-S)/G due to the presence of rGO and the higher salt concentration.
Moreover, the maximum rate of weight loss at around 460 °C decreased the most
in (PAA/PDAC-S)/G with effect of salt, rGO and lower fraction of polymer. As
discussed in 4.2.3, the removal of salt in (PAA/PDAC-s)} makes the TGA curves
like pristine PAA/PDAC. The salt in PECs is mostly removed after soaking and
rinsing, and the variation of thermal stability of (PAA/G//PDAC-S)} and
((PAA/PDAC-S)/G)}? is mainly contributed by the rGO. The rinsing treatment
applied to both cases not only shifts the onset decomposition peak to a lower
temperature (around 278 °C), but also induces a dramatic change in loss weight loss
at 210-230 °C (Figure 5.4b). The strong fluctuation of weight loss rate at around
210-230 °C is likely related to the intermittent elimination of bound water trapped
in the structure, apparently related to the presence of rGO.

The ATR-FTIR result of PECs in Figure 5.4c shows bands derived from both
PAA and PDAC, including antisymmetric -COO" at 1547-1555 cm™!, -CH, at 1454
cm! and symmetric —COO™ bands at 1392-1399 cm™ and 1316-1321 cm! for PAA
at pH 7, and C-H bending (-CH>) at 1477 cm™ and O-H at 1650 cm™' for PDAC.
As reported in 4.2.2, complexation of PAA and PDAC at pH 7 induced upwards
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shift of antisymmetric and downwards shift of symmetric -COQO", but the presence
of salt in PEC caused a weaker shift in symmetric —COO™ bands, indeed, the -COO"
bands of PAA/PDAC-s is closer to PAA pH 7 than PAA/PDAC. For sample
PAA/PDAC-s, the antisymmetric -COO" shifts from 1547 cm™ to 1555 cm!, while
the band positions of symmetric -COO"bands (1398 cm™ and 1319 cm™) are close
to PAA at pH 7 (1399 cm™ and 1321 cm™). In spectra of PAA/G//PDAC-S and
(PAA/PDAC-S)/G, the antisymmetric -COO" band is same to PAA pH 7 at 1547
cm’!, however, slightly downwards shifts of symmetric -COO™ bands occur, from
1399 cm™ to 1392-1396 cm™ and from 1321 cm™! to 1319-1316 cm’!, where the
shifts in PAA/G//PDAC-S were smaller than that of (PAA/PDAC-S)/G because of
the presence of higher salt content in former. Besides, no signals of rGO can be
observed in PECs spectra.

The Raman spectra of PAA/G//PDAC-S and (PAA/PDAC-S)/G were measured
using the rGO dispersion droplets (PAA/G and (PAA/PDAC-S)/G dispersions)
dried on silicon wafer. The composite films PAA/G//PDAC-S and (PAA/PDAC-
S)/G display the typical Raman spectra of carbon materials containing bands of D,
G, 2D and D+D’ for rGO. The D band (at around 1350 cm ) results from the
presence of vacancies or dislocations in the graphene layer and at the edge of this
layer [318]. The next band G peak is related to the in-plane vibration of sp?
hybridized carbon atoms and is located at around 1580 cm™ [270]. Based on the
data obtained from Raman spectra, the intensity of D peak and G peak (I(D)/1(G))
1s associated to the defects present in materials [319]. Pristine rGO, PAA/G//PDAC-
S and (PAA/PDAC-S)/G show the I(D)/I(G) of 1.25 +0.20, 1.23 £ 0.09 and 1.22 +
0.22 respectively, which indicates a limited influence to rGO quality obtained with
1 h sonication in different polyelectrolyte solutions. The smaller deviation of
I(D)/I(G) in PAA/G//PDACS-S indicates the homogenous rGO quality. Besides, the
full width at half maximum of G band (FWHMGg) always increases with disorder,
which allows to indicate defects in graphene materials especially when the
I(D)/I(G) values are close or same [270]. The FWHMg of tGO 55.5 + 5.0 cm™' is
close to that of PAA/G//PDAC-S 53.1 = 7.0 cm™! but slightly smaller than 59.5 +
7.3 em™ for (PAA/PDAC-S)/G, confirming the slight increase of disorder in latter
one.

5.2.3 Morphology characterization

To determine the dispersion of rGO in PAA/G//PDAC-S and (PAA/PDAC-S)/G,
SEM was employed and images of cross-sections are shown in Figure 5.5. The
PAA/G//PDAC-S exhibits rugged fracture surfaces with randomly distributed rGO.
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No obvious agglomeration of rGO was observed in SEM images of PAA/G//PDAC-
S, and the crumpled thin sheets of rGO were found on cross-section surface as
shown in Figure 5.5b. In addition, the microcracks generated at ahead of main
cracks and mostly along rGO sheets, corresponding to the crack deflections near
the rGO. This is explained by the mismatch between elastic modulus and Poisson's
ratio of rGO and PAA/PDAC-s substrates, leading to stress concentration at
interfaces. On the other hand, as expected that more rGO could be observed in
(PAA/PDAC-S)/G. In Figure 5.5¢ the rGO aggregated with size over 100 um,
which could be related to the incomplete separation of rGO during sonication in the
mixture of PAA, PDAC and salt, or the aggregation of rGO flakes during
complexation. Indeed, higher content of rGO in (PAA/PDAC-S)/G during
complexation may create more opportunities for the contact of rGO flakes. At
higher magnification, a broad distribution of rGO size can be observed, ranging
from a few microns (Figure 5.5f) to a few tens of microns (Figure 5.5¢), the latter
may in fact be a stack of several small individual flakes. All the input rGO were
included in PAA liquid system before sonication and they were dispersed/ broken
by the solvent cavitation during all the sonication duration, while in the case of rGO
into PAA/PDAC-S solution, the gradually involving in liquid phase of rGO resulted
in the difference the sonication effective time. (This is proved by the residual rGO
on PAA/PDAC-S liquid surface after sonication 15min, 30min) This difference in
affinity to the liquid phase could be the reason for the existence of big aggregates
of rGO in (PAA/PDAC-S)/G.
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Figure 5.5 The cross-section view of PAA/G//PDAC-S (a) (b) and (PAA/PDAC-S)/G
(c-). Yellow arrows and circles: rGO, white arrows: cracks.

5.2.4 Mechanical properties

The mechanical properties of PECs were examined by performing tensile tests. The
stress-strain curves of PAA/G//PDAC-S, (PAA/PDAC-S)/G and PAA/PDAC-s are
shown in Figure 5.6. The stress at break of neat PAA/PDAC-s is 1.6 £ 0.3 MPa,
whereas that of the PAA/G//PDAC-S is 7.0 = 0.5 MPa and the (PAA/PDAC-S)/G
is 8.5 £ 1.3 MPa, demonstrating the ultimate stress of PEC is improved by around
4 and 5 times in PAA/G//PDAC-S and (PAA/PDAC-S)/G respectively because of
the addition of rGO. However, the expected higher strength doesn’t show up in
(PAA/PDAC-S)/G based on its composition with higher rGO content and less of
salt content, due to the limitation of the incomplete dispersion of rGO in polymer
matrix. The smaller elastic modulus is found in PAA/G//PDAC-S with 88 + 11
MPa, compared to that of 283 = 58 MPa in (PAA/PDAC-S)/G as the former has a
higher amount of plasticizing component salt and a less reinforcing filler rGO.
Compared to the high elongation in PAA/PDAC-s (over 300%), both
PAA/G//PDAC-S and (PAA/PDAC-S)/G show much smaller deformation despite
they have higher content in salt, evidencing an improvement in the rigidity of
PAA/G//PDAC-S and (PAA/PDAC-S)/G with the restriction effect of rGO sheets.
Meanwhile, the elongation at break increases from 3.8% for (PAA/PDAC-S)/G to
24% for PAA/G//PDAC-S, which confirms a better ductility for PAA/G//PDAC-S.
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Figure 5.6 Tensile results of PAA/G//PDAC-S, (PAA/PDAC-S)/G and PAA/PDAC-s

5.2.5 Influence of sonication time on rGQO distribution and
mechanical behavior

Different sonication time was explored aiming for better dispersion of rGO in
PAA/PDAC-S solution, eventually leading to the reduction of rGO agglomerates in
the complexes. Every 0.5 h is set as a cycle, the (PAA/PDAC-S)/G-based samples
were sonicated from 1 to 4 cycles, and in other words, from 0.5 h to 2 h. The
(PAA/PDAC-S)/G-based samples fabricated with different sonication cycles are
named as (PAA/PDAC-S)/G_si, i=1, 2, 3 or 4, thus the (PAA/PDAC-S)/G used
before (in sections 5.2.1-5.2.4) is also the (PAA/PDAC-S)/G_s2 here. Figure 5.7
displays the cross-section morphology and tensile result for samples with different
sonication time. The sample in Figure 5.7a with a sonication time of 0.5 h shows a
large aggregated rGO with length approx. 180 um and thickness of approx. 30 um
embedded in the compact PEC matrix. In some other regions, like Figure 5.7b, the
loose binding of matrix and fillers is found accompanied by many long cracks along
the direction of PEC film. The micro-sized rGO in length of 5-10 pm distributed
separately as observable from high magnification micrographs in Figure 5.7c.
These suggest a poor dispersion of rGO in matrix and the scattered rGO size
distribution in PAA/G//PDAC-S_sl. Increasing sonication time to 1.5 h changes
the cross-view to a compact and relatively smooth surface with few of rGO
aggregates (in size of 90x20 pum for the aggregate at Figure 5.7d). Besides,
crumpled rGO, pull-out of rGO and the randomly distributed rGO flakes with size
smaller than 4 pm can be observed in Figure 5.7f. After sonication 2 h, a rough and
homogenous surface is obtained and no significant agglomeration can be observed.
At higher magnification (Figure 5.71), it is easy to find an increased number of rGO
flakes pulled out with size of 5-10 um, those are distributed close to each other but
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not agglomerated into thick flakes or graphite. Smaller size rGO with length less
than 4 um can also be found.
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Figure 5.7 Cross-section images of (PAA/PDAC-S)/G_sl (a-c), (PAA/PDAC-
S)/G_s3 (d-f) and (PAA/PDAC-S)/G_s4 (g-1). The tensile results of (PAA/PDAC-S)/G-
based samples with different sonication time (j) and (k)

The number and thickness of GO aggregates decrease by increasing sonication
time and they are basically eliminated with sonication 2 h, which is longer than the
sonication time used in PAA/G//PDAC-S. Based on the differences in morphology
of PECs, it is expected that the mechanical properties may change as well.
Therefore, the tensile tests were applied to (PAA/PDAC-S)/G si, i=1, 2, 3 or 4, and
the results are presented in Figure 5.7j and Figure 5.7k. Both strength and elastic
modulus increase with sonication time. The tensile at break of sample
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(PAA/PDAC-S)/G _s4is 14.1 = 1.7 MPa, around 9 times compared to PAA/PDAC-
s and almost double compared to (PAA/PDAC-S)/G_s2. Meanwhile, the strain at
break increases gradually with sonication time, from 2.2 =+ 0.6% for 0.5 h sonication
to 5.4 + 0.8% for 2 h sonication. The increased area under stress-strain curves with
sonication time indicates better toughness and fracture resistance. Combined with
morphology of Figure 5.7a-i, the toughening mechanism could be associated with
the pull-out of rGO sheets, those can initially bridge the crack-opening, then pull
out from PEC matrix as the crack developing. The mechanical reinforcement of
rGO to (PAA/PDAC-S)/G-based composites improved with limitation of rGO
aggregation and improvement of rGO dispersion, which strongly depends on
sonication time.

The effectiveness of rGO reinforcement and the efficiency of load transfer in
rGO/PEC composites depends not only on the dispersion degree, orientation
arrangement, shape factor of fillers, and interaction with the matrix, but is also
dominated by the nature of the matrix. As we discussed in 4.2.3, salt-rich PEC
matrices tend to form ductile materials with low strength. Therefore, it is necessary
to compare the effects of different sonication times on the phase composition,
especially in salt content. Similar TGA curves have been observed in samples with
different sonication time, also similar TGA results were found in samples after
soaking and rinsing, as shown in Figure 5.8a and Figure 5.8b. Based on the TGA
results, the components formulation of salt, rGO and polymers was plotted in Figure
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Figure 5.8 TGA results of (PAA/PDAC-S)/G si (i=1,2,3 or4) with 1 to 4
sonication cycles (a), corresponding samples after salt-removing treatment (b), the
components percentage variation with sonication time (c), the ATR-FTIR spectra for
(PAA/PDAC-S)/G si(i=1,2,3 or4)(c)

Salt content appears to slightly decrease with sonication time from 11.2-13.8
wt% for 0.5 h to around 9.2 wt% for 2 h sonicated sample, and the rGO was
observed constant at around 15.0 -16.0 wt%. Polymer is the main component of
PEC with weight a percentage over 70.0 wt%. The polymer amount in PECs
changes in an opposite way to salt amount changes, which increase slightly with
sonication time. The salt content in PECs was calculated by residual weight of pure
NaCl, PECR and the corresponding PEC after TGA test, where the PAA, PDAC and
rGO were consider as an individual phase and the salt has been completely removed
during soaking and rinsing. One possible explanation for the slight decrease in salt
content could be the evaporation of small amount of water during sonication, which
makes the dispersion volume slightly lower than expected consequently the salt
concentration was modified to a value slightly lower than 0.25 M in the following
step, as the same volume of water was expected to be added. The effect of
sonication time on salt amount could also contribute to the higher strength in sample
with longer sonication time. Sonication time has no effect to the band shift of PECs
ATR spectra, the consistent ATR results were observed in samples prepared with
sonication time from 0.5 h to 2 h (Figure 5.8d).

On the other hand, the rGO quality in (PAA/PDAC-S)/G si (i =1, 2, 3 or 4)
was monitored with Raman in Figure 5.9. All the samples show intense D peak and
the shoulder peak of D’, which indicates the presence of defects and/or new
boundaries. With increasing of sonication time, the ratio of I(D)/I(G) gradually
increases from 1.15 = 0.22 for (PAA/PDAC-S)/G sl to 1.39 = 0.02 for
(PAA/PDAC-S)/G_s4, evidencing more of grain boundary defects formed under
longer sonication process. The increased trend of FWHMg with sonication time



114 PAA/PDAC complexes incorporating high rGO concentrations

also confirms the increased defects in rGO flakes, it changes from 54.6 for
(PAA/PDAC-S)/G_sl to 62.4 for (PAA/PDAC-S)/G_s4. To be noted that I(D)/I(G)
of (PAA/PDAC-S)/G_sl shows a value slightly smaller than pristine rGO at 1.25 +
0.2. On the one hand, with 0.5 h sonication, numerous of large-sized aggregated
rGO are observed in PEC film in visual observation, the limited separation and
dispersion of rGO leads to low increase in new boundaries, thus I(D)/I(G) increase
is restricted. On the other hand, the PDAC has been described previously for
assisting an in-situ reduction of graphene oxide, which may contribute to the slight
decrease in [(D)/I(G) [242]. For each sample, the Raman spectra was measured in
five points and the average and deviation of I(D)/I(G) were obtained. The deviation
of I(D)/I(G) becomes narrower with sonication time > 1.5 h indicating a more stable
of rGO quality in (PAA/PDAC-S)/G- based samples after sufficient sonication. The
PAA/G//PDAC-S reveals similar I(D)/I(G) value and deviation to that of
(PAA/PDAC-S)/G_s3, meaning that the defectiveness of rGO is similar with 1 h
sonication in PAA solution and 1.5 h sonication in PAA/PDAC-S solution. No shift
of the D and G peaks was observed with increasing sonication time.
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Figure 5.9 Raman spectra of PAA/G//PDAC-S and (PAA/PDAC-S)/G with different
sonication time
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5.2.6 PAA/G//PDAC-S with different PAA: rGO ratio

In order to achieve a comparable rGO content to (PAA/PDAC-S)/G-based samples,
weight ratio of PAA: rGO changes from 4:1 to 2:1 during Type 1 fabrication
approach. The new sample with double rGO is set as PAA/G2//PDAC-S. The
higher concentration of rGO in sonication system was expected to bring more
difficulties in good dispersion of rGO. In general, large amount of PE is required
for dispersing and stabilizing GRMs in dispersions. Figure 5.10a and Figure 5.10b
show the morphology of PAA/G2//PDAC-S in cross-section. A rough surface is
observed due to the strong attachment of the PAA to rGO. rGO can be well
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dispersed in matrix without obvious aggregation, and more crumpled rGO sheets
(marked in yellow dashed circles) can be observed compared to PAA/G//PDAC-S
in Figure 5.5. Besides, the cross-view image reveals the pull-out of rGO sheets and
randomly-oriented rGO with size less than 2 pm. The good dispersion of rGO in
PAA/G2//PDAC confirms the good dispersing ability of PAA to rGO even if under
a relatively lower PE:rGO ratio. A few microcracks are found in cross-section. The
rGO and salt contents in PAA/G2//PDAC-S were quantified by TGA (Figure
5.10c), showing as 14.2 wt% and 29.6 wt% respectively. As expected, the rGO
content in PAA/G2//PDAC-S is increased: however, the salt in PAA/G2//PDAC-S
is much higher than PAA/G//PDAC-S (17.0 wt%) and (PAA/PDAC-S)/G (11.5
wt%). The high amount of salt can also be evidenced via the white precipitation on
PAA/G2//PDAC-S film after drying due to the super-saturation of NaCl.
Obviously, the salt amount in rGO-PECs prepared via Type 1 is significantly
affected by the input rGO amount. The mechanical strength and elastic modulus of
PAA/G2//PDAC-S are lower than both PAA/G//PDAC-S and (PAA/PDAC-S)/G,
and its deformation 13 = 5 % is higher than that of (PAA/PDAC-S)/G, as reported
in Figure 5.10d. This is obviously explained by the salt plasticizing effect of salt
loosens ion-pairs of polymers and thus limits the mechanical properties.
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Figure 5.10 SEM images of PAA/G2//PDAC-S in cross-section (a) and (b), white
arrows are cracks, dashed ellipses are crumpled rGO, dotted ellipse is pull-out of rGO
sheet, and yellow arrows are small rGO. TGA results of PAA/G2//PDAC-S and
(PAA/G2//PDAC-S)} (¢) Mechanical property of PAA/G2//PDAC-S and other PECs (d).



116 PAA/PDAC complexes incorporating high rGO concentrations

5.2.7 Swelling and stability in water

The stability of PAA/PDAC-s, PAA/G//PDAC-S-based and the (PAA/PDAC-S)/G-
based samples in water was investigated by immersing PECs films in water for a
few weeks. All the immersed PECs were dried in a freeze dryer to keep their inner
structure after swelling. The cross-section images of PECs after soaking 2 weeks
are reported in Figure 5.11. PAA/PDAC-s reveals a cross-section with large
numbers of non-connected pores in size of 10 to 200 um (Figure 5.11a). At inside
walls of these pores, the much smaller micro-pores are observed in Figure 5.11b-c,
arising from water absorption into PAA/PDAC-s. Besides, the soaked PAA/PDAC-
s reveals the uneven thickness after inflation, from 300 um to 600 um. As discussed
previously in literature [158], the short term water uptake is the result of hydration
of PE ion pairs plus osmotic pressure exerted by the polymer network and
counterions. The initial pores form quickly, and they keep expanding and fusing
with continual osmotic stress and Laplace pressure (P), thus causing a flow or shape
changes of PECs. P is generated depending on the interfacial tension of PEC and
pore solution, and the curvature of the pores [320]. Besides, the salt releasing of
PECs in pure water leads to a shrinkage where some of water is expelled into pores
rather than bulk solution [321]. This could also happen at very early stage of
immersion when PAA/PDAC-s releases salt ions rapidly into pure water and
becomes more viscous with hydration of polymer ion pairs. With the increase of
pore size and decrease of pressure, the inflation would gradually achieve
equilibrium. However, for the long term immersion, the weak interaction of PEs
generated at some region with the lots of charged ion pairs surrounding by shell of
hydration, which makes it more like a coacervate and to be sensitive with small
change in conditions, like local salt concentration or temperature [170]. This may
be associated with the formation of micropores in Figure 5.11c. The immersed
PAA/G//PDAC-S and (PAA/PDAC-S)/G are dramatically different to pristine
PAA/PDAC-s. Firstly, they display stable film thickness after 2 weeks water
soaking, evidencing a better stability within addition of rGO. Smaller pores and
more uniform pores size are observed in (PAA/PDAC-S)/G due to the higher rGO
content. The existence of hydrophobic rGO in PECs is beneficial to limitation of
pores expansion and the flow of PECs, which is more obvious with higher rGO
concentration in PECs. However, large cracks are also observed in (PAA/PDAC-
S)/G, which could relate to the rGO aggregates and its limited compatibility with
swollen PEC matrix. In Figure 5.11 f and Figure 5.111, the micro-sized rGO flakes
are found in both of PAA/G//PDAC-S and (PAA/PDAC-S)/G.
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(d-f), (PAA/PDAC-S)/G (g-1) soaked in water for 2 weeks.

The improved samples (PAA/PDAC-S)/G_s4 and PAA/G2//PDAC-S were
immersed in water for a longer time (5 weeks), because they have good dispersion
of rGO at high rGO concentration in PECs. The cross-section results are shown in
Figure 5.12. (PAA/PDAC-S)/G s4 shows a stable thickness, small and
homogenous pore size and pore distribution, indicating good stability in water.
Besides, the micro-sized pores in (PAA/PDAC-S)/G_s4 are similar with those in
(PAA/PDAC-S)/G (Figure 5.11h and Figure 5.111) but in a smaller size, changing
from approx. 10 pm to 4 pm, that indicates the increasing sonication time improves
the PECs stability in water because of better dispersion of rGO in (PAA/PDAC-
S)/G_s4. However, the PAA/G2//PDAC-S does not appear to be fully stable for a
long time immersion based on the SEM results of uneven thickness and irregular
pores after swelling. Compared with clear shape and boundaries of pores in
PAA/G//PDAC-S (Figure 5.11e), the pores size and shape become irregular, and
new pores formed at the thick wall or matrix regions. Moreover, PAA/G2//PDAC-
S shows a looser structure in micro-sized observation than PAA/G//PDAC-S. The
PAA/G2//PDAC-S has much higher salt (~29.6 wt%) than PAA/G//PDAC-S,
which emphasizes the critical effect of salt into PECs stability in water, indeed, the
improvement of PECs stability in water requires not only substantial rGO, but also
the limitation of salt in matrix.
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Figure 5.12 SEM images of cross section of (PAA/PDAC-S)/G_s4 (a-c) and
PAA/G2//PDAC-S (d-f) soaked in water for 5 weeks

On the other hand, the top surface morphologies of soaked samples are also
presented in Figure 5.13. PAA/PDAC-s shows similar morphology features to its
cross-view, round pits almost fully covered the surface in size of 100-200 um. The
similar micropores with size smaller than 4 um are also observed at inside walls of
expanded pits. While other rGO-PECs clearly show strong differences between top-
view and cross-view topology after immersing in water for weeks. In overall, these
rGO-PECs show better stability in top-view than in cross-section, the evidence for
it is given in both PAA/G//PDAC-S and (PAA/PDAC-S)/G with strongly reduced
pore sizes and numbers in top view images. The diverse performance could be
related to the spatial orientation of rGO, the sheets distributed in parallel (or close
to parallel) to top surface would provide more protection from water attacks. A few
to hundred microns pores are found on top surface of PAA/G//PDAC-S. With the
swelling continuous to inducing pores expanding, the crosslinks of polymers using
for preventing swelling beyond a certain level cannot resist the inflation derived
from osmotic pressure, thus the water-contained cavities keep expanding until they
rupture. The rupture edges were observed in PAA/G//PDAC-S (Figure 5.13e).
Sample (PAA/PDAC-S)/G reveals two different morphologies in Figure 5.13g-1
and Figure 5.13j-m. The intact surface after soaking is attributed to the overlapping
of rGO sheets which forms a good resistance to water permeation. However, some
of cracks and pores are observed at the non-fully covered region (Figure 5.13m).
Comparing the higher magnification of PAA/G//PDAC-S and (PAA/PDAC-S)/G
(Figure 5.131 and Figure 5.13m), it is easily to tell overlapped larger-sized rGO
flasks in (PAA/PDAC-S)/G and separated rGO with smaller size in
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PAA/G//PDAC-S. This could because of the higher rGO content in (PAA/PDAC-
S)/G samples.

PAA/G//PDAC-S 200 pm

(PAA/PDAC-S)/G
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Figure 5.13 SEM images of top-view of PAA/PDAC-s (a-c), PAA/G//PDAC-S (d-f),
(PAA/PDAC-S)/G (g-m) soaked for 2 weeks.

The (PAA/PDAC-S)/G s4 (Figure 1.14a-c) display a homogenous and
relatively flat surface with small sized voids (around 10-15pum) after 5 weeks
soaking. Compared with top view of (PAA/PDAC-S)/G, the main difference is the
increased uniformity, which indicates the better coverage of rGO on (PAA/PDAC-
S)/G_s4 that is prepared with longer sonication time. PAA/G2//PDAC-S shows
strong warping and peeling on top surface. The similar rupture edges are also
observed but in a much higher density in PAA/G2//PDAC-S (Figure 5.14¢) than
PAA/G//PDAC-S (Figure 5.13¢). Moreover, the looser structure can be observed at
high magnification of PAA/G2//PDAC-S than that of PAA/G//PDAC-S (Figure
5.13f and Figure 5.14f). In addition, the comparison of (PAA/PDAC-S)/G_s4 and
PAA/G2//PDAC-S confirms the better long-time stability of PECs with lower salt.
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Based on the high magnification images of compact areas in (PAA/PDAC-S)/G_s4
and PAA/G2//PDAC-S (Figure 5.14c-1 and Figure 5.14f-1), the top surface of
(PAA/PDAC-S)/G_s4 is found to be covered by crumpled thin rGO sheets (almost
fully cover the region in c-1), while it is more likely to observe overlapping of rGO
sheets in PAA/G2//PDAC-S. This indicates the water resistance effect of rGO could
be achieved by covering with thin flakes or overlapping flakes. Based on the results
above, the stability of PECs appears to be influenced by the combination of rGO
and salt contents, as well as the distribution of rGO on the surface.
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Figure 5.14 Top-view images of (PAA/PDAC-S)/G_s4 (a-c) and PAA/G2//PDAC-S
(d-f) soaked for 5 weeks. (c-1) and (f-1) are the enlargement of (a) and (f) respectively.

5.2.8 Thermal conductivity and electrical conductivity

As shown in Figure 5.15a, there is a distinct contrast between thermal conductivity
(TC) of pristine PAA/PDAC-s (0.40 = 0.10 W/m'K) and rGO incorporated PECs.
PAA/G//PDAC-S has TC of 1.11£ 0.08 W/m'K with addition of rGO around 8.4
wt%, while PAA/G2//PDAC-S shows higher TC of 1.72 + 0.04 W/m'K with 14.2
wt% rGO, confirming the obviously expected improvement of TC with increasing
rGO content. Additionally, TC of polymer composites is also influenced by the
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filler dispersion and GRM quality, such as size, number of layers and defects.
Usually, the TC increases with increasing GRM content, improving distribution or
increasing lateral size, while decreases with increasing defects density [322]. The
TC of (PAA/PDAC-S)/G-based samples goes through an oscillating decline with
sonication time elongation due to the combination of different effects, namely the
improved dispersion, the size reduction and the increase in defectiveness. During
the first 0.5 h of sonication, a high TC was observed with a number of 1.70 W/m'K.
It’s likely related to the connected large rGO aggregates (in length of around 0.2
mm, observed from SEM in 5.2.5) in PECs, which facilitates phonon transport
along the rGO and thus results in a high TC. When the sonication time was 1-1.5 h,
the change of defects was not obvious (based on Raman spectra in 5.2.5) and the
amount of rGO aggregates decreased (SEM in 5.2.3 and 5.2.5). The rGO dispersion
became the dominant factor affecting thermal conductivity, which increases with
the improvement of rGO dispersion. With the sonication reaches to 2 h, the rGO
dispersion in PECs has been improved significantly with aggregates disappearing,
while the increase of I(D)/I(G) was observed in (PAA/PDAC-S)/G_s4 indicating
the increase of defect density or new boundaries formed by smaller sized fillers.
The reduction to rGO size or increase in defect density brings the decrease in TC,
the (PAA/PDAC-S)/G_s4 shows TC of 1.33 W/m'K. Comparing PECs with
different preparation methods, PAA/G2//PDAC-S displays better TC than
(PAA/PDAC-S)/G _s2 due to the better dispersion of rGO, but similar to
(PAA/PDAC-S)/G_S3.
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Figure 5.15 Thermal conductivity of PEC samples (a), comparison of thermal
conductivity between our samples and polymer composites embedding GRMs in
literatures [322-346].

Figure 5.15b summarizes the thermal conductivity of polymeric
nanocomposites with different GRMs content. The TC of GRMs-based polymer
nanocomposite in Figure 5.15b is highly scattered, due to the un-defined GRMs
(including size, number of layers, defectiveness and oxidation, etc.), the polymer
types, and the fabrication methods to nanocomposites [347]. These factors would
influence the composites TC in different degrees. Besides, for the composites with
same type of polymer and GRMs, the TC could also be influenced by interface
issues between matrix and fillers, dispersion and distribution of GRMs, and
morphology of GRMs [322]. Nevertheless, The TC comparison between our PECs
and other GRM-based polymer composites at similar filler loadings is warranted.
Based on our results and results in literatures, PAA/G//PDAC-S-based samples and
(PAA/PDAC-S)/G-based samples show comparable TC with other GRMs-based
polymer composites at similar filler loadings (~8 wt%, ~15 wt%). In particular,
sample PAA/G//PDAC-S has comparable performance in TC when compared with
other GRMs-based polymer composites at similar rGO loading.

The volume electrical conductivity (EC) of composites were also measured and
reported in Figure 5.16. Considering the insulating properties of polymers, the
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conductive polymer composite are commonly prepared via introducing conductive
fillers. The EC of composites increases suddenly when the added fillers reaches to
a specific loading, which is called percolation threshold (p.) [348]. With increasing
of the GRMs, the relationship of conductivity versus dosage shows a typical S-
shape, showing three characteristic states: insulating, percolating and conducting
[349]. The PAA/G//PDAC-S with rGO ~8.4 wt% shows a EC close to pristine
PAA/PDAC-s, while a great improvement is obtained in PAA/G2//PDAC-S up to
126 S/m with rGO content of 15.2 wt%. The great improvement of EC from
PAA/G//PDAC-S to PAA/G2//PDAC-S indicates overcoming of the percolation
threshold at concentration between 8.4 wt% and 15.2 wt% rGO.

Table 5.1 summarizes the conductive properties of different rGO polymer
nanocomposites in the literature. The p. would be influenced by the structure
characteristics of rGO (aspect ratio, defects, oxidation degree), preparation methods
to composites (melt mixing, solution blending, in situ polymerization and etc.), rGO
dispersion and distribution, and matrix types [348].

£ 300
e 224
2z
=
g 200
3 126
5 1
o 80
T 100 : 69 o,
: o
ks I
| 025 06
0 - -
& P oF oF oF oF
& & & & N A
M A AR SANS]
TN LSS
R AR A
NN

Figure 5.16 Electrical conductivity of PEC samples
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Table 5.1 The electrical conductivity and percolation thresholds of rGO
reinforced polymer composites with different rGO production method, matrix and
preparation method.

Polymer  Filler Prepared method Percolation Ultimate DC Reference
matrix threshold electrical
conductivity
(S/m)

PA6 TRGO*  Melt 7.5 wt% 7.1 x 10 [350]
compounding

PA12 TRGO Melt 2.5 wt% 8.9 x 102 [351]
compounding

PC TRGO Melt 2.5 wt% 0.1 [350]
compounding

PC rGO Solution 0.21 0.1 [352]
blending/ in
situ thermal
reduction

POSS-  rGO Solution 2.5 vol% 0.1 [353]

PCL blending

PMMA GO Solution 0.25 vol% 0.01 [354]
blending

iPP TRGO Melt 5 wt% 5.3 x10? [350]
compounding

PP TRGO Melt <5 wt% 104 [355]
compounding

PS rGO LbL assembly 0.2 vol.% 0.05 [356]

PU f-TRGO  Insitu 0.5 -2 wt% 1.4 x 107 [357]
polymerization

PU rGO Solution 0.078 vol% 0.001 [358]
blending

SAN TRGO Melt 4 wt% 0.123 [350]
compounding

Epoxy  f-rGO Solution 0.71 vol% 10°¢ [359]
blending

Epoxy = CRGO** Insitu 0.12 vol.% 0.1 [360]
polymerization

Epoxy = TRGO Solvent free 1 wt% 2x10° [361]
mixing method

NR CRGO Coagulation 3 wt% 10 [362]
method

NR rGO Solution 0.21 vol% 0.23 [363]

blending
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The percolation threshold of PAA/G//PDAC-based samples is higher than the
commonly studied rGO decorated polymer nanocomposites, but the ultimate bulk
conductivity is also higher than most those composites,

Table 5.1. The latter could be ascribed to the different properties of matrix, our
matrix of PAA/PDAC-s reveals EC around 0.25 S/m, which is higher than most of
investigated insulating polymers. Besides, the EC and p.. could also be influenced
by the aspect ratio and dispersion of fillers. The EC of (PAA/PDAC-S)/G-based
samples show a remarkable increase in EC comparing to pristine PAA/PDAC-s,
from 0.2-0.3 S/m for PAA/PDAC-S to around 80.0 S/m for (PAA/PDAC-S)/G_s2.
In (PAA/PDAC-S)/G-based samples, the decrease trend with sonication time is
observed in EC, especially between (PAA/PDAC-S)/G sl and (PAA/PDAC-
S)/G_s2. In most of previous studies, the EC could be improved due to more
contacts of fillers forming a better connected network. However, the large size of
rGO aggregates (approach to 200 um) has to be considered in our samples prepared
with short sonication time. This is because aggregated rGO with large sizes
facilitates the formation of a network with fewer junctions than those with smaller
rGO flakes, and fewer junctions reduces the total resistance of the network. Bao et
al. [364] reported that the agglomeration of fillers may decrease pc and improve
EC, which is less important at high loading of fillers. With sonication time
increasing in range of 1-1.5 h, the rGO aggregates were limited in size and amount,
the rGO concentration in other regions increased and dispersion of fillers improved,
which brings two opposites effects onto EC. The obvious decrease of EC in range
of 0.5-1 h indicates the dominant effect of decrease in agglomeration, whereas this
decrease trend turns to be limited at 1-1.5h because of the better dispersion of rGO
flakes and increased contacts. Moreover, the long-time sonication results in defects
and smaller size of rGO, indeed, the quality and aspect ratio of rGO flakes decrease,
which brings negative effect to EC. This could be the reason for the decrease EC at
sonication 2h as higher defectiveness was found in (PAA/PDAC-S)/G s4 from
Raman result. Even with a downward trend, the (PAA/PDAC-S)/G_s4 sample with
the smallest increment resulted in a conductivity 2 orders of magnitude higher that
of the pristine PEC matrix.

It is worth mentioning that the discussion of the conductivity of polyelectrolytes
and PE-based composites is more complicated than that of neutral polymer systems.
PEs are macromolecules with many ionizable groups, which dissociate in aqueous
solution and form counterions around the molecular chains, and they exhibits ion-
conducting properties in solutions. Adding salt (ions) in solutions could further
increase conductivity. However, the ionic conductivity of polyelectrolytes at low
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humidity is very low due to the limited ion conduction in the absence of water
molecules. It was reported that the ionic conductivity of PAH at low RH revealed
six orders of magnitude lower than graphene quantum dots network [365].
Similarly, low conductivity was also observed in PECs, for example, PAA/PSS
self-assembled multilayer was a good insulator with ionic conductivity of 3.5x 10
'1'S/m [366]. For hydrogel PECs, it is easier to obtain the improved conductivity
especially in the system with added salt ions, the hydrogel of PAM/PAA chelating
with Fe** and followed by loading NaCl reveals ionic conductivity of ~0.72 S/m
[367]. The relatively high initial EC (0.25 S/m) in our sample of PAA/PDAC-s
could because of the residual water and presence of salt ions.

EC of polyelectrolyte systems was improved by adding highly conductive
nanofillers, such as metal particles or nanowires [368], carbon nanotubes [369] or
GRMs. Rani et al. prepared the multilayer films of graphene-embedded PAH/PSS,
displaying a EC of 20 S/m when the PE concentration was 0.2mg/ml, assembled
layers were 6 bilayers and the film was annealed 2 h [370]. The EC and p. of self-
assembled rGO/PEI spray-coatings with different bilayers (n) and flakes lateral
dimensions were studied in previous literature [371]. For rGO with a lateral size of
20 pum, the p. was 0.2 vol % when n was 2, and p. was 0.01 vol % when n was 10.
For rGO with a lateral size of 100 um, p. was 0.1 vol % for n =2, p. was 0.01 vol
% for n = 10. After percolation, the maximum conductivities (ultimate EC) of 19
S/m for 34 vol% of 20 um-rGO, and 127 S/m for 39 vol% of 100 pm-rGO were
obtained [371]. The pc of rGO/PEI with different lateral diameter and n was lower
than that of PAA/G//PDAC-based samples, but the rtGO/PEI with 100 um-rGO and
content of 39 vol% displayed a similar EC to PAA/G2//PDAC-s (14.2 wt% rGO).
In a study of rGO-PEC system, EC of PAA grafted rtGO/PAM at hydrated condition
(water content ca. 80%) and it reached 1.26 x 10 S/m when the rGO grafted PAA
was 0.6 wt% to acrylamide [230]. However, to the best of the candidate’s
knowledge, no studies concerning the electrical conductivity of compact rGO-PECs
(not PEMs) with high rGO loadings (around and above 10 wt%) are reported at
present, which is why the results obtained are compared to traditional polymer
nanocomposites.

5.3 Conclusions

In this chapter, two dispersion-complexation methods are presented for the
preparation of polyelectrolyte composites with high rGO content, and compared the
rGO distribution in matrix, mechanical properties, electrical and thermal
conductivity, as well as stability in water. The PAA/G//PDAC-S samples based on
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PAA-based predispersion followed by complexation with PDAC exploit good
compatibility of PAA molecules and rGO, yielding good dispersion of rGO in
PAA/PDAC matrix within 1 h sonication. This approach allows to improve
mechanical property (stress at break 7.0 £ 0.5 MPa) and thermal conductivity
(~1.11 W/m-K) under a relative low rGO content (~8.4 wt%), but with minor
improvement in electrical conductivity. Increasing rGO concentration using the
same preparation procedure could transfer the composites from electronically
insulating to conducting, with electrical conductivity in the range of 10> S/m.
However, the PAA/G//PDAC-S-based samples were found to retain much higher
amount of salt in composites. The salt content in PAA/G2//PDAC was 29.6 wt%,
which strongly decreases the mechanical property (stress at break 3.9 = 0.6 MPa).
For the (PAA/PDAC-S)/G-based samples with multiple phases dispersion, the rGO
content in composites was higher than PAA/G//PDAC-S as the rGO were dispersed
in mixture system of PAA, PDAC and salt ions. The mechanical reinforcement,
electrical and thermal improvement are obvious comparing to pristine PAA/PDAC-
s. However, the optimum distribution of rGO in (PAA/PDAC-S)/G requires longer
sonication time (2 h) than PAA/G//PDAC-S. Compared with (PAA/PDAC-S)/G _s2
(sonication 1 h), the (PAA/PDAC-S)/G_s4 (sonication 2 h) shows further increased
ultimate stress of 14.1 + 1.7 MPa, and slightly lower thermal (~1.33 W/m:-K) and
electrical conductivity (~52 S/m), which is due to better rGO dispersion but smaller
and more defective rGO flakes. (PAA/PDAC-S)/G_s4 also reveals best stability in
water even after immersing in water for 5 weeks, reflecting a higher resistance to
PEC flow and internal pores expansion in water with assistance of rGO flakes. This
part of the work contributed to the definition of methods for the simple and
environmentally friendly synthesis of highly loaded rGO-doped polymer
composites in aqueous phase at room temperature. Besides, the PEC composite
materials with high rGO content could find potential applications in electronic
packing materials, thermal interface materials and potentially conductive humidity
Sensors.
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Chapter 6

6 General conclusions

The main goal of this dissertation is to study the aqueous dispersion of reduced
graphite oxide (rGO) in polyelectrolytes (PEs) solutions and rGO-based polymer
composites. While the work was oriented to fundamental research, composite
polyelectrolyte complexes may find applications for electrical components and
conductive humidity sensors, among others. To explore suitable PEs and conditions
for rGO dispersion, the effects of polymer structure, molecular mass and charge
density on stability of rGO in aqueous solutions were studied. The stable PE/rGO
dispersions were then complexed with an oppositely charged PE to form rGO
incorporated polyelectrolyte complexes (rGO-PECs). The effects of salt content,
rGO content and humidity on composites mechanical properties were also explored.
To obtain the conductive properties of rGO-PECs, high loadings of rGO were
achieved via different fabrication approaches. The results of rGO distribution,
composites mechanical properties, electrical conductivity, thermal conductivity and
stability in water were compared systemically. The main findings and implications
of each study are as follows:

The polyelectrolyte assisted aqueous dispersion of rGO: at the initial stage of
this project, I evaluated the effect of different PEs (PAA, BPEIL, CMC, and PSS)
and dispersion conditions (charge densities) on dispersing and stabilizing rGO in
water. Among them, PAA-based dispersions were shown to have obvious
advantages in terms of rGO concentration, small size and narrow size distribution,
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and dispersion stability over several weeks, as a result of the lower surface tension,
and attractive/repulsive balance between rGO sheets attached with polymer chains
under mild ionization. We found that the dispersion performance of rGO in anionic
PEs was closely related to solution the surface tension, and the PE solutions with
lower surface tension tend to have better rGO solubility and dispersion stability
than PEs at high surface tension (e.g., PSS and CMC). In weak PEs dispersions
(anionic PAA and cationic BPEI), the charge densities, and their interactions with
rGO were effectively regulated by pH. The repulsion between PAA molecules and
rGO flakes was strong at high charge density (at high pH), while for the BPEI
molecules at high charge density (low pH), the strong repulsion within the segments
of BPEI polymer chains also affected the adsorption of polymers onto rGO surface,
resulting in a very limited dispersibility of rGO. Conversely, PEs with too low
charge density couldn’t maintain stability due to insufficient charges and limited
repulsive forces, leading to a lower concentration of dispersed rGO. Both of PAA
and BPEI-based dispersions revealed good dispersion performances of rGO under
mild charge density. In addition, the dispersed concentration of rGO in BPEI
solutions decreased with the use of higher molecular mass, which wasn’t observed
in other cases (PAA, CMC, and PSS). Before and after 4 weeks of storage, the
BPEI-based dispersions showed the highest rGO concentrations than the other PEs,
even though they had significant precipitation during the first week. This basic
research is meaningful to the aqueous dispersion of GRMs with proper PEs and
suitable fabrication conditions, which could be further used in water treatment and
functional membranes.

Reduced graphite oxide and/or salt incorporate polyelectrolyte complexes
(rGO-PECs): based on the good dispersion results of rGO in PAA solution and the
complexation feature of oppositely charged PEs, I prepared rGO-reinforced
PAA/PDAC composites and explored the effects of salt content, rGO content and
moisture on the mechanical properties of composites. Notably, both ionic strength
(salt) and hydration level influence the mechanical response of PECs as they are
significant for facilitating PE motions. The salt addition (~ 7 wt%) or increase in
moisture (RH from ~ 50% to ~ 70%) induced a significant decrease in stiffness and
resistance, coupled with a much higher ductility, as a consequence of chain mobility
increase. Salt ions could weaken or break the ion pairs from PEs (Pol” and Pol’) and
transfer the intrinsic interaction between polymers to extrinsic interaction between
PE and counterions, while the water near PEC provided volume for PE chain
motion and reduced the friction between them. The effect of GO on PEC
mechanical results is not only related to the incorporated amount of rGO but also
depends on the mechanical property of matrix. The addition of a small amount of
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rGO at ambient conditions resulted in a great improvement in tensile properties,
especially for salt-rich PEC samples. With rGO incorporation of ~2 wt% in
PAA/G//PDAC increased the tensile strength from 31 + 2.4 MPa to 51 + 2.4 MPa.
The rGO reinforced salted sample PAA/G//PDAC-s with rGO around 0.6wt%
showed around 1.9 and 4.4 times of elastic modulus and stress at break respectively
to that of PAA/PDAC-s (salted but no rGO addition sample). Comparing the
mechanical properties of the samples before and after desalting, salt-removing
treatment bumped up the mechanical properties of salted samples (PAA/PDAC-s
and PAA/G//PDAC-s) to a level similar to that of pristine complexes, but had
limited effect on samples PAA/PDAC and PAA/G//PDAC with low initial salt
content. This means that the stiffness improvement of the PECs under ambient
conditions is controlled by the rGO content, while the plasticity of PECs is strongly
dependent on the concentration of salt. Under a high humidity environment (RH
70%), all samples showed extremely high plasticity and low strength, and most of
the deformation was above 1000%. The addition of rGO displayed limited
improvement in mechanical property, as the PEC matrix was soft and very ductile,
instead the salt-free state of composites is critical to the strength increase and
deformation reduction. This part of study provided fundamental insight into the
different conditions affecting the mechanical properties of rGO-doped PECs.

PAA/PDAC polyelectrolyte complex incorporating high concentration of rGO:
the feasibility of incorporating rGO into PAA/PDAC substrates based on PEs
complexation has been demonstrated in chapter 4. The thermal and electrical
conductivities of rGO-PEC composites are dominated via rGO content, also
influenced by factors of rGO dispersion, distribution, and orientation. In the last
part of this research work, PECs with high loading of rGO have been manufactured
using two different dispersing-complexing approaches, including PAA-based rGO
dispersion followed by mixing with PDAC solution (PAA/G//PDAC-S),
alternatively, water induced complexation after the dispersion of rGO in a mixed
system consisting of PAA, PDAC and a high concentration of salt (PAA/PDAC-
S)/G). The former was applied due to the good compatibility of PAA and rGO,
while the latter was designed because of the higher rGO content in composites. The
rGO content, dispersion in matrix, and composites mechanical, thermal, and
electrical properties have been studied based on these two methods.
PAA/G//PDAC-S and (PAA/PDAC-S)/G showed rGO content at ~8 wt% and ~15
wt% respectively. Both of them increased significantly in mechanical (stress at
break 7 ~ 9 MPa) and thermal conductivity (1.1~1.5 W/m'K) than pristine
PAA/PDAC-s that with tensile at break 1.6 + 0.3 MPa and thermal conductivity 0.4
+ 0.06 W/m'K. But their performances in electrical conductivity are quite different,
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the electrical conductivity was improved from ~0.25 S/m in PAA/PDAC-s to ~80
S/m in (PAA/PDAC-S)/G, but narrow variation was observed in PAA/G//PDAC-S
(~0.6 S/m). Considering these results, different strategies were applied in
PAA/G//PDAC-S and (PAA/PDAC-S)/G to improve their mechanical property and
electrical property respectively. Different sonication times were implemented for
the (PAA/PDAC-S)/G-based samples, the significant improvements in rGO
dispersion and the mechanical properties were observed with increasing sonication
time, while the electrical and thermal conductivities slightly decreased
accompanied by the separation of large aggregates of rGO and the formation of
small-sized rGO/ development of defectiveness. After sonicated 2 h, sample
(PAA/PDAC-S)/G_s4 revealed reinforced tensile strength (14.1 £ 1.7 MPa) and
elastic modulus (948 + 144 MPa), and the thermal conductivity and electrical
conductivity were ~1.33 W/m* K and ~52 S/m respectively. On the other hand,
increasing the input weight ratio of PAA to rGO in PAA/G//PDAC-S-based
samples from 4:1 to 2:1 led to the increased rGO and salt contents in composites,
which caused significantly improved electrical conductivity (~126 S/m) but a
strong decrease in ultimate stress (~3 MPa).

Besides the physical properties of the complexes, their stability in water was
addressed. Immersed rGO-PECs display different stability on different surfaces, the
stability in the top view is better than that in the cross-section view. The optimum
performance was observed in (PAA/PDAC-S)/G_s4, which has good rGO
dispersion, high rGO concentration, and relatively lower salt concentration.

The GRMs-based polymer nanocomposites are often processed by melt-
mixing, in-situ polymerization and solution mixing in terms of different fillers
dispersion, effectiveness, cost and production scale. This work provides a simple
and environmentally friendly method for fabricating rGO-PECs, which is a variant
of the solvent-mixing method, but the process only involves pure components of
composites and solvent water, indeed, there are less waste, low cost, and no issue
of solvents removing (re-aggregation of GRMs flakes may occur during solvent
evaporation). The good compatibility between rGO and PEs, such as PAA, is
beneficial to improve the dissolution and dispersion of rGO in polymer solution,
and create conditions for its good dispersion and distribution in PECs.
Theoretically, this approach has a low limit on rGO content in composites; indeed,
a large number of fillers can be embedded by complexation of PE chains in water.
However, rGO-PECs with high concentration of rGO require higher salt
concentration to maintain processability, but too much salt would be detrimental to
the composites mechanical strength and stability in high moisture environments. In
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this study, the Type 1 method prepared rGO-PECs composites in short sonication
time and with good rGO dispersion, but increasing input pristine rGO greatly
increased the salt content in final composites. Therefore, the salt content needs fine-
tuning by modifying during PEs solution mixing or post-processing of soaking in
designed salt solution. The type 2 exhibited a relatively lower salt content tendency,
but it required longer sonication time to achieve better rGO dispersion. Considering
the non-covalent interaction between rGO and PEs, and the presence of plasticizing
phase salt, it is expected that the mechanical properties of rGO-PECs might be
inferior to those prepared by methods using covalent interaction. Furthermore, it is
always necessary to keep in mind the brittle nature of PECs in completely dry
conditions as well as the intrinsic moisture affinity, causing a strong dependency
on ambient humidity. While this could be a limit in structural applications, this
dependency could be exploited for functional materials, including sensing
applications.
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