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Abstract

Graphene and graphene oxide have many applications in different fields such as
electronic devices, electrochemical energy storage, catalysis, polymer composite, and liquid
crystal devices. Oxidation of graphite to graphite oxide permits the separation of its newly
formed graphene oxide molecular layers. Graphene oxide, easily deposited in the form of a
film through vacuum filtration, can be partially reduced by various methods to imperfectly
restore the m-network system of graphene. Reduced graphene oxide (rGO) films possess
functional properties with practical applications. The main objective of this research is to
carry out controlled extents of thermal reduction of graphene oxide to manipulate the d-
spacing of the layers within the partially reduced films to optimize their characteristics with
respect to metal ion diffusion across the films. In addition to this main objective, several
other features of rGO were explored, including mechanical properties and electrical
conductivity. Since GO is an electrical insulator, thermal or chemical reduction methods
must be utilized in order to make it electrically conducting. Both of these methods have been
used in this thesis.

In the first project, the primary aim of this work, reduction of GO films was done via thermal
treatment (60, 180, 200, 225, 250, and 300 C) and also by ascorbic acid as well as
hydrazine vapour. Chemical cross-linking (Na*, Mg*, Ba**, Fe**, Fe*") was performed to
explore the reduction in the d-spacing between reduced GO layers. Tensile strength test
was conducted on non-reduced and the GO films reduced at different temperatures to
investigate their strength. In the second project, thermally reduced GO films were used in
diffusion studies of 100 mM NaCl and 100 mM CaCl,. Current-voltage measurements were
also conducted on these films to investigate the impact of the change in the d-spacing by
thermal treatment on their electrical conductivity.

In the third project, ZnO nanorods were grown on GO film by hydrothermal method and
colloidal ZnO as well as GO-ZnO composite were prepared and then used in
photodegradation of methylene blue as organic pollutant.

In the forth project, ZnO nanorods were incorporated between reduced GO layers so that
they would segregate the reduced GO layers to provide a large surface area, after which

manganese divalent ions were added to form manganese dioxide so that greater charge can



be stored, hence increasing the capacitance of these films for energy storage. Finally,
surface potential was applied to these films to explore its influence on the diffusion of 100
mM CacCl, through different thermally reduced GO films.

Based on the results, the d-spacing for GO films was reduced from 7.36 to 4.59 A on
increasing the temperature of thermal reduction from 60 °C to 250 °C. This impacts both the
in-plane and out of plane electrical conductivity of the GO films and also their diffusion
characteristics. The in-plane electrical conductivity increases by over seven orders of
magnitude between 60 °C and 250 °C, and the out-of-plane electrical conductivity also
increases by over six orders of magnitude. Similarly, the diffusional resistance for NacCl
increases by over 500 times and that of CaCl, by over 60 times.

Powder XRD, SEM, FTIR spectroscopy, Raman spectroscopy, XPS, UV-vis spectroscopy,
and TGA were conducted to confirm the phase, morphology, reduction, and thermal stability
of these films.
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Chapter 1. Introduction to Graphite Oxide, Graphene Oxide, and

Graphene

1.1 Purpose of Research

Graphene, graphene oxide, and their derivatives are currently the subject of a great deal
of research, both in terms of their fundamental physical, chemical, and materials science
properties, as well as the exciting promise of their practical applications in diverse
fields. 1234567891011 Tha tyning of defects in graphene based materials is of interest for
application in several areas. The remarkable potential of graphene-based technologies has
prompted us to explore several areas of application centered around the controlled reduction of
graphene oxide to varying degrees and consequently also a partial restoration of its = network
system.'?*31%1> The imperfect restoration of graphene oxide and its consequence for the
functional properties of the resulting macroscopic material is the basis of our attempt to control

its behavior in several applications.

A cost-effective method is required for producing sufficient quantities of graphene based
materials for use in practical applications and for our research. The solution-based method of
Hummer's and its modified protocols is one such route that starts with inexpensive graphite and
results in the formation of solubilized and exfoliated graphene oxide sheets. The large quantities
of the material generated as a result permit us to make macroscopic films of graphene oxide

with ease.

In this work, graphene oxide films were reduced chemically and thermally; thermal
reduction was selected as the more suitable method for our studies. The main purpose of this
research is to carry out controlled thermal reduction of graphene oxide films to manipulate the d-

spacing between the graphene sheet layers within the partially reduced films. We then use the



control over d-spacing to study its affect on the diffusion properties of these films, which is
crucial for their application in water desalination. In addition, several other areas, both
fundamental and practical, were explored, among them: d-spacing control through chemical
reduction or chemical cross linking; film tensile strength determinations; film electrical property
studies; organic pollutant photodegradation through ZnO nanorod deposition on graphene oxide
films; increasing capacitance of graphene oxide films through ZnO nanorod or divalent
manganese ions introduction, for the purpose of energy storage; and, the influence of surface

potential on these films to hinder the diffusion of CaCl, solutions.

This chapter explores the background and history of graphite oxide and graphene,
various methods of reduction, characterization techniques, and electrical and diffusion

properties of graphene oxide membranes.
1.2 History of the Synthesis of Graphite Oxide
Synthetic Approaches

Graphite oxide has a significant history starting in 1859 with the British Chemist B.C.
Brodie, who investigated the structure of graphite for the synthesis of graphene oxide (GO) by
adding species of potassium chlorate (KCIO3) to a slurry of graphite in fuming nitric acid
(HNO3)."” Brodie was able to determine that carbon, hydrogen, and oxygen were present in the
resulting material. Brodie proved that graphite could be oxidized if it was treated with oxidizing
agents. In 1898, L. Staudenmaier made a slight change to enhance the oxidation process of
graphite by adding concentrated sulfuric acid (H,SO,), fuming nitric acid (HNO3) and adding
potassium chlorate (KCIO3) over the reaction. By increasing the activity of the mixture,
Staudenmaier increased the degree to which GO became oxidized.™® In 1958, Hummers

introduced an alternative oxidation method, which is the most commonly used nowadays,14 by



employing a mixture of potassium permanganate (KMnO,) with concentrated sulfuric acid

(H.S0,) and sodium nitrate (NaNO3) to oxidize graphite.

Nitric acid, which is used in both the Brodie and Staudenmaier methods, is being used as an
oxidizing agent (e.g. aqua regia). Aromatic carbon surfaces are capable of reaction with nitric
acid producing different oxygen containing functional groups such as carboxyl, hydroxyl, and
epoxy.'® Similarly, potassium chlorate is another oxidizing agent acting as the reactive species.
Likewise, potassium permanganate is another oxidizing agent (e.g. dihydroxylations). Some
toxic gases such as NO,, N,O,, and CIO, are generated in all the aforementioned methods,*”
consequently, basic precautions must be taken into account. Natural graphite can be divided
into micro-crystalline and macro-crystalline in terms of the size of crystallite.'® Micro-crystalline
graphite or amorphous graphite has lower purity and crystallinity which influences its
conductivity and lubricating properties and which make it inappropriate for electrochemical
applications. Macro-crystalline graphite, on the other hand, has two forms, vein and flake. Flake
graphite comprises large crystals which are oriented uniformaly, and are of high purity, which
make it the most well-known source for graphite used in oxidation reactions. Many localized
defects exist in the x-structure of flake graphite’s which assist the oxidation process.'
Dimanganese heptoxide (Mn,0O-), which is produced in the Hummers method, has the ability to
selectively oxidize unsaturated aliphatic double bonds over aromatic double bonds in styrene,
which was reported by Trémel and Russ.™ If their claims could be applied to graphite then it is
probable that the aromatic system is not susceptible to oxidation. The clarification of precise
oxidation mechanisms is rather challenging due to the complicated structure of graphite in
addition to its defects.™ Dimanganese heptoxide (Mn,O;) dark red, indeed, is the active

species. Reaction between potassium permanganate and concentrated sulfuric acid would form

dimanganese heptoxide as it shows in the following equation:**



KMnO, +3H,S0, —> K* +MnO; +H,O" +3HSO, (1.1)

MnO; + MnO, — Mn,0, (1.2)

1.3 Structural Model of Graphene Oxide

Several structural models have been proposed by different scientists, all of which involve
regular lattices comprising distinct repeat units. Their suggestions are different in terms of the
existence of some particular oxygen functional groups in the basal plane of GO or the
hybridization of the involved carbon atoms. Fig. 1.1 depicts the proposed structural models.
Hofmann and Holst's structure assumed a net molecular formula of C,O and the epoxy groups
are spread over the basal planes of graphite.™ In 1946, Russ suggested addition of hydroxyl
groups into the basal plane, which in turn, altered the hybridization of the carbon atoms from sp?
to sp°. In 1969, Scholz and Boehm proposed taking away the epoxide and ether groups and
quinoidal species were substituted regularly in their model.!” Nakajima and Matsuo have

assumed their lattice framework analogous to poly (dicarbon monofluoride), (C,F),, which

introduces intercalation to the graphite structure.™®



Hofmann

Ruess

Scholz-Boehm

Nakajima-Matsuo

Fig. 1.1: Older structural models of GO (taken from ref.’® with permission from American Chemical

Society).

Recently a non-stoichiometric amorphous model has been reported by Anton Lerf and Jacek
Klinowski ?° (Fig. 1.2). Lerf had investigated some of GO derivatives and structural features

have been isolated in terms of the reactivity of the material.**



Fig. 1.2: Lerf- Klinowski structural model of GO (top, taken from ref.?°; bottom, taken from ref.**

both with permission from American Chemical Society).

Lerf and coworkers were able to find out the distribution of functional groups such as epoxy and
hydroxyl through hydrogen bonding interactions with water. The GO and water had strong
interactions via hydrogen bonding in which the stacked structure of GO is maintained. Fig. 1.3.
This interaction supports the approach for the modified Hummers method. Brodie, Lerf and his
workers had noticed that GO was thermally unstable, CO and CO, are released instead of O.,.

This is because of the presence of the active surface species in GO.

Fig. 1.3: Hydrogen bonding network formed between oxygen functional groups between GO and

water (taken from ref."® with permission from Royal Society of Chemistry).



Dékany and coworkers have supported the Ruess and Scholz-Boehm models by revising their

model. They did not assume the existence of the carboxylic groups in the GO.™ Fig. 1.4:

Fig. 1.4: Proposed model of GO by Dékany and coworkers (taken from ref.® with permission from

American Chemical Society).

It can be concluded that the oxidation degree would cause significant variation in the structure

of graphite which would influence its properties.
1.4 Properties of Graphene and Graphene Oxide

Due to remarkable mechanical, electrical, thermal, and optical properties, graphene has
inspired researchers in many fields. It is a flat single layer of carbon atoms, sp? hybridized and
bonded into a two-dimensional (2D) honeycomb lattice with single carbon atom thickness.? It
has a large theoretical specific surface area (2630 m?g™),?* high intrinsic mobility (200,000
cm??'s™),% high Young's modulus (~1,100 GPa),?* fracture strength (125 GPa),?* thermal
conductivity (~5000 Wm™K™),?® excellent transport phenomena such as room temperature
quantum effect and high optical transmittance (~97.7%).*** Graphene was first isolated by
Scotch tape in 2004 by two Russian researchers at the University of Manchester, Andre Geim

and Kostya Novoselov.?”®> In 2010, they were awarded the Nobel Prize in Physics for their

breakthrough in the isolation of graphene and the determination of its properties.’ Graphene is
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the thinnest known material."* Graphene and its derivatives (chemically modified graphene)

26

have many applications in electronic devices such as solar cells,” electrochemical energy

2 transistors,® polymer

storage such as supercapacitors,?’ hydrogen storage,?® catalysis,
composites,’® liquid crystal devices,®® and mechanical resonators.** Graphene can be
synthesized by four different methods:* 1- chemical vapor deposition (CVD).**3* 2-
micromechanical exfoliation of graphite,? 3- epitaxial growth on electrically insulating surfaces
such as SiC.*® 4- chemical reduction of GO.** 3" ® The real advantage of using either CVD or
chemical reduction of GO is to produce a large amount of graphene whereas micromechanical
exfoliation produces a small amount of graphene.? Reduced graphene oxide is produced from
graphite oxide by one of the three oxidative methods: (Brodie,** Staudenmaier,™® or Hummers'*)
followed by chemical reduction to form chemically reduced graphene oxide. In all of them,

graphite is being oxidized by strong acids and oxidants. The degree of oxidation is the only

difference between these methods. The chemical structure of graphite oxide was revealed by

solid-state *C NMR spectroscopy, and is shown in Fig. 1.5:

Fig. 1.5: Chemical structure of graphite oxide[Lerf model] (taken from ref.”? with permission from

Nature Publishing Group).

It can be seen that the sp? hybridized carbon atoms form a network with defects arising from the
functional groups introduced during the oxidation process disrupting this network. A fraction of

hydroxyl and epoxy groups are distributed in the basal plane and another fraction of carboxylic



or carbonyl groups are present at the edge of the graphite oxide.?” Graphite oxide comprises a
layered structure of graphene oxide sheets. The presence of oxygen-containing functional
groups leads to its hydrophilicity.?® A suspension of graphene oxide can be produced by
exfoliation of graphite oxide via simple sonication.”> Graphene oxide sheets have negative
charge when they are dispersed in water, which has been determined by the measurements of
zeta potential (i.e. surface charge of graphene oxide sheets).* This accounts for the stability of
agueous suspensions in which there is a repulsion between the negative charges of the
graphene oxide. Some researchers have claimed that simple sonication of graphite oxide in
aqueous and organic solvents can produce homogenous colloidal suspensions of graphene
oxide.* 40424344 " gince graphene oxide is hydrophilic, it can be dispersed in water. The color of
the resulting suspension is brown to dark brown depending on the concentration of graphite
oxide in the required solvent.*-**%%% Fig 1.6 depicts the difference in the color of the

suspension:

Fig. 1.6: Effect of the concentration on the colour of the suspensions. Right is 0.1 mg / ml. Left is 2

mg / ml.

The thickness of a single reduced graphene oxide sheet is ~1 nm height on a mica substrate,
which was determined by atomic force microscopy (AFM).?> Some polar solvents can be used

for the dispersion of graphite oxide such as ethylene glycol, DMF, and THF.?



Graphene oxide can be chemically reduced by the following reducing agents: hydrazine,**’

cellulose,” sodium borohydride (NaBH,),**** HI,*"*® dimethylhydrazine,”® hydroquinone,*
Vitamin C,*° and alkaline solutions.®® It could also be reduced by thermal,®*** and ultraviolet
assisted methods.” Despite the fact that the reduced graphene oxide sheets develop
unavoidable structural defects during the reduction process, they possess beneficial qualities

such as catalytic properties, high conductivity, and mechanical strength.?*

Due to the interrupted sp? bonding in the network of graphite oxide, it is an electrically insulating
material, and by reduction using chemical agents, thermal treatment, or UV exposure, electrical
conductivity can be partially restored.® Sonicating and/or stirring graphite oxide in water is a
common method of exfoliation.”™ One of the most significant reactions of graphene oxide is its
reduction, as it allows scientists and engineers to utilize graphene in large scale applications

such as energy storage.™
1.5 Reduction Methods of Graphene Oxide

Reduction can be done by chemical, thermal, or electrochemical methods. All of these
methods provide products which, to various extents, approach graphene in terms of electrical,
thermal, and mechanical properties.’> Hydrazine monohydrate is one of the most common
reducing agents that has been used to reduce graphene oxide to graphene. The oxidation of
graphite to graphene oxide and its subsequent reduction with hydrazine is illustrated in Scheme

1.7:
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Fig. 1.7: a. Oxidation of graphite to graphene oxide and reduction to reduced graphene oxide. b. A
proposed reaction pathway for reduction of epoxide by hydrazine (taken from ref.? with

permission from Elsevier).

During the reduction process, the brown colour of the graphene oxide dispersion is
turned to black upon addition of hydrazine, after which the reduced graphene sheets
aggregated and precipitated.***® The removal of oxygen atoms causes the reduced graphene

oxide to become less hydrophilic, resulting in its precipitation.®

Another approach to reduce graphene oxide is by heat treatment that removes the
oxygen containing functional groups on its surface.’ The stacked graphene oxide is exfoliated
and reduced by heating it to 1050 'C, which has been done by Aksay's group. During the
heating process, oxide functional groups are expelled as carbon dioxide.”>*® The authors
reported that when the decomposition rate of the oxygen functional groups exceeds the
diffusion rate of the evolved gases, exfoliation takes place due to pressures higher than the van

der Waals forces which hold the graphene sheets together.® To separate graphene oxide
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sheets, a pressure of 2.5 MPa is required, however, the exfoliation generates pressures 1-2
orders of magnitude higher.® According to the AFM studies, 80% single layer reduced graphene
oxide can be produced via thermal reduction and exfoliation. Approximately 30% mass loss,
vacancies, and defects result upon the removal of the oxide groups which can affect the

mechanical and electrical properties of the reduced graphene oxide.®
1.6 Chemical cross-linking of Graphene Oxide Sheets

One of the most significant themes in recent graphene-based research is to explore
changes in physicochemical properties of graphene, graphene oxide, and its derivatives.>**®
Divalent cations can be used as cross-linkers between graphene oxide sheets leading to a
change in the mechanical properties and inter-layer spacing of GO membranes. The chemical
interactions occur between the oxygen-containing functional groups and the cations.***" The
interaction can occur either via binding of the cross-linker ions to the carboxylic acid groups at

the edges of the graphene oxide sheets, or via introduction of the cross-linker ions into the ring

of epoxides.** The two models are shown in Fig. 1.8:
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Fig. 1.8: Schematic model of the interaction between GO and metal ion cross-linkers (taken from

ref.* with permission from American Chemical Society).

As mentioned earlier, the graphene oxide sheets interact with metal ions in two different binding
modes. The stronger mode in which the metal ions bind tightly to carboxylic acid groups at the
edges of the graphene oxide sheets leads to cross-linking of neighboring sheets, and improves
the mechanical stiffness of the graphene oxide membrane. On the other hand, the weaker
mode, in which the metal ions introduced to epoxides have the effect of opening the ring and
then facilitating the interaction of additional metal ions between the graphene oxide sheets,
leads to an increase in d-spacing. The first one can resist distortions between sheets; however,
the second one cannot resist such deformations. As the metal ions enter between the graphene

oxide sheets, they increase the d-spacing and the cross-sectional area of the modified
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graphene oxide sheets, which leads to a decrease in the stress. The size of the metal ions plays
a crucial role in the mechanical properties of the modified graphene oxide sheets. For instance,
Mg-modified graphene oxide has Eg (maximum modulus in the linear region ) = 24.6 + 1.4 GPa.
On the other hand, the Ca-modified graphene oxide has Eg = 21.5 + 1.5 GPa. This is because
calcium has a larger ionic radius than magnesium. The proposed model leading to enhanced

mechanical properties of the modified graphene oxide sheets is shown in Fig. 1.9:

Resist tensile force better

- ms not resist tensile
force well

.LO.h>

Fig. 1.9: Proposed model for the enhanced mechanical properties of graphene oxide sheets after

metal ions modifications (taken from ref.** with permission from American Chemical Society).

Novoselov et al. have reported that the interaction between metal ions and graphene depends
on the layer number of graphene. The splitting in G band decreases with increases in the
number of graphene layers: single-layer > bilayer > trilayer. Since the G band was supposed to

be a factor for determination the interaction between graphene and metal.>’

1.7 Characterization Techniques of Graphene Oxide

There are various techniques that are used for characterization the properties of the
reduced product and the starting material such as the measurement of the surface area [S.
Brunauer, P. H. Emmett, and E. Teller surface (BET surface)]. Raman spectroscopy is another
technique which can be used to differentiate between unreduced and reduced material. Each

band in Raman corresponds to a specific characteristic of the material. For instance, the D band
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is an indicator of the order and disorder of the system. The G band represents the stacking
structure of the material. Both of these bands are the main vibrational modes in graphitic
structures.™ The number of layers in graphene and the stacking behavior can be determined by
the ratio of the intensities of the two bands (D/G). High degree of exfoliation or disorder is

referred to high D/G ratios.*

The electrical properties of the material can be characterized by measuring its resistance or

conductivity, given by the following equation:*®

R,, = (1.3)

1
ot
Where (a, Sm‘l) is a bulk conductivity, (Rsh,qu’l) is sheet resistance, t is the thickness of

the sample.

Other techniques such as Atomic force microscopy (AFM), X-ray photoelectron (XPS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction
(XRD) have been used for characterization of graphene oxide. The XPS spectrum of the

graphene oxide and reduced graphene oxide via hydrazine are illustrated in Fig. 1.10:
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Fig. 1.10: The C-1s XPS spectra of: (a) graphene oxide, (b) hydrazine hydrate-reduced graphene

oxide (taken from ref.** with permission from Elsevier).

It can be clearly seen that the carbonyl, epoxy, and carboxylic acid functional groups were

enormously decreased in the reduced graphene oxide compared with the non-reduced one.™

The conductivity was also measured, the values were 2400+200 S m™, 2500+20 S m,
0.021+0.002 S m™ for the reduced, graphite, and graphite oxide respectively.** Since graphite
oxide is an electrical insulator, its value was lower but the restoration of the m-system in the

reduced graphene oxide moved the value closer to that of graphite.
1.8 Electronic Properties and Electrical Transport in Graphene

Graphene is composed of carbon atoms arranged in a hexagonal structure, which can
be seen in Fig. 1.11. The structure has two basis atoms per unit cell as it is considered a

triangular lattice. The lattice vectors can be written as:**
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a, = %(3, \/5) a, = %(3,—\/5) (1.4)

Where a=1.42 A is the length of carbon-carbon bonds, intermediate between those of a single

and double bonds with lengths ,=1.54 A and r,=1.31 A, respectively.

Fig. 1.11: (a) A honeycomb lattice, sublattices A and B are shown in blue and yellow color. (b)
Reciprocal lattice vectors and some special points in the Brillouin zone (taken from ref.”® with

permission from American Physical Society).

Each atom is surrounded by three atoms from a different sublattice. The first Brillouin zone has
two inequivalent points at the corners (hamed Dirac points). Their positions in momentum space

are given by:*
5, = 5(1, \3)s, = 5(1’—\@) 5, =a(-10) (1-9)
The reciprocal lattice vectors are given by:**

The wave vectors for the special high-symmetry points K, K’, M are given by:'*
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K =(2_”,2_”j,ﬁ =(2_”,_2_”j,m (2] @
3a '3./3a 3a’ 3.3 3a
The sp? hybridized states o bonding and m bonding, the first form occupied and empty bands
with a huge gap, whereas, the latter form a single band with a conical self-crossing point in
K,K', and the unique electronic properties and the characteristic of extraordinary electronic
structure is referred to this conical point. Wallace was the first one to get this conical point in
1947 in the idea of a simple tight-binding model. By following Wallace, there are no hopping

processes within the sublattices in the nearest neighbour © bonding, hopping takes place only

between A and B sublattices. The tight-binding Hamiltonian is represented by the 2*2 matrix:**

v 0 tS(k)
Ak)=C ) (1.8)
tS(k) 0
Where E is the wave vector,
- = i k. av/3
S(k)zze'” =2exp[lkzxa]cos[ y2 J+exp(— ik,a) (1.9)
5

Therefore, the energy is :

ek)- it‘S(R] — 3+ £ k) w10)

Where

f(E): Zcos(\/§kya)+ 4cos[§ kya] cos[g kxaj (1.11)
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Band crossing occurs when:
S(E): S(f’)=0 (1.12)

The Hamiltonian near these points can be expanded as follows:**

< () 3at 0 a(qx +iqy)
elil 5 ety o ] 19
3 (=) 3at 0 a*(Qx - iQy)

— — —

Where a = 57/, with q=k — K and K —K’, respectively. So, the effective Hamiltonian near

the points K and K'take the form:

0 qx T iqy
atia, o | (1.15)

HK,K'(a): hv

Where

__ 3alt|

> the electron velocity at the conical points. By an additional phase shift by -, the

negative sign of t can be excluded.

By considering the next nearest neighbour hopping t':

E(ﬁ)zﬂ\s(ﬁ)m (k)==ty/3+ £(k)+tt k) .

The electron-hole symmetry can be broken by the second term. The behaviour of the
Hamiltonian near the conical points does not vary when shifting them from E=0 to E=-3t".
According to Reich et al. (2012), the first three hopping parameters are t=-2.97eV,

t'=-0.073eV, and t"=-0.33eV . The smallest value is referred to the accurate and precise
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electron hole symmetry of the spectrum throughout the whole Brillouin zone,** electronic

dispersion in the honeycomb lattice is shown in Fig. 1.12:

Fig. 1.12: Left, electronic dispersion in the honeycomb lattice. Right, expanded view of the energy
bands close to one of the Dirac points (taken from ref.>® with permission from American Physical

Society).

Graphene is a zero gap semiconductor. The sp? hybridized carbon atoms are arranged
in a hexagonal structure. An individual hexagonal ring consists of three strong sigma bonds in-
plane which support the stable hexagonal structure, while Pz orbitals connect the graphene
layers weakly. One of the most fascinating properties of graphene is the remarkable nature of its
charge carriers, which act as massless relativistic particles (Dirac fermions). Near the Dirac
points K and K', their electronic dispersion is similar to that of relativistic Dirac electrons. The
valence and conduction bands overlap at the Dirac points, which makes graphene a zero band
gap semiconductor.’ A high quality of graphene leads to a high electrical conductivity, i.e. a low
defect density in its crystal lattice. Generally, defects behave as scattering sites and prevent

charge transport by limiting the electron mean free path.’
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1.9 Diffusion Characteristics of Membranes

A membrane is a discrete, thin interface that moderates the permeation of chemical
species in contact with it.>° It can be homogeneous in terms of uniformity in composition and
structure, or heterogeneous, in which case it contains holes and pores. The principal types of

membranes are shown in Fig. 1.13:
Svymmetrical Membranes
Isotropic microporous  Nonporous dense

SBESEERA%

Electrically charaed membrane

DERELIRT
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Anisotropic Membranes Supported liquid membrane
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Loeb-Sourirajan Thin-film composite ¢

. . . . Polymer matrix
anisotropic membrane  anisotropic membrane

Fig. 1.13: Schematic diagrams of the principal structural types of membranes (adapted from ref.>®

with permission from Wiley).

Isotropic membranes have three types namely microporous, nonporous, and electrically
charged. The first has pores in the order of 0.01-10 um in diameter. The second does not have
pores and the permeates are transported by diffusion under either pressure, concentration, or
electrical potential gradient as a driving force. This type of membrane is useful for separation of
species that are similar in size. The third one possesses positively or negatively charged ions.
Anisotropic membranes are another type of membrane which could be ceramic, metal, or liquid.
The thickness of the membrane plays a crucial role in the transport rate. The higher the
thickness, the lower the transport rate, therefore, the membrane should be as thin as possible.59
Anisotropic membranes comprise a very thin surface layer supported on a porous substructure,
thicker than the thin surface layer. The permeation rate and the separation process are
extremely dependent upon the surface layer. The nominal pore size and the corresponding

theoretical model for the principal membrane separation processes is shown in Fig. 1.14.

Membranes can be classified into three categories as shown in Fig. 1.14:>°
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1. Ultrafiltration, microfiltration, and microporous Knudsen diffusion gas separation membranes,
all of which possess pores bigger than 10-15 A in diameter, and in which the transport takes

place via pore flow.

2. Non-porous membranes such as polymeric gas separation, pervaporation, and reverse
osmosis ones have a dense selective polymer layer with no visible pores. Molecules in the
range of 2-5 A can exhibit transport through these membranes. Since there are no pores in
these membranes, the flux of permeates are lower than those in microporous membranes. The
solution-diffusion model best describes the transport through these membranes. 5-10 A in
diameter is the spacing between polymer chains which represent the free volume elements in

these membranes.

3. Intermediate membranes possess pores between 5-15 A in diameter. For example,
nanofiltration membranes, some gas separation membranes, and some finely porous ceramic
membranes fall into this class of membranes. If the polymers are made of stiff polymer chain in
the gas separation membranes then these polymers are called polymers with intrinsic
microporosity (PIM). The transport through these membranes is either via the pore flow model

or the solution-diffusion model, depending on the pore size of these membranes.
1.10 Transport Theory in Membranes

The most significant characteristic of membranes is their capability to control the rate of
permeation of various species. The mechanism of permeation can be divided into two models.*®
The first one is the so-called the pore-flow model, in which components are transported from
one phase to another via pressure-driven force through pores. One component is filtered
through the pores in the membrane based on size, and separation takes place. The second one

is the solution-diffusion model, in which components species dissolve in the membrane then

diffuse through it according to concentration gradients. The separation takes place due to the
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difference in the solubility as well as the rate of diffusivity. Generally, the species transports

through a membrane as a result of a driving force on the components in the feed part.

Dense solution Intermediate Pore-flow microporous
Diffusion membranes membranes membranes
> €
<510 A 515 A >1015A
Microfiltration

Ultrafiltration
|

~ Nanofiltration
I

d

Reverse osmosis
I
Microporous Knudsen diffusion
I
Ceramic, carbon, PIM membranes
I
Gas separation/pervaporation
I
L1 1
1 10 100 1000

Nominal pore size (A)

Fig. 1.14: The nominal pore size and the best theoretical model for the principal membrane

separation processes (adapted from ref.>® with permission from Wiley).

Diffusion was first studied by Fick in 1855.°° He stated an equation called Fick's first law of

diffusion:
dc;
Ji= -0 (1.17)
Where J; is the rate of transfer of component i or flux (g/cm?.s), % is the concentration gradient

of component i (g/cm®.cm), and D; is the diffusion coefficient (cm?.s). The direction of diffusion is
down the concentration gradient, hence the minus sign appears in the equation. The basis of
the solution-diffusion model is the diffusion, whereas, pressure-driven force is the basis of the
pore-flow model, and Darcy's law is the basic equation for pore-flow model. It can be written

as:>®
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Ji=Ke 2 (1.18)

Uodx

Where Z—Z is the pressure gradient, c; is the concentration of component i , and K is a coefficient

reflecting the nature of the medium.
1.11 Diffusion in Graphene Membranes

As was mentioned earlier, two mechanisms can describe the permeation through
membranes, either the pore flow mechanism or the solution-diffusion mechanism. The state of
the art in membrane permeation relies on the latter one. Polymeric membranes can provide a
great salt rejection; however, the diffusive transport of water through them is slow. To tackle this
matter, researchers have focused on increasing water transport by molecular sieving in
nanostructured membranes such as carbon nanotubes and zeolites.”* Cohen-Tanugi and
Grossman at the Massachusetts Institute of Technology (MIT) claimed that nanoporous
graphene membranes can separate salts from water.®® Since the membrane’s thickness is
inversely proportional with flux, graphene, which is the thinnest possible membrane, and has
high mechanical strength, and low pressure requirements, is promising for increasing water
permeability, as can be seen in Fig. 1.15. They have claimed that nanoporous graphene
membranes have better performance than polymeric reverse osmosis membranes in terms of
water permeability by two to three orders of magnitude.®® Nanotubes and zeolites membranes
have low performance due to the difficulty to be produced in a scalable fashion. Moreover, the
smallest carbon nanotubes used for membranes are too large to preclude salt ions and it is

more of a challenge to fabricate thin and continuous zeolite layers.®
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Fig. 1.15: Nanoporous graphene membranes. High pressure applied to the salt water (left) drives
water molecules (red and white) across the graphene membrane (right), while salt ions (spheres)
are blocked. Chemical functionalization of the pores with hydrogen (white) increases water
selectively, whereas functionalization with hydroxyl groups (not shown) increases the speed of

water transport (taken from ref.?® with permission from Nature Publishing Group).

Studies have been conducted on the transport of gas molecules and ions through nanoporous
graphene membranes.’®® Cohen-Tanugi and Grossman anticipate water transport up to 66 L
per cm?- day-MPa in nanoporous graphene membranes compared to typical reverse osmosis
membranes, which provide water transport of ~ 0.01-0.05 L per cm?-day-MPa. The fast rate of
water passage was attributed to the thickness of the graphene membrane.®® The type of the
functionalization of the pores in graphene membranes plays a crucial role in the efficiency of salt
ion rejection. For instance, there is greater efficiency when pores are chemically functionalized
with hydrogen than with hydroxyl groups; however, the disadvantage of this is a lower flow rates
because the water molecules require a particular orientation before they pass through a
hydrogenated pore. The researchers also discovered that the water in the hydration shell of salt
ions can be substituted by the hydroxyl groups which allows some ions to flow through, and
consequently reducing the salt rejection ratio. Researchers also find that at higher pressure,

graphene membranes lose the ability to repel salt ions. For a maximum water throughput,
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Cohen-Tanugi and Grossman determined the ideal size for hydrogenated pores and
hydroxylated pores to be 23.1 A* and 16.3 A% respectively. This determination was based on
simulations.®> Nanopores can be introduced into the structure of graphene by electron beam
exposure, helium ion beam drilling, and chemical etching to achieve more accurate pore size
distribution and higher porosity.[*645%¢l Hydrogenated and hydroxylated graphene pores are

shown in Fig. 1.16.

(b)

nanoporous graphene

Fig. 1.16: (a) Hydrogenated, (b) hydroxylated graphene pores, and (c) side view of the pore as

constructed from simulations (taken from ref.®” with permission from American Chemical Society).

The existence of oxygen-containing functional groups on both sides of the GO sheets leads to a
large inter-layer distance and vacant spaces between non-oxidized regions, which results in the
formation of a network of nanocapillaries between the GO layers, and this facilitates water
permeation through these nanocapillaries.®® Nair et al, report fast permeation of water through
GO membranes that are basically impermeable to other liquids and to helium.®® Nair et al, have
also found that the permeability of water is 100 times less with thermally reduced GO at 250 'C

comparing with non-reduced GO membrane, and claimed that the change in the structure (i.e.
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decreasing in d spacing from = 10 to 4 A) had led to the fast transport of water vapor through

GO film.®® Possible permeation through laminates is shown in Fig. 1.17:

.

;

Fig. 1.17: Schematic view of possible permeation through GO laminates, L, crystal size, d, spacing
between layers (taken from ref.®® with permission from The American Association for the

advancement of Science).

In 2008, Michael D. Fischbein et al. punched nanopores in graphene and claimed that porous
graphene is stable.” K. Sint et al. show that by designing functionalized nanopores in graphene,
the membranes could be utilized as ionic sieves of high selectively.®® Fig. 1.18 shows
chemically modified graphene nanopores. The passage of cations would prefer negatively
charged functionalized nanopores, and the passage of anions would prefer positively charged

nanopores. These nanopores could be formed in the graphene monolayers by ion etching.”
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Fig. 1.18: Functionalized graphene nanopores. The functionalized nanopore (left) is terminated by

negatively charged nitrogen and flourines. The H-pore (right) is terminated by positively charged

fSG

hydrogen (taken from ref.”™ with permission from American Chemical Society).
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J. Schrier proposed that porous graphene can separate helium from other noble gases.’”? De-en
Jiang et al. separated H, and CH, by using the porous graphene.” Yuliang Zhao et al. used
different pore sizes and shapes of porous graphene for H, and N, separation, and claimed that
by adjusting the pore size and shape, both selectivity and permeability could be controlled.” It
has been reported that a single layer graphene film is impermeable to gases and liquids in
which two different phases can be separated.” Karan et al. have reported ultrafast permeation
of organic solvents through diamond-like carbon (DLC) nanosheets that reject solute molecules

larger than 1 nm as shown in Fig. 1.19.

& — Solute
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Fig. 1.19: Solvent molecules permeate through the nanopores of diamond-like carbon (DLC)

69

membranes (taken from ref.”” with permission from The American Association for the

Advancement of Science).

According to the results of molecular dynamics simulations, graphene with nanopores can be
exploited to separate NaCl from water useful for applications such as desalination and water
purification.®® Hongwei Zhu et al. have claimed that sodium salts had rapid permeation through
GO membranes compared to heavy metal salts. A schematic diagram of the permeation

processes of different ions through GO membranes is shown in Fig. 1.20:
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Fig. 1.20: Schematic diagram of the permeation processes of different ions through GO

membranes (taken from ref.> with permission from American Chemical Society).

The selective permeation properties of the GO membranes rely on the nanocapillaries
that formed within the structure of the GO membrane and the interaction between the oxygen

functional groups and the metal ions as shown in Fig. 1.21.>°

Conardination of Mn2* ians Coordination of Cd®* ions

Fig. 1.21: Schematic diagrams of the GO membrane and the interaction with different ions

(taken from ref.>® with permission from American Chemical Society).
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1.12 Electrical Conduction Mechanism in Graphene Oxide and Reduced GO Films

It has been proved that chemically derived graphene demonstrates an electrical
conductivity on the order of a few Siemens per centimeter (roughly pristine graphene layers are
three orders of magnitude higher than chemically derived graphene),” which is helpful for many
applications such as photovoltaic or composite materials. It has been reported that residual
defects exist in GO-derived graphene,” and the real question is how does charge transport
occur in such inhomogeneous system? Charge transport occurs through the mechanisms of
hopping conduction, and tunneling. Hopping is an incoherent thermally activated process in
which electrons move from one position to another. The probability of hopping is an exponential
in the height only of the free energy barrier between sites. The charge transport mechanism can
be interpreted by either the hopping model at room temperature or the tunneling model at high

electric field. The first one is given by the following equation:®
G=Y+G-exp (ﬁ) (1.19)

Where V is the applied bias, and L is the distance between the electrodes on the GO membrane

in which I-V measurements are conducted.’®

KT
~ o0.18er

(1.20)

Where k is the Boltzmann's constant, T is temperature of the measurement, e is the absolute
charge on electron, and r is the hopping distance. G- is the hopping parameter which depends
on, N, the density of states N(Er) near the Fermi level, and L, the localization length of the

electronic wave function.®

B
G- = Gexp (— W) B = (1.21)

3 1/3
(kN(Ep>L%)
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The in-plane conductivity of the GO and reduced GO membranes were measured over the
scale of a few millimeters in our experiments at applied bias that was limited to 20 V. Hence
being in the low electric field regime the hopping model is used to fit the results from in-plane

conduction measurement of these membranes.

The tunneling model becomes relevant for the out-of-plane conduction of these membranes. In
this case the conduction of charge carriers which occurs over a thickness of a few microns (the
thickness of the membrane) with an applied bias was limited to 20 V. Hence with field strengths
in the range of 10" V/m, tunneling becomes the relevant conduction phenomena. Further, the
sheets in the membrane will also have direct contact point with each other; therefore, a second

ohmic conductivity term is also included.

The combined model is given by the equation:”’

I = % + P, X V? X exp (—aTEC) (1.22)

The first term is the ohmic resistance due to direct contact between the sheets; the second term
is due to tunneling. Here E_ is the critical field for tunneling, a the length scale for the tunneling
(this is considering that the term V /a is the effective electric field in the membrane), and R is the

ohmic resistance of the film.
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Chapter 2. Background of Instruments and Techniques

2.1 Overview of The Techniques

A significant challenge was faced in characterizing the synthesized films. In our
experiments, this was primarily achieved by using X-ray diffraction (XRD), scanning Electron
Microscopy (SEM), multiple spectroscopic techniques, such as Fourier Transform Infrared (FT-
IR), Raman Spectroscopy, Ultraviolet Visible Spectroscopy (UV-Vis), X-ray Photoelectron

Spectroscopy (XPS), and Thermal Gravimetric Analysis (TGA).

X-ray Diffraction (XRD) was used to characterize the change in the inter-layer spacing between
the graphene sheets in these films. Scanning Electron Microscopy (SEM) was used to produce
images in order to investigate the morphology of the films as well as to explore cross-sections
within the layers of the films on selected spots in the film. Fourier Transform Infrared (FT-IR)
was used to detect oxygen-containing functional groups within the films as well as to confirm
that these groups have been removed through either thermal or chemical reductions. Raman
Spectroscopy was also used to investigate the electronic structure of the films and characterize
the extent of reduction of the films by comparing the intensity between the D band and the G
band for the non-reduced film with those of various reduced films. Ultraviolet-Visible
Spectroscopy (UV-VIS) was used to assess the restoration of aromaticity to form graphene films
as well as to confirm chemical reduction of graphene oxide films. Thermal Gravimetric Analysis
(TGA) was used to verify thermal stability of these films. X-ray Photoelectron Spectroscopy
(XPS) was also used to determine the C/O ratio of the non-reduced and reduced films as an
indication of the removal of oxygen-containing functional groups from the surface of graphene

oxide (GO) films.
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2.2 Principles of Powder X-ray Diffraction

X- rays were discovered by the German Physicist Wilhelm Réentgen in 1895, for which
he was awarded the Nobel Prize in 1901.”® X-ray diffraction was first discovered by Max von
Laue when he observed the first X-ray diffraction pattern from copper sulfate crystals in 1912. A
year after, William Lawrence Bragg and his father William Henry Bragg discovered the Bragg's

Law equation (1).”®

X-rays are electromagnetic radiation of wavelength between 0.1 and 100 A, which lie between
Gamma rays and Ultraviolet radiation, and are in the region of short interatomic bonds. X-rays
are usually generated by accelerating high-energy patrticles, e.g. electrons through 30,000 V,
and these are made to strike target matter. Two constituents can be seen in the resulting X-ray
spectra, white radiation, which is a wide spectrum of wavelengths and a number of fixed, or

monochromatic wavelengths Fig. 2.1.:

Ka 1.54

White radiation

Intensity

KB 1.39

=

Wavelength, A

Fig. 2.1: Characteristic X-ray emission spectrum from elemental copper.”

When the electrons collide with matter, the electrons either are stopped or slowed down and
some of their lost energy is transformed into electromagnetic radiation. This causes white

radiation.®® The greatest energy of x-ray takes place when all the kinetic energy of the incident
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particles is transformed into X-rays. The high acceleration, 30 kV, of a beam of electrons
permits them to collide with a metal target, often Cu. The adequate energy of the incident
electrons is able to ionize some of the Cu 1s (K shell) electrons, An electron in an outer orbital
(2p or 3p) instantly fall down to occupy the vacant 1s level and the energy of the transition is
emitted as X-rays. Every transition is associated with fixed energy values thus an X-ray
spectrum can be used as a fingerprint for different elements. For instance, Cu has two types of

transitions, which are:
2p—>1s Called Ka (1.5418 A) (2.1)

3p—1s Called KB (1.3922 A) (2.2)

Actually, the Ka transition has two peaks, Ka;=1.54051 A and Ka,=1.54433 A, because of the
slightly different energy of the transition for the two possible spin states of the 2p electron which
makes the transition, related to the spin of the vacant 1s orbital. Ka wavelengths of the target
metal is frequently used for X-ray generation.®® A diffraction pattern is generally produced by the
scattering of X-rays from the atoms arranged in a periodic array. Some materials such as glass
do not generate discrete diffraction patterns, because their structure does not possess a
periodic array with long range order. The silicon and oxygen atoms of silicon dioxide (SiO,) can
be arranged in different fashions generating three different forms of SiO,, namely, Glass,
Quartz, and Cristobalite. Thus, different arrangements for the atoms leads to different diffraction

patterns.
Bragg's Law:"® 2d,,, sind,,, =ni (2.3)

Where d,,is the d-spacing between crystal planes hkl (Miller indices) in a crystal, ,,is the

angle of the incidence (Bragg angle), n is an integer value, A is the wavelength of the beam.
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This equation is known as Bragg's Law (or Bragg equation), which correlates the Bragg angle (

6,,) to the spacing between the crystal planes (d,, ). X-ray diffraction is shown in Fig. 2.2.

Diffraction peaks are associated with planes of atoms in the crystal. During X-ray experiments,
each atom within the crystal is irradiated with X-rays and the interaction between the incoming
X-ray beam and the oscillating electrons within each atom produces diffraction in all directions.
The scattered X-ray beams from all Miller indices provide different spots. These diffraction spots

represent the diffraction pattern of the crystal.®*

X-ray Source X-ray Detector

Fig. 2.2: Schematic of X-ray diffraction.®

The scattering factor (or form factor) is the scattering amplitude of X-rays of an atom. It is

donated by the symbol ( f,). The more electrons that an atom possesses, the more strongly it

will scatter incoming X-rays. As the Bragg angle increases, the scattering power is reduced.®

The structure factor (F,, ) is the sum of the atomic scattering of each atom within the crystal. It

is correlated to Miller indices and atomic position (xyz ) as shown in the following equation:®

27 (hx; +kyj+lz;)
Fhk,:zjfje R (2.4)
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Where f;is the scattering factor of the j atom, and (x;,Y;,2;) are fractional coordinates of the

scattering factor. The intensity of a reflection is proportional to the square of the structure factor

as it appears in the following equation:®*
L < Fig (2.5)

Then, the magnitude of the structure factor can be calculated:

|Fhkl| oc \/m (2.6)

Either a powder or single crystal X-ray diffractometer can be used to measure the intensity of
the hkl reflection (Iy;) that is recorded by the detector. Powder X-ray is frequently used to
identify unknown substances by matching diffraction data to known substances in databases
such as the Inorganic Crystal Structure Database (ICSD) or the International Centre for
Diffraction Data (ICDD). All X-ray diffraction patterns presented in this thesis were obtained from
a Bruker D8 Advance powder X-ray diffractometer equipped with a Vantec-1 detector operating

at 40 kV and 30 mA.
2.3 Background of Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a powerful tool for the examination and analysis
of the microstructure morphology of materials and for chemical composition characterization. It
was invented soon after the transmission electron microscope (TEM) in the 1930s by Knoll and
von Ardenne, in Germany. In 1963, the first commercial SEM was accessible at Cambridge
University, England,®® SEM is based on the ejection of secondary electrons due to the collision
of incident electrons (low energy). A diversity of signals at the surface of the solid is being
generated by using a focused beam of high energy electrons. These signals result from the

interaction between the electrons and the sample which displays information about the
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morphology of the sample, crystalline structure, chemical composition, and orientation of the
materials. When the incident (primary) electrons strike the electrons present in a solid,
secondary electrons are released. It is too difficult to focus these electrons into an image by
electron lenses so the principle of scanning is employed. A small diameter electron probe is
scanned across the surface of the sample, changing the beam direction under the influence of
either electrostatic or magnetic fields by scanning coincidently in two perpendicular directions, a
two-dimensional image of an area of the solid can be covered as a square or rectangular area in
which secondary electrons from a selected area on the solid is being collected.?* SEM basically
consists of an electron beam generating and accelerating system (electron gun), a high vacuum
system, a focusing, scanning system, a specimen stage, an electron detecting, multiplying
system, amplifiers, cathode ray tubes for visual observation and photograph.®® By using the
conventional SEM techniques, area from 1 cm to 5 microns in width can be imaged. The SEM
commonly comes with Energy Dispersive X-ray analysis (EDX), which is beneficial for chemical
composition determination. The image brightness results from characteristics of the solid as a
consequence of the response towards an electron bombardment. The accelerated electrons
interact with the sample and signals are generated as a result. These signals comprise different
types of emission such as secondary electrons(atomic electrons emitted from the sample as a
consequence of inelastic scattering), which involves an angle less than 90°, backscattered
electrons(incoming electrons scattered elastically through an angle greater than angle of 90),
photons as X-rays, and heat. Secondary electrons reflect the morphology of the sample. X-rays
are used for elemental analysis. SEM analysis is regarded as a non-destructive that is X-rays
produced by electron interactions do not induce volume loss of the sample, so it is feasible to
analyze the sample materials repeatedly. Zeiss FESEM 1530 was used for FESEM analysis of

all samples in this thesis.
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2.4 Introduction of Fourier Transform Infrared Spectroscopy

Fourier Transform infrared spectroscopy (FT-IR) was developed in 1880 by Albert
Abraham Michelson. In 1907, he became the first American to be awarded the Nobel Prize in
Physics.®® By using the Michelson interferometer, the wavelengths of light can be measured
precisely. Michelson had to struggle in using his interferometer to obtain spectra manually. He
had to carry out some calculations to convert interferometer data into a spectrum. The creation
of computers made the calculation of Fourier transforms faster. J.W. Cooley and J.W. Tukey
then at Bell labs, discovered the Fast Fourier Transform (FFT), or Cooley Tukey Algorithm.
Using this algorithm facilitated the calculation of Fourier transforms on a computer, and is still
the basis for the transformation routines used in commercial FT-IR spectrophotometers, the first
of which were produced commercially by the Digilab subsidiary of Block Engineering in

Cambridge Massachusetts in the late 1960s.%

FT-IR spectroscopy can be combined with other techniques such as Gas Chromatography (GC)
so that it can be used for analyzing complex mixtures rapidly and precisely. A portable FT-IR
instrument can be also used to measure, for example, the levels of pollutants coming out of an
automobile. FT-IR can be connected to a High Pressure Liquid Chromatograph (HPLC) to
obtain infrared spectra for biological samples. In medicine, the differences between the infrared
spectra of healthy and cancerous human colon cells can be used to determine the biochemical
differences between healthy and malignant cells.®® In general, infrared spectroscopy is a great
tool for determining functional groups, however, the technique itself cannot be used to explain
the complete structure of unknown molecules. The usual approach to this puzzle is to use FT-IR
in conjunction with other molecular spectroscopy techniques such as NMR, UV-Vis
spectroscopy, Raman scattering, and mass spectrometry. All of these techniques supply
information about a structure used to identify unknown molecules. How does FT-IR work? The

object of an interferometer is to get a beam of light, split it into two beams, and make one of
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them travel a different distance from the other. The Michelson interferometer comprises four
arms. The first one includes a source of infrared light, the second one contains a fixed mirror,
the third includes a moving mirror, and the fourth one is open. A beam splitter, where the fourth
arm meets, is designed to transfer half of the radiation, and to reflect the other half of it. As a
consequence, the light transferred by the beam splitter hits the fixed mirror, and the light
reflected by the beam splitter hits the moving mirror. After reflection from the mirrors, the two
light beams align at the beam splitter, then leave the interferometer to interact with the sample

and hit the detector. A Michelson interferometer is shown in Fig. 2.3.

Infrared source > Collimating Mirror
Beamsplitter

Detector O <+ AN . <

N Moving Mirror

v

Sample

Fixed Mirror

Fig. 2.3: Schematic diagram of the Michelson interferometer.®

FT-IR measures light intensity versus a property of light. The absorbance spectrum can be

calculated from the following equation:®®

A=log(l,/1) (2.7

Where A is absorbance, | is intensity in the background spectrum, and | is intensity in the

sample spectrum.
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Beer's Law shows the relationship between the absorbance and the concentration of the

sample molecules as it follows:®®

A=¢IC (2.8)

Where A is absorbance, € is Absorptivity, | is pathlength, and C is concentration. Beer's law

can be utilized to determine the concentration of molecules in samples. An FT-IR spectrum can
be plotted as percent transmittance (%T ) in the y-axis, which measures the percentage of light

transmitted by a sample. %T can be calculated via the following equation:®®

%T = (1/1,)*100 2.9)

Where %T is percent transmittance, | is intensity in the sample spectrum, |_ is intensity in the

0
background spectrum. The peak positions in the spectrum correlate with molecular structure
and can be used for identification of molecules in unknown sample.®® All the measurements of

the samples were performed using Bruker Tensor 27 FT-IR spectrometer.
2.5 Principles of Raman Spectroscopy

Raman spectroscopy detects the vibrational motions of a molecule similar to infrared
spectroscopy. However, in Raman spectroscopy light scattering is being measured, while
infrared spectroscopy is based on absorption of photons. Generally, when electromagnetic
radiation irradiates a molecule, the energy might be absorbed, transmitted, or scattered.®” In
1928, Chandrasekhara Venkata Raman discovered a new type of secondary radiation known as
the Raman effect.®® In 1930, C.V Raman was awarded the Nobel Prize in Physics for this
discovery.®?® Raman spectroscopy became the principal means of non-destructive chemical
analysis. In a Raman spectrometer, the sample is irradiated with a source of monochromatic

radiation in the visible part of the spectrum. This radiation should be lower than the electronic
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frequencies and higher than the vibrational frequencies. Interaction of incident radiation with the
sample results in scattering which is detected by the spectrophotometer.®” Raman spectroscopy
probes the vibrational levels, and its signal is observed as inelastically scattered light. As a
consequence, the vibrational energy of the molecule is altered by irradiation. Rayleigh, which is
another type of scattering, can be considered as an elastic collision between the incident photon
and the molecule in which the vibrational energy levels are unchanged, consequently, the
energy and the frequency of the scattered photon is the same as that of the incident photon.®’

Raman scattering can be visualized by a quantum energy diagram Fig. 2.4:

A
S
hv. hv. + hv,,
a a
>
2
::: hv. hv. hv. hv. — hv,,
\ 4
Ey + hv,,
A 4 \ 4
Eg
Rayleigh scattering (elastic) Stokes s&atterinq Anti-stokes scattering
Y

Raman (inelastic)

Fig. 2.4: Rayleigh and Raman Scattering.87

It can be seen that there are three types of scattering: Rayleigh, Stokes, Anti-stokes scattering.
In Rayleigh scattering, the incident light strike a molecule, causing an electron in a ground

vibrational energy level to move to an excited state after which it relaxes and returns back to the
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same vibrational energy level from which it began. This is represented by v in which there is no

change in the frequency or energy, known as an elastic scattering. In Stokes scattering, the
electron starts from the ground energy level and it is moved to the excited state then relaxes to
an energy level that is higher than the starting level of the electron. In Anti-Stokes scattering, an
electron starts in a vibrational energy level that is higher in energy than the ground vibrational

level, is moved to an excited state then relaxes back to a ground vibrational level which has a

lower energy than the initial level. Anti-stokes is represented by + v, of the other two. Stokes

is more frequently used for most Raman spectroscopy because at room temperature, most of
the molecules exist in the ground vibrational level, consequently, Stokes lines are greater in
intensities than anti-Stokes which are generated from an excited level which have a lower
population.®” Raman spectroscopy has the advantages of being non-destructive too, and
requiring very little of the sample; furthermore it requires no special preparation. It can be
utilized in both qualitative and quantitative analysis. Polarizability can be considered as
distortion of the electron cloud of the molecule by an electric field. The molecular vibration has
to be accompanied by a change in the polarizability of the molecule in order to be Raman

active.®’
u=xk (2.10)

Where 4 the incident dipole moment, E the strength of the electric field, oc the polarizability.

Molecules with isotropic polarizability are non-active in Raman spectroscopy; those with

anisotropic polarizability are active in Raman spectroscopy.

The intensity of the scattered light is inversely proportional to the fourth power of the wavelength
of the incident light.®® Therefore, it is significant to consider the excitation wavelengths when
carrying out Raman measurements. Since Raman spectroscopy is targeting the chemical

bonds, it is used for structure identification and the determination of the properties of organic
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and inorganic compounds. Raman also provides structural information in which of each
spectrum of the observed bands is related to a specific vibrational energies levels. Most
important is that each of the bands will always be in the same position regardless of the
excitation wavelength being used.®* Raman also can be used to track changes in frequency
shift. For instance, diamond and graphite are allotropes for carbon, and different in the structure
and symmetry. As a consequence, the physical and chemical properties would be different.
Their Raman peaks are 1332 cm™ and 1580 cm™ respectively.®® All the samples measurements

were performed using Raman microscope Bruker Senterra.
2.6 Background of Ultraviolet Spectroscopy

Ultraviolet Spectroscopy (UV) has been available since 1943.%° Many species in a
solution can absorb ultraviolet (UV) and visible radiation and provides quantitative analysis.*® It

is based on Beer's Law which states the absorption is directly proportional to the path length, L,

and the concentration, C , of the absorbing species as follows:*°

A=¢LC (2.11)

where € is a constant of proportionality, called absorptivity. Various molecules absorb radiation
of different wavelengths. A number of absorption bands will appear in the absorption spectrum
corresponding to structural groups within the molecule. For instance, the carbonyl groups has a
unique wavelength absorption in the UV region regardless of the compound. The rules of the
measurements are: 1- absorbing species in a solution. 2- Selection of an appropriate
wavelength in order to gain accurate measurements from the absorbing species. 3- Comparing
the ratio of the intensity of the radiation which passes through a fixed thickness of the absorbing

solution (Cuvette of known path length) with the intensity of the corresponding radiation beam
when it passes through an appropriate blank solution. The percent transmittance, %T , can be

calculated by the following equation:*

43



_ *[ |
%T =100 (ﬁoj (2.12)

Where | is the intensity transmitted by the sample, and |, is the intensity by the reference

solution known as transmittance. The transmittance can be converted into absorbance by using

the following equation:*°
A=log(l,/1) (2.13)
here A is the absorbance. Three types of electronic transitions can be considered in the

absorption of UV radiation as shown in Fig. 2.5. 1- Transitions involving o, 7, and nelectrons.

2- Transitions involving charge transfer electrons. 3- Transitions involving d and f electrons.

Electrons in a molecule can be transferred from their ground state to an excited state upon

absorbing energy. These vibrations and rotations have distinct energy levels as can be seen in

Fig. 2.6:
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Fig. 2.5: Electronic transitions of o, , and n. % Fig. 2.6: Vibrational and

Rotational Electronic Levels.®
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o — o transitions

In this transition an electron requires a great deal of energy in order to promote it from a ground
state to an excited state, and individual bond absorptions occur below 200 nm.* Compounds
containing only o bonds are transparent in the near UV-Visible region. The spectra are typically

observed in the range of 200 to 700 nm.

n— o transitions

Molecules containing atoms with non-bonding electrons are able to undergo this type of

transition. These transitions very often require lower energy than ¢ — o transitions. Light with
a wavelength in the range 150-250 nm can initiate these transitions. Organic functional groups

with this type of transitions have small peaks in the UV region.

n— 7z and 7 — 7 transitions

The absorption peaks of these transitions fall in the region of the spectrum from 200 to 700 nm.
For providing the relectrons, these transitions require the presence of unsaturated groups

known as chromophores in the molecule. The solvent has a crucial influence on the spectral

features. By increasing solvent polarity, n— 7 transitions would be shifted to shorter
wavelengths (blue shift), which occurs as a consequence of increasing solvation of the lone pair

which would lower the energy of the n orbital. The reverse (red shift) would be seen for

7 — 7 transitions. The attractive polarization forces between the solvent and the absorber
bring about this effect which would lower the ground energy levels and the excited energy
levels. This influence has more impact for the excited state so that the energy difference

between the ground state and the excited state is reduced, yielding a small red shift.

45



Charge-transfer absorption: Many inorganic compounds are coloured because transitions are
occurring in the energy levels of the d electrons in the transition metal. Charge transfer is
another type of transition which influences the colour in which an electron filling a o or 7z orbital
in the ligand is being promoted to an unfilled orbital of the metal, and vice-versa.” All the

samples measurements were performed using ocean optics Inc. DT-Mini-2.
2.7 Principles of X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is also known as Electron Spectroscopy for
Chemical Analysis (ESCA). It was developed by Siegbahn and his colleagues at the University
of Uppsala, Sweden in 1967.%° He was awarded the Nobel Prize in Physics in 1981.% The

t_93

technique is based on the photoelectric effect.”™ It measures the kinetic energy of electrons that

are ejected from a core level by an X-ray photon of energy hv, generally (Mg K_,1254 eV or

Al K_, 1487 eV monochromatic radiation).The ionization radiation could be either X-ray or

ultraviolet light, and thus the techniques are recognized as X-ray photoelectron spectroscopy
(XPS) and ultraviolet photoelectron spectroscopy (UPS) respectively. The degree of
accessibility of the ionization radiation to the electron shells is the main difference between XPS
and UPS. XPS has sufficient energy to bring about ionization through ejection of inner shell
electrons, whereas UPS does not have sufficient energy to emit an electron from the inner

shells, freeing only electrons in the valence shell.?° The difference between the energy, hv , of

the incident radiation and the binding energy or ionization potential, E, , of the electron provides

the kinetic energy, E, , of the ionized electron as follows:*°

E, =hv-E, (2.14)

When an X-ray beam hits the sample, the energy of the X-ray is adsorbed completely by the

core electron of an atom. If the photon energy, hv, is sufficient, the core electron will escape
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from the atom and be ejected from the surface. The ejected, kinetically energetic electron is
referred to as the photoelectron. The binding energy of the inner electron is given by the

equation:*®
hv=E, +E, +® (2.15)

where hvis the photon energy, E,is the kinetic energy of the photoelectron, and wis the

spectrometer work function. The process of the photoemission of electrons is shown

schematically in Fig. 2.7.

XPS spectra lines are distinguished by the shell from which the electron was emitted (1s, 2s,

2p,3p, etc.).®

‘ Ejected Photoelectron

Incident X-ray
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Fig. 2.7: Schematic diagram of the XPS process, showing photoionization of an atom by the

ejection of a 1s electron.”

XPS has many advantages such as identification of the elements in which exist at the surface
from the kinetic energies of the ejected photoelectrons, the ability to gain information on

chemical states from the variations in binding energies, or chemical shift of the photoelectron
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lines, the relative concentration of these elements from the photoelectron intensities. All the
samples measurements were performed using a Thermo-VG Scientific ESCALab 250
Microprobe, which is equipped with a monochromatic Al Ka X-ray source (1486.6 eV) operated

at a typical energy resolution of 0.4-0.5 eV full width at half maximum.

2.8 Overview of Thermal Gravimetric Analysis

Thermal Gravimetric Analysis (TGA) is used to observe the change in the mass of a
sample as a function of temperature. Typically, a small amount of weighted sample is placed in
an controlled environment such as nitrogen, argon, or even air. Subsequently, the weight of the
sample is observed as the temperature is changed at a fixed rate. Thermal processes that lead
to changes such as decomposition, oxidation and reduction can be observed and their
temperature dependence can be studied. The sample measurement was performed using Q-
500 TGA (TA instrument), in a nitrogen atmosphere with temperature increase at a rate of 10

°C/min.
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Chapter 3. Fabrication of Graphene Oxide Films

3.1 Objective of Chapter

This chapter details the preparation of GO films by vacuum filtration using Anodisc membrane
filters (25 mm in diameter, 0.02 um pore size). The films are then subjected to thermal reduction
and chemical reduction. Simple multivalent ions such as Mg®, Ba**, Fe*, and Fe*" are also
used for chemical cross linking of the GO sheets. The thermal reduction is performed over a
range of temperatures (60, 180, 200, 225, 250, and 300 °C) to study its effect on the GO films.
The objective of these treatments is to manipulate the d-spacing between the GO layers in the
film and to provide a means for its control. This ability to alter the d-spacing forms the basis for
controlling the electrical and diffusion characteristics of these films and is discussed in chapter
4. TGA was performed to determine the thermal stability of the GO film. X-ray diffraction was
used to characterize the GO films and calculate the inter-layer spacing. FT-IR, Raman, and XPS
spectroscopies were used to confirm reduction by observing a decrease in concentration for

oxygen containing functional groups.
3.2 Synthesis of Colloidal Graphene Oxide

In this work, graphene oxide (GO) was synthesized according to a modified Hummer's
method.® It has two stages: the first step involves pre-oxidation, and the second involves full
intensive oxidation, filtering and washing to remove residual chemicals and contaminates. The
first stage was carried out as follows: 50 ml of sulfuric acid (H,SO,) was added drop wise to a
mixture of graphite flakes (3 g), potassium persulfate, (K,S,Os, 2 g), and phosphorous penta
oxide (P,Os, 2 g) followed by stirring and heating at 90 'C until the powder dissolved. The
temperature was decreased to 80 ‘C, and the mixture was stirred for four hours. After that, 500
ml of Millipore water was added very slowly (it is recommended to use a separatory funnel to

slowly add the water), since the reaction is vigorously exothermic. The mixture was stirred
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overnight. The solution was washed with Millipore water until the rinsed solution, which was
expected to be brown, reached pH~7. The product was dried in ambient air for 18—-24 h. This
forms the pre-oxidized powder that is subjected to intense oxidation in the second stage. In the
second stage, which involves full oxidation, the pre-oxidized graphite powder was added to 15 g
potassium permanganate (KMnQO,) and 125 mL H,SO, under continuous stirring in an ice-bath.
After two hours of stirring, 130 mL Millipore water was added very slowly, which caused the
temperature to rise to 90-95 ‘C. Under continuous stirring another 400 mL of Millipore water
was added. After 10 min, 15 mL of H,O, was added, causing the solution to become bright
yellow, which is as an indication of reduction the manganese. The solution was stirred
overnight. After that, the product was washed with HCI (10%) then with Millipore until the
solution reached pH 7. The brown dispersion was placed in a Spectra/Por dialysis membrane

(29 mm diameter, Spectrum Laboratories, Inc.) to get rid of metal ions and acids.
3.3 Synthesis of Graphene Oxide Films

All the films in this thesis have been prepared via vacuum filtration of a GO suspensions
through Whatman Anodisc membrane filters (high purity alumina matrix bonded to a
polypropylene ring, 25 mm in diameter, 0.02 um pore size). The film thickness can be controlled
by either the concentration of the GO in the suspension or by the filtration volume.*® The

technique and fabrication of graphene oxide films are illustrated in Fig. 3.1:
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Fig. 3.1: Vacuum pump filtration set up. (a). (1) 15 ml glass funnel. (2) Fritted glass
support base. (3) Silicon stopper. (4) Aluminum clamp. (b) Full assembly. (c) Top view of GO film
synthesis. (d) Side view of GO film synthesis. (e) 0.25 ml filtered GO colloidal. (f) 0.75 ml filtered

GO colloidal. (g) 1 ml filtered GO colloidal. (h) 1.25 ml filtered GO colloidal.
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3.4 Thermal Gravimetric Analysis of Graphene Oxide Films

The particular conditions used in oxidation, exfoliation, and film formation of GO
influence the response of film samples to heat. TGA is a standard analytical method used for
characterization of the thermal response of graphitic materials. TGA curves relating the mass
loss of the GO films with temperature show distinct stages. The stages correspond to mass loss
due to certain physical or chemical changes occurring in the GO films. It is well-established in
the literature that three transitions,®® that is, temperature ranges associated with notable mass
loss, are observed for GO samples. A low temperature transition is associated with removal of
adsorbed water; an intermediate transition is associated with removal of oxygen functional
groups; and, a third transition at high temperature is associated with decomposition of the
carbon skeleton. As our objective was to control the extent of reduction, TGA was used to
identify the suitable temperature range for thermal reduction of the GO films. The change in
inter-layer spacing of the GO films with thermal treatment is corroborated by TGA. There is a
change in the mass of the starting GO film as the temperature is increased from ambient
conditions to 900 ‘C. As seen in Fig. 3.2, three transitions that lead to weight loss are observed
over the temperature range of the experiments. In the range of 60—-100 'C, the expected loss in
weight associated with the removal of residual water molecules in the GO film is observed.”® We
observed a sharp transition centered at 200 "C, which is associated with the oxygen loss and is
the desired transformation for the thermal reduction of our GO films. Finally, at a temperature of
~ 545 'C, pyrolysis of the film reduces the weight nearly to zero. A set of temperatures
surrounding the 200 "C transition were selected for thermal reduction to study their effect on the
inter-layer d-spacing of the thermally reduced GO films. Following this, the effect of the d-

spacing on the metal ion diffusion across these thermally reduced GO films was investigated.
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Fig. 3.2: Thermal gravimetric analysis (TGA) of graphene oxide film.

3.5 Thermal Reduction of Graphene Oxide Films

Thermal reduction leads to an evaporation of the intercalated water and evolution of
gases produced by thermal pyrolysis of the oxygen-containing functional groups. GO films were
reduced at six different temperatures (60, 180, 200, 225, 250, and 300 °C) in order to control
their d-spacing and the extent of reduction. A schematic showing the ideal reduction of GO into
reduced graphene oxide is shown in Fig. 3.3, where all the oxygen- containing functional groups

are removed and the m network is completely restored.

" 250-300 'C

in Air

Graphene oxide » Graphene + O, + CO + CO, + H,0O

Fig. 3.3: Schematic of the reduction of graphene oxide into reduced graphene oxide by

thermal treatment (taken from ref.”” with permission from the Royal Society of Chemistry).
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As thermal reduction causes the removal of intercalated water and the oxygen functional
groups, it should lead to a decrease in the inter layer spacing in the GO membrane. This
decrease should depend on the extent of the GO reduction. X-ray diffraction (XRD) is used to
characterize the GO films, and, as described in Chapter 2, provides for the calculation of the d-

spacing in layered structures from the position of the reflection peak by the use of Bragg's Law.

The X-ray diffraction for GO films reduced at different temperatures (60, 180, 200, 225,
250, and 300 'C) is illustrated in Fig. 3.4. It can be seen that a strong peak for GO film treated at
60 'C is present at 260 = 12°, which corresponds to an inter-layer spacing of 7.4 A. The effect of
thermal reduction can be seen by exposing the GO fiims for 30 minutes to different

temperatures in air, namely, 180 ‘C, 200 ‘C, 225 'C, 250 'C, and 300 ‘C.

25000

——GO(60°C) J 12000
GO(250°C)
——G0(180°C) 4 10000
—— G0(200°C)
GO(225°C)
—— GO(300°C)

20000 - ‘

-1 8000
15000

- 6000

Intensity (a.u)

10000 4 |
4 4000

5000

- 2000

20 30 40 50 60
2 theta (deg.)

Fig. 3.4: X-ray diffraction patterns for the GO films reduced at different temperatures.

As a consequence of heat exposure, the peak corresponding to the inter-layer spacing
was shifted to a larger angle signifying the reduction in the inter- layer spacing of the GO film.
The spacing is observed to decrease gradually from 7.4 A to 6.9 A and 6.5 A, respectively, as

54



the temperature of reduction is increased from 60 'C to 180 'C to 200 ‘C. Following this a drastic
change was observed upon increasing the reduction temperature to 225 'C as the spacing
reduces to 4.8 A. Following this, little change was observed on increasing the temperature to
250 "C or 300 ‘C, which respectively brought about spacings of 4.6 A and 4.57 A. The change in
going from 60 to 180 ‘C corresponds to the evaporation of the residual water molecules in these
films. An increase in temperature to 225 ‘C causes the removal of the oxide functional groups
on the surface of the GO films. These are primarily the defects caused by the oxidative
treatment of the graphite for exfoliation to form GO sheets. Further increases in temperature
only cause a slight change in the spacing leading to the conclusion that most of the defects
have been removed at 225 C. The thermal treatment of the GO film was hence limited to 250 'C
for future samples. The GO films reduced at 225 ‘C, 250 'C, and 300 'C have broad peaks due
to the distribution of d-spacing since the sheets are not aligned perfectly, there are such as
waves. The effect of temperature on reducing the d-spacing of the GO films is shown in Fig.
3.5. Based on the steep decrease in the d-spacing on thermal treatment of the films at
temperatures above 200 ‘C, and the associated loss of mass in TGA, it confirms that removal of

oxygen-containing functional groups occurs in this temperature range.
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Fig. 3.5: d-spacing for the non reduced and reduced GO films versus temperature.
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It can be seen from Fig. 3.6 that the color changes with increasing temperatures from
dark brown to black to grey to shiny grey. The brown color in GO (60 'C) was attributed to
intercalation of water molecules as well as oxygen functional groups which disrupt the = network
system. GO treated at (180 'C) is almost black which is attributed to the partial removal of
oxygen functional groups and reduction of the d-spacing inter-layer. The color was changed to a
grey in GO (200 'C) which was attributed to the removal of more oxygen functional groups. In
GO (225 'C), the color was changed to shiny grey which ascribed to elimination of most of the
oxygen functional groups and partial restoration of the m network system. Finally, all the oxygen

functional groups were removed in GO at 250 'C and at 300 'C.

Fig. 3.6: Non-reduced and reduced GO films.(a) GO (60 C). (b) GO (180 'C). (c) GO (200

‘C). (d) GO (225 ‘C). (e) GO (250 'C). (f) GO (300 C).
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3.6 Chemical Reduction of Graphene Oxide Films

Graphene oxide (GO) is thermally unstable due to the presence of the oxygen functional
groups. It is also electrically insulating. It has been reported that electrical conductivity and the
thermal stability of the GO can be restored by chemical reduction.®®%%*°°°" The purpose of
using the chemical reduction for the GO films is just to explore the reduction in the inter-layer
spacing in comparison to thermal reduction without any further studies related to practical
applications. Two widely used reducing agents, hydrazine vapor, and ascorbic acid were

selected for this purpose.
3.6.1 Reduction of Graphene Oxide Films with Hydrazine (N,H,;) Vapor

The chemical reduction of GO film (rGO) has been examined using the reducing agent
of hydrazine hydrate vapor. A fresh GO film was placed in an empty small beaker which was
placed in a large beaker containing approximately 10 mL N,H,. The large beaker was covered
with aluminum foil and placed on a hot plate at 80 "C for 40 minutes, during which the colour of
the film changed from brown to grey, indicated the reduction of the GO film. Fig. 3.7 depicts the

reduction of the GO film via N,H,-H,O.

Fig. 3.7: (&) Non-reduced GO film. (b) rGO film via N,H, vapor.
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3.6.2 Reduction of Graphene Oxide Films with Ascorbic Acid (CgHgOg)

Approximately 10 mg of GO was dispersed into Millipore water by sonication for an
hour then the pH of the dispersion was adjusted to ~ 9—10 with a very small amount of sodium
hydroxide (NaOH)*°. After which an appropriate amount of ascorbic acid (CgHzOg) was added
while the suspension was maintained in a silicon oil bath at 90 "C until the colour changed to
black. A portion of the reduced solution was filtered through the Anodisc membrane filter to

obtain rGO film. The non-reduced, reduced solution and the reduced film are shown in Fig. 3.8.

Fig. 3.8: Non-reduced and rGO by C¢HgOg .(a) GO before reduction. (b) right after reduction. (c)

agglomeration. (d) rGO films.

The change in the color of the graphene oxide dispersion from brown to black is an indication of
the removal of oxygen containing functional groups. This also causes the reduced graphene
oxide sheets to become hydrophobic and leads to their agglomeration and precipitation.
Likewise, when the hydrazine hydrate vapor was used as a reducing agent for the GO film, the
color of the film was changed from brown to dark grey as an indication of elimination of the

oxygen functional groups and partial restoration of the m network.

X-ray diffraction was used to characterize the inter-layer spacing in the non-reduced,
thermally reduced, and chemically reduced GO films. X-ray diffraction of non-reduced GO film,
GO film reduced at 250 ‘'C, GO film reduced by hydrazine hydrate vapor, and GO film reduced

by ascorbic acid is illustrated in Fig. 3.9.
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Fig. 3.9: X-ray diffraction of non-reduced GO film, thermally reduced GO film at 250 ‘C, and

chemically reduced GO film via vapor N,H; and CgHgOg.

It can be seen that the non-reduced GO film has a sharp peak located at the lowest
angle for this set of observations, whereas the variously reduced films exhibit peaks shifted to
higher angles indicating smaller d-spacing. The presence of oxygen functional groups as well as
water molecules leads to a larger inter-layer in the non-reduced GO film compared to either
thermally or chemically reduced GO.'® Non-reduced GO has a strong peak at 26 = 12
corresponding to an inter-layer spacing of 7.4 A, however, the thermally reduced GO (at 250 ‘C)
has a peak at 20 = 19" corresponding to an inter-layer spacing of 4.59 A. Chemically reduced
GO (with CgHgOg) has two peaks at 26 = 14" and 26 = 17", corresponding to the inter-layer
spacing of 6.32 A and 5.20 A, respectively. The chemically reduced GO with hydrazine has a
broad peak at 26 = 18.5 corresponding to an inter-layer spacing of 4.81 A. For hydrazine vapor
reduction a solid film is used to avoid agglomeration and precipitation. The inter-layer spacing of
4.81 A is much smaller than non-reduced GO, which has inter-layer spacing 7.4 A. However,

the GO reduced by C¢HgO¢ has two peaks, probably resulting from a bimodal or multimodal
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distribution in the inter-layer spacing. This can arise due to partial agglomeration of the GO

sheets in the solution on reduction prior to their filtration for the formation of the films.%*!%

3.7 Chemical Cross-linking of Graphene Oxide Films

The purpose of using the chemical cross-linking for the GO films is just to explore the
reduction in the inter-layer spacing without any further studies related to practical applications.

Five cross-linker ions were selected for study: Na*, Ba®*, Fe?*, Fe**, and Mg?*.

An appropriate amount of GO was dispersed into Millipore water by sonication for an
hour, then an appropriate amount of barium chloride dihydrate (BaCl,-2H,0), iron(ll) chloride
tetrahydrate (FeCl,-4H,0), magnesium chloride hexahydrate (MgCl,-6H,0), iron(lll) chloride
hexahydrate (FeCl;-6H,0), and sodium chloride (NaCl) were added into different sample vials of
GO solution, a summary of sample designation and associated cross-linkers is given in table
3.1. The solution was stirred briefly, then the mixture was filtered via Anodisc membrane filter
(25 mm in diameter, 0.02 pm pore size, Whatman), to obtain a uniform film, and finally the
obtained different films were annealed at 250 'C in air, after which X-ray diffraction experiments
were performed on all the films for characterization. The X-ray diffractions results are shown in

Fig. 3.10:
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Table 3.1: The sample ID and the different used cross-linker.

Sample ID Cross-linker lonic radius d-spacing
Non-reduced GO None | = —emmeeeeee 7.40 A
Reduced GO None | = e 458 A
GO:Na' Na* 0.95 A 4.65 A
GO:Mg** Mg~ 0.65 A 4.41 A
GO:Fe* Fe”" 0.75A 4.65 A
GO:Ba™* Ba** 1.35A 473 A
GO:Fe* Fe®" 0.60 A 4.69 A
25000 T T T T
7.4 A

non red.GO(60°C)
red.GO(250°C)
4.55 A —— GO:Na® (250°C)
—— GO:Mg*(250°C) | 5000
GO:Fe”'(250°C)
—— GO:Ba*'(250°C)
GO:Fe™(250°C) | 4000
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Fig. 3.10: X-ray diffraction patterns for different chemical cross-linkers in GO film.

From the above Fig. 3.10. It can be seen that no significant difference in the d-spacing
between the thermally reduced film at 250 ‘C and the chemically cross-linked films, which were

also reduced at 250 ‘C, was observed. One interpretation of this finding is that, under the
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preparation conditions, and at the relative reagent proportions, no appreciable metal ion
intercalation was achieved; therefore, the agreement of the two theta values among these
samples is ascribed to their d-spacing being governed solely by thermal reduction. Further
studies need to be done in order to manipulate the molar ratios between the GO and the cross-

linkers so that we could observe reduction in the d-spacing.
3.8 FT-IR Spectroscopy of Graphene Oxide Films

FT-IR spectroscopy has been done for the following films (GO-RT, GO 60 'C, GO 180
‘C, GO 200 ‘'C, GO 225 ‘C, and GO 250 'C) to confirm that oxygen functional groups were
completely removed at 225 'C and 250 ‘C, which is an indication that thermal reduction has
occurred. FT-IR spectra of thermally reduced films at different temperatures is shown in Fig.
3.11. The peak located at ~ 3400 cm™ belongs to stretching vibrations of hydroxyl groups on the
plane, which is attributed to the absorbed water between graphene layers.*** The peaks located
at 2400, 1730, 1623, 1410, 1228, 1059 cm™ are attributed to carbon dioxide, carbonyl groups
located at the edges of the sheets, aromatic C=C bonds, bending hydroxyl groups, epoxy, and
the stretching vibration of alkoxy R-O, respectively.'® During the oxidation of graphite powder,
oxygen functional groups are introduced in the graphite structure partially destroying the
conjugated m network. The carbonyl groups and the residual sp? structure and lead to the bands
at 1623 cm™ and 1730 cm™. After thermal reduction particularly at 225 ‘C and above, the peaks
located at 3400, 2400, 1730, 1228, and 1059 cm™ almost disappear as a consequence of the
removal oxygen functional groups, however, thermal annealing at lower than 225 "C only results
in a slight decrease in these peaks, indicating the persistence of oxygen functional groups in the

GO films.

62



FT-IR Spectra for different films
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Fig. 3.11: FT-IR spectra of non-reduced GO film (RT) and those thermally annealed at a series of

elevated temperatures.

3.9 Raman Spectroscopy of Graphene Oxide Films

The electronic structure and the degree of reduction of GO films can be investigated and
characterized via Raman spectroscopy. Raman spectroscopy of the non-reduced GO films (GO-
RT, GO 60 'C) and those progressively reduced at different annealing temperatures (GO 180
"C, GO 200 'C, GO 225 "C, and GO 250 'C) are shown in Fig. 3.12. For comparison, the Raman
spectrum of graphite is also presented. Graphite represents two Raman peaks, the first one
being a strong band at 1574 cm™ (G band) which corresponds to the vibration of the carbon

4 and the second a weak band at 1350 cm®

atoms in the graphitic carbon layers,™
corresponding to the presence of disordered carbon atoms.'® By comparing the G band of
graphite with the rest of the films, it can be seen clearly that as the annealing temperature

increases for the films, the G band is shifted to lower frequencies, approaching the G band of

graphite. For instance, the G bands for the non-reduced GO film and GO 180 'C are at 1593
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and 1594.5 cm™, respectively, however, as the annealing temperature increases up to 220 'C,

225 °C, and

which is stro

250 °C, the G band is shifted to 1583.7, 1584.7, and 1585.7 cm™, respectively,

ng evidence for the restoration of the graphitic sp® network.'® These results are

consistent with our XRD data for all the films.
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Fig. 3.12: Raman spectroscopy of graphite and GO films reduced at several annealing

temperatures.
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3.10 XPS of Non-Reduced and Reduced Graphene Oxide Films

The removal of the oxygen-containing functional groups has also been confirmed via XPS. XPS
spectra of GO 60 ‘C, GO 250 ‘C, and GO chemically reduced by N,H,;, and ascorbic acid
(CeHgOg) are shown in Figs. (3.13 —3.20). Two strong peaks are located at 284.4 eV and 531.9
eV. They are attributed to the elemental carbon C 1s of sp® and the elemental oxygen O 1s
respectively.’® It can be seen clearly that the C/O ratio increases markedly after thermal
reduction at 250 'C as well as after chemical reduction of GO via both hydrazine and ascorbic
acid. It was increases from 0.52 to 2.55, 1.94, and 0.86 after thermal reduction at 250 'C,
chemical reduction by vapor hydrazine, and by ascorbic acid respectively. This is an indication
that most of the epoxide and hydroxyl functional groups were successfully eliminated.*® The
XPS data is consistent with our TGA data in terms of the mass loss observed as well as with our

FT-IR spectroscopy in terms of the removal of oxygen-containing functional groups.
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Fig. 3.13: C1s XPS spectrum of GO 60 C. Fig. 3.14: O1s XPS spectrum of GO 60 C
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Fig. 3.16: O1s XPS spectrum of GO 250 C.
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Fig. 3.17: C1s XPS spectrum of GO reduced by N,H,. Fig. 3.18: Ol1ls XPS spectrum of GO reduced
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Fig. 3.19: Cl1s XPS spectrum of GO reduced by CgHgOg. Fig. 3.20: O1s XPS spectrum of GO

3.11 Mechanical Test of Graphene Oxide Films

after different extents of thermal annealing (180 'C, 200 'C, 225 'C, 250 'C, and 300 C), the
films become electrically more conductive due to partial restoration of the m network system;
however, their mechanical properties deteriorate. Tensile tests have been done for the following
films (GO film at room temperature (GO RT), GO 180 'C, GO 200 'C, GO 225 'C, GO 250 C,
and GO 300 ‘C). All the films were cut with scissors into rectangular strips of approximately 7
mm x 10 mm for mechanical tests. The film before and after the test are shown in Fig. 3.21. All

the sample measurements were performed using dynamic mechanical thermal analyzer (DMTA

V), Rheometric Scientific.
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Heat treatment is able to change the properties and behavior of GO films. For instance,



Fig. 3.21: (a) GO film before mechanical test. (b) GO film after mechanical test.

The results for tensile test of all the GO films are shown in Figs. (3.22-3.25).
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Fig. 3.22: Tensile strength of GO RT. Fig. 3.23: Tensile strength of GO 180 C.
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Fig. 3.24: Tensile strength of GO 200 C. Fig. 3.25: Tensile strength of GO 225 C.

The GO RT film which is processed only at room temperature possesses a tensile strength of

~ 49 MPa. It possess residual water as well as oxygen functional groups. However, when the

temperature was increased to 180 'C, all the residual water was removed, while the oxygen

functional groups were still present. The resulting tensile strength was ~ 61 MPa. When the

temperature reached 200 ‘C and 225 'C, there was large reduction in the tensile strengths,

which respectively declined to ~ 17 MPa and ~ 21 MPa. The reduced graphene oxide film

appears to be more brittle since all the oxygen functional groups have been eliminate
Further evidence is that the GO 250 'C and GO 300 ‘C films were extremely brittle and tore

immediately at the beginning of the tensile strength test, which is why at the highest

temperatures, tensile values are unavailable. As the functional groups on the film are removed,

the inter-layer bonding between the sheets decreases and this leads to their brittle behavior.

These results are consistent with our TGA and XRD measurements.
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3.12 Conclusions for Chapter Three

GO films were prepared by vacuum filtration of a GO suspension through Anodisc
membrane filters. The prepared films were thermally reduced at six different temperatures (60
‘C, 180 'C, 200 ‘C, 225 ‘C, 250 'C, and 300 ‘C). Thermal reduction leads to the removal of the
residual water in the film and also the oxygen-containing functional groups. These
transformations of the GO films were characterized by using XRD, TGA, FT-IR, Raman

spectroscopy, and XPS.

Our primary interest was in the observed transition of the inter-layer spacing which
reduced from 7.4 A to 4.57 A as a function of the temperature of thermal reduction. This change
in spacing was observed by XRD and it occurred primarily between the temperatures of 200—

250 'C.

The effect of thermal reduction was also observed by weight loss in TGA. Here a weight
loss associated with the removal of water is observed in the temperature range of 60-100 'C.
Another weight loss transition is observed from 200-250 ‘C corresponding to the removal of
oxygen-containing functional groups. This matches with the reduction in the inter-layer spacing

of these films as observed in the XRD results noted above.

The results from FT-IR and Raman spectroscopy also confirmed the removal of the
oxygen-containing functional groups on thermal reduction. In FT-IR, the peak located at ~ 3400
cm™ belongs to stretching vibrations of hydroxyl groups on the plane, which is attributed to the
absorbed water between graphene layers. The peaks located at 1730, 1623, 1410, 1228, 1059
cm™ are attributed to carbonyl groups located at the edges of the sheets, aromatic C=C bonds,
bending hydroxyl groups, epoxy, and the stretching vibration of alkoxy R-O, respectively. After
thermal reduction particularly at 225 ‘C and above, the peaks located at 3400, 1730, 1228, and

1059 cm™ almost disappear as a consequence of the removal oxygen functional groups. The

70



results from Raman spectroscopy also show that the G band shifts to lower frequency
approaching that of graphite as a function of reduction temperature. Further, the oxygen-
containing functional groups leads to inter-layer bonding in these films and their removal by
thermal reduction is also manifested in the mechanical properties of the films. Consistent with
previous observations thermal reduction at 225 ‘C and higher temperatures significantly reduces

their tensile strength and make them brittle.

Chemical reduction of GO was performed by using hydrazine vapor (on GO film) and
ascorbic acid (GO in colloidal form). The chemical reduction was used as a parallel method of
reduction to contrast with thermal reduction in my research. The results from XRD
characterization show that thermal reduction provides a smaller inter-layer spacing with better
consistency compared to chemical reduction methods. The XPS data also show that C/O ratio
increases in all the three reduction methods but the thermal reduction provides the highest

value of 2.55 compared 1.94 with hydrazine vapors and 0.86 with ascorbic acid.

Chemical cross-linking using cations was performed in the GO films which were then
thermally reduced. This was to investigate the effect of cations on inter-layer spacing in these
films. Based on the XRD results, the cations had a limited effect in altering the inter-layer

spacing in these films.
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Chapter 4. Electrical Conductivity and Diffusion in Graphene Oxide

Films

4.1 Objective of Chapter

Graphene, graphene oxide (GO) and reduced graphene oxide (rGO) membranes are
being actively investigated for their diffusion properties. The research is driven by the potential

for using these membranes in applications for desalination,®” water purification,®

and gas
separation’, and in a broader sense for diffusion control over different species. Typically these
membranes consist of multilayer stacks of the graphene (or GO or rGO) sheets. The transport
of molecular/ionic species in an aqueous medium across such a graphene membrane has been
actively examined. 10773°6108.10974 A defect-free single graphene sheet is impermeable to such
ionic species. The transport of species across the graphene sheets is then accomplished by
inducing pores in the sheets that are large enough to accommodate the ions.”®"**1% Diffusion
selectivity is based on the relative size of the pores and the solvated species, and their
interactions.” Another means of controlling the permeation of the species is based on the inter-
layer spacing between the graphene sheets in such a membrane.®*® Typically if the inter-sheet
spacing is large enough, ionic species can easily diffuse across the membrane. The control over
the inter-sheet spacing is hence a crucial parameter for modulating the diffusion characteristics
of the graphene membranes. Here we have determined that membranes made with GO have a
large inter-layer spacing due to the functional groups present on its surface. The inter-layer
spacing can be modulated by reduction of these membranes. This is accomplished by a simple
thermal treatment. The thermal reduction causes the removal of the functional groups and
hence also decreases the inter-layer spacing.'®'** The extent of reduction and the inter-layer
spacing of the membranes depend on the temperature at which thermal reduction is performed.

Further corresponding to the removal of the functional groups (or defects), the change in the
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inter-layer spacing is also reflected in the electrical conductivity of these membranes. In this
chapter the results from in-plane and out-of-plane electrical conductivity measurements of the
films reduced at different temperatures are reported. Similarly, the ion diffusion characteristics of
these films across aqueous medium is also presented. The effect of inter- layer spacing in these
films which is modulated by the thermal reduction temperature, is correlated to the observed

conductivity and diffusion behavior.
4.2 Current-Voltage Measurements of Graphene Oxide Films

In-plane (horizontal) and out-of-plane (vertical) conductivity tests on different thermal
reduced membranes were performed by making silver contacts in the form of strips on the
membranes using conductive silver paste (Electron Microscopy Sciences). Following this
copper leads were connected from the silver strips on the film to the power supply and the multi-

meter. In case of in-plane testing the spacing between the silver strips was maintained at 5 mm.
4.3 Results and Discussion on Electrical Conductivity

Graphene sheets with no defects have very high electrical conductivity due to their high
electron mobility and zero band gap.’® Graphene oxide on the other hand is an electrical
insulator due to the high density of functional groups which act as defects and break the sp”
hybridization of the carbon atoms in the lattice structure.™ As GO is reduced, the removal of the
functional groups leads to an increase in the electrical conductivity (though it never reaches the
values observed for defect-free graphene).”®'*? In the case of the thermal treatment as
observed above we should see a similar trend in the electrical conductivity of these membranes.
In-plane and out-of-plane conductivity of the GO membranes were measured after thermal
treatment at temperatures of 60 'C, 180 'C, 225 'C and 250 'C. The out-of-plane conductivity
provides a direct measure of the change in the inter-layer spacing, whereas the in-plane

conductivity depends on both the inherent conductivity of the GO and TrGO (Thermally reduced
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graphene oxide) sheets and the overlap between the sheets. This occurs as the in-plane
conductivity measurements are taken over a length scale of 3—10 mm and hence it requires the
charge carriers to conduct both within the sheets and also between them to transverse across
the two electrodes, as single GO sheets are ~ 0.5 microns thickness. Typically for such
membranes the in-plane conductivity measurements are dominated by the charge transport
characteristics of the graphene (or TrGO) sheets. Based on this, the in-plane conductivity of the
GO and TrGO membranes thermally reduced at 60 'C, 180 'C, 225 'C and 250 'C is measured.
As seen in Fig. 4.1, the in-plane conductivity increases by over 7 orders of magnitude between
60 'C and 250 'C. The in-plane conductivity in reduced GO sheets is based on the charge
hopping model given by equation (4.1).”° This is used to fit the current-voltage data (the solid

line in Fig. 4.1) at the different temperatures used for thermal reduction.”

G=Y,+ G,exp (ﬁ) (4.1)

Here V is the applied bias, L is the distance between the electrodes on the GO (TrGO)

membrane over which the I-V measurements are conducted.”®

KT
@ = Siser (4-2)

k is the Boltzmann’s constant; T is the temperature of the measurement; e is the absolute

charge on electron and r is the hopping distance.”
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The other critical parameter here is the G, which depends on, N, the density of states near the

Fermi level and L;, the localization length of the electronic wave functions.”

1/3
B 3
Go = Grexp(—27); B = (W) (4.3)

As the temperature for thermal reduction is increased, the increase in conductivity can be
illustrated from the reduction in the hopping distance, r, and the increase in the localization
length of the electronic wave function. From the fitting of eq. (4.1), as seen in Fig. 4.2, the
hopping distance reduces from ~ 4.5 nm at 60 'C to 1.6 nm at 250 'C. A steep reduction is
observed between 180 'C and 225 'C, consistent with observations in the XRD and FT-IR
results. Similarly, a significant increase in G, is observed in going from 60 'C to 250 'C. The
increase can be the combined effect of increase in the localization length, L;, and the density of

states, N.
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Fig. 4.1: I-V in-plane measurements of the electrical conductivity for the films. The points are the

actual data and the solid line is the fit from equation (4.1).
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Fig. 4.2: I-V in-plane parameters.

The out-of-plane conduction in these membranes is over much shorter length scales, on the
order of a few microns. This conduction, as can be seen in Fig. 4.3 shows a drastic increase as
the thermal reduction temperature is increased from 60 'C to 250 ‘C. The charge conduction

here can be considered as being governed by two aspects:’®**?

(a) the sheets have spacing
between them and, given the high electric field strength tunneling is expected for the transport
of the charge carriers across the sheets. (b) direct contact between the sheets also occurs as

they are stacked into layers. This direct contact can be modelled as an ohmic resistance for

charge transport. The combined equation fit to this model is:”’

_Vv 2 __aEc
=2+ P xV2xexp(—%%) (4.4)
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Here E. is the critical field for tunneling, a can be considered as the length scale for the
tunneling (this is considering that the term V /a is the effective electric field in the membrane),

R is the ohmic resistance of the film due to contact between the TrGO sheets in the membrane.

The fit from eq. (4.4) to the data (the solid line in Fig. 4.3) is used to calculate the values of
these parameters at the different thermal reduction temperatures, as seen in Fig. 4.4. We
observe that R effectively reduces by over 6 orders of magnitude. The ohmic resistance can be
considered to be dependent on the density of direct contacts between the TrGO sheets across
the membrane thickness and on the ordered regions in the TrGO sheets that make up the
membrane, since these will be the primary pathways for conduction. As the thermal reduction
temperature is increased the removal of the functional groups will lead to an increase in the
ordered regions in the sheets. Similarly, increased temperatures that lead to a reduction in the
inter-layer spacing in these membranes will increase the density of the contact points between
the sheets. The ~ 40% reduction in the inter-layer spacing will also decrease the path length for
conduction of the charge carriers. But this will be a minor effect, as the ohmic resistance
decreases linearly with the path length and hence cannot account for the 6 order decrease in
this resistance. The decrease is therefore attributed to the increased inter-layer contact due to
reduced inter-layer spacing and an increase in the ordered region (due to removal of the

functional groups) on the TrGO sheets.

The factor aE, combines the effective distance for tunneling (a) and the critical field for tunneling
(E;) and the effective dielectric of the material. E. also depends on the effective Fermi level of
the material. The increasing thermal reduction temperatures which lead to removal of the
surface groups in the GO sheets and also decrease the inter-layer spacing in the TrGO

membrane should cause a decrease in ‘a’. This can be observed in Fig. 4.4. The decrease in
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aE., which is around 16 times, is much greater than the decrease in the inter-layer spacing as
quantified by XRD. The initial drastic decrease in the aE, between 60 'C and 180 C is the result
of the removal of water which alters the effective dielectric constant of the membrane. Following
this the gradual decrease from 180 'C to 250 C is the result of the reducing interlayer spacing

and the effective increase in the Fermi level of the GO sheets on reduction that leads to a

decrease in E..
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Fig. 4.3: I-V out-of-plane measurements of the electrical conductivity for the films. The points are

the actual data and the solid line is the fit from equation (4.4).
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Fig. 4.4: 1-V out-of-plane parameters.

4.4 Diffusion Test in Graphene Oxide Films

Diffusion characteristics of the TrGO membranes were tested in a home build set-up. It
consisted of two reservoirs that were separated by placing the TrGO membrane in between.
One of the reservoirs was filled with Millipore water (Ultrapure water > 18MQ) and the other with
appropriate salt solution. The conductivity of the MilliQ water was tested periodically to measure

the increase in its salt concentration due to diffusion across the TrGO membrane.
4.5 Diffusion Model for Graphene Oxide Films

The diffusion across the membrane separating two stationary reservoirs of fluids can be

modelled as shown in Fig. 4.5.
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Fig. 4.5: Schematic diffusion cell.

The diffusional problem can be solved in 1-D using Fick’s second law:'*?

ac _ o%c

E = ﬁ (4.5)

Where P is the effective diffusional resistance that includes the characteristics of the TrGO

membrane and the ion characteristics.

The solution to this differential equation is given by:

1 X
C = ECOQTfC (2_\/P_t) (46)
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Where C, is the initial concentration of the salt solution.

The model assumes both the reservoirs to be of identical volume. Hence the final concentration

isC, /2.

The salt concentration of the Millipore water can be calculated as a function of time from the net

amount of salt transfer across the TrGO film.

Se= [ o Adt (4.7)

Here J, is the instantaneous diffusional flux across the membrane and A is the cross-sectional

area of the membrane.

Jo is given by:

ac

]o - - ax=0 (4-8)
Solving this it is established that the net amount of salt transferred S; is:

S, o t1/2 (4.9)
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Conductivity, S/im

Where the proportionality constant will be dependent on the exact experimental conditions and
the resistance of the membrane. For identical experimental set-up if only the membrane is
changed then the changes in the proportionality constant should reflect the changes in the

characteristics of the membrane.

Typical fits for diffusion of 100 mM NaCl across a TrGO membrane processed at 60 C (Fig.4.6)

and at 180 ‘C (Fig. 4.7), show that the basic evolution of the diffusion is captured by this

equation.
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Fig. 4.6: Diffusion of 100 mM NaCl through Fig. 4.7: Diffusion of 100 mM NaCl through
GO film reduced at 60 'C, and the fit based GO film reduced at 180 C, and the fit based
on theoretical model. on theoretical model.

Similarly the fits for diffusion of 100 mM CaCl, across the TrGO membrane processed at 60 'C

and 180 C are shown in Fig. 4.8 and Fig. 4.9.
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Fig. 4.8: Diffusion of 100 mM CacCl, through Fig. 4.9: Diffusion of 100 mM CacCl, through
GO film reduced at 60 °C, and the fit based GO film reduced at 180 °C, and the fit based
on theoretical model. on theoretical model.

From these fits, the proportionality constant can be calculated and the diffusional characteristics
of the different TrGO membranes can be compared. Effectively we are able to observe that with
increasing thermal reduction temperatures the diffusional resistance of the TrGO films increases

significantly.
4.6 Results and Discussion on Diffusion:

The diffusion of ions in a salt solution through graphene membranes is an actively
researched topic. The ability of the ions to diffuse across the graphene membrane is affected
both by the free volume in the membrane and the presence of functional groups.®®"#"3°¢11% The
free volume that will depend on the inter-layer spacing, similar to the filtration and osmosis
membranes determines the ability of the ions to permeate across these membranes. At the

same time, the functional groups that lead to hydrophilic characteristics in the membrane also

affect the ability of these ions to diffuse across it, since water is the fluid medium and the ions
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are charged.> Based on the change in the inter-layer spacing and the functionalization of these
membranes upon thermal treatment, we expect that this method can be used to control their ion
diffusion characteristics. The diffusional characteristics of these membranes were studied by
using them as separators between two chambers. One of the chambers was filled with a salt
solution (100 mM CacCl, or 100 mM NacCl), and the other chamber contained Millipore water (18
MQ.Cm resistivity). The increase in the conductivity of the Millipore water resulting from diffusion
of the ions across the GO and TrGO membranes was monitored. The increase in conductivity is
directly proportional to the net amount of ions that cross into the Millipore water. The increase
can be modelled (see Fig. 4.11) to be proportional to t/? (the elapsed time) and to the
diffusional resistance of the membrane. Fig. 4.10 represents the observed increase in the
conductivity of the Millipore water (for 200 mM NaCl). From the fit shown with the solid line in
Fig. 4.10, the effective diffusional resistance of the different TrGO membranes processed at
different temperatures was calculated, and the plot is shown in Fig. 4.11. We observe that the
diffusional resistance increases rapidly above 180 'C, in agreement with the rapid reduction in
the inter-layer spacing and the removal of functional groups above those temperatures. The
trend in the case of 100 mM CacCl, was identical, that a difference in the relative change in the
membrane resistance was observed. For NaCl, the change was more dramatic than for CaCl,.
This is due to the higher initial diffusion rate for the monovalent ion Na*, which is consistent with
its smaller size compared to Ca*".''* From these results, it can be seen that GO films treated at
60 'C have better selectivity towards the Na* and Ca** ions and this selectivity decreases due to
loss of permeation of the Na* ions predominately. The treatment at 180 C leads to a decrease
in the diffusion rate of Na* more than one order magnitude, while the diffusion rate of Ca® is
roughly halved. The exposure area for both the GO film and the filtration paper (Whatman
guantitative filter paper, Grade 40, diameter 125 mm, pore size 8 um, thickness 210 um) was 6
mm. Because of the greater thickness of the filtration paper (210 pm) compared to the GO film

(3.74 pm), the diffusion through the filtration paper still takes a longer time. The GO film reduced
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at 250 °C has the lowest ionic conductivity due to the fact that most of the oxygen functional
groups have been eliminated; hence no interaction takes place between the functional groups
and the ions. The ability to control the diffusional characteristics of the GO membrane by
thermal treatment and the temperature of exposure illustrate a simple method to tailor the
properties of these membranes. Further, this can also be expanded to include the effect on

diffusion of small organic molecules and also selective permeation of gases.
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Fig. 4.10: Diffusion of 100 mM NaCl through GO films reduced at different temperatures.
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Fig. 4.11: Diffusional resistance of GO films reduced at different temperatures relative to GO film

reduced at 60 °C for NaCl.
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Fig. 4.12: Diffusion of 200 mM CaCl, through GO films reduced at different temperatures.
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4.7 Conclusions for Chapter Four

In-plane and out-of-plane electrical conductivity measurements of the GO films reduced
at different temperatures are reported. Similarly, the ion diffusion characteristics of these films
across aqueous medium is also presented. The effect of inter- layer spacing in these films which
is modulated by temperature of thermal reduction temperature, is correlated to the observed
conductivity and diffusion behavior. The out-of-plane conductivity provides a direct measure of
the change in the inter-layer spacing, whereas the in-plane conductivity depends on both the
inherent conductivity of the GO (and TrGO) sheets and the overlap between the sheets. The in-
plane conductivity increases by over 7 orders of magnitude on increasing the reduction
temperature from 60 "C to 250 'C. The in-plane conductivity in reduced GO sheets is based on
the charge hopping model. The increase in the conductivity signifies that the structural defects
are reduced and more sp? regions are introduced in these films on thermal reduction due to
removal of the oxygen-containing functional groups. The out-of-plane conduction in these
membranes is over much shorter length scales. This conduction shows a drastic increase as the
thermal reduction temperature is increased from 60 'C to 250 'C. The charge conduction can be
considered as being governed by two aspects (1) the sheets have spacing between them and,
given the high electric field strength tunneling is expected for the transport of the charge carriers
across the sheets. (2) direct contact between the sheets also occurs as they are stacked into
layers. This direct contact can be modelled as an ohmic resistance for charge transport. The
increase in conductivity results from the reduced inter-layer spacing which increases both direct
contact between the sheets and the density of ordered regions in the films and also reduces the

distance for tunneling.

The diffusional characteristics of these membranes were studied by using them as
separators between two chambers, one filled with salt solution and the other with Millipore

water. The ability of the ions to diffuse across the graphene membrane is affected both by the
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free volume in the membrane and the presence of functional groups. Thermal reduction affects
both these parameters as its reduces the inter-layer spacing and removes the oxygen-
containing functional groups. The temperature of reduction is again crucial as the diffusional
resistance of the films increases drastically above temperatures of 200 ‘C, consistent with the
observation made with XRD and TGA. Further the extent of increase in diffusional resistance
also depends on the size of ion that has to diffuse across these films. Larger ions show a more

drastic change as they require a larger free volume in the films to diffuse.
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Chapter 5. Future Work for Thermally Treated Graphene Oxide Films

In the course of our work with rGO films, promising preliminary results in other areas of
applications were also obtained. These results lay the ground for future research for more in
depth analysis. These initial studies didn't necessitate expansive treatment in main chapters of
this thesis, and are collectively treated as future work. This chapter provides an account of our
entry into these areas, and points to the logical outgrowths of our findings as the basis for work
by future researchers. This future work will entail basic research, but in each case is directed
toward practical applications. The topics covered in this chapter include: NacCl filtration through
TrGO films under vacuum; the influence of applied voltage on the diffusion of CaCl, across
TrGO films; TrGO-supported photocatalytic degradation of a model organic pollutant; and,
TrGO-based electrochemical capacitors. The first two subjects have a strong introductory basis
in the earlier chapters of this work, but the latter two—photocatalysis and electrochemical

capacitors—will require detailed introduction in their respective sections.

5.1 lonic Conductivities Measurements Through Vacuum Filtration
5.1.1 Experimental Method, Results and Discussion

In this experiment 5 mL of 100 mM NaCl was filtered through the various GO
membranes and the ionic conductivity of the filtrate was measured. The purpose of this
measurement is to investigate if there is a difference in the ionic conductivities between the 100
mM NaCl (13.76 mS/cm) and the filtrate solution through different GO films which would show
the potential of GO film in desalination process as another approach for water purification. Our
results are shown in the schematic diagram Fig. 5.1, and they can be illustrated based on two

different effects.
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1. Effect of the thickness of the GO film which can be represented in the following samples red.
1.25GO, red. 1.5GO, and red. 2GO films, all of which were reduced at 250 'C. The
measurements of the ionic conductivities are 12.5, 11.9, and 11.3 mS/cm, respectively. It can be
clearly seen that the lowest thicknesses, 1.25G0O, has the higher ionic conductivity, 12.5 mS/cm,

compared to the rest.

2. Effect of the thermal treatment which can be shown in the following samples non-reduced
1.25GO0, red. 1.25GO at 250 'C and red. 1.25GO at 300 ‘C; their respective ionic conductivities
are 13.76 mS/cm, 12.5, and 11.2 mS/cm; their respective d-spacings are 7.36 A, 4.59 A, and
4.57 A . The difference in the d-spacing which results from the heat treatment would hinder the

passage of salts ions leading to their rejection during filtration.

I Non-red. 1.25 GO
I Red. 1.25G0-Mg 250°C
I Red. 1.25GO0 250°C

14 - [ Red. 1.5GO 250°C
[ Red. 2GO 250°C

[ Red. 1.25GO 300°C

12 4

10 -

Conductivity mS/cm
[=2]
L

Types of non-reduced and reduced GO films

Fig. 5.1: lonic conductivities measurements of 100 mM NaCl through vacuum filtration of different

GO films.
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5.1.2 Conclusion and Future Work

Our results indicate that the GO films have the ability to hinder the ions of salt solutions
filtered under applied force. This could have implications for the suitability of these materials in
industrial or other practically-scaled desalination processes. Our results indicate that reduced d-
spacing and increased film thickness lead to a greater salt rejection. Development of this
experiment-scaled technology toward practically deployed desalination will require achieving
maximal solute retention. Future work will have to focus on further optimization in this area;
moreover, commercialization or industrialization requires scale and durability. Future work will
have to determine means of depositing larger films. At the laboratory scale, later researchers
could test new porous support media that would remain attached to deposited GO films, and are
able to survive both the conditions of reduction to rGO and prolonged use, increasing the
strength and durability of the graphitic material. In addition, this modification could be coupled to
metal ion cross-linking within the film, which would be examined for its possible further influence

on film strength, as well as its influence on ion passage.
5.2 Applying Surface Potential on GO Membranes During Diffusion Process

Surface potential was applied to non-reduced GO film (60 'C) and reduced GO film (180
“C). The objective of this study is to investigate the influence of the applied voltage to the films
on the diffusion of 100 mM CaCl,. The diffusion cell as well as the set up for applying surface
potential on the reduced films are depicted in Fig. 5.2. The results are shown in table 5.1. Two
different films were used before and after applying potential for each of the non-reduced GO film

(60 "C) and reduced GO film (180 ‘C).
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Fig. 5.2: (a) Applying surface potential on the GO film. (b) Diffusion cell.

The first trend is without applying voltage: The ionic conductivity of Millipore water when using
the non-reduced GO 60 'C increased from 6.31 uS/cm (after one hour) to 41.1 uS/cm overnight,
which is an indication that of diffusion occurring across the film. In contrast, when a potential is
applied to the surface of the GO film, the increase in ionic conductivity overnight was limited to
5.57 pS/cm. The ionic conductivity of the reduced GO 180 "C without applying voltage was 5.12
pS/cm and showed little variation even after three hours (7.67 pS/cm), which indicates that very
limited diffusion takes place due to the effect of smaller d-spacing of the reduced GO film
compared to the non-reduced GO. However, on applying a surface potential to this film, the
ionic conductivity decreased from 4.76 to 0.62 uS/cm in three hours. More experiments are
required to ascertain the cause of this effect and we believe it may be due to the accumulation
of compensating ions on the film surface in response to the applied potential, which may stop
the normal diffusion process. The reversal of the diffusion process will need to be thoroughly

investigated in terms of the surface concentration of the ions on the film.
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Table 5.1: Measurements of filtrate conductivities over different reduced GO films with and

without application of surface potential.

Type of GO film Time Conductivity (uS/cm) | Conductivity (uS/cm)
Without applying With applying voltage
voltage

GO 60 C After 1 h 6.31 10.95

After 2 h 8.75 6.60

After 3 h 7.93 7.25

After 5 h 9.65 7.79

Overnight 41.1 5.57

GO 180 C After 1 h 5.12 4.76

After2 h 5.86 4.65

After 3 h 7.67 0.62

5.2.1 Conclusion and Future Work

Our results show the crucial role of applying voltage on the surface of the GO films, in
which ions can accumulate on the surface of the GO films and hinder the diffusion, and this can
be used in desalination to obtain pure water. For instance, if the voltage was positive, the
negative ions would accumulate on the film surface thus hindering the diffusion and vice versa.
Research focused on the optimization of the applied voltage, and its variation with time, needs
to be performed to further understand its effect on ion diffusion across these membranes. As a
future work, we would utilize the reduced GO films at 200 ‘C, 225 'C, 250 'C. Since these films
reduced at higher thermal reduction temperatures have smaller inter-layer spacing, the
combination of this feature with the applied voltage on their surface might be anticipated to
further hinder ion passage. Moreover, the GO cross-linkers via metal ions could also be utilized
in these experiments, to determine the combined influence of cross-linkers and applied voltage

on ion passage.
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5.3 Photocatalysis with Metal Oxide Nanostructures on GO Membranes

5.3.1 Introduction of Photocatalysis with Semiconductor Metal Oxides

Semiconductors are used and researched for their application as photocatalysts for
solving environmental problems such as waste water purification. Studies on heterogeneous
photocatalysis began prior to the 1970s;™° however, a particular interest in the field took place
right after the milestone by Fujishima and Honda in 1972 on the discovery that water could be
split into hydrogen and oxygen over single crystal TiO, (rutile) in a photoelectrochemical (PEC)
cell.'*® This observation had opened an alternative approach on the production of hydrogen as a
combustible fuel.'*®> The mechanism of heterogeneous photocatalysis is well-understood. In
brief, upon absorption of photons whose energy is equal or higher than the band gap of a
photocatalyst (e.g. TiO,, ZnO), electrons will be promoted from the valence band to the
conduction band, leaving holes behind.'*’" Electron-hole (e-h*) pairs are generated. These

surface holes and electrons can oxidize and reduce surface-adsorbed molecules respectively.™®
The photocatalytic reactions involve radicals or highly reactive species such as ‘OH," 0% . The

organic molecules that exist around the surface of the photocatalysts can be attacked by these
reactive species since they are powerful oxidizing agents.**® Fig. 5.3 depicts photoexcitation of

a semiconductor.
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Fig. 5.3: Photoexcitation of a semiconductor (taken from ref.”™ with permission from Elsevier).
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Due to the significant properties of TiO, such as high removal efficiency, cost-effectiveness,

chemical stability, and low toxicity,***21%

it is the most commonly used as a photocatalyst in
water purification. It has the ability to decompose organic pollutants such as organic dyes into
carbon dioxide and water.”?>**" TiO, has relatively high band-gap energy (3.2 eV), and the
photocatalysis can be ascribed to the electron-hole pairs which can be activated via UV light.**
In fact, TiO, possess three different phases, namely anatase, rutile, and brookite.'*® Anatase
and rutile are the most studied phases.***?>!* The difference in the crystal structure is shown

in Fig. 5.4:

Rutile

b eq

Fig. 5.4: The three different phases of TiO, (taken from ref.

127

with permission from Elsevier).

Zinc oxide (ZnO) is another semiconductor that has been used as a photocatalyst. It has a wide
band gap (3.37 eV), and is abundant, nontoxic, inexpensive, and environmental friendly.*?® ZnO
exists either in cubic rocksalt, cubic zinc blende or hexagonal wurtzite crystal structures.'® Its

crystal structures are shown in Fig. 5.5:
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Fig. 5.5: Stick and ball representation of ZnO crystal structures: (a) Cubic rocksalt, (b)

Cubic zinc blende, and (c) hexagonal wurtzite. The shaded grey and black spheres denote Zn and
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O atoms, respectively (taken from ref.”” with permission from Journal of Applied Physics).

Despite the intense research that has been conducted on graphene-TiO,, GO-TiO,, and GO-
ZnO composites, it is still a challenge to further enhance their photoactivity under UV irradiation.
To gain a better understanding of the effect of the morphology of the ZnO and graphene
composite, we have investigated comparison between ZnO nanorods, GO-ZnO composite, and

GO-ZnO film on the performance of the photocatalytic degradation of MB.
5.3.2 Hydrothermal Synthesis of ZnO Nanorods on GO Films

Zinc oxide (ZnO) nanorods were synthesized on GO films in two steps, the first one is a
seed layer deposition on GO films, and this is followed by hydrothermal growth of ZnO nanorods
on the GO film.**® Firstly, seed layer deposition is achieved by a solution of 7 mM of zinc
acetate [Zn(CH3;COO0),.2H,0] in ethanol was dropped on GO film several times and allowed to
dry, then the film was heated at 350 "C for 30 minutes. Second, hydrothermal growth, a mixture
of 15mM equi-molar solution of zinc nitrate hexahydrate [Zn(NOj),-6H,0] and
hexamethylenetetramine (HMT, CgHi,N4), were placed in a silicon oil bath. Once the

temperature of the solution reached to 85-90 'C, the GO film was placed upside-down in the
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solution for two hours. *** Hydrothermal growth of ZnO nanorods is shown in Fig. 5.6. FESEM

image of growth of ZnO nanorods on GO film is shown in Fig. 5.7.

Fig. 5.6: Hydrothermal growth of ZnO nanorods. Fig.5.7: SEM growth of ZnO nanorods on GO

film.
A proposed growth mechanism

Thermodynamically, at ambient conditions, wurtzite crystal structure is the most stable
form for ZnO. Among the growth mechanisms, which have been proposed for deposition in
aqueous chemical solution, is the Ostwald ripening process.'* It relies on both kinetic and
thermodynamic influence. Nucleation would first start with tiny crystallites, after which the large
particles would grow. In the solution, the reaction between zinc nitrate and

hexamethylenetetramine (HMT, CsH1,N,) will produce the following chemical reactions:***

Zn(NO,), = Zn* +2NO, 5.1
(CH,), N, +6H,0 — BHCHO + 4NH, 52
NH,OH < NH,; +H,0 5.3
Zn* +4NH, — Zn[(NH,),J* 5.4
2H,0 & H,0" +OH" 5.5
Zn* +20H" & Zn(OH), 56
Zn(OH),—> ZnO+ H,0 5.7
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Equations (1) and (2) show just the hydrolysis of zinc nitrate hexahydrate and HMT respectively.
Equation (6) is of significance in which the colloidal Zn(OH), would play a crucial part for the
growth of ZnO nanorods. As the temperature increases, the Zn(OH), will dissolve more during
the hydrothermal growth process. Nucleation starts when the solution is supersaturated in which
the critical value is reached between the concentration of Zn* and OH".**! The growth will be

along the +c-axis (0001) direction since the higher symmetry (Cs,) exists in the (001) face.'®
5.3.3 Synthesis of GO-ZnO Composite

An appropriate amount of GO was dissolved in Millipore water under sonication for an
hour. Then an appropriate amount of ZnO nanoparticles colloidal was added into GO solution
and the mixture was further sonicated for 70 minutes. After that the solution was stirred for 2

hours, then it was washed, and centrifuged several times with ethanol, and finally dried.

5.3.4 Comparison between ZnO Nanorods, GO-ZnO Film, and GO-ZnO

Composite

Three samples listed in table 5.2 were prepared for comparing their ability to degrade
methylene blue (MB). For each experiment, an appropriate amount of sample was placed in a
50 mL beaker and added in 14 mL of aqueous 10 ppm methylene blue (MB) and the mixture
was stirred magnetically in the dark for 30 minutes to allow for adsorption equilibration. The
mixture was then illuminated with UV light and 2 mL aliquots were periodically removed,

centrifuged, and the supernatant was subjected to UV spectroscopy to monitor MB degradation.

Table 5.2: The prepared samples for degradation of methylene blue (MB).

Type of sample
Zn0O nanorods dispersed in C,HsOH (ZnO/ C,HsOH)
GO-ZnO film
GO-ZnO composite
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5.3.5 Results and Discussion

The best efficiency for the degradation of aqueous MB is obtained when the material
exists in a colloidal phase and in presence of an assisting material whose energy band position
is higher than the valence band of the semiconductor metal oxide, so that the charge
recombination between electrons and holes would be hampered, which would lead to the

enhancement of the degradation.

Our results show that the highest efficiency is achieved with sample GO-ZnO composite, where
in 9 hours complete degradation of MB was observed. The rGO played an important role in
hindering the fast recombination between electrons and holes which leads to increased
efficiency in the degradation of MB as shown in the schematic diagram Fig. 5.9. There may also
be a contribution to the reduction of MB by just rGO, which requires further investigation.™** The
environment around the ZnO nanorods also plays a significant role towards the performance of
the photocatalytic degradation of the organic pollutants. Since ZnO nanorods were dispersed in

ethanol, it showed a reasonable degradation.

The nature of the material has a crucial significance in the efficient activity of the photocatalytic
activity of the metal oxide. For instance, GO-ZnO film was growth of ZnO nanorods on graphene
oxide that was reduced at 250 'C. Fig. 5.8 represents the degradation percentage of the
samples ZnO/ C,HsOH, GO-ZnO film, and GO-ZnO composite. The sample GO-ZnO composite
degraded 85% of the dye solution in 6 hours, in contrast to the sample GO-ZnO film, which
degraded 19% in the same period of the time. The ZnO/ C,HsOH degraded 47% of the dye
solution. As mentioned earlier, GO has a potential role in enhancing the performance of the
photocatalytic degradation of organic pollutants. The degradation percentage is calculated as

follows:
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Degradation % = (1 — ) * 100] *3* (5.8)
Ao

where 4- and A are the absorbance maxima of MB before and after an irradiation time,

respectively.
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Fig. 5.8: Degradation percentage of the samples ZnO/ C,HsOH, GO-ZnO film, and

GO-ZnO composite

A proposed series of reactions in the degradation of MB as follows:**°

ZnO+hv(UV) — ZnO(h, )+ ZnO(e,) 5.9

ZnO(h,)+H,0 > H" +ZnO(OH) 5.10
ZnO(e,)+0, —» ZnO(0,") 5.11
ZnO(0,)+H™ > HO, 5.12
2HO, -> H,0, +0, 5.13
H,O, +Zn0O(e ) - ZnO(OH)+OH" 5.14
ZnO('OH)+ MB — deg radation + ZnO 5.15
ZnO(0,") + MB — deg radation + ZnO 5.16
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The photocatalytic activity of ZnO commences upon irradiation with UV light, which creates

electron-hole pairs (eg.1) by the excitation of electrons from the valence band to the conduction

band, leaving holes behind  (h;). These holes react with water to form hydroxyl radical

(‘OH) (eq.2), while superoxide radicals (O,) are produced by oxygen molecules on accepting

the excited electrons (eq.3). Most important is the enhancement of the photocatalytic activity of
the ZnO by hampering the recombination of electrons with their holes via transferring electrons
from ZnO to graphene oxide as it can be seen in the energy band positions Fig. 5.9, which
creates more superoxide and hydroxyl radicals. These hydroxyl and superoxide radicals react

with the MB to form degradation products as in the following equation:**®

Zn0 + MB—2Y) O, + H,0 + NO, + NH +SO? +ZnO (5.17)

* OO
@@ CB

Energy, E rGoO

@@ VB

Zn0O

Fig. 5.9: Schematic diagram of energy levels in GO-ZnO composite.**
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5.3.6 Conclusion and Future Work

Our results indicate that the colloidal sample GO-ZnO composite has better performance
in degradation of MB than the GO-ZnO film and just ZnO colloidal in ethanol. In the sample of
GO-ZnO film, the ZnO nanorods grew perpendicular on the GO film. Despite the fact that the
GO-zZnO film showed the lowest degradation percentage of MB, it could be used several times
in a succession of pollutant solutions by simply taking it out and transferring it to the next
solution. In contrast, for colloidal solutions, at every stage there has to be a purification and

separation step.

We have previously established that ZnO nanorods can be grown in a horizontal orientation in
which they are parallel to the surface of GO film. We have not yet investigated the efficiency of
these preparations in degradation of MB, and this represents obvious future work. ZnO
nanorods grown parallel to the GO film is shown in the following Fig. 5.10. In addition, later
workers should systematically examine varying relative concentrations of GO and ZnO with
respect to MB degradation. It also may be beneficial to explore hybrid composite preparations in
which GO-ZnO is combined with GO-TiO,, as titanium dioxide has precedent as a photocatalyst

for organic pollutant degradation.

Fig. 5.10: SEM of ZnO nanorods in parallel way on the GO film.
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5.4 Overview of Electrochemical Capacitors

5.4.1 Introduction to Electrochemical Capacitors

Sustainable and renewable sources of energy are growing enormously due to the
environmental concerns over utilizing fossil fuels. Electrochemical capacitors (ECs) known as

supercapacitors or ultracapacitors,*’

store electrical energy either in an electrochemical double
layer (EDLCs), the so-called Helmholtz layer formed at the interface of the solid electrode and
the electrolyte, or by rapid surface redox reactions (pseudo-capacitors).”*® ECs fill the gap
between conventional capacitors and batteries as shown in Fig. 5.11."*° This plot is called a

Ragone plot,**°

which represents power versus energy density. It can be seen that ECs store
energy in seconds compared to batteries due to their high surface area (1000-2000 m?g™);
however, the energy density is lower than batteries and this restrains the discharge time to be

less than a minute while many applications demand much more.**® Fig. 5.12 depicts a typical

cyclic voltammogram of a two-electrode EDLC.**
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Fig. 5.11: A Ragone plot (power vs specific energy) for various electrical energy storage devices
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(taken from ref.”™ with permission from Nature Publishing Group).
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Fig. 5.12: Cyclic voltammetry of a two-electrode laboratory EDLC cell (taken from ref."® with

permission from Nature Publishing Group).

5.4.2 Synthesis of Films for Capacitors

A variety of films have been prepared by mixing appropriate amounts of colloidal GO
with zinc oxide nanorods and manganese dichloride followed by filtration through anodisc filter
to obtain uniform films. Afterwards, these films have been reduced at 250 'C and then tested for

capacitance. The following table 5.3 summarizes the molar ratio of selected raw materials:

Table 5.3: The composition of samples used for capacitance testing.

Molar ratio
1 GO : 0.3 ZnO nanorods
GO film (250 C)
1 GO :0.25 ZnO
1GO:0.52Zn0
1 GO :0.75 ZnO
1GO:12ZnO
1 GO : 0.5 Zn0 : 0.025 Mn**
1 GO :0.52Zn0: 0.08 Mn*
1G0O:0.52Zn0:0.12 Mn*
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5.4.3 Results and Discussion

The aforementioned samples can be divided into two groups. The first one is 1 GO :
0.3 ZnO nanorods, 1 GO : 0.25 ZnO, 1 GO : 0.57Zn0O, 1 GO : 0.757Zn0, 1 GO : 1 ZnO, and GO
film (250 'C), and the second one is 1 GO : 0.5 ZnO : 0.025 Mn**, 1 GO : 0.5Zn0O : 0.08Mn*",
1GO : 0.5ZnO : 0.12Mn%*, and GO film (250 ‘C). The objective of this classification was to
investigate the influence of the concentration of ZnO nanorods on the capacitance in the first
group and to take the optimal concentration of ZnO nanorods to be incorporated with different
concentration of Mn?* in the second group. The ZnO rods would act as electrically conducting
spacers between the GO layers, preventing their stacking and hence increase their surface.
Manganese ions are added with the purpose of forming MnO, at a later stage. MnO, ,being a
redox active material, would allow the storage of charge by the acting as pseudo capacitive
material, while the GO layer would store charge by the formation of EDL. Fig. 5.13 shows the
effect of the concentration of ZnO nanorods on the capacitance at a scan rate of 50 mV/s. The
relatively symmetrical rectangular shape of the CV plots indicates that the samples have an
ideal EC behavior; however, the best shape was observed for the sample (molar ratio of 1 GO :
0.5 Zn0), which has an ideal rectangular shape. The capacitance for the standard sample, GO
film (250 "C), was 5.58 x 10~® mF, and for the highest sample, 1 GO : 0.5 ZnO, is 2.54 x 107>
mF, which is 4.55 higher than the standard. Based on these results, this ratio was chosen to be

incorporated with different molar ratios of Mn**, so that the capacitance would be improved.
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Fig. 5.13 Cyclic voltammograms of different molar ratios of ZnO nanorods (at50mV/s).

Three different concentrations of Mn* (0.025, 0.08, and 0.12) were incorporated with the
sample (1 GO: 0. 5 ZnO). Fig. 5.14 shows the effect of adding these amounts of Mn®" at a scan
rate of (50 mV/s). The capacitance for the standard sample, GO film (250 ‘C), was 5.58 x 10~®
mF and for the highest sample, 1 GO : 0.5 ZnO : 0.08 Mn?*, was 2.25 x 10~° mF, which is four
times higher than the standard. It can be seen that the optimum ratio was 0.08 Mn?*, which has
an ideal rectangular shape which indicates that they could store higher charge density and

improve the capacitance.
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Fig. 5.14: Cyclic voltammograms of adding different molar ratios of Mn?* (at 50 mV/s).
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5.4.4 Conclusion and Future Work

The optimum molar ratio was for the sample 1 GO: 0.5 ZnO: 0.08 Mn**, and based on
it, it would be beneficial for future researchers to use manganese nanostructures instead of just
ions due to the huge surface area to the volume which in turn would store more charges, thus
increasing the density of the capacitance. We already synthesized manganese oxide
nanostructures according to the hydrothermal method that was used in this thesis to prepare
ZnO nanorods. The starting materials were manganese nitrate and HMT. The SEM image for
the product is shown in Figs. 5.15 and 5.16. Therefore, manganese oxide nanostructures should
be incorporated with GO and ZnO nanorods so that more charges can be stored in them thus

increasing the density of the capacitance and the performance.
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Fig. 5.15 SEM of hydrothermal growth of manganese oxide nanostructure.
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Fig. 5.16 SEM of the manganese dioxide nanostructures made by the hydrothermal method.
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Chapter 6. Conclusion of Thesis

The objective of this thesis was to fabricate GO films by vacuum filtration of GO colloidal
solution. Then thermal and chemical reductions were performed to control the d-spacing. This

was used to study the diffusion of sodium, chloride, and calcium ions.

GO films were successfully synthesized then thermally reduced by exposing them for 30
minutes to a wide range of temperatures in air (60, 180, 200, 225, 250, 300 °C). A gradual
decrease in d-spacing from 7.4 A to 6.9 A to 6.5 A is observed on increasing the temperature of
reduction from 60 'C to 180 ‘C to 200 'C, respectively. Then a drastic change was observed
upon increasing the reduction temperature to 225 ‘C as the spacing reduces to 4.8 A. After that,
littte change was observed on increasing the temperature to 250 'C or 300 'C, which
respectively brought about spacings of 4.6 A and 4.57 A. The change in going from 60 to 180 'C
corresponds to the evaporation of the residual water molecules in these films. An increase in
temperature to 225 ‘C causes the removal of the oxide functional groups on the surface of the
GO films. These are primarily the defects caused by the oxidative treatment of the graphite for
exfoliation to form GO sheets. Further increases in temperature only cause a slight change in
the spacing leading to the conclusion that most of the defects have been removed at 225 ‘C.

The thermal treatment of the GO film was hence limited to 250 "C in this work.

The tensile strength test was conducted for the GO films and found to be 69 MPa (GO-RT), 61
MPa (GO 180 'C), 17 MPa (GO 200 'C), and 21 MPa (225 'C). The tensile strength reduces with
temperature. At temperatures above 200 'C, removal of oxygen containing functional groups
occurs, and this reduced graphene oxide is more brittle than graphene oxide. The defects hence
play a role in it; however, the GO 250 'C and GO 300 ‘C films were extremely brittle and tore
immediately at the beginning of the tensile strength, which is why at the highest temperatures,

tensile values are unavailable.
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TGA confirmed the change in the mass of the starting GO film as the temperature is increased
from ambient conditions to 900 'C. Three transitions that lead to weight loss are observed over
the temperature range. Primarily between 60-100 'C, the loss in weight is associated with the
removal of water molecules in the GO film. Following this, the weight is relatively constant until
~ 200 ‘C, when a further reduction in mass of the GO film is observed. This corresponds to the
sharp transition observed in the XRD data due to the reduction of the inter-layer spacing in the
GO film. The combined TGA and XRD data lead to a conclusion that the phenomenon at 200 'C
is associated with the removal of the surface functional groups on the GO sheets. Finally, at a

temperature of ~ 545 ‘C, pyrolysis of the film reduced the weight to zero nearly.

FT-IR spectroscopy confirmed the existence of oxygen-containing functional groups such as
hydroxyl, epoxy, and carboxyl groups in the GO films. It also confirmed that the oxygen
functional groups were gradually removed with increasing annealing temperature, which is an

indication for thermal reduction.

Raman spectroscopy confirmed the electronic structure and the degree of reduction of the GO
films. All these films were compared to the Raman spectrum of graphite, which has two Raman
peaks, the first one a strong band at 1574 cm™ (G band), and the second a weak band at 1350
cm™. By comparing the G band of graphite with the rest of the films, it can be seen clearly that
as the annealing temperature increases for the films, the G band is shifted to lower frequencies,
approaching the G band of graphite. For instance, the G bands for the non-reduced GO film and
GO reduced is at 180 'C were at 1593 and 1594.5 cm™, respectively. However, as the annealing
temperature was increased to 220, 225, and 250 'C, the G band is shifted to 1583.7, 1584.7,
and 1585.7 cm™ , respectively, which is strong evidence for the restoration of the graphitic sp?

network. These results are consistent with our XRD data for all the films.
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XPS analysis also confirmed the removal of the oxygen-containing functional groups. Two
strong peaks are located at 284.4 eV and 531.9 eV. They are attributed to the elemental carbon
C 1s of sp? and the elemental oxygen O 1s respectively. It was found that the O/C ratio
decreased markedly after thermal reduction at 250 ‘C, as well as after chemical reduction of the
GO via both hydrazine and ascorbic acid. This is an indication that most of the epoxide and
hydroxyl functional groups were successfully eliminated. The XPS data is consistent with our
TGA data in terms of the mass loss observed, as well as with our FT-IR spectroscopy results in

terms of the removal of oxygen-containing functional groups.

Chemical reduction was successfully performed on GO films and on the GO colloids by
hydrazine hydrate vapor as well as by ascorbic acid. The color of the GO film and the GO
colloid changed from brown to grey and black, respectively, as indication for the reduction. The
d-spacing was reduced from 7.4 A for the non-reduced GO to 4.81 A for GO chemically reduced
by hydrazine hydrate vapor, and to 5.20 A for GO reduced by ascorbic acid. It can be clearly
seen that the chemical reduction yielded broad peaks as compared to thermal reduction, which

yielded sharp peaks, indicating better performance for the latter.

Chemical cross-linking (Na*, Mg®, Ba**, Fe*, Fe®") was performed in the GO films to explore
the reduction in the d-spacing between rGO layers. No significance difference between the
thermally reduced film at 250 'C and the chemically cross-linked films, which were also reduced

at 250 'C, was observed.

Controlling the permeation of the species is based on the inter-layer spacing between the
graphene sheets in GO membrane. The control over the inter-sheet spacing is hence a crucial
parameter for modulating the diffusion characteristics of the graphene membranes. The non-
reduced GO membranes have a large inter-layer spacing due to the functional groups present

on its surface. The inter-layer spacing can be modulated by reduction of these membranes. This
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is accomplished by a simple ambient thermal treatment. The thermal reduction causes the
removal of the functional groups and hence also decreases the inter-layer spacing. The ability of
the ions to diffuse across the graphene membrane is affected both by the free volume in the
membrane and the presence of functional groups. The free volume that will depend on the inter-
layer spacing and the functional groups that lead to hydrophilic characteristics in the membrane
also affect the ability of these ions to diffuse across it, since water is still the fluid medium and
the ions are charged. Based on the change in the inter-layer spacing and the functionalization of
these membranes on thermal treatment, we expect that it can be used to control their ion
diffusion characteristics. The increase in the conductivity of the de-ionized water resulting from
the diffusion of the ions across the GO and TrGO membrane is monitored. The increase in the
conductivity is directly proportional to the net amount of ions that cross into the de-ionized
water. The increase can be modelled to be proportional to t'/? (the elapsed time) and diffusional
resistance of the membrane. The effective diffusional resistance for the different Tr-GO
membranes processed at different temperatures is calculated. We observe the diffusional
resistance increases rapidly above 180 'C, in line with the rapid reduction in the inter-layer
spacing and the removal of functional groups above those temperatures. The trend in the case
of 100 mM CacCl, is also identical. However, between the two ions differences in the relative
change in the membrane resistance can be observed. For NaCl, the change is significantly
more drastic than CaCl,. This is due to the higher initial diffusion rate for the monovalent ion
Na®, which is consistent with its smaller size compared to Ca*. From the results, it can be
illustrated that GO films treated at 60 'C have better selectivity towards the Na* and Ca*" ions
and this selectivity decreases due to loss of permeation of the Na* ions predominantly. The
treatment at 180 'C leads to more than an order of magnitude decrease in the diffusion rate of
Na'*, while the Ca®* is roughly halved. The ability to control the diffusional characteristics of the

GO membrane by thermal treatment and the temperature of exposure illustrate a simple method
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to tailor the properties of these membranes. Further, this can also be expanded to include the

effect on diffusion of small organic molecules and also gas permeation.

The inter-layer spacing is also reflected in the electrical conductivity of these membranes. In-
plane and out-of-plane conductivity of the GO membranes were measured after thermal
treatment at temperatures of 60 'C, 180 'C, 225 'C and 250 'C. The out-of-plane conductivity
provides a direct measure of the change in the inter-layer spacing, whereas the in-plane
conductivity depends on both the inherent conductivity of the GO (and TrGO) sheets and the
overlap between the sheets. Typically for such membranes the in-plane conductivity
measurements are dominated by the charge transport characteristics of the graphene (or TrGO)
sheets. Based on this, the in-plane conductivity of the GO and TrGO membranes thermally
reduced at 60 'C, 180 'C, 225 'C and 250 'C is measured. The in-plane conductivity increases
by over 7 orders of magnitude between 60 'C and 250 'C. The in-plane conductivity in reduced
GO sheets is based on the charge hopping model. The out-of-plane conduction in these
membranes is over much shorter length scales, on the order of a few microns. This conduction
shows a drastic increase as the thermal reduction temperature is increased from 60 'C to 250
‘C. The out-of-plane conductivity increases by over 6 orders of magnitude. The charge
conduction here can be considered as being governed by two aspects: (1) the sheets have
spacing between them and, given the high electric field strength tunneling is expected for the
transport of the charge carriers across the sheets. (2) direct contact between the sheets also
occurs as they are stacked into layers. This direct contact can be modelled as an ohmic

resistance for charge transport.

ZnO nanorods were grown on GO films via hydrothermal method to be used in
photodegradation of organic pollutants. ZnO nanorods on GO film, colloidal of ZnO, and GO-
ZnO composite were prepared and then used in photodegradation of MB. It was indicated that

the GO-ZnO composite was the best in photodegradation of MB; however, the GO-ZnO film was
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less efficient in photodegradation, it can be used several times by taking it from the pollutant

solution to another one, which cannot be done by either ZnO nanorods or GO-ZnO composite.

ZnO nanorods were incorporated between reduced GO layers so that they could segregate the
reduced GO layers and provide a large surface area. Divalent manganese ions were also used
to form manganese dioxide so that it can be store more charges and hence increase the energy
density. The optimum molar ratio for the highest efficiency of capacitance was 1GO: 0.5ZnO
film, which has capacitance 2.54 x 10~> mF. After incorporation of divalent manganese ions,
the optimum molar ratio was 1G0:0.5Zn0:0.08Mn?*, which has capacitance 2.25 x 10~% mF.
The two values are four to five times higher than the standard GO sample, whose capacitance

is 5.58 x 107 mF.

Applying a surface potential to the GO membranes is another avenue that needs to be explored
for further modulating the transport of the ion across these membranes. The preliminary results

show promising trends with this approach.
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Fig. A1 (d). I-V In-plane test GO 200 C.
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Fig. A2 (a). I-V In-plane plot of GO 60 'C, GO 180 'C, and GO 200 'C at 10 V and 20 V.
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Fig. A2 (b). I-V Out-of-plane plot of GO 60 'C, GO 180 'C, and GO 200 C at 10 V and 20 V.
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Fig. A3 (a). Diffusion studies for different films of 100 mM NacCl.
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Fig. A3 (b). Diffusion studies for different films of 100 mM NacCl.
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Fig. A5. TG of graphene oxide (GO).
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Fig. A6. (a). SEM of GO film 250 C.
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Fig. A6. (b). SEM of ZnO nanorods grown on GO film.
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Fig. A6. (c). SEM of ZnO nanorods grown on ITO.
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Fig. A6. (e). SEM of growth of ZnO nanorods on GO film.
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Fig. A6. (f). SEM of the synthesized ZnO nanorods in-situ in graphene oxide crosslinked by

magnesium ions.
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Fig. A6. (j). SEM of the cross-linked layers of graphene oxide by magnesium ions.

137



Mag= 2.00K X WD = 92 mm Date :14 Mar 2014 Time :15:54:17
EHT = 10.00 kV Signal A = InLens System Vacuum = 4.58e-006 mbar

User Name = LONG Univer ULTRA plus

P o

Width = 14.45 pm Mag= 791 KX WD = 8.7 mm Date :14 Mar 2014 Time :15:59:40
File Name = Ab_202-b1.tif EHT = 10.00 kV Signal A = InLens System Vacuum = 4.25e-006 mbar

vaterloo Advanced Techn bo alk User N = LONG Unive: ULTRA plus

Fig. A6. (i). SEM of ZnO nanorods and cross-linked graphene oxide layers.
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