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ABSTRACT 

BARRIER PROPERTIES OF POLYMER NANOCOMPOSITES WITH GRAPHENE 

OXIDE AND ITS DERIVATIVES: MECHANISM AND APPLICATIONS IN 

ANTICORROSIVE COATINGS 

by Yidan Guan 

December 2017 

Metallic devices made from steel or aluminum are subjected to deterioration by 

environmental contaminants over time. As one of the corrosion control methods, organic 

coatings show many advantages due to their low cost, versatility, decoration aesthetics 

and effective protections. Corrosion protection theories and failure modes of organic 

coatings are still not fully understood due to complicated interactions in the coating-

metal-environment system, however, it is widely agreed that the barrier nature of 

polymeric materials towards aggressive species, such as oxygen, water, electrolyte, plays 

a key role. Improved barrier property of polymer nanocomposites (PNCs) with two-

dimensional (2D) carbon filler, graphene and graphene oxide (GO), has been extensively 

studied in the areas of membrane science and packaging materials, however, a systematic 

study on their applications as protective coatings is still rare. 

In this work, we describe the fabrication and modification of PNCs containing 

GO and GO derivatives in an effort to formulate organic coatings with improved barrier 

properties and corrosion resistance. Impacts of GO and GO derivatives upon oxygen 

permeability and water resistance of their PNCs were studied and correlated to their 

corrosion protection properties. In the first study, functionalized GO containing reduced 

hydrophilic moieties were synthesized by the reaction between hydroxyl group (–OH) on 



 

iii 

GO and α-bromoisobutyrl bromide, with the intent of reducing water sensitivity while 

maintaining high oxygen barrier property of the resulting latex nanocomposites fabricated 

via aqueous blending with styrene-acrylic copolymer latex. The second study focused on 

the development of a facile efficient protocol for synthesizing GO derivatives by using a 

designed low-density aerogel precursor, which exhibits improved reactivity in many 

organic solvents with low polarity. Hydrophobically modified GO was prepared using 

small-molecule (hexanoyl chloride) and oligomeric (amino terminated) polyisobutylene 

(PIB) modifier(s), and thoroughly investigated for their surface properties. In the third 

study, a bilayer coating of waterborne epoxy-amine resin based composites was designed 

to provide improved water and oxygen barrier properties by incorporating GO lamellae in 

the bottom layer and hydrophobic polymer additive in the top layer. The resultant bilayer 

coating exhibits improved corrosion protection performance in simulated corrosive 

environments due to reduced surface wettability and decreased oxygen permeability. 
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CHAPTER I – BACKGROUND 

1.1 Motivations  

Modern societies have been heavily depending on the use of metallic devices and 

metal structure for bridges, buildings, aircrafts, ships, automobiles, and gas pipelines. 

Corrosion, the environmental degradation of metal by physicochemical interactions, can 

induce the failures of these facilities, leading to property damages and risk of lives.1 

Billions of dollars are spent each year on maintenances and replacements to prevent 

global corrosion-related damages.2 Organic coating has been one of the most cost-

effective and widely used methods for metal protection in the past decades.3 Coating 

formulations can be very complicated, but in general they consist of organic binders, 

pigments, solvents or diluents, and various additives.4-5 Two major functions provided by 

organic coatings are decoration and protection: the decoration aspect is achieved by using 

pigments and stains that can hide the original appearance of substrate, while the 

protection capability depends on mechanical, barrier and adhesion properties.6  

For corrosion protection coatings, barrier property towards aggressive species 

from environment, such as oxygen, water, and electrolytes, is crucial.3, 6 In addition, 

mechanical properties, such as film formation, adhesion, flexibility, and weatherability, 

also play important roles in the long-term protection applications.3, 7 In order to develop 

coatings with desirable properties for metal protection in various environmental 

conditions, i.e. the humid coast areas and the cold Arctic3, 6-7, a thorough understanding 

of the interactions among all coating components is of great importance.  

Graphene oxide (GO), a two-dimensional (2D) carbon allotrope with an atomic 

thickness, has attracted much attention in the past decade due to outstanding mechanical 
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properties and functionalization capabilities.8-10 Polymer nanocomposites (PNCs) with 

GO and its derivatives exhibit significant improvement on their barrier properties, 

indicating their potential applications as high-performance protective coatings.11-13  

This chapter begins with a brief overview of corrosion mechanism and evaluation 

methods, followed with discussions on the corrosion control mechanisms of anticorrosive 

coatings and the barrier/permeation aspect of polymeric materials. Current research on 

PNCs and anticorrosive coatings with novel materials will also be reviewed.  

1.2 Mechanism of Metal Corrosion  

1.2.1 Categories of Corrosive Environments 

Corrosion is defined as the degrading process of a metal due to physiochemical 

interactions with its environment; therefore, corrosion resistance of a material varies with 

given metal-environment system.14 The environments for corrosion to occur are classified 

into categories so that aggressiveness can be compared, and accordingly the proper 

corrosion control method or anticorrosive coating can be selected.7 ISO 12944 suggested 

three categories for outdoor environmental exposure, namely immersion, atmospheric, 

and splash zone with subgroups (Figure 1.1).15 

Immersion refers to the situation when metallic structures or anticorrosive 

coatings are immersed in water or buried in soil. There are three subgroups in immersion, 

including soil, fresh water, and sea water. However, the overall corrosivity is specific and 

difficult to be determined due to the combined effects of temperature, salinity, bacteria, 

pH, electrolytes, and dissolved gas, especially, O2 in the systems.7 In general, fresh water 

is much less aggressive than sea water because of lower dissolved salts content, 

especially sodium chloride which is very aggressive towards many metals and coatings. 
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Figure 1.1 Classification of corrosion environment for anticorrosive coatings (Reference 

15) 

The atmospheric environment is subjected to alternating conditions caused by 

radiation, heat, relative humidity, as well as salt and gas concentrations.7 Typical 

corrosive conditions can be evaluated by studying climate, level of pollution, and 

distance to sea. A rural area far from the sea exhibits much lower corrosivity in 

comparison to marine or industrial atmosphere with corrosion-aggressive polluting gases 

(i.e., HCl, SO2, NH3), and particulates such as dust, dirt, and soot.6 The splash zone 

exposure refers to the structures that are situated near the waterline of sea, such as the 

parts of an offshore plants and the foundations of wind turbines. The combination of high 

O2 content in air with continuous electrolytes splashing from sea makes it extremely 

aggressive; and therefore, both corrosion of metals and degradation of coatings in splash 

zone environment is significantly accelerated.14, 16 

1.2.2 Thermodynamics of Corrosion 

In most cases, corrosion stems from irreversible oxidation-reduction (redox) 

reaction between metal and oxidizing agent from environment.14 For example, high-

temperature corrosion of steel in air is due to redox reaction between iron and O2, as 

shown in Eq. 1, that forms metal oxide. If corrosion occurs in acidic environment, proton 
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(hydrogen cation) is reducing agent and hydrogen gas will be generated by corrosion (Eq. 

2).  

4𝐹𝑒(𝑠) + 3𝑂2 → 2𝐹𝑒2𝑂3                                                 (1) 

𝐹𝑒(𝑠) + 2𝐻+(𝑎𝑞) → 𝐹𝑒2+(𝑎𝑞) + 𝐻2(𝑔)                    (2) 

However, chemical reactions in real world corrosion are more complicated, because they 

are affected by other corrosive compounds such as water and electrolytes (ions), and 

microbial conditions.7 For example, atmospheric corrosion of steel in humid air can be 

described by Eq. 3. 

4𝐹𝑒(𝑠) + 3𝑂2(𝑔) + 2𝐻2𝑂(𝑙) → 4𝐹𝑒𝑂𝑂𝐻(𝑠)                     (3) 

Corrosion proceeds slowly if one of these elements is eliminated or restricted to be at 

lower concentration, such as dry air in desert and deoxygenated water.  

 

Figure 1.2 Corrosion cell process of steel in the presence of water, O2 and electrolytes 

(Reference 7).  

A chemical battery that converts energy from redox reaction to electrical work is 

known as electrochemical cell, where two pieces of metal are connected by a conductive 
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wire and submerged into electrolyte solution.14 Aqueous corrosion (Figure 1.2) is 

compared to a “dead-shorted” battery that turns energy from redox corrosion reaction into 

heat irreversibly, and thus regarded as electrochemical corrosion cell. Two partial 

reactions in redox reaction are also called half-cell reactions: partial oxidation reaction is 

known as anodic reaction; and partial reduction reaction is considered as cathodic 

reaction.14 The current pathway in corrosion cell is fulfilled by a charge carrier, usually 

ions from dissolved electrolytes.  

2𝐻2𝑂(𝑙) + 𝑂2(𝑔) + 4𝑒− → 4𝑂𝐻−(𝑎𝑞)                                                       (4) 

𝐹𝑒(𝑠) → 𝐹𝑒2+(𝑎𝑞) + 2𝑒−                                                                                (5) 

6𝐹𝑒(𝑂𝐻)2(𝑠) + 𝑂2(𝑔) → 4𝐻2𝑂(𝑙) + 2𝐹𝑒𝑂 ∙ 𝐹𝑒2𝑂3 ∙ 𝐻2𝑂(𝑠)               (6) 

𝐹𝑒𝑂 ∙ 𝐹𝑒2𝑂3 ∙ 𝐻2𝑂(𝑠) → 𝐹𝑒𝑂 ∙ 𝐹𝑒2𝑂3(𝑠) + 𝐻2𝑂(𝑙)                                  (7) 

4𝐹𝑒𝑂 ∙ 𝐹𝑒2𝑂3(𝑠) + 𝑂2(𝑔) + 6𝐻2𝑂(𝑙) → 6𝐹𝑒2𝑂3 ∙ 𝐻2𝑂(𝑠)                      (8) 

12𝐹𝑒(𝑠) + 9𝑂2(𝑔) + 6𝐻2𝑂(𝑙) → 6𝐹𝑒2𝑂3 ∙ 𝐻2𝑂(𝑠)                                    (9) 

When steel is submerged in water with dissolved salts (i.e., NaCl), some areas on 

surface become anodic sites while some others become cathodic sites.14 On cathodic site, 

dissolved O2 is reduced to hydroxide anions (OH¯) as shown in Eq. 4, but intermediate 

products such as peroxides, superoxides, and radicals can also be generated.17-19 On 

anodic site, electrons are given out (as shown in Eq. 5) to supply the reactions on 

cathodic sites with the formation of ferrous cations (Fe2+). Fe2+ will first react with OH¯ 

from cathodic reaction to form iron hydroxide, but the latter will quickly be oxidized into 

ferrous oxides, a green hydrated magnetite with the following formulation: 

FeO•Fe2O3•H2O (Eq. 6).17 The unstable hydrated magnetite will then decompose into 

relatively stable black magnetite FeO•Fe2O3 (Eq. 7).7 However, with excess oxygen in the 
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system, black magnetite will subsequently be oxidized into dark-red hydrated hematite 

Fe2O3• H2O that is more stable, and known as rust.17 The overall reaction for rust 

formation can be rewritten into Eq. (9). 

∆𝐺 = ∑ 𝑣𝑖𝜇𝑖 = −𝑛 ∙ 𝐹 ∙ 𝐸𝑟𝑒𝑣                                                                       (10) 

𝐸𝑟𝑒𝑣 = 𝐸𝑜𝑥 + 𝐸𝑟𝑒𝑑                                                                                            (11) 

A decrease of Gibbs free energy (△G) is expected for a spontaneous reaction 

such as the reaction between active metal (i.e., iron) and oxygen.14 △G of this redox 

reaction can be represented by reversible potential of equilibrium potential (Erev or Eeq) of 

electrochemical cell as shown in Eq. 10. F is Faraday constant, which is 96485 C/mol; 

and n is the number of charge transferred in the electrodes reaction.14 The equilibrium 

potential is determined by the difference between half-cell reactions on each electrode in 

standard potentials, namely Eox and Ered, respectively. For example, the equilibrium 

potential for iron corrosion in neutral water can be calculated by using half-cell potentials 

from Eq. 4 and 5, which are +0.401 V (vs standard hydrogen electrode (SHE)) and 

+0.447 V (vs SHE), respectively.7 Gibbs free energy can be calculated subsequently to be 

negative, indicating that the reaction will occur spontaneously if reaction rate is 

sufficient. In some cases, thermodynamically favored corrosion may occur at a very low 

rate in given environment conditions, such as the corrosion of aluminum in neutral 

aqueous solution with a robust protection layer of Al2O3 on its surface.7 

1.2.3 Electrochemical Corrosion and Kinetics 

Corrosion rate can be determined by gravimetrical or electrochemical testing in 

various immersion conditions in the lab.3, 14 Although the weight loss of metallic samples 
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can be directly measured, the presence of corrosion products and coatings on the 

substrates may render the measurement complicated. In an electrochemical test, corrosion 

current is generated by data fitting and related to mass loss via Faraday’s Law (Eq. 12). Q 

is the charge from the reaction; n is the number of electrons transferred per molecule or 

atom; F is Faraday’s constant, 96485 C/mol; and M is the number of moles of the 

reacting species.  

𝑄 = 𝑛 ∙ 𝐹 ∙ 𝑀                                         (12) 

To elucidate the control parameters of corrosion rate, a thorough understanding of 

the fundamentals of corrosion kinetics is required. There are three basic theories for 

corrosion kinetics: activation controlled kinetics, mixed potential theory, and mass 

transport effects.20 The activation controlled kinetics is the most fundamental theory that 

is used when mass transport is sufficiently fast and the rate is controlled by charge 

transfer reaction.20 When corrosion occurs in immersion, the resulting potential of metal 

electrode (E) is different from reversible potentials (Erev) of each of half-cell reactions. If 

the concentration of reactants and products at the electrode surface is the same as in the 

bulk, this potential difference is called activation overvoltage (or charge transfer 

overvoltage), η. In this case, the relationship between the rate of reaction (expressed by 

current density, i) and the driving force (overvoltage, η) obeys the Butler-Volmer 

equation:  

𝑖 = 𝑖0 ∙ exp [
𝛼 ∙ 𝑛 ∙ 𝐹 ∙ 𝜂

𝑅𝑇
] − 𝑖0 ∙ exp [

−(1 − 𝛼) ∙ 𝑛 ∙ 𝐹 ∙ 𝜂

𝑅𝑇
]                     (13) 

𝑖𝑛𝑒𝑡 = 𝑖0 ∙ exp [
𝛼 ∙ 𝑛 ∙ 𝐹 ∙ 𝜂𝑎

𝑅𝑇
]                                                                      (14) 
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𝜂𝑎 = 𝛽𝑎 ∙ log (𝑖
𝑖0

⁄ )                                                                                      (15) 

𝜂𝑐 = −𝛽𝑐 ∙ log (
|𝑖|

𝑖0
⁄ )                                                                                (16) 

where R is gas constant 8.314 J/(mol·K), and α is the unitless charge transfer coefficient, 

which is usually close to 0.5 and between 0~1. At a large overvoltage condition (ηa > ~50 

mV), Eq. 13 can be approximated to Eq. 14. By rearranging Eq. 14, the Tafel equation 

(Eq. 15) can be obtained, where βa is the anodic Tafel slope (Figure 1.3a). A similar 

equation (Eq. 16) can be obtained for cathodic activation polarization. In most cases 

(when mass transport is not important), the corrosion conditions are far from its 

equilibrium potentials, thereby Tafel plots can accurately describe the corrosion kinetics 

and be used to calculate the corrosion rate of coated and uncoated metal substrates.14, 20  

 

Figure 1.3 (a) Tafel plot and (b) Bode magnitude and phase plots (Reference 14).  

1.2.4 Methods of Corrosion Resistance Evaluation 

In addition to corrosion rate measurement, electrochemical impedance 

spectroscopy (EIS) is also an useful tool for analyzing coating resistance and evaluating 

barrier property towards water/electrolyte solution.14, 21-22 EIS data is obtained by 



 

9 

measuring the impedance response on an electrode (coated or uncoated metal substrate) 

that is subjected to a small sinusoidal perturbation of voltage at changing frequencies.14, 

23-25 The modulus of impedance and phase angle is recorded as a function of sweep 

frequency, respectively, known as Bode modulus and Bode phase plots (Figure 1.3b). EIS 

data can also be plotted in x-y coordinates using real (x) and imaginary (y) part of total 

impedance, named as Nyquist plot. Furthermore, equivalent circuit model can be 

assigned to simulate experimental data by mimicking the system with electrical elements, 

which can represent resistance/capacitance behavior in organic coatings, and charge/mass 

transfer phenomenon at the metal/liquid interface.  

Although the ultimate test is by coating’s performance in normal service 

environment, natural exposure is time consuming and non-comparable. Therefore, 

simulated or accelerated corrosion environments are used to evaluate the results based on 

the determined coating failure data.3 Anticorrosive coatings are preliminarily apprised by 

continuous spray of salt water according to (modified) ASTM B1 17 testing standard in 

humidity exposure chamber.3-4, 7 Although it is not entirely satisfactory and quantitative, 

this method offers quick and visual estimation of coating performance.3 

1.3 Barrier Aspect of Anticorrosive Coatings 

1.3.1 Corrosion Control Mechanisms 

In general, corrosion of metals can be controlled by three strategies: isolation of 

metal from environment (barrier effect), suppression of anodic metal dissolution by 

cathodic (galvanic) protection, and concealing of the corresponding cathodic reaction.7, 14 

The schematic diagram of organic coating system on metal substrate is shown in Figure 

1.4. In metallic coatings, for example, active metals such as zinc are applied within a thin 
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film on steel substrate to perform as a sacrificial anode, which prevents iron from 

dissolution.26 However, for zinc-rich organic primer coating, a major part of effectiveness 

is believed to be the formation of zinc oxide compounds in the initial stage of cathodic 

protection, which block the pores and passivate the surface.3, 27  

 

Figure 1.4 Schematic diagram of organic coating system on metal substrate. 

A primer that contains inhibitor can also effectively protect metal surface by 

passivation due to chemical reactions.28 The inhibitors need to be partially dissolved by 

moisture absorbed in coating during exposure and carried to metal surface, so that the 

active ionic species can react with metal to form a layer of noble compounds.29 If the 

concentration of inhibitors is not high enough for sufficient leaching, problems such as 

blistering will occur.7 Because some inhibitor packages contain toxic ingredients (i.e. 

chromates), this type of coating is mainly used for metallic devices subjected to 

atmospheric corrosion, especially industrial environments, and it is not recommended for 

immersion in water or burial in soil.16, 29  

Barrier effects of organic coatings depend on hindered mass transport of corrosive 

species due to lower permeability of polymeric materials to liquids, gases, and ions.6, 30 

Many theories have been developed with regard to the role that barrier function plays in 

corrosion protection mechanism.3, 6 A few of earlier studies suggested that elimination of 
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H2O and O2 was the main reason for corrosion decreasing.3 However, some later studies 

indicated neither H2O nor O2 was the rate determining factor, and corrosion protection 

was attributed to electrical resistance and ion impermeability of organic coatings.3 To 

varying extents, disagreement upon the later theory also existed, where O2 permeation 

was believed to be the controlling factor of corrosion, and H2O permeation was only the 

rate-determining step for adhesion loss.3  

Barrier function presents in primers, intermediates and topcoats, which are 

commonly applied on immersed metallic structural and devices.7 Permeability of organic 

coatings is influenced not only by polymer properties, but also the presence of pigments 

and fillers and their interactions with polymer matrix.3 Inert pigments such as titanium 

dioxide (TiO2), micaceous iron oxide (Fe2O3), lamellar clays, glass flakes, carbon black, 

and graphite are usually incorporated in organic coatings at a volume concentration that 

is below the critical pigment volume concentration (CPVC) for enhanced barrier 

properties.28, 31 Under such a low concentration (below CPVC), coating matrices are 

densified by pigments so that the penetration of aggressive species can be reduced.32  

Various failure modes were developed for analyzing barrier coatings, such as 

cathodic delamination, anodic undermining, mechanical disbondment by osmotic force 

and so on.3, 23, 33-38 However, those theories are still under debate, and the actual 

mechanisms are not yet fully understood. The intrinsic coating properties, coating 

thickness, and the application protocols are all considered to have an impact on the 

overall protection capability.7, 39-40 Besides, small defects such as micropores and 

microcracks that inevitably existed in coatings will serve as the penetration pathway of 

corrosive species and induce microscopic coating delamination in corrosive 
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environments.7 To save cost from labor and materials, thinner and lighter coatings with 

sufficient barrier properties are desired in advanced coating formulations. 

1.3.2 Barrier/Permeability of Polymeric Materials 

 

Figure 1.5 Transport of gases A and B across a membrane (Reference 41). 

Many theories have been developed to explain the phenomenon of permeation of 

small molecules (e.g., O2) through dense or non-porous polymeric membrane.6, 41-42 The 

solution-diffusion mechanism is used to describe the process of gas transport through 

such a film.41, 43 In this model (Figure 1.5) three steps are required: (1) sorption of the 

penetrant molecules in the upstream side of the film; (2) diffusion of molecules through 

the film due to a concentration gradient; and finally (3) desorption of molecules from the 

downstream side of the film. Fick’s Law can be used to describe a one-dimensional flux 

of gas A through a film in the x-direction (i.e. JA): 

𝐽𝐴 = −𝐷
𝑑𝐶𝐴

𝑑𝑥
+ 𝑤𝐴(𝐽𝐴 + 𝐽𝑃)                                                                      (17) 

JA

JB
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where D is diffusion coefficient, CA is local concentration of dissolved gas, wA is weight 

fraction of gas A in the film, and JP is the flux of membrane (usually taken to be zero).41 

The permeability of gas A (PA) through a film, mathematically defined as the product of 

solubility (S) and diffusivity (D) coefficients, can be calculated by using Eq. 19 from the 

steady-state transmission rate (J∞) that is experimentally measured for gas A, with known 

film thickness (l) and partial pressure difference across the film.41 The standard unit 

(SPU) for permeability is commonly expressed in terms of Barrers (1 Barrer = 10−10 

(cm3) cm cm−2 s−1 cmHg−1).41 

𝑃 = 𝑆 × 𝐷                                                                                                          (18) 

𝑃𝐴 =
𝐽∞ × 𝑙

𝑝2 − 𝑝1
                                                                                                     (19) 

Solubility is thermodynamically controlled while diffusivity is kinetically 

controlled in the process of permeation.41, 43 Simple models that typically used for gas 

sorption in polymers are Henry’s law, Flory-Huggins theory, and dual-mode sorption 

model.41 The free volume theory for gas diffusion describes a cooperative movement of 

permeant molecule and polymer segments from one hole to another that is created by 

fluctuation of local density of segments.41 Permeability depends on many factors, such as 

the size and shape of penetrant and its interactions with given polymer, intrinsic free 

volume, glass transition temperature and crosslink density of polymer, as well as the 

testing conditions.6, 41 
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Figure 1.6 O2 permeability measured on representative polymeric materials at 25ºC. 

(Reference 44). 

Oxygen, as an inert molecule to polymeric materials, exhibits minimal sorption 

that neither swelling strain nor chain rearrangement will be expected in the solid 

structure.6 Therefore, oxygen partial pressure has no impact on its solubility, diffusivity, 

and permeation coefficient at any given temperature. Permeation of O2 is governed only 

by intrinsic properties of polymer matrix, including polarity, unsaturation, symmetry, 

lateral chains, steric hindrance, crosslinking, hydrogen bonding, intermolecular forces, 

co-monomers present, crystallinity, glass transition temperature, and orientation.6 Figure 

1.6 shows a summary of O2 permeability coefficient of common commercial polymers 

obtained at 25ºC (by SABIC).44 On the contrary, the permeation of active gases (i.e. CO2) 
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largely depends on solubility, which is due to strong interactions between penetrants and 

matrix.6  

 

Figure 1.7 H2O permeability measured on representative polymeric materials at 37.8ºF 

with 90% relative humidity (Reference 44). 

Permeability of H2O in polymeric materials has been intensively studied for 

applications such as food packaging, drug delivering, membrane technology, protective 

coatings, and electronics.45-50 The permeation process of H2O is more complicated due to 

several reasons such as high polarity of molecule, strong interactions with certain 

polymers, hydrogen-bonding ability, induced swelling, and chain mobility.6 Moreover, 

physical state of H2O (vapor and liquid) shows impacts on permeability property due to 

different kinetic energy of molecules.6 Water vapor molecules in constant motion exhibit 



 

16 

an average velocity of about 450 m/s, while liquid water only has very small kinetic 

energy.6 Additionally, this varying property is also caused by capillaries effect, where 

permeation of liquid H2O is restricted but H2O vapor transmission is not affected.6 

Solubility plays a dominating role in the transmission of H2O (liquid and gas) in 

polymers. However, there is no direct relationship between the amount of permeated 

water and absorbed water. Coatings that absorb more water should not necessarily allow 

more water vapor to permeate through.6 Sorption of water in polymers has been described 

by Henry’s law, Flory-Huggins theory, and occasionally a multilayer mode depending on 

the circumstances.6, 41 Permeation is a rate process, which is governed by temperature and 

concentration gradient across film due to diffusion of penetrant. Diffusivity of H2O in 

hydrophilic polymers usually increases with increasing water concentration, and 

permeability shows dependency on the absolute vapor pressure due to a proportional 

increase of solubility.6 However, water diffusivity in hydrophobic polymers may vary 

inversely with increasing concentration due to the clustering phenomenon of water 

molecules.6 Consequently, water transmission in coatings is complicated, which can be 

affected by vapor pressure difference across the film, solubility of H2O in the film, 

thickness, area and physical conditions of film.6 

Not all polymers are considered suitable binders for the design of barrier coatings. 

According to the model developed by Funke51 for ranking orders of different coating 

systems tested by salt spray, three factors that controlled corrosion under high humidity 

are water permeability, oxygen permeability, and adhesion. Crystallinity and chain 

mobility (glass transition temperature, crosslink density) of polymers shows impacts on 

permeability.3 However, those same factors that contribute to low permeability may 
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negatively affect adhesion property.3 Consequently, good adhesion achieved due to the 

presence of polar functional groups also appears to be essential to increased water 

sensitivity (Figure 1.7).44 Therefore, the balance between adhesion and water 

permeability in the coating formulation can be essential to achieve high resistance for 

corrosion. The impact on ionic impermeability by hydrophilic moieties in polymer 

network is not as important with sufficient high crosslink density.6 

1.4 Graphene, Graphene Oxide, and Derivatives 

1.4.1 Permeation in Polymer Nanocomposites 

 

Figure 1.8 Schematic diagram of gas molecule diffuses (a) perpendicularly through 

compare with (b) a “tortuous pathway” created by nanoplatelets in a polymer matrix 

(Reference 52). 

Nanomaterials such as carbon black, carbon nanotubes, clay, and graphene have 

been extensively studied as barrier fillers to decrease permeability of polymer matrix by 

tortuosity effect (Figure 1.852).11 Barrier property of polymer nanocomposites (PNCs) is 

governed by three factors: filler properties (resistance to penetrant diffusion, aspect ratio, 

and volume fraction), intrinsic barrier properties of polymer matrix, and the ‘quality’ of 

dispersion within polymer matrix (agglomeration/specific interface, free volume 

generated by mediocre interface management, and texture/orientation of filler sheets).53 

Therefore, the levels of exfoliation of layered nanofillers is crucial for successful 

fabrication of PNCs and their barrier properties. For example, organically modified 
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montmorillonite (MMT) exhibited increasing barrier enhancement within hydrophobic 

polymers due to improved compatibility via intercalation of organic moieties, which 

facilitate dispersion and exfoliation of clay platelets.54  

 

Figure 1.9 Predicted values and schematic representations of permeability of PNCs 

according to the Nielsen (a, c) and Cussler (b, d) models. 

Theoretical models have been developed for predicting gas permeability reduction 

in PNCs containing lamellar fillers using two parameters: volume fraction (ϕ) and aspect 

ratio (α).11, 43 The theoretical relative permeability curves predicted by Nielsen and 

Cussler models are plotted against volume fraction of filler at various aspect ratios, 

respectively.11 Despite these models assuming different diffusion and permeation 

behaviors owing to a difference on the distance between lamellae, they both suggest that 

relative permeability of PNCs decreases with increasing filler aspect ratio or volume 

fraction. The Cussler model is more applicable in a system where lamellae are closely 

arrayed throughout the matrix in a distance comparable to their latitudinal size, with 
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possible overlaps.55 This is known as the semi-dilute conditions (ϕ≪1, αϕ≫1), where 

multiple scatterings of permeating molecules between close pairs of lamellar fillers lead 

to a significant decrease of the overall diffusivity of PNCs.43 

1.4.2 Graphene, Graphene Oxide  

 

Figure 1.10 Schematic diagram for preparation and cost of graphene (Reference 56). 

Graphene (Gr) attracted enormous attention due to its high electrical conductivity 

(6000 S cm–1), thermal conductivity (~ 5000 W m–1 K–1), and mechanical strength 

(Young’s modulus ~ 1 TPa, and fracture strength 130 GPa) for PNC fabrications in the 

past decade.56 As a monolayer platelet of sp2–hybridized carbon atoms bonded in the 

hexagonal lattice, defect-free Gr sheet exhibited impermeability to helium molecules.57 

Crumpled Gr incorporated in PNCs displays high O2 gas barrier enhancement similar to 

that of clay, but at ~ 25–130 times lower loadings.43, 55 However, Gr platelets often suffer 
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from poor dispersing and weak interaction with polymer chains, thereby agglomerates 

and insufficient interfacial adhesion in PNCs significantly reduced its performance.11  

Graphene oxide (GO) is a lamellar carbon allotrope and building block of Gr 

(reduced graphene oxide, rGO) with great potential for applications on gas separation, 

filtration membrane, thin-film electronics, and many others due to outstanding 

physiochemical properties.10, 58-59 Owing to the enormous oxygenated functional groups 

on the basal and edge planes, GO exhibits sufficient processing compatibility in polar 

solvents and polymers.11, 60-61 Moreover, these reactive moieties also serve as chemical 

groups for covalent (or noncovalent) modifications that allows for extended properties.8 

1.4.3 Recent Study on Anticorrosive Coatings with GO (Derivatives) 

Recently, numerous studies on the anticorrosive application of GO and GO 

derivatives have been reported on various metal substrates.62-64 Prasai and coworkers65 

reported that a few nanometers of Gr layers obtained by chemical vapor deposition 

(CVD) on copper or nickel substrates could reduce corrosion rates by 7-20 times. 

Prabakar and coworkers12 found that GO could effectively suppress the oxidation of 

aluminum current collector in lithium ion battery. Chang and coworkers66 prepared 

composite coatings with polyaniline/graphene incorporated that exhibited improved 

anticorrosive performance. Sun and coworkers67 synthesized a Gr derivative by 

encapsulating reduced GO with 3-aminopropyl triethoxysilane to depress the corrosion-

promotion activity of conductive Gr that leads to galvanic corrosion. Ramezanzadeh and 

coworkers68, Yu and coworkers69 investigated the anticorrosive performance of GO and 

GO derivatives incorporated in epoxy coatings, respectively. Qi and coworkers70 also 

reported polymer-grafted GO nanocomposite coating’s anticorrosive performance on 
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steel substrate. Those studies showed that, with sufficient amount of GO (derivatives) 

incorporated in polymeric coatings, improved barrier property can be achieved, which 

leads to improved and long-term corrosion protection. 

 

Figure 1.11 Barrier effect of GO derivatives in anticorrosive nanocomposite coatings 

(Reference 67).  

1.5 Summary of Background 

In summary, incorporation of Gr, GO (derivatives) in corrosion protection 

coatings has proved successful on achieving enhanced barrier property, which holds 

enormous potential for high-performance, cost-effective anticorrosive coating 

applications. On the other hand, the ultimate design of GO (derivatives) by covalent 

functionalization remains unsolved and the corrosion control mechanism of PNCs is still 

unclear. A thorough investigation of the structural-property relationship is desired to 

illuminate corrosion resistance with regards to barrier effects, and to extend their wider 

applications in PNCs for protective coatings and many others. 
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CHAPTER II – ECOFRIENDLY FABRICATION OF MODIFIED GRAPHENE 

OXIDE LATEX NANOCOMPOSITES WITH HIGH OXYGEN BARRIER 

PERFORMANCE 

Large-scale industrial applications of barrier films and coatings that prevent 

permeation of degradative gases and moisture call for the development of cost-efficient 

and eco-friendly polymer nanocomposites. Herein, we report the facile fabrication of 

latex nanocomposites (LNCs) by incorporating surface-modified graphene oxide (mGO) 

at various loading (0.025–1.2 wt.%) into a styrene-acrylic latex using water as the 

processing solvent. LNCs fabricated with mGO exhibited significant reductions (up to 

67%) in water vapor sorption resulting in greater environmental stability when compared 

to LNCs fabricated with equivalent loading of hydrophilic, unmodified GO. The 

assembly and coalescence of the exfoliated latex/mGO dispersions during the film 

formation process produced highly dispersed and well-ordered mGO domains with high 

aspect ratios, where alignment and overlap of the mGO domains improved with 

increasing mGO content. The addition of only 0.7 vol.% (1.2 wt.%) mGO led to an 84% 

decrease (relative to the neat polymer latex film) in oxygen permeability of the LNC 

films – an excellent barrier performance attributed to the observed LNC film 

morphologies. This work enables ecofriendly development of mechanically flexible 

mGO/LNC films with superior barrier properties for many industrial applications 

including protective coatings, food packaging and biomedical products. 

2.1 Introduction 

In modern society, high performance polymeric barrier materials have been 

widely used in a variety of applications owing to their light weight, low cost, easy 
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processing, and multifunctionality. The performance of barrier films, such as coatings 

applied for protecting different substrates, and plastic membranes used for storing food, 

drinks or medicine, is inherently limited by high permeability of penetrant species (e.g., 

oxygen, water/vapor and organic compounds).1-2 Adding impermeable nanofillers, such 

as carbon black, carbon nanotubes, clay, and graphene,3-6 is a common method to 

decrease the permeability of a polymer matrix. The barrier property of polymer 

nanocomposites (PNCs) is dominantly determined by three factors: filler properties 

(resistance to penetrant diffusion, aspect ratio, and volume fraction), the intrinsic barrier 

properties of the polymer matrix, and the ‘quality’ of dispersion within polymer matrix 

(agglomeration/specific interface, free volume generated by mediocre interface 

management, and the texture/orientation of filler sheets).3, 7 The crux of successful 

development of PNCs is in league with the levels of exfoliation of the layered nanofillers 

in polymer matrix.3, 5, 7 Clay, such as delaminated montmorillonite (MMT), is a widely 

used layered nanofiller for barrier applications of PNCs.8-13 Organo-montmorillonite 

demonstrated improved compatibility with hydrophobic polymers via intercalation of the 

organic moieties, which favored nanoscale dispersion of inorganics into organic phases.8-

9, 12 However, the high face-to-face interaction stability in clays originating from van der 

Waals forces is still a problem that causes incomplete exfoliation, poor dispersion of 

clays within the polymer matrix, ultimately limiting the barrier performance of PNCs.8-9, 

12 

Graphene is a monolayer of sp2–hybridized carbon atoms bonded in the 

hexagonal lattice that has a lamellar structure.3, 5, 14  Because of its high electrical 

conductivity (6000 S cm–1), thermal conductivity (~ 5000 W m–1 K–1) and mechanical 
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strength (Young’s modulus ~ 1 TPa, and fracture strength 130 GPa), graphene has gained 

paramount attention in PNCs for enhanced performances.3, 5, 14  A defect-free graphene 

sheet was reported impermeable to helium gas molecules.15 Crumpled graphene in 

PNCs16 enabled gas barrier efficiency similar to clay, but at ~ 25–130 times lower 

loadings,10 and one order of magnitude more effective than predicted by the modified-

Nielsen17 and Cussler18 theories. However, graphene dispersion and its interaction with 

polymers are often poor, thereby leading to agglomerates and weak interfacial adhesion 

between graphene and polymer matrix.3, 5  Graphene oxide (GO) is of eminent interest as 

an alternative form of atomic-thick carbon scaffold nanofillers in PNCs for improved 

physical properties.3, 5, 19-22 GO is synthesized from graphite flakes via strong oxidation 

reaction (such as Staudenmaier’s method, or Hummers’ method) followed by physical 

exfoliation.19, 23-26  GO has the desirable characteristics under various solvents processing 

condition ascribing from the oxygenated groups, e.g., hydroxyl and epoxy functionalities 

on the basal planes, and carbonyl and carboxylic acid moieties on the edge planes.24  

These polar groups also promote exfoliation and dispersion of GO nanosheets in polar 

solvents and polymer matrices, thus pronouncedly improving the interfacial adhesion 

between GO and polymer matrix.3, 20, 24, 27-28 Recently, there has been an interest to 

employ GO-based nanoplatelets in place of the clay particulates as they potentially 

possess much higher aspect ratios, thus reducing the required filler loadings needed to 

achieve high gas barriers.16, 20, 28 Most of these studies report using up to 1 vol% of 

graphene-based fillers to achieve considerable gas barrier reinforcement. Compton et al.16 

achieved a 50% reduction in oxygen permeability in polystyrene after adding 0.94 vol% 

phenyl isocyanate modified reduced graphene oxide (rGO). Huang et al.20 reported  a 
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45% oxygen permeability reduction in poly(lactic acid) after adding 1.4 vol% unmodified 

graphene oxide. Unalan et al.28 achieved a 71% reduction of oxygen permeability in 

pullulan (biopolymer) after adding 1 vol% unmodified graphene oxide. 

Legislative restrictions on volatile organic compound (VOC) emissions have 

driven the development of eco-friendly barrier films and waterborne coatings.29-30 Latex-

based coatings containing clays have been reported to improve barrier, thermal, and 

mechanical properties on leather, wood, and steel.31-33  Latex nanocomposites (LNCs) 

containing rGO have been developed possessing high conductivity and low percolation 

threshold; properties that were attributed to uniform dispersion of rGO in the polymer 

matrix.34 However, the large amount of surfactant required to facilitate rGO dispersion in 

the aqueous phase increased water sensitivity of the LNCs.32  In situ reduction of 

GO/latex blending avoided the use of extra surfactant and enabled LNCs exhibiting high 

conductivity at low loadings; however, the use of toxic reducing agents (e.g., hydrazine 

hydrate) greatly limits in situ reduction for broad adoption in LNCs.35-36 Hydrophilicity 

of fillers decreases compatibility and water resistance of the LNCs, while hydrophobicity 

sacrifices processability (for dispersion) in aqueous systems and causes agglomeration.3, 

32 The balance between hydrophilicity and hydrophobicity can be tuned by properly 

replacing the partial hydrophilic functional groups on GO.3, 32  Many reactions were 

proposed to selectively modify the –OH groups on the basal plane of GO while 

maintaining the carboxylic acid functionalities that are required for imparting 

stabilization in aqueous systems.19, 37-38  Nevertheless, currently it is a crucial challenge to 

develop LNC films exhibiting superior gas barrier property and reduced water sensitivity 
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for eco-friendly and mechanically flexible barrier films and waterborne coatings 

applications. 

Herein, we report a simple approach for inexpensive and environmentally friendly 

fabrication of latex nanocomposite films by incorporating modified GO (mGO) into a 

styrene-acrylic latex using water as the processing solvent. The focus on styrene-acrylic 

latex as the polymer matrix is based on the wide use of these materials in coatings and 

adhesives applications – use that can be attributed to their low cost, excellent continuous 

film formation, durability, weatherability, and heat, corrosion and stain resistance.39  

mGO nanosheets were synthesized via esterification of the surface hydroxyl groups on 

GO with α-bromoisobutyryl bromide to decrease hydrophilicity of the nanofiller and 

improve the water sensitivity of the LNC films. Specifically, a poly (styrene-ethylhexyl 

acrylate-methacrylic acid) (P-St-EHA-MAA) latex was synthesized and used for the 

preparation of LNC films containing 0.025–1.2 wt.% mGO. The thermal, mechanical, 

and water vapor sorption properties of the LNC films were characterized and are 

described as a function of mGO loading. We further describe how changes in the 

nanocomposite morphology as a function of mGO loading alter the oxygen permeability, 

diffusivity, and solubility properties of the LNC films.  Finally, we show that a relatively 

low loading level of mGO (1.2 wt.%) provides a significant decrease (≈ 84%) in oxygen 

permeability relative to latex films devoid of mGO – a result that points to the possible 

use of these LNC films in high performance barrier applications. 

2.2 Experimental Section 

2.2.1 Materials 
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All solvents and chemicals were purchased from Sigma-Aldrich and used as 

received without further purification unless otherwise specified. Reagents used for 

synthesizing the latex included styrene (St, 99.9% pure, distilled under vacuum to remove 

inhibitor), methacrylic acid (MAA, 99% pure), 2-ethylhexyl acrylate (EHA, 98% pure), 

ammonium persulfate (APS, 98% pure); and surfactants Igepal® CO-887 and Rhodapex® 

CO-436 (donated by Rhodia). Reagents for preparing mGO included graphite flakes 

(cat.#332461, ~150 μm), potassium permanganate (99% pure), phosphoric acid (85% 

H3PO4 in water), sulfuric acid (95–98% H2SO4), hydrogen peroxide (30 wt.% H2O2 in 

water), hydrochloric acid (30–35% HCl in water), ethyl alcohol (70% ethanol in water), 

tetrahydrofuran (THF, anhydrous, 99.9% pure), N-methyl-2-pyrrolidone (NMP, 

anhydrous, 99.5% pure), α-bromoisobutyryl bromide (98% pure), and triethylamine 

(TEA, 99% pure), ammonium hydroxide (NH4OH, 28–30%), BYK®-428 (donated by 

BYK Additives), and in-house deionized (DI) water (MilliQ, 18 MΩ). The synthetic 

route of the styrene-acrylic latex resin using ammonium persulfate (APS) as the initiator 

is shown in Figure A.1. 

 

Figure 2.1 Synthetic route to graphene oxide and modified graphene oxide. 
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2.2.2 Synthesis and Modification of GO 

The synthesis of GO and mGO is illustrated in Figure 2.1. GO was synthesized 

according to a well-reported method.24 Modified GO was prepared by surface 

modification of GO via esterification of the surface hydroxyl groups on GO with α-

bromoisobutyryl bromide.37 A concentrated H2SO4/H3PO4 (120/13.3 by volume) blend 

was slowly added to a mixture of graphite flakes (1.0 g) and KMnO4 (6.0 g) in a round-

bottomed flask kept in an ice bath.  The temperature was elevated to 50 °C and 

maintained under constant mechanical stirring at 900 rpm for 16 h. The flask was then 

cooled to ambient temperature and its contents were poured into ~ 200 mL of ice 

containing 2 mL of H2O2. The mixture turned bright yellow and the ice melted due to the 

resulting exothermicity. The blend was centrifuged at 6000 rpm for 1 h and the 

supernatant was decanted. The solid residue was washed successively with water, HCl, 

ethanol, and DI water, filtered, and centrifuged at 6000 rpm for 2 h. The solid residue was 

dried in a vacuum oven at 40 °C to yield GO. 

GO (200 mg) was added into a 250 mL round bottom flask containing NMP (100 

mL) and THF (50 mL). Ultrasonication for 1.5 h yielded a dark brown dispersion without 

any noticeable agglomerates. The flask was placed in water bath on a magnetic stirrer and 

a nitrogen stream was applied. Then, α-bromoisobutyryl bromide (2 mL) and TEA (1.8 

mL) were added slowly into the flask and the reaction proceeded at ambient temperature 

for 36 h. The reaction mixture was centrifuged and the solid residue was washed 

successively with DI water and ethanol, and dried overnight in a vacuum oven to yield 

mGO. 

2.2.3 Synthesis of The Styrene-Acrylic Emulsion 



 

34 

A styrene-acrylic emulsion (St/EHA/MAA = 59.5/39.5/1.0 by weight) was 

prepared via starved semi-continuous emulsion polymerization with APS as the initiator 

and surfactants Igepal CO-887 and Rhodapex CO-436.40 The seed emulsion (St/EHA = 

60.5/39.5 by weight) was loaded into a reactor equipped with a stirrer, condenser, 

constant nitrogen flow pipe, and two feed pumps. The monomers were blended with 

emulsifiers in DI water under high shear for 30 min, and fed drop wise into the reactor by 

a pump. Simultaneously, an aqueous solution of the APS initiator was fed separately to 

the reactor via another pump. The polymerization was conducted at 83 °C for 7 hours and 

then cooled to ambient temperature under constant stirring. The resulting emulsion was 

filtered through a metal mesh and its pH was adjusted to ~ 7 with ammonium hydroxide. 

2.2.4 Preparation of LNCs and Film Fabrication 

In a typical procedure, mGO was dispersed in DI water via ultrasonication before 

adding a high shear thickener (BYK®-428). The mixture was shaken for 1 h and blended 

with the styrene-acrylic emulsion. LNC films were cast in silicon-rubber molds and dried 

at 50 °C/10 h + 60 °C/10 h. The films were cooled to ambient temperature and allowed to 

rest for 48 h before evaluation. The complete LNC formulation is provided in Table A.1. 

The mGO dispersion concentration was varied from 0.5 to 4 mg mL–1 to prepare LNCs 

with different filler content. LNCs containing GO were also prepared similarly. 

2.2.5 Measurements and Instrumentation 

The synthesis and modification of GO was monitored by Raman spectroscopy, 

and attenuated total reflectance-Fourier transform infrared (Thermo Scientific, ATR-

FTIR) spectroscopy. A Raman (Thermo Scientific, DERTM Raman) microscope was used 

to study the excitation of amorphous carbon bonds universally observed in carbon-based 



 

35 

materials and their derivatives, namely CNTs, graphene, and amorphous carbon.41-42 All 

Raman spectra were measured using an excitation wavelength of 532 nm. Light 

transmission through the films was determined with a Lambda 35 Ultraviolet-visible 

(UV-Vis) spectrometer (PerkinElmer, Inc.) with a 326 nm UV lamp. X-ray photoelectron 

spectroscopy (XPS) analyses of GO and mGO were performed on a Thermo Scientific K-

Alpha X-ray spectrometer at a maximum background pressure of 2 × 10–9 mbar.  Thin 

film (or graphite flakes) samples used for characterization were deposited on silicon 

wafers using a small amount of DI water and dried for 1 h in air. The X-ray source 

utilized an Al anode emitting Al Kα X-rays (1486.6 eV) focused into a spot size of 400 

µm. The collected spectra were processed using CasaXPS software and the quantification 

was expressed in relative atomic percentage with a sensitivity of 0.5–1 at.%. Curve fitting 

of the C1s and O1s XPS spectra was performed using a Gaussian-Lorentzian peak shape. 

Minimum film formation temperature (MFFT) of latex was determined on a 

MFFT-BAR instrument (Rhopoint, Inc., temperature range –5 to 90 °C).  The LNCs 

dispersion morphology was studied using a ZEISS scanning electron microscopy 

(MERLIN SEM) in high-vacuum mode. SEM samples were prepared by freeze-drying 

the dispersion followed by sputter coating with silver. The thicknesses of the exfoliated 

GO and mGO lamellae were determined via atomic force microscopy (AFM) in tapping-

mode with a SiC probe (1/T300 TM, Bruker). Distribution morphology of the GO and 

mGO filler in the polymer matrix was studied via JEOL 2100 transmission electron 

microscopy (TEM), operated at 200 kV. Ultra-thin (~100 nm) sections of LNCs film 

samples embedded in epoxy resin for TEM studies were obtained using a microtome at 

RT and collected with a copper grid. 
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Dynamic mechanical analysis was performed on a Q800 DMA (TA Instruments) 

in multi-frequency-strain mode at 1 Hz and 2 °C min–1 ramping. The glass transition 

temperauter (Tg) was measured via differential scanning calorimetry on a Q2000 DSC 

(TA Instruments) at a 10 °C min–1 heating rate in nitrogen. Degradation profile was 

investigated via thermogravimetric analysis (Q500 TGA, TA Instruments) at 10 °C min–1 

heating rate in air. Mechanical tensile testing was performed following modified ASTM 

D 618 on a universal testing machine (Alliance RT/10 MTS) with a crosshead speed of 

10 mm min–1 at ambient temperature. Rectangular LNC strips were mouthed to the 

clamps with both ends wrapped up in tape. Water vapor absorbance of LNC films was 

tested via dynamic vapor sorption on a Q5000 SA (TA Instruments) at 25 °C and 98% 

relative humidity (RH) for 6 hours in isothermal equilibrium. Samples were equilibrated 

at 85 °C and 0% RH for 1.5 h before testing.  

Oxygen barrier of the LNC films and neat polymer were measured at 25 °C, 0% 

RH, and 1 atm partial oxygen pressure difference using a commercially manufactured 

diffusion apparatus, OX-TRAN® 2/21 ML (MOCON) which employs a continuous-flow 

method (ASTM D3985-81) with nitrogen as a carrier gas to measure oxygen flux through 

polymeric films. Film samples with a surface area of 5 cm2 were used for testing. The 

specimens were conditioned in a vacuum desiccator for more than 12 hours before testing 

to remove any traces of oxygen. Oxygen flux, J(t), was measured. A solution to Fick’s 

second law was employed (Eq. 1) to fit the experimental oxygen flux data, where Δp is 

the oxygen partial pressure difference across the film (1 atm here), l  is the thickness of 

the film and t is the time (in second). From this two parametric fit the permeability P and 

diffusivity D were calculated as described elsewhere.10 
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𝐽(𝑡) =
𝑃∆𝑝

𝑙
[1 + 2 ∑(−1)𝑛 exp (−

𝐷𝜋2𝑛2𝑡

𝑙2
)

∞

𝑛=1

]                                        (1) 

The solubility S was calculated from the relationship P = D × S. The permeability 

coefficient P can also be calculated directly from the steady-state flux J∞ value as follows 

𝑃 = 𝐽∞𝑙/∆𝑃. The volume fractions (φ) of mGO were calculated according to Eq. 2 using 

the weight concentration (wt.%) of the fillers. Densities of the neat polymer and mGO 

fillers43  used for calculating the volume fraction (φ) were (ρ1) 1.04 g cm–3 and (ρ2) 1.8 g 

cm–3, respectively. The standard permeability unit (SPU) is expressed in terms of Barrer 

(1 Barrer = 10−10 (cm3 O2) cm cm−2 s−1 cmHg−1). 

φ =

𝑤𝑡
𝜌2

𝑤𝑡
𝜌2

+
100 − 𝑤𝑡

𝜌1

=
𝑤𝑡

𝑤𝑡 +
𝜌2

𝜌1
(100 − 𝑤𝑡)

                                             (2) 

2.3 Results and Discussions 

2.3.1 Characterization of GO and mGO 

X-ray photoelectron spectroscopy (XPS) spectra, Fourier transform infrared 

spectrum (FTIR), and Raman spectrum of GO and mGO are displayed in Figure 2.2. The 

proportions of functional groups were calculated from deconvoluted C1s and O1s spectra 

and are listed in Tables A.2–A.5. Figures 2.2a–c show XPS survey, high-resolution C1s 

and O1s spectra of GO, respectively. The C1s spectrum of GO (Figure 2.2b) was 

deconvoluted into four peaks that correspond to the following functional groups: sp2 

carbon (C=C, 284.7 eV), epoxy/hydroxyl (C‒O, 286.5 eV), carbonyl (C=O, 287.1 eV), 

and carboxyl/ester (O‒C=O, 289.0 eV).24, 44 Figures 2.2d–f show XPS survey, high-

resolution C1s and O1s spectra of mGO, respectively. The mGO C1s spectrum can also 

be deconvoluted into four different components: sp2 carbon (C=C, 284.6 eV), 



 

38 

epoxy/hydroxyl/carbon–bromine (C–O/C–Br, 286.5 eV), carbonyl (C=O, 287.1 eV), and 

carboxyl/ester (O=C–O, 288.7 eV) (Figure 2.2e).24, 44 

In comparison to the deconvoluted C–O peak of GO, the deconvoluted peak 

located at 286.5 eV of mGO was assigned both to C–O and C‒Br bond.45  This 

assignment can be ascribed to the surface modification of GO via esterification of the 

surface hydroxyl groups on GO with α-bromoisobutyryl bromide (Figure 2.1).37  The 

primary purpose of the GO surface modification was to decrease the hydrophilicity. The 

characteristic C‒Br bond was further manifested by the appearance of a single peak at 

70.8 eV, which was attributed to a Br-3d excitation process (Figure A.2).45  The O1s 

spectrum of GO (Figure 2.2c) was deconvoluted into three peaks representing three types 

of oxygenate bonds, i.e., O=C‒O (531.0 eV), O=C (532.6 eV), and O‒C (533.7 eV).44 

The O1s spectrum of mGO (Figure 2.2f) can also be deconvoluted into three peaks 

corresponding to three types of oxygenate bonds, i.e., O=C‒O (531.3 eV), O=C (532.4 

eV), and O‒C (533.2 eV).44  The O1s deconvoluted peaks of mGO exhibited a decrease 

of O‒C and an increase of O=C–O concentration proportions (Tables A.4 and A.5), 

which also validated the successful modification of hydroxyl groups on GO. 

FTIR spectra of GO indicated the presence of the following functional groups 

(Figure 2.2g): O–H stretching vibration (3400 cm–1), C=O stretching vibration (1750–

1650 cm–1), and C–O vibrations (1250–950 cm–1).24, 46  The bands in the mGO spectrum 

(3000–2800 cm–1 and 1460–1380 cm–1) were attributed to the vibrations of –CH3 groups, 

specifically, the peaks at ~ 2930 and ~ 2860 cm–1 represent C–H vibration on the –CH3 

moiety.37 The pronounced reduction of peak intensity in the wide band of the mGO 
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spectrum at ~ 3600–3000 cm–1 (relative to GO) is ascribed to the partial loss of –OH 

groups upon modification. 

 

Figure 2.2 XPS spectra of (a) survey scan, (b) C1s and (c) O1s of GO. XPS spectra of (d) 

survey scan, (e) C1s and (f) O1s of mGO. (g) FTIR spectra of the functional groups on 

GO and mGO. (h) Raman spectra of graphite, GO and mGO. 

Raman spectroscopy is a widely used nondestructive tool to characterize carbon 

materials owing to the high intensities of disordered graphite sp2 carbon bonds.42 The G 

peak at around 1580~1600 cm–1 is due to the first order scattering of the E2g phonon of 

in-plane vibrations of sp2 bonded carbon atoms.42 The D peak at around 1350 cm–1 

originates from a defect-induced A1g breathing mode of sp2 rings.41-42 The intensity of the 

D band is related to the size of sp2 domains. The peak intensity ratio of ID/IG is a measure 
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of the disorder degree, which is inversely proportional to the average size of the sp2 

clusters.41-42 Raman spectra of graphite, GO, and mGO all indicated the presence of G 

(~1580 cm–1) and D (~1350 cm–1) bands (Figure 2.2h).24, 42, 47  The highly ordered 3D 

structure of graphite showed multiple Raman-active bands: the in-phase vibration (G 

band) of the lattice, weak disorder band (D band) caused by graphite edges, and a peak at 

2710 cm–1 that was ascribed from the second order of D band on graphite and multi-layer 

graphene.41, 47 During amorphization of graphite, sp3 carbons were formed which leads to 

a broadening of both G and D band due to increased disorder. Extended ultrasonication, 

required for dispersing GO prior to modification, generates topological defects and 

vacancies and can also result in a slight broadening of the G and D bands.47  However, 

the ID/IG ratio calculated from the normalized intensity of D and G bands for GO (0.953) 

and mGO (0.922) is quite close, indicating that the modification procedure has little 

impact on the scaffold structure. 

The AFM height image of an exfoliated GO nanosheet coated on the smooth 

surface of a silicon wafer is displayed in Figure A.3a. The GO nanosheet exhibited an 

irregular shape with a thickness of ~1.2 nm as indicated from the height profile (Figure 

A.3b), which is consistent with the values reported for exfoliated GO lamellae by other 

researchers.24  An average aspect ratio of ~2800 can be expected for fully exfoliated GO 

nanosheet dispersed in aqueous suspension. Figures A.3c and A.3d show the AFM height 

images and the profiles of surface modified mGO nanosheets. The mGO nanosheet 

shown in Figure A.2c exhibited folding and some wrinkles on the surface and some small 

fragments were found attached to the larger nanosheets. The lamellar thickness was ~1.1 
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nm with an average aspect ratio of ~800, which resulted from the extended 

ultrasonication that reduced the size of GO nanosheets.24, 27 

2.3.2 LNC Aqueous Dispersion and Film Formation 

 

Figure 2.3 (a) AFM height image of the latex particles. (b) SEM images of freeze-dried 

LNC dispersion with 0.1 wt.% mGO. 

AFM height imaging (Figure 2.3a) shows the spherical morphology of the latex 

particles with an average diameter of ~150 nm and highly uniform size distribution. To 

investigate the dispersion state of mGO lamellae in emulsion, the LNCs dispersion was 

freeze-dried and sputter coated for SEM characterization. Upon freeze-drying, mGO 

nanosheets form gelation structures via hydrogen bonding, π-π stacking, and electrostatic 

interactions.48  Figure 2.3b shows the three-dimensional porous scaffold covered with 

small latex particles indicating good dispersing of mGO nanosheets in aqueous systems. 

 

Figure 2.4 Schematic representation of the LNC film formation and morphology 

development. 
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A schematic representation of the LNC film formation process in the presence of 

mGO nanofiller is illustrated in Figure 2.4. Since both mGO and the latex nanoparticles 

disperse very well in water, the mGO intercalates with the latex nanoparticles and forms 

a stable colloidal dispersion without agglomeration, as shown in Figures 2.3b.22, 29 During 

film formation, latex nanoparticles undergo packing as water evaporates creating 

excluded volume that forces mGO nanosheets into the interstitial spaces between latex 

nanoparticles.34-36 As time elapses, the latex nanoparticles deform and interfuse at the 

nanoparticle boundaries to bind with each other, followed by chain entanglement to yield 

a continuous film.29 The LNC morphology obtained depends on several factors, including 

filler-filler interactions, filler-matrix interactions, filler loading, and the relative 

dimensions of the latex and mGO.49 mGO/LNC films were fabricated at 50–60 °C – well 

above the MFFT of the nanocomposite (27.5 °C) to ensure good film quality.29 The 

nomenclature of mGO-0.1 indicates 0.1 wt.% mGO on resin solids in the nanocomposite.  

Digital photo images of free-standing LNC films with different mGO loadings are shown 

in Figure 2.5. As expected, the transparency of the LNC films decreased with increasing 

mGO loading. LNCs containing 1.2 wt.% mGO yielded completely opaque films – an 

observation that was further confirmed by UV-vis spectroscopy (Figure A.4). Optical 

microscopy (Figure A.5) also indicated good uniformity of LNC films with few large 

aggregates. Raman spectroscopy was used to confirm a uniform increase in mGO 

concentration (Figure A.6).  TEM was employed to directly observe the dispersion state 

and morphology of the LNCs using microtomed thin sections. 
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Figure 2.5 Digital images of LNC films with different mGO loadings. 

Figure 2.6 shows cross-sectional TEM images of mGO/LNC films at various 

loading levels. The mGO provided adequate contrast against the polymer matrix to be 

imaged without staining.50 Uniform dispersion of mGO was observed at each 

concentration. At low mGO loading (0.125 wt.%), the mGO domains exhibited a random 

orientation with several microns between mGO domains (Figure 2.6a). Increasing the 

mGO concentration to 0.8–1.2 wt.% resulted in alignment of the mGO domains and the 

formation of a lamellar-like morphology, with a distance between mGO lamellae of 

several hundred nanometers (Figure 2.6e–g). 
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Figure 2.6 Cross-sectional TEM images of mGO/LNC films with different mGO loadings 

under low and high magnifications: (a,b) 0.125 wt.%, (c,d) 0.4 wt.%, (e,f) 0.8 wt.%, and 

(g,h) 1.2 wt.%. 
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At 1.2 wt.% (Figure 2.6g and 2.6h), the aligned mGO lamellae can be estimated 

to be ~ 0.5–5 μm in length and ~ 5–15 nm in thickness – dimensions that indicate the 

mGO nanosheets stack during the film formation process. The aligned lamellar 

morphologies are in good agreement with work by Yousefi et al.51 that attributed 

alignment to steric interactions between GO sheets, and are typically observed when the 

lateral GO dimensions are larger than the diameter of the latex nanoparticles. For 

comparison, the cross-sectional TEM images of GO/LNC films at various loading levels 

(0.2–1.2 wt.%)  are shown in Figure A.7. The distribution and morphology of GO 

nanoplatelets in LNC films with different GO loadings were similar to that observed for 

mGO/LNCs, where a 1.2 wt.% GO loading also resulted in aligned lamellar 

morphologies (Figure A.7). Thus, chemical modification of GO played a minimal role in 

the final LNC morphology. 

2.3.3 Thermal and Mechanical Properties of LNC Films 

The glass transition temperatures (Tg) of the LNC films, as determined via 

differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA), are 

summarized in Table A.6. A Tg (DSC) difference of 1.9 °C was noted between the 

pristine latex and LNCs containing 1.2 wt.% of mGO composite films (Figure A.8a). 

Similarly, a Tg (DMA) range of 2 °C was observed via the tan δ peak (Figure A.8b) and 

2.3 °C when measured from the first derivative of the storage modulus (E′) curves 

(Figure 2.7a). The steady rise in storage modulus of the LNC films with increasing mGO 

loadings (Figure 2.7a) can be attributed to increased interfacial interactions between 

mGO and polymer matrix, thereby resulting in restricted chain mobility and increased 

stiffness of LNC films.21-22 
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Figure 2.7 Thermal mechanical testing of mGO/LNC films (a) DMA storage modulus 

and first derivative, (b) TGA and its weight loss derivative curves. Mechanical tensile 

properties of mGO/ LNC films (c) stress-strain curve, (d) tensile strength and Young’s 

modulus at ambient temperature. 

Figure 2.7b shows the TGA thermograms of LNC films containing GO and mGO. 

The temperature at 5% weight loss (Td,5%) for the GO-0.8/LNC film was lower by ~ 4 °C 

in comparison to the neat sample (Td,5%, 382 °C). In comparison to the neat sample, the 

Td,5% values for the mGO-0.8 and mGO-1.2/LNC films were higher by ~ 7 and 10 °C, 

respectively. TGA studies indicated a small shift towards a higher degradation 

temperature for LNC films with increasing mGO loading. Figure 2.7c displays the stress-

strain curves of LNC films at different mGO loadings. The sample with the highest mGO 

loading (mGO-1.2) exhibited the lowest strain-at-break (0.48 mm mm–1) and highest 

tensile strength (8.65 MPa). The mGO-0.1 sample demonstrated the highest strain-at-
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break (1.07 mm mm–1), and larger tensile strength (6.89 MPa) than the neat sample (5.85 

MPa). 

 

Figure 2.8 (a) Water vapor sorption of LNC films in 98% RH air for 6 h and (b) dynamic 

weight change versus time curves. 

Figure 2.7d displays the Young’s modulus and average tensile strength of the 

LNC films as a function of mGO loading. An increase in mGO loading was associated 

with a decrease in strain-at-break and increased Young’s modulus, indicating that mGO 

contributes to polymer matrix stiffening. The interruption in latex nanoparticle 

deformation and chain entanglement by mGO lamellae causes the LNC films becoming 
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less rubbery, thereby resulting in increased Young’s modulus and decreased strain-at-

break.16, 29, 34-35  

2.3.4 Water Vapor Sorption of LNC Films 

Water vapor sorption analysis of LNC films containing 0.05–1.2 wt.% of mGO 

were compared with those containing 0.4 and 0.8 wt.% GO (Figure 2.8a). LNC films 

containing GO absorbed more moisture than LNC films containing similar amounts of 

mGO. For instance, the film containing 0.8 wt.% mGO absorbed 67% less moisture than 

the film with 0.8 wt.% GO in the dynamic water vapor sorption test (Figure 2.8a). The 

higher water vapor sorption in samples containing GO can be attributed to more 

hydrophilic groups existing on GO nanosheets, which leads to greater moisture retention 

in the films.52 The weight change versus time curves (Figure 2.8b) taken from the 

dynamic water vapor sorption tests indicate LNC films with GO absorbed moisture much 

faster than LNC films with mGO (25 °C, 98% relative humidity). 

2.3.5 O2 Permeability of LNC Films 

Oxygen flux curves for all of the nanocomposite films, normalized to the same 

film thickness, are depicted in Figure 2.9a. The curves show both the non-steady state 

and steady state regions of oxygen permeation. The slope of the non-steady state region is 

mainly controlled by the diffusivity while the steady state region is controlled by the 

permeability. As one can clearly see, adding a small amount of mGO dramatically 

affected both the slope of the non-steady and the steady state regions of the oxygen flux 

curves as compared to that of the neat polymer, making them shallower and reducing the 

steady state value. The oxygen permeability, diffusivity, and solubility coefficients were 

calculated from the oxygen flux data as described in the Experimental Section. A 
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representative plot of an experimental fit to Fick’s second law is included in Figure A.9. 

Figures 2.9b–d display permeability, diffusivity, and solubility changes with mGO 

volume fraction added. This data is also summarized in Table 2.1. 

A decrease of permeability in nanoplatelet based composite systems has been 

primarily attributed to a drop in gas diffusivity as the added particles create a more 

tortuous pathway for the penetrating gas molecules through the composite.3-7 This 

decrease in diffusivity is affected by the volume fraction (φ), aspect ratio (α = 2R/d), 

orientation, and the dispersion state of the nanoplatelets throughout the composite.10, 17-18 

As compared to diffusivity, the solubility is an additive thermodynamic property so it 

should depend linearly on the volume fraction of the gas insoluble phase (presumably the 

filler) assuming that the polymer solubility does not change in the presence of the filler.8 

As shown in Figure 2.9b and Table 2.1, the permeability of the LNCs 

progressively decreased with the mGO loading. The addition of only 0.7 vol.% mGO 

decreased the oxygen permeability of the nanocomposite by 84% as compared to the neat 

polymer, which is a considerable gas barrier improvement. For comparison, we also 

analyzed the oxygen gas permeability performance of GO/LNC films with different GO 

loadings. The results are shown in Figure A.10 and summarized in Table A.7. Adding 0.7 

vol.% GO decreased the oxygen permeability of the nanocomposite by 78% relative to 

the neat polymer, which is 6% less than that of the mGO/LNC film with similar loading.  

Similar results are expected from the mGO and GO LNCs as the modification did not 

significantly alter the dispersion or morphology of the LNC films, as previously 

discussed. For context, we have compared the oxygen permeability for the 1.2wt.% 

(0.7vol.%) mGO/LNC (0.69 Barrer) and GO/LNC (0.98 Barrer) films reported herein 
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with other polymer/graphene oxide nanocomposite systems reported in the literature 

(Table 2.2).  

 

Figure 2.9 (a) Generated O2 flux curves for 0.5 mm LNC films, (b) permeability, (c) 

diffusivity, and (d) solubility plots vs. volume fraction mGO. Error bars represent 

uncertainties from sample measurement variance and the fits to Fick’s second law. 

The oxygen permeability changes exhibited a stronger decrease at very low 

loadings (0–0.07 vol.%) while at higher loadings (0.2–0.7 vol.%) the rate of change 

reduced (Figure 2.9b). Interestingly, this behavior was similar to that reported by 

Compton et al.16 especially when smaller loadings were considered. However, the 

reduction in permeability was steeper in this study than that by Compton et al. at higher 

loadings.16 As expected, the diffusivity trend, which is shown in Figure 2.9c, exhibited an 
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apparent correlation with the permeability trend indicative that an increase in tortuosity of 

the diffusion path was the predominant cause of the permeability reduction. The 

diffusivity describes the kinetic aspect of the transport that reflects the mobility of the gas 

molecules in the polymeric phase.3, 8 The diffusivity decreased by 77% at the highest 

loading (0.7 vol.%) measured. 

Table 2.1 O2 gas permeability, diffusivity, and solubility of LNC films with different 

mGO loadings. 

Sample 

(wt.%) 

Volume 

Fraction  

mGO (φ) 

Permeability 

(P) 

[Barrer] 

Relative  

Permeability 

(Pc/Pn) 

Diffusivity 

(D) 

[10–7 cm2 s–1] 

Relative  

Diffusivity 

(Dc/Dn) 

Solubility 

(S) 

[10–2 cc(STP) 

 cm–3 atm–1] 

Relative  

Solubility 

(Sc/Sn) 

Neat-0 0.0000 4.40 ± 0.06 1.00 2.92 ± 0.45 1.00 11.6 ± 1.92 1.00 

mGO-0.025 0.0002 4.03 ± 0.07 0.92 2.72 ± 0.47 0.93 11.4 ± 2.14 0.98 

mGO-0.125 0.0007 3.00 ± 0.19 0.68 2.08 ± 0.30 0.71 10.9 ± 2.28 0.94 

mGO-0.4 0.0023 2.26 ± 0.03 0.51 1.75 ± 0.21 0.59 9.87 ± 1.28 0.85 

mGO-0.6 0.0035 1.98 ± 0.06 0.45 1.56 ± 0.03 0.53 9.62 ± 0.48 0.83 

mGO-0.8 0.0046 1.29 ± 0.04 0.29 1.20 ± 0.07 0.41 8.17 ± 0.73 0.71 

mGO-1.2 0.0070 0.69 ± 0.02 0.16 0.67 ± 0.05 0.23 7.97 ± 0.81 0.69 

 

Typically changes in relative permeability in impermeable platelet filled 

nanocomposite systems are analyzed using a variety of tortuosity based models that show 

a correlation with filler loading concentration and aspect ratio, most commonly those 

devised by Nielsen17 and Cussler.18 However, even with our thorough morphological 

analysis (cross-sectional TEM images shown in Figure 2.6) it is difficult to determine an 

average aspect ratio of these platelets as there is a vast dispersity in platelet sizes ranging 

from small particles to enormous high aspect ratio nanoplatelets. Also, there is an 

apparent change in orientation of the particulates from a more random to an aligned 

orientation at higher loadings as seen in the cross-sectional TEM images (Figure 2.6). 
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Therefore, none of these models would prove useful in this circumstance; consequently, 

we have simply reported on the actual experimental data. 

Table 2.2 Survey of O2 permeability for polymer/graphene oxide nanocomposites. 

Polymer  

matrix 

Filler Filler 

loading 

Processing Gas Permeability 

[Barrer] 

Reduction 

(%) 

Reference 

Styrene-acrylic 

latex 
mGO 0.7 vol.% Latex  

dispersion 

O2 0.69  84 This work 

Styrene-acrylic 

latex 
GO 0.7 vol.% Latex  

dispersion 

O2 0.98  78 This work 

PS Gr a* 0.94 vol.% Solution O2 2.44  49 16 

PS Gr a* 2.27 vol.% Solution O2 1.84  61 16 

PS pv-GO b* 2 wt.% In situ O2 2.24  25 53 

PEI GO 91 wt.% LbL O2 3.3×10–7  99.9 54 

PMMA Gr 0.5 wt.% In situ O2 0.81  70 55 

PVA GO c* 0.72 vol.% Solution  O2 3.2×10–3   98.9 56 

SBR Gr 7 wt.% Latex 

compounding 

O2 NA 87.8 57 

Note: a* graphene/reduced graphene oxide; b* p-phenylenediamine/4-vinylbenzoic acid-modified graphene oxide (pv-GO); c* tested at 

room temperature with 50% relative humidity; PS: polystyrene; PEI: polyethylenimine; PMMA: poly(methyl methacrylate); PVA: 

poly(vinyl alcohol); SBR: styrene-butadiene rubber; LbL: layer-by-layer. 

The solubility trend is shown in Figure 2.9d. The solubility relates to the penetrant 

affinity and the thermodynamic aspect of the transport that associated with the 

interactions between polymer and gas molecule.3, 8 Unlike typical nanocomposite systems 

with low loadings of impermeable filler, the drop in permeability of these composite 

films was noticeably affected by a drop in solubility with increased filler content.  At 0.7 

vol.% mGO, there was a 31% decrease in solubility as compared to the neat polymer.  

This solubility decrease is unexpected as typically the solubility coefficient only changes 

with filler loading, Sc=Sn(1–φ) as shown as a dashed line in Figure 2.9d, where Sc and Sn 

are the solubility coefficient of nanocomposite and polymer matrix, respectively.  



 

53 

However, there is precedent for this phenomenon in the work by Compton et al.16 on a 

polystyrene/isocyanate-modified graphene system and a select others.20, 56, 58 They 

attributed this drop in solubility to a densification of the system through increased 

polymer–graphene interactions that limited the formation of free volume between the 

polymer chains in the matrix. An alternative possibility we considered included the 

formation of regions in which polymer is trapped (screened) inside the very high aspect 

ratio nanoplatelet assemblies and does not participate in the dynamic permeation process. 

We plan to conduct a more thorough investigation of this interesting gas solubility 

phenomenon in the future by probing the free volume of the polymer matrix by positron 

annihilation lifetime spectroscopy and direct testing of gas solubility. 

2.4 Conclusions 

This study reports a facile and environmentally friendly fabrication of latex 

nanocomposites by incorporating surface-modified graphene oxide into a styrene-acrylic 

latex using water as the processing solvent. An 84% decrease (relative to the neat 

polymer) in oxygen permeability of LNC films was achieved by adding only 0.7 vol.% 

(1.2 wt.%) mGO. The oxygen barrier performance of mechanically flexible mGO/LNC 

films stems from the intrinsic impermeability, high aspect ratio, and complete exfoliation 

of mGO nanosheets, their uniform dispersion and high alignment in the polymer matrix, 

and strong interfacial adhesion between mGO and polymer matrix. The oxygen barrier 

property is in excellent agreement with cross-sectional TEM imaging of mGO/LNC 

films. Importantly, LNCs containing mGO absorbed 67% less moisture than LNCs with 

similar levels of unmodified GO due to fewer hydrophilic groups on mGO upon 

esterification. This work broadly defines a set of design parameters for ecofriendly 
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development of mechanically flexible latex/graphene oxide nanocomposite oxygen 

barrier films with improved moisture resistance for potential utility in protective coating 

and packaging applications. 
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CHAPTER III – FACILE FUNCTIONALIZATION OF GRAPHENE OXIDE VIA 

LOW DENSITY AEROGEL PRECURSOR AND FABRICATION OF POLYMER-g-

GO NANOCOMPOSITES CORROSION PROTECTION COATINGS 

Polymer nanocomposites containing two-dimensional (2D) nanomaterials 

graphene oxide (GO) and reduced graphene oxide (rGO) show immense potential for 

applications such as membrane separations, thin-film electronics, protective coatings, and 

drug delivery because of their outstanding physiochemical properties. Facile and efficient 

covalent-functionalizations of GO are desired for tuning the surface properties (i.e. 

wettability) that permit extended applications and processing compatibility for fabricating 

novel nanocomposites. Existing protocols have demonstrated successful covalent 

functionalization of GO, however, those methods usually suffer from extended 

ultrasonication, excess levels of reagents and reduced efficiency due to the diffusion 

barriers resulting from poor miscibility of GO in most organic solvents. Attainment of 

GO derivatives with well-defined structure and compositional homogeneity is 

challenging, especially for reactions that use large molecules, e.g. polymer grafting. 

Herein, we report a simple method of preparing well-defined GO derivatives from a low-

density aerogel precursor (LDGOAero) with increased surface area, that allows for 

improved solvent accessibility. The protocol requires minimal ultrasonication and a small 

amount of high boiling point cosolvents, such as dimethylformamide (DMF) and 

dimethyl sulfoxide (DMSO). Moreover, the degree of modification can be easily adjusted 

by varying the reagent/substrate ratio allowing the surface of GO derivatives to be tuned 

for polar or non-polar solvent processing conditions. We also validated the capability of 

fabricating polymer-g-GO nanocomposites through polymer grafting method using the 
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GO precursor. Thin-film coating was fabricated from a suspension of polyisobutylene 

grafted GO (PIB-g-GO) on low carbon steel, and it exhibited improved corrosion 

protection efficiency with measured corrosion rate ~50 times lower than that of 

unmodified GO. 

3.1 Introduction 

Graphene oxide (GO) is a two-dimensional (2D) carbon allotrope and building 

blocks with diverse applications in energy storage devices1 and sensors2, functional 

fibers3, catalysis4, filtration membranes5, barrier and protective coatings,6-7 and 

composites technologies8 due to its unique physicochemical properties9. The potential 

utilization of GO can be extended through covalent and noncovalent functionalization via 

introduction of functional groups, which enables tuning its electronic, mechanical and 

surface properties.10-11 For instance, chemically functionalized GO is often required to 

enhance solubility and processability for applications in polymer nanocomposites.12-13 As 

a 2D macromolecule, many of its intrinsic properties, for example, electric/thermal 

conductivity, mechanical strength, barrier/permeation, and suspension/rheology 

behaviors, largely depend on its size stability (aspect ratio) and structural uniformity.14-16 

However, functionalization of GO by common methods17 is generally limited by its poor 

dispersibility in most non-polar organic solvents18, diminished reactivity, and the need for 

extensive ultrasonication and excess reagent(s)19 that are required to overcome the 

diffusion barrier induced by stacked GO nanosheets.20 Consequently, achieving structural 

homogeneity and stability of GO derivatives with reasonable cost-effectiveness is 

challenging, especially for polymer modifiers that suffer from low accessibility of 

functional groups on stacked GO nanosheets, leading to limited control and 
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productivity.17 Therefore, a new strategy that provides better control, higher efficiency, 

and lower product inhomogeneity for synthesizing GO derivatives under more flexible 

reaction conditions (solvent choice) is highly desirable.  

McGrail and coauthors reported that GO and rGO can be functionalized via 

Pinner reaction between hydroxyl groups (on the basal plane of GO and rGO) and nitriles 

under acidic aqueous conditions.21 Although this method addressed the issue of GO 

dispersing by using water as a cosolvent in the reaction, it limits the modification 

reactions to be only on the basal plane that contains hydroxyl groups. Functionalization 

that endows GO and rGO with tailored solubility and functionality was demonstrated 

using small molecules and polymers with nitrile groups, however, use of highly toxic 

sodium cyanide compound for nitrilization is not desirable. Sierra and coauthors reported 

that by using a multi-step ultrasonication exfoliation procedure, size stability of GO 

platelet can be improved as compared with a continuous sonication procedure.22 

However, multi-step ultrasonication is not sufficient to disperse GO stacks in a reaction 

that requires non-polar solvent for dissolving the modifier(s), such as non-polar polymer. 

Dong and coauthors reported the preparation of ultra-large GO by using 

chemically expanded graphite that turns a diffusion controlled reaction into a reactivity 

controlled oxidation procedure.14 With pre-expanded graphite precursor, no physical 

agitation was applied during the oxidation reaction, and thus the lateral size of GO was 

well maintained with high exfoliation of GO nanosheets. This strategy can provide a 

solution for enabling highly efficient and regulated functionalization protocol of GO by 

using a designed pre-expanded precursor. GO nanosheets are highly exfoliated and stable 

in water due to a large number of hydroxyl and carboxylic acid functional groups.23 Upon 
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drying, GO nanosheets collapse and form stacked layers via hydrogen bonding, π-π 

stacking, and electrostatic interactions when water molecules evaporate.24  

Inspired by the pre-expanded graphite precursor, herein, we report the use of low 

density GO aerogel precursor (LDGOAero), which was prepared from dilute GO aqueous 

suspension via freeze-drying, as crucial preconditions for facile and scalable preparation 

of GO derivatives with well-defined structure and properties. Compared with traditional 

starting materials, three dimensional (3D) porous architecture of GO aerogel can provide 

large solvent-accessible surface areas.25 Due to this porous structure, solvents (polar or 

nonpolar) can rapidly swell LDGOAero precursor to fully expose its reactive sites to 

functionalization reagents with minimal energy input (ultrasonication and mechanical 

stirring). LDGOAero can be easily redispersed in water to relatively loose GO platelet 

stacking by a small amount of ultrasonication or shaking, which makes it an ideal 

precursor for GO functionalization. 

Numerous studies were conducted with ultra-thin graphene film, among which 

graphene-based coating(s) and additive(s) for metal protection have shown varying short- 

and long-term performances.26-29 Corrosion protection property of GO was also 

investigated for different metals,30-32 however, its intrinsic sensitivity towards 

water/moisture can be a problem for immersion or humid atmospheric corrosive 

environment(s).33-34 The hydrophilicity of GO can be tuned by decreasing the hydrophilic 

moieties and attaching R-groups with minimal polar functionality to GO platelets.35 

Polyisobutylene, a saturated hydrocarbon elastomer with linear structure, is widely used 

in commercial products including fuel stabilizer, motor oil additive such as soot 

dispersants, packaging, and tack improvers in adhesives and biomedical applications.36-39 
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PIB-based synthetic rubber shows good thermal and oxidative stability, very low gas and 

moisture permeability, good chemical resistance, high flexibility and permanent tack 

properties.39 Besides, covalent attachment of PIB onto a 2D nanomaterial, such as GO are 

rarely reported nor well-studied.40 The PIB chains can facilitate GO dispersing in a non-

polar solvent21, thereby expand its compatibility for wider applications, such as solvent 

borne coatings.  

In order to validate the synthetic strategy using our designed precursor 

(LDGOAero) and prepare GO derivatives with reduced water sensitivity, we conducted 

small molecule and polymer functionalization with hexanoyl chloride17 and oligomeric 

amine-terminated polyisobutylene (PIB) (Mn = 4400 Da), respectively.13, 41 

Functionalized GO was thoroughly characterized by X-ray photoelectron spectroscopy 

(XPS), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, and atomic 

force microscope (AFM). We found that this approach offers many advantages over 

existing GO modification methods, including flexibility to solvent selection, easy control 

on the degree of modification, scalability, and high grafting density of polymer. 

Covalently anchored PIB significantly improved the water barrier property of the 

resultant PIB-g-GO nanocomposite. Corrosion rate of cold rolled steel (CRS) substrates 

coated with pristine GO and PIB-g-GO (~2 µm), respectively, were measured to compare 

the protection effeciency.30, 42  

This study addresses the limitation of existing approaches for GO modifications 

and offers opportunities for fabricating novel functional materials and nanocomposites.43-

44 The proof-of-concept study on polymer grafting demonstrates the capability for 

fabricating nanocomposites with high grafting density on GO.45 Moreover, we verified 
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that the conductivity of the resultant GO derivatives can be recovered to an adequate 

level by a simple chemical reduction46-47, which enables wider applications of these 

materials in sensor48 and electronic fields.49 

3.2 Experimental 

3.2.1 Materials 

All reagents were purchased from Sigma-Aldrich and used as received unless 

otherwise specified. Experiments and testing were conducted under ambient conditions 

unless noted. Reagents used for preparing GO and its derivatives included graphite (∼150 

μm), potassium permanganate (99% pure), phosphoric acid (85 wt%), sulfuric acid 

(95−98 wt %), hydrogen peroxide (30 vol %), hydrochloric acid (30−35 vol %), 

tetrahydrofuran (THF, 99.9% pure), N-methyl-2-pyrrolidone (NMP, 99.5% pure), 

hexanoyl chloride (97% pure), triethylamine (TEA, 99% pure), N,N’-

Dicyclohexylcarbodiimide (DCC, 99% pure), Hydroiodic acid (HI, 55 vol %), acetic acid 

(97% pure), solvents EMPLURA® (acetone, ethyl alcohol, cyclohexane, chloroform, n-

hexane, toluene) and in-house deionized (DI) water (Milli-Q, 18 MΩ). 

3.2.2 Measurements and Instrumentation 

FTIR spectra of GO and its derivatives were acquired using a Nicolet 6700 FTIR 

spectrometer in attenuated total reflectance (ATR) mode. Raman spectra were collected 

with a Thermo Scientific DXR Raman microscope with 633 nm excitation laser. XPS 

was performed on a Thermo Scientific K-Alpha X-ray spectrometer at a maximum 

background pressure of 2 × 10−9 mbar. Thin film samples were prepared by deposition on 

a silicon wafer and thoroughly dried in air. The software used for spectra analysis was 

CasaXPS and the quantification was expressed in relative atomic percentage with a 
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sensitivity of 0.5−1 atom %. XPS spectra of the carbon (C 1s), oxygen (O 1s), and 

nitrogen (N 1s) were fitted using a Gaussian-Lorentzian peak shape. UV absorption 

spectra were collected by a Lambda 35 ultraviolet–visible (UV–vis) spectrometer 

(PerkinElmer, Inc.) with a 326 nm UV lamp. 

The dimensions of GO platelet and its derivatives were determined via AFM in 

tapping-mode with a SiC probe (1/T300 TM, Bruker). Samples for AFM analysis were 

prepared by drop-casting films from diluted (~0.0001 wt %) suspensions (solvent 

specified in the text). The morphology of stacked GO and GO-aerogels were studied 

using a ZEISS scanning electron microscope (MERLIN SEM) in high-vacuum mode. 

Samples were sputter-coated with silver before scanning. Thermogravimetric analysis 

(TGA) was acquired with a Q500 (TA Instruments) at 1 ºC/min ramping rate from room 

temperature to 600 ºC in nitrogen atmosphere. Water vapor sorption was measured by 

using a Q5000 SA (TA Instruments) at 35 ºC and 95% relative humidity (RH). Samples 

were equilibrated at 75 ºC and 0% RH for 2 h before testing. Water contact angle (WCA) 

were acquired on thin film surface deposited on polished cold rolled steel (CRS) substrate 

using a Ramé-hart 200-00 Std.-Tilting B. goniometer with 4 μL water droplets. 

Rheological measurments were performed using a TA rheometer (AR G2) with a cone-

plate geometry (60 mm, 2º) at 25 ºC.  

3.2.3 Methylene Blue Surface Area Measurement50-52 

UV-vis spectra of 0.01 mg/mL methylene blue (MB) aqueous solution was taken 

before and after 24 h as control. The same MB solution was added into vails with GO 

flake, and GO aerogels obtained from 1 and 10 mg/mL GO aqueous suspension, 

respectively. No mechanical stirring or ultrasonication was applied before or during the 
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adsorption test to preserve the pristine surface areas. The vails were kept still at ambient 

for 24 h to allow full adsorption of MB molecules in a box to avoid light. Then UV-vis 

spectra of the supernant from each vail were taken and analyzed. The surface area of GO 

and GO aerogels that covered by per milligram of MB was estimated to be 2.54 m2. 

3.2.4 Preparation of GO and LDGOAero 

GO was synthesized as previously reported.23,53 The resulting GO suspension was 

thoroughly purified and washed by centrifugation to remove residual ions. LDGOAero 

was prepared directly from the concentrated GO suspension without drying. The GO 

suspension was diluted with DI water to ~ 1 mg/mL, exhibiting a dark yellow color. The 

diluted suspension was then frozen with liquid nitrogen (−196 ºC) and freeze-dried to 

remove water without the collapse of the porous gel structure. Preparation of standard 

GO starting materials was conducted by drying the concentrated GO suspension in an 

oven operating at 50 ºC for about 2 days. The resulting GO was weighted and dispersed 

in DI water to form a series of suspensions with different concentrations (0.01~20 

mg/mL), which were used for the rheological study and aerogel fabrication for MB 

adsorption analysis.  

3.2.5 Procedure for Hexanoyl Chloride Functionalization. 

LDGOAero (1000 mg) was suspended in 225 mL of THF/NMP (8:1 v/v) in a 500 

mL round bottom flask. The flask was then ultrasonicated (Fisher Scientific/FS9, 55W, 

43 Hz) for a total of 10 min using two 5 min periods separated by a 1 min rest period to 

ensure thorough swelling of the precursor. In our experiments, we varied the degree of 

modification on GO by altering the reagent/LDGOAero mass ratio (r = wt./wt.), for 

which two separate experiments were conducted for the r = 3.85 and 9.65 mGOs using 
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hexanoyl chloride. Hexanoyl chloride (4 mL and 10 mL for the r = 3.85 and 9.65 cases, 

respectively) dissolved in 15 mL THF was added to the flask followed by TEA (3.8 mL 

and 9.5 mL, respectively) in 10 mL of THF under stirring using a magnetic stir bar (300 

rpm). The reaction was kept at ambient for 10 h.  The resultant mGOs were thoroughly 

washed with acetone, ethanol, and water in succession by high speed centrifugation, and 

dried in a forced air oven for 3 days at 40 ºC.  

3.2.6 Procedure for PIB Oligomer Functionalization. 

LDGOAero (750 mg) was loaded into a round bottom flask (500 mL) with a 

solvent mixture of THF (175 mL) and NMP (25 mL). The flask was ultrasonicated as 

described in the previous section to ensure full swelling of the precursor. Amino 

functional oligomeric PIB (a viscose liquid with Mn = 4400 Da, ~3 g) was dissolved in 

THF (40 mL) and added into the flask with stirring (300 rpm). DCC catalyst was 

dissolved in THF (10 mL) and added to the mixture. The reaction was maintained at ~65 

ºC for 6 h and then cooled to room temperature. The reaction products were thoroughly 

washed with THF and precipitated with ethanol. The precipitant was subjected to Soxhlet 

extraction with THF to remove unreacted PIB. The final products were collected and 

dried in an oven for 3 days at 40 ºC. 

3.2.7 Procedure for Chemically Reduced GO and PIB-g-GO 

GO and PIB-g-GO thin films were fabricated on a non-conductive polycarbonate 

substrate and immersed in acetic acid/DI water (1:1 v/v, 8 mL) solution containing 1 mL 

of hydroiodic acid (HI 55% in H2O). The mixture was heated to 80 °C and maintained for 

60 min with magnetic stirring. The reaction was cooled to room temperature and the thin 

films were thoroughly rinsed with water and dried in oven for 3 days at 40 ºC. 
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3.2.8 Coating Application and Electrochemical Measurements 

In a typical procedure, a homogeneous suspension (0.5 mg/mL) of PIB-g-GO in 

cyclohexane was prepared by 3 min of ultrasonication for 5 times in water bath 

(ambient). CRS panels (compositional parameters summarized in Table B.1) were sanded 

using #220, 400, 600, 800, and 1200 sanding paper and cleaned thoroughly with acetone. 

PIB-g-GO coating was drop cast on pretreated CRS with thickness ranging from ~50 nm 

to ~2 µm. The coated panels were then dried at 70 °C for 2 days and fully cooled before 

conducting any tests. 

Electrochemical corrosion test was performed in 3.5 wt.% NaCl solution by using 

a three-electrode flat cell equipped with a platinum mesh counter electrode and a 

Ag/AgCl reference electrode. The sample panel attached to the cell with an electrolyte 

exposure area of ~1 cm2 that performs as the working electrode. Potentiodynamic 

polarization curves (Tafel plots) and electrochemical impedance spectroscopy (EIS) data 

were acquired on a VersaSTAT4 (Princeton Applied Research) workstation after the 

sample being stabilized for ~30−60 min at ambient. Polarization curves were measured at 

a scan rate of 1 mV/s from cathodic to anodic direction ±500 mV from open circuit 

potential (OCP). EIS (potential static) were performed in the frequency range of 100 

kHz~10 mHz with ±10 mV amplitude. Corrosion rate and inhibiting efficiency were 

calculated, and the impedance data were simulated with equivalent circuit models using a 

Zview® software.  
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Figure 3.1 SEM images of (a) GO, (b) LDGOAero, and Digital images of suspensions of 

(c) GO and (d) LDGOAero in various organic solvents without ultrasonication or 

mechanical stirring. 

3.3 Results and Discussion 

3.3.1 GO Aqueous Suspension and LDGOAero Preparation 

The rheological behavior of GO aqueous dispersions has been studied to provide 

fundamental guidance for materials assembly at an atomic level through π–π stacking and 

hydrogen bonding interactions.54 As a soft material with lamellar shape, GO exhibits 

unique properties between a rigid 2D material and a flexible 1D polymer.55 GO 

dispersions exhibit unique viscoelastic behavior showing strong dependence on aspect 

ratio and concentration.14, 54 GO dispersions with a concentration of 10 or 20 mg/mL 

reveal typical viscoelastic gel behavior (Figure B.1a), wherein storage modulus (G’) is 

greater than loss modulus (G”). The digital images in Figure B.2 also indicate a solid-like 

behavior of GO suspension at 10 mg/mL. Under this circumstance, GO dispersions 

exhibit a nematic phase and GO monolayers are packed with long-range orientation due 

to high volume fraction.54 Upon freeze-drying that removes water from the system, the 
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closely-packed monolayers will assemble through π–π stacking and hydrogen bonding 

interactions to form walls in the aerogel pore cells as shown in Figure B.3a and B.3f. This 

cell wall with several layers of GO sheets enables the structural stability of resulting 

aerogel, which makes it difficult to be dispersed even into polar protic solvents including 

water (Figure B.4). GO suspension with a concentration around 5 mg/mL behaves like a 

viscoelastic soft solid that flows above yield stress, with G’ still larger than G”.54 At this 

point, GO monolayers were trapped by their neighbors but no long-range positional order 

was exhibited.54 The resulting aerogel (Figure B.3b and g) indicates relatively thinner cell 

wall with less strength (telling from their ability to sustain SEM electron beam), and the 

digital image in Figure B.4 reveals some dispersing in water at the applied condition. At 

low concentrations GO suspension exhibited a liquid-to-solid transitional state as shown 

in Figure B.1b, wherein G” is above G’ at lower shear frequency and crossover at higher 

frequency.54 This behavior indicates a critical condition whereby the monolayers can 

impart elasticity to the system by packing during shearing.54 SEM images of resulting GO 

aerogels shown in Figure B.3c−e and Figure B.3h−j reveal large pore size and thin cell 

walls. Those aerogels give better dispersibility in water upon shaking and ultrasonication 

(Figure B.4) compared with GO aerogels obtained from 5 and 10 mg/mL suspensions. In 

this study, we found that GO aerogels can be obtained at a concentration as low as 0.3 

mg/mL. However, from a cost-effective perspective, we chose 1 mg/mL GO suspension 

for making LDGOAero for the rest of the functionalization study. 
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Figure 3.2 Synthetic route of hexanoyl chloride functionalized GO (named as mGO) and 

polyisobutylene functionalized GO (PIB-g-GO). 

Figures 3.1a and b show SEM images of GO flake, the traditional starting 

material for synthesizing GO/rGO derivatives, and LDGOAero precursor used in this 

work. Digital photographs of their corresponding behavior in representative organic 

solvents are shown in Figures 3.1c and d.  Without ultrasonication, most organic solvents 

cannot wet and penetrate GO flake due to low polarity that is insufficient for breaking π–

π stacking and hydrogen bonding interactions between GO monolayers responsible for 

the formation of stacked morphology. Therefore, strong ultrasonication and polar 

solvents are usually required in order to produce sufficient mixing of GO sheets with the 
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modifiers.18, 56 On the contrary, LDGOAero with an open-porous 3D architecture exhibits 

sufficient swelling in organic solvents without the need of ultrasonication or mechanical 

stirring, thereby enabling better solvent wetting and the potential for uniform 

functionalization of GO sheets.  

Surface areas of LDGOAero and GO flake were determined using MB adsorption 

measurements in aqueous solution by UV-vis spectroscopy.50 The absorbance intensity of 

MB in aqueous solution at 664 nm exhibited a linear relationship with concentrations, 

whereby a decrease of intensity resulted from physical adsorption of MB on GO 

surface.50 Digital images of this process as shown in Figure B.5a indicate higher 

adsorption of aerogels compared to GO flake under the same condition without any 

mechanical stirring or ultrasonication. The accessible surface area under such 

circumstances was calculated to be ~171, 301, and 331 m2/g for GO flake, GO aerogel 

obtained from 10 mg/mL suspension, and LDGOAero obtained from 1 mg/mL GO 

suspension, respectively (Figure B.5b−e). The surface area calculated from dilute GO 

aqueous suspension by Montes-Navajas and coworkers is ~736 m2/g, much larger than 

the values we obtained here. However, it is not possible to achieve such a large surface 

area in organic solvents under actual reaction conditions when considering higher GO 

concentrations for cost-effectiveness. Therefore, by applying minimal ultrasonication we 

can ensure sufficiently larger accessible surface areas using LDGOAero compared to 

traditional GO flakes and achieve better control.   

3.3.2 GO Functionalization and Characterizations 
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Figure 3.3 XPS spectra of (a) the survey scan, (b) C 1s and (c) O 1s high-resolution scans 

of GO (LDGOAero); XPS spectra of (d-i) the survey, C 1s and O 1s high-resolution 

scans of hexanoyl chloride functionalized GO (mGOs with r = 3.85 and 9.65, 

respectively); XPS spectra of (j-l) the survey, C 1s and O 1s high-resolution scans of PIB-

g-GO. 

Covalent functionalization(s) on GO was demonstrated (Figure 3.2) using 

hexanoyl chloride (a small molecule), and amino functional oligomeric polyisobutylene 

(PIB), respectively. Pristine and functionalized GO were characterized with XPS, FTIR, 

Raman spectroscopy, and AFM. The XPS spectra of GO, hexanoyl chloride 

functionalized GO (namely mGO), and GO functionalized with PIB (PIB-g-GO) are 

shown in Figure 3.3. The proportions of functional groups calculated by deconvoluting of 

C 1s and O 1s spectra are summarized in Tables B.2−B.9. Figure 3.3a−c show survey and 
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high-resolution C 1s and O 1s spectra of LDGOAero, respectively. The C 1s spectrum of 

LDGOAero (Figure 3.3b) was deconvoluted into four peaks corresponding to the 

following structures: sp2 and sp3 hybridized carbon (C=C/C–C, 284.8 eV), 

epoxy/hydroxyl (C–O, 286.8 eV), carbonyl (C=O, 287.2 eV), and carboxyl (O–C=O, 

288.6 eV), with a carbon to oxygen atomic ratio (C/O) of 1.6.30, 57 The O 1s spectrum in 

Figure 3.3c was deconvoluted into three peaks representing the oxygenated bonds: O=C–

O (531.5 eV), C=O (532.6 eV), and O–C (533.2 eV).53, 58    

 

Figure 3.4 FTIR and Raman spectra of (a, c) the hexanoyl chloride functionalized mGOs 

(r = 3.85 and 9.63) and (b, d) PIB-g-GO. 
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Figure 3.3d−f show XPS survey and high-resolution C 1s and O 1s spectra of 

mGO that was synthesized at lower modifier/GO mass ratio (r = 3.85). XPS survey and 

high-resolution C 1s and O 1s spectra of mGO prepared at higher r value (r = 9.65) are 

shown in Figure 3.3g−i. The C 1s spectra of mGOs are also deconvoluted into four 

components: sp2 and sp3 carbon (C=C/C–C, ~284.9 eV), epoxy/hydroxyl (C–O, 286.8 

eV), carbonyl (C=O, 287.3 eV), and carboxyl/ester (O–C=O, ~288.6 eV).53 In this 

modification reaction, hydroxyl groups on GO were reacted with chloride from hexanoyl 

chloride, forming an ester linkage between GO and R group (C6H10). The C–O peak 

intensity in C 1s spectra decreased while O–C=O peak increased for mGO due to the 

modification reaction. The C/O atomic ratio also increased from 1.6 (GO) to 1.82 (mGO, 

r = 3.85) and 2.14 (mGO, r = 9.65), respectively. The O 1s deconvoluted peaks of mGO 

(Figure 3.3f and i) also displayed a decrease in O–C (~533.3 eV) peak intensity and an 

increase in O=C–O (~532.0 eV), which validated successful functionalization on GO. 

Additionally, the O–C=O functionality proportion of mGO (r = 9.65) is higher than that 

of mGO (r = 3.85) as summarized in Tables B.3−4 and B.7−8. 

Figure 3.3j−l show XPS survey and high-resolution C 1s and O 1s spectra for GO 

with grafted PIB polymer. The survey spectrum of PIB-g-GO reveals a much higher C/O 

atomic ratio (15.7) due to high carbon content in PIB and high grafting density that was 

also validated by TGA. The C 1s spectrum of PIB-g-GO was deconvoluted into two 

components: sp3/sp2 carbon (C–C/C=C, 284.5 eV), and epoxy/hydroxyl (C–O, 286.8 eV). 

The O 1s spectrum (Figure 3.3l) was deconvoluted into O=C–O/N–C=O (531.4 eV), 

C=O (532.7 eV), and C–O (533.7 eV). In addition, high-resolution N 1s spectrum is 

shown in Figure B.6a with two deconvoluted peaks corresponding to amide N–C=O 
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(401.8 eV) and secondary amine N–C (399.7 eV) due to grafting reactions via the 

primary amine functionalities.59 The content proportion of deconvoluted N 1s spectrum is 

summarized in Table B.10.  

 

Figure 3.5 Degradation profiles and derivatives from TGA of (a, b) GO and the hexanoyl 

chloride functionalized mGOs (r = 3.85 and 9.63) and (c, d) GO, PIB oligomer, and PIB-

g-GO. 

The FTIR bands observed at ~3400, ~1750−1650, and  ~1250−950 cm–1 in the 

spectrum (Figure 3.4a) of unmodified GO indicated the presence of hydroxyl, carboxylic 

acid/carbonyl, and epoxy functional groups.23, 60 New bands at ~2950, 2920, and 2866 

cm–1 in FTIR spectra (Figure 3.4a) of mGO (r = 3.85 and 9.65) were attributed to C–H 

stretching vibration in –CH3 and –CH2 groups from hexanoyl chloride 
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functionalization.17 A pronounced reduction on the IR band (~3500−3000 cm–1) 

representing –OH stretch can be observed for mGO (r = 9.65) due to the consumption of 

hydroxyl groups. Graphitic composition of GO and mGOs (r = 3.85 and 9.65) was 

characterized by Raman spectroscopy owing to high intensities of disordered graphite sp2 

carbon bonds in carbon materials.61 The G (~1580−1600 cm–1) and D (~1350 cm–1) bands 

are typically observed on Raman spectra of chemically exfoliated GO and its 

derivatives.23, 61 The former results from the first order scattering of the E2g phonon of in-

plane vibrations of sp2 bonded carbon atoms; the later stems from a defect-induced A1g 

breathing mode of sp2 rings.61-62 Peak intensity ratio of ID/IG is applied to determine the 

degree of disorder, which is inversely proportional to the average size of sp2 domains.61-62 

Raman spectra of GO and mGOs (r = 3.85 and 9.65) shown in Figure 3.4c indicated the 

presence of the G (~1590 cm–1) and D (~1345 cm–1) bands. The ID/IG ratio calculated for 

GO (1.104) and mGOs (1.134 and 1.077) was quite close, implying that the modifications 

has minor impact on the scaffold structure.  

Table 3.1 TGA analysis of GO, mGOs (r = 3.85 and 9.65) and PIB-g-GO 

Sample  Mass loss (%) within temperature range (ºC) 

 RT−160 160−210 210−600 210−430 430−600 Char 

GO 20% 25% 12% − − 43% 

mGO (r = 3.85) 15% 19% 16% − − 50% 

mGO (r = 9.65) 9% 30% 16% − − 45% 

PIB 14% 0% − 86% − 0% 

PIB-g-GO 6% 9% − 66% 4% 15% 
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Covalent grafting of PIB onto GO platelet was also verified by FTIR and Raman 

spectra as shown in Figure 3.4b−d, respectively. The prominent peaks emerging at ~2933 

cm–1 and ~2820 cm–1 on IR spectrum of PIB-g-GO correspond to the stretching 

vibrational mode of methyl and methylene groups of PIB segments.40 The strong peak at 

~1378 cm–1 is ascribed to dimethyl group on PIB chains.63 The broadened bands arising 

from –NH, –OH, and –COOH are weaker in the spectrum of PIB-g-GO partially due to 

the shielding effect of PIB chains on the surface64 and the consumption of functional 

groups in the grafting reactions. The ID/IG ratio calculated from the intensity of D and G 

bands on Raman spectra (Figure 3.4d) of PIB-g-GO was 1.088, which is also quite close 

to that of GO (1.104). Raman mapping images of D band on GO and PIB-g-GO film 

samples in an area of 500×500 µm2 were also given in Figure B.7. Some heterogeneity of 

D band intensity can be observed for PIB-g-GO due to high coverage of PIB on carbon 

scaffold by functionalization that results in diminution of vibrational signals.64 

Four-probe conductivity was collected on chemically reduced GO (rGO) and PIB-

g-GO film samples which were drop-casted on polycarbonate sheets. The rGO sample 

exhibited high conductivity with a Rsq of ~137 Ω, and the Rsq of reduced PIB-g-GO is 

~1589 Ω. Although the resistance of reduced PIB-g-GO is about one order of magnitude 

larger than that of rGO, it is sufficiently low enough for applications such as conductive 

coatings and sensors.21 XPS spectra of reduced PIB-g-GO in Figure B.8 also indicated 

the reduction of oxygenated groups with an increased C/O ratio of 39.5 (the content 

proportions are summarized in Tables B.11−14). 

AFM height images and profiles of exfoliated GO, mGO (r = 3.85 and 9.63), and 

PIB-g-GO indicating irregular lamellar shapes for GO and its derivatives (Figure B.8). 
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The exfoliated GO sheet (Figure B.8a−b) deposited from aqueous suspension resulted in 

a thickness of ~1.3 nm. This thickness is consistent with the values reported for 

exfoliated GO lamellae by similar preparation method.24 Lamellae thickness for mGO (r 

= 3.85) (Figure B.8c−d) platelet was ~2.5 nm and ~3 nm for mGO (r = 9.65) (Figure 

B.8e−f) platelet. mGOs were deposited on silicon wafer from their ethanol suspensions. 

AFM height image and profile of PIB-g-GO that was drop-casted from its dilute 

cyclohexane suspension is shown in Figure B.8g−h. The average platelet thickness for 

PIB-g-GO was ~4 nm owing to polymer grafting with sheet size ranging from hundreds 

of nanometers to several micrometers.21, 30, 40 

TGA plots (Figure 3.5) of GO, mGOs (r = 3.85 and 9.65), and PIB-g-GO depict 

the thermal degradation process, and the corresponding values are summarized in Table 

3.1. Thermograms were collected under N2 gas atmosphere with a heating rate of 1 

ºC/min to avoid rapid expansion of GO, which can cause partial physical loss of materials 

from an open platinum pan.65 Two steps were observed in the mass loss of GO, and 

mGOs (r = 3.85 and 9.65) in Figure 3.5a−b. Mass loss occurred during RT−160 ºC stage 

for GO, mGO (r = 3.85) and mGO (r = 9.65) is attributed to residual water or solvents 

from synthesis.65 Above 160 ºC, a significant mass loss was observed on the TGA plots 

of GO and mGOs (a sharp slope between 160 and 210 ºC) due to thermal decomposition 

of unstable oxygenated functional groups on GO platelet.57, 66 The mass loss between 210 

and 600 ºC for GO and mGOs (r = 3.85 and 9.65) was also caused by thermal 

degradation of oxygenated moieties.57  

TGA plots of oligomeric PIB and PIB-g-GO are displayed in Figure 3.5c−d, and 

analyzed to determine the grafting density of polymers per area (chains/nm2).67 PIB 
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oligomer alone exhibited a sharp mass loss (~86%) between 210 and 430 ºC, which is 

typical for polyolefin degradation via chain-scission reaction.68 The mass loss (~14%) 

occurred between RT and 210 ºC for PIB oligomer was due to residual solvents. The 

TGA curve for PIB-g-GO contains four steps: mass loss between RT and 160 ºC was due 

to residual solvents and moisture; mass loss between 160 and 210 ºC corresponded to the 

TGA curve of GO; mass loss between 210 and 430 ºC was attributed to the 

decomposition of grafted PIB; mass loss between 430 and 600 ºC resulted from thermal 

decomposition of oxygenated groups existing on GO. The residual mass at 600 ºC was 

0% for PIB oligomer and 15% for PIB-g-GO. The mass ratio (2.36) of grafted PIB chains 

(~66%) to GO (~28%) platelets was thus calculated from the thermal decomposing 

profile. 

The grafting density can then be calculated through Eq. (1), where Mn is the 

number of the average molecular weight of PIB, NA is Avogadro’s constant, and AGO is 

surface area of GO. The maximum grafting density was calculated to be 0.973 using the 

measured initial surface area of LDGOAero. The minimal grafting density calculated 

from dilute GO aqueous suspension by other researchers is 0.438.50 The weight fraction 

of PIB in PIB-g-GO was determined to be 70.2% by TGA, indicating successful grafting 

reaction with high grafting density when using LDGOAero for making novel polymer 

nanocomposites. 

Grafting Density (
chain

𝑛𝑚2 ) =
𝑁𝐴×10−18

𝑀𝑛×𝐴𝐺𝑂
×

𝑤𝑡𝑃𝐼𝐵

𝑤𝑡𝐺𝑂
                                         (1) 

Figure 3.6 demonstrates the dispersibility of GO and its derivatives obtained from 

different functionalization in selected polar and nonpolar solvents.18, 69 GO can form a 

stable suspension in water or polar solvent such as ethanol via ultrasonication, but not 
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into solvents with lower polarity as shown in Figure 3.6a. The reaction of hydroxyl 

moieties with hexanoyl chloride results in the disruption of interlayer hydrogen bonding 

and π–π stacking interactions. Solvent molecules access the alkane R group on the 

platelet, resulting in improved dispersion of surface modified GO lamellae upon 

ultrasonication (Figure 3.6b).20-21, 64 Variation of the r value of mGO exhibited an impact 

on the dispersibility of mGOs within selected solvents that shows different polarity 

(solvent polarity was summarized in Table B.15). For example, mGO (r = 3.85) can be 

dispersed into water by ultrasonication, while mGO (r = 9.65) is not. On the contrary, 

mGO (r = 9.65) forms stable suspension in chloroform via ultrasonication, but mGO (r = 

3.85) is only slightly dispersed under the same condition. This indicated that solvent 

property of GO can be altered by varying the degree of modification using hydrophobic 

conjugant. Therefore, mGO with lower r value displayed increased dispersibility within 

organic solvents and maintained some water dispersible property. However, for a non-

polar solvent such as toluene, hexanoyl chloride functionalization is not sufficient to aid 

in the dispersion of platelet even at higher r value. GO derivatives with grafted polymers 

were reported to be able to disperse in non-polar solvents such as methylene chloride, n-

hexane, and toluene.21, 30, 40 Grafting of PIB resulted in stable suspensions in several non-

polar solvents via small ultrasonication (15 min) as shown in Figure 3.6c. Figure 3.6d 

also depicts the solvent interaction of GO and PIB-g-GO within a non-miscible solvent 

system of water and cyclohexane. 
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Figure 3.6 (a) Suspensions of GO in selected solvents after 1 h of ultrasonication; (b) 

suspensions of the hexanoyl chloride functionalized GO (r = 3.85 and 9.65) in selected 

solvents; (c) suspension of PIB-g-GO in selected non-polar solvents, (d) GO and PIB-g-

GO’s solvent property. 

One of the most established methods for studying surface property of materials is 

contact angle measurement, which was performed on thin film samples applied on a CRS 

substrate as shown in Figure 3.7a and b.70 Water contact angle (WCA) measured for bare 

CRS substrate (polished) was ~54.8 ± 0.5º, indicating a hydrophilic surface. WCA 

measured for GO thin films (~50 nm and ~2 µm) applied on CRS substrate showed minor 
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difference (53.9 ± 0.4º and 51.9 ± 0.3º, respectively), which was attributed to the 

hydrophilic nature of GO. Hexanoyl chloride functionalized GO exhibited increasing 

WCA, 58.1 ± 0.5º and 62.8 ± 0.4º for mGOs (r = 3.85 and 9.65), respectively. This result 

indicated that wetting property of GO platelet can be adjusted by hydrophobic R groups 

obtained from surface modification, which is in agreement with solvent dispersing 

property (Figure 3.6). Figure 3.7b shows WCA measured for PIB-g-GO coated CRS 

substrate with varying film thickness (~50 nm–2 µm). A significant increase (by ~40º) 

can be observed on PIB-g-GO samples regardless of film thickness, exhibiting a 

hydrophobic surface (WCA > 90º) that resulted from high coverage of hydrophobic PIB 

chains.  

As a companion characterization to contact angle measurement, water vapor 

sorption (Figure 3.7c) was conducted to determine the interaction between moisture and 

hydrophilic moieties on GO and its derivatives.71 Vapor sorption of LDGOAero (61%) is 

about two-fold higher than that of pristine GO (33%), and is in correlation with the 

accessible surface area measured from MB experiments. Water uptake for mGO (r = 

3.85) decreases slightly compared to GO due to lower r value. Additional decrease can be 

observed for mGO (r = 9.65), which is about half of the uptake value of GO. Water 

uptake for PIB grafted GO demonstrated an ~85% decrease from pristine GO, however, 

this ~5% sorption value indicates that some hydrophilic oxygen-containing moieties are 

still available to interact with water during long-term exposure to high humidity 

conditions. These results corroborate the smaller mass loss of mGO (r = 9.65) and PIB-g-

GO on TGA plots between RT and 100 ºC due to moisture adsorption from the air.  
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Figure 3.7 Water contact angle of (a) bare CRS substrate, CRS coated with GO, hexanoyl 

chloride functionalized GO, mGOs (r = 3.85 and 9.65); (b) CRS coated with PIB-g-GO 

of varying thickness (~50 nm to ~2 µm); (c) water vapor sorption of LDGOAero, GO 

flake, mGOs (r = 3.85 and 9.65) and PIB-g-GO. 

3.3.3 Electrochemical Study on PIB-g-GO Nanocomposite Coatings 
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Figure 3.8 (a) Tafel plots and (b) corrosion rates of bare metal, PIB-g-GO and GO coated 

CRS in 3.5 wt.% NaCl solution immersion. 

The characterization of hydrophobic/hydrophilic properties is important for the 

relative solubility, water management, and degree of modification. However, the ultimate 

proof of value comes from functional performance based testing such as EIS. Aqueous 

corrosion occurs on steel when it is submerged into an electrolyte solution due to redox 

reaction between iron and oxygen.72 The redox reaction for steel corrosion consists of 

two partial reactions, also known as half reactions (given below).    
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Fe → Fe2+ + 2e−                       Anodic reaction 

O2 + 2H2O + 4e−  → 4OH−       Cathodic reaction  

The anodic reaction of metal dissolution is controlled by charge transfer process, while 

cathodic reduction reaction is affected by many factors including oxygen dissolution.72 

Tafel analysis was used to quantify corrosion rates (CR) on bare and coated CRS with 

GO and PIB-g-GO films immersed in 3.5% NaCl solution.26, 30 Because this is a 

kinetically controlled electrochemical reaction and obeys the Butler-Volmer equation 

(which reveals an exponential dependence of current to the deviation of over voltage 

value), by measuring and plotting the logarithm of the current density (i) vs the electrode 

potential (E), the reaction kinetic parameters can be extrapolated.73 The equilibrium 

corrosion potential (Ecorr ) and corrosion current density icorr is determined from Tafel 

plots (as specified in Figure B.10) and corrosion rate (CR) can be calculated accordingly 

by Faraday’s Law.72 Eq. (2) is applied to calculate CR: where the CR constant K is 3272 

mm/year; the equivalent weight (EW) and density of iron (Fe) is 27.9 g and 7.872 g/cm3, 

respectively; and the electrode surface area (A) is 1 cm2.26, 72 Tafel plots for all systems 

are displayed in Figure 3.8a and the corresponding CR values are shown in Figure 3.8b. 

The protection efficiency can be determined from the corrosion current density measured 

on bare (icorr) and coated (i’corr) steel through Eq. (3).30 The parameters obtained from 

Tafel analysis are summarized in Table 3.2.  

𝐶𝑅 =
𝑖𝑐𝑜𝑟𝑟 × 𝐾 × 𝐸𝑊

𝜌𝐴
                                                                                (2) 

𝜂 = 1 −
𝑖𝑐𝑜𝑟𝑟

′

𝑖𝑐𝑜𝑟𝑟
                                                                                                (3) 
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Table 3.2 Electrochemical parameters summarized for Tafel analysis. 

Sample 

Ecorr  Icorr CR η 

(mV) (µA/cm2) (mm/year) (%) 

Bare CRS −628.6 91.07 1.057 − 

GO (200 nm) −548.3 7.498 0.087 91.7 

GO (2 µm) −522.8 37.58 0.436 58.7 

PIB-g-GO (200 nm) −532.8 5.045 0.058 94.4 

PIB-g-GO (2 µm) −518.5 0.1421 0.0016 99.8 

 

The corrosion potential of CRS in 3.5% NaCl solution is −628.6 mV (vs SCE) 

and shifts positively (up to ~ 518.5 mV) when coated with GO or PIB-g-GO thin films. 

The corrosion current density of CRS was 91.07 µA/cm2, and the corresponding rate was 

~1.057 mm/year, meaning that a layer of 1.057 mm thick steel on 1 cm2 area will be 

eroded due to uniform corrosion under such an immersion condition every year.72 For 

CRS coated with ~200 nm thick GO or PIB-g-GO films,  corrosion current density 

decreased to ~7.5 and 5.0 µA/cm2, respectively. However, increasing the thickness of GO 

coating does not improve coating protection effect and corrosion current density is 

~37.58 µA/cm2. One reason could be that thicker GO film shows poor adhesion to steel 

substrate due to film-formation from high-concentration GO aqueous suspension, as 

shown from cross-sectional SEM image in Figure B.11a. In contrast, a prominent 

decrease of corrosion current density is observed for PIB-g-GO coated CRS with 

increased thickness (~2 µm), and the calculated protection efficiency was 99.8%. PIB-g-



 

87 

GO films exhibit tacky adhesion to substrate (Figure B.11b), that may confer corrosion 

protection in addition to inhibiting diffusion of water (and ions) to substrate due to the 

presence of the flexible, hydrophobic PIB chain (Figure 3.9). Figure B.12 demonstrates 

the time dependence of protection by PIB-g-GO films (~1.5 µm) under the same 

immersion condition, indicating a decreased protection efficiency of ~0.8% after 144 h. 

 

Figure 3.9 Schematic representation of GO and PIB-g-GO thin film as a better barrier 

layer for corrosion protection on metal substrate under salt immersion condition. 

EIS measurement is an in-situ and non-destructive technique usually applied to 

study corrosion resistance of coated or bare metals under immersion conditions.74 In 

potentiostatic EIS, a small sinusoidal perturbation of voltage is applied to the system and 

a sinusoidal current is induced with a phase shift (phase angle) with respect to the 

potential.72 The impedance Z is recorded as a function of frequency ω containing two 

parts, real (Zre) and imaginary (Zim) impedance which arises from resistance and 

capacitance/inductance elements in the system, respectively. With equations of model 

equivalent circuit that describes the electrochemical system, it is possible to calculate the 
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impedance as a function of frequency, thereby simulating the data from experimental 

impedances that leads to the confirmation or rejection of the model.72, 74  

 

Figure 3.10 EIS Bode modulus (a, d), Bode phase (b, e), and Nyquist (c, f) plots of bare 

and coated CRS with PIB-g-GO (a−c) and GO (d−f), respectively. 

The modulus of impedance (|Z|) at low frequencies is employed to measure the 

resistance of the coating system towards water/electrolyte solution.75 Figure 3.10a and d 
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show Bode plots (log |Z| vs log ω) of bare and coated CRS with PIB-g-GO and GO thin 

films, respectively. The impedance for bare CRS at the low frequency region is ~103 

Ω/cm2. The CRS coated with GO exhibits slightly increased impedance values up to ~104 

Ω/cm2. PIB-g-GO coated samples displayed that the impedance increased to ~107 Ω/cm2 

(for ~2 µm film), which is a significant increase over that of GO coating. Bode phase 

plots (−phase angle vs log ω) of all systems shown in Figure 3.10b and e. In general, the 

total impedance at high frequencies (104 ~105 Hz) is attributed to the charge transfer 

resistance (in metal corrosion); the impedance at medium frequencies (100 ~103 Hz) is 

related to coating defects; the impedance at low frequency region (10−2 ~100 Hz) is 

governed by the dielectric property of a barrier coating (capacitance).13, 42 Therefore, the 

corrosion resistance property of a coating is correlated with this barrier effect towards 

water and electrolyte solution.  

 

Figure 3.11 Equivalent circuits for fitting (a) one time-constant and (b) two time-constant 

impedance. 

Bode phase plots (−phase angle vs log ω) of all systems are shown in Figure 3.10b 

and e. Generally, a peak that appeared at high frequencies (104 ~105 Hz) was assigned to 
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the responses of coating (capacitance), a peak located at medium frequencies (100 ~103 

Hz) was the responses of coating defects, and a peak in low frequency region (10−2 ~100 

Hz) could be attributed to metal corrosion (charge transfer resistance).13, 42 A single peak 

on the Bode phase plot around 100 Hz was observed for bare and GO coated CRS 

corresponds to the corrosion of iron. PIB-g-GO coated CRS differ markedly showing two 

peaks on the Bode phase plot. 

Table 3.3 Electrochemical parameters for EIS. 

Sample 

Q0 (CPEf) n (CPEf) Rf Q0 (CPEdl) n (CPEf) Rct 

(S·secn/cm2)  (Ω/cm2) (S·secn/cm2)  (Ω/cm2) 

Bare CRS − − − 7.6×10−4 0.84 1.1×103 

GO (200 nm) − − − 1.6×10−3 0.81 3.2×103 

GO (2 µm) − − − 1.7×10−3 0.79 3.4×103 

PIB-g-GO (200 nm) 3.5×10−9 0.83 5.2×104 2.8×10−6 0.61 1.3×106 

PIB-g-GO (2 µm) 2.0×10−9 0.84 2.5×106 2.6×10−7 0.59 7.2×106 

 

The Nyquist plots (Zre vs Zim) that depicted real and imaginary parts of the total 

impedance values are shown in Figure 3.10c and f. Bare CRS shows a typical resistance 

semicircle that represents resistivity of metal electrode.76 CRS coated with GO films 

shows similar hemicircles but with larger diameters, indicating increased resistivity.77 

The flattened semicircle that differs from bare metal is due to diffusion at electrode 

interface resulting from GO deposition.78 PIB-g-GO coated CRS exhibits an initial arch 

followed with a tail, also indicating ion diffusion at the electrode.79 Impedance data were 

analyzed by simulation with equivalent circuit models as shown in Figure 3.11. A one-
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time constant model (Figure 3.11a) was used for bare and GO coated CRS samples, and a 

two-time constant model (Figure 3.11b) was applied for PIB-g-GO coated CRS.30, 33, 80 

In the equivalent circuits shown in Figure 3.11: Rs accounts for solution 

resistance; Rf represents coating film resistance; a constant phase element (CPE) was 

used instead of a capacitor due to heterogeneity on the metal substrate and in the coating 

films especially when immersed in aggressive electrolyte solution. The impedance value 

of a CPE was determined by two parameters Q0 and n with the expression of 

Z=(1/Q0)×(ω·i) –n, where n value refers to the heterogeneity ranging from 0~1, and Q0 

will be an equivalent to a simple capacitor when n is 1. Additionally, in this circuit: CPEf 

represents the capacitance behavior of coating films; CPEdl represents electric double-

layer capacitance; and Rct is charge transfer resistance.81  The values of the equivalent 

circuit elements for each sample were obtained by data fitting and are listed in Table 3.3. 

Charge transfer resistance for GO coated CRS increased, but less than that of PIB-g-GO 

coated samples. One explanation for this difference could be the increased surface 

hydrophobicity due to polymer grafting improved the coating resistance towards the 

electrolyte solution. Corrosion resistance of the PIB-g-GO coating on CRS also increased 

with increasing film thickness, while double-layer capacitance decreased slightly. 

3.4 Conclusions 

In summary, we report a simple method of preparing well-defined GO derivatives 

using a low-density aerogel precursor (LDGOAero) with increased surface area, which 

allows for improved access of small and large functionalization molecules to GO platelet 

in various solvents systems. This protocol requires minimal ultrasonication and a small 

amount of high boiling point co-solvents (such as DMF, DMSO, or NMP). Furthermore, 
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the degree of modification can be easily tuned by varying the reagent/substrate ratio so 

that suspension property of GO derivatives can be adapted for different processing 

conditions (i.e. polar or non-polar solvents). We also validated the capability of 

fabricating polymer-g-GO nanocomposites directly via this functionalization method by 

polymer grafting. Ultra-thin coatings were fabricated from suspension of polyisobutylene 

grafted GO (PIB-g-GO) on low carbon steel and tested for their corrosion protection 

property. The corrosion rate of low carbon steel immersed in electrolyte solution 

decreased by 99.8% when a layer of ~2 µm of this nanocomposite coating was applied. 
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CHAPTER IV – CORROSION PROTECTION STUDY OF WATERBORNE EPOXY 

BILAYER COATINGS WITH HYDROPHOBIC SURFACE AND GRAPHENE 

OXIDE OXYGEN BARRIER 

Time-dependent corrosion protection performance of bilayer waterborne epoxy-

amine (WBEP) coatings were studied in simulated corrosive environments by monitoring 

the coating impedance or coating delamination. In the first layer (primer), lamellar 

graphene oxide (GO) were incorporated to improve oxygen barrier property, which were 

studied by measuring permeability of O2 through free-standing films that contained 

increasing loading of GO. Permeability of O2 was decreased by ~80% with ~1.8 wt.% 

GO loading owing to tortuosity effect, which was confirmed by cross-sectional 

transmission electron microscopical (TEM) images showing highly dispersed lamellar 

morphology of GO in polymer matrix. The second layer (top coat) contained an organic 

wax, polyethylene (PE-alloy), which could increase water contact angle (WCA) by ~30º 

with 1-5 wt.% loading in polymer, thereby endowing water repellant property. 

Electrochemical impedance spectroscopy (EIS) analysis of intact coatings indicated that 

the bilayer coating with a hydrophobic surface exhibited higher impedance and lower 

microscopical delamination (calculated by breaking point frequency) in comparison with 

the neat WBEP coating under immersion and exposure corrosive conditions. In addition, 

coating delamination induced from a scribe was analyzed on simulated defect coatings to 

study the anticorrosive property under both environmental conditions.  

4.1 Introduction 

Corrosion has a profound impact on the reliability and service lifetime of metallic 

devices. Billions of dollars are spent on corrosion-related maintenance and replacement 
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every year.1-2 Although corrosion, the process of metal oxidation by interacting with 

oxidants (i.e. O2, CO2, HCl), is thermodynamically favored, the rate can be significantly 

different depends on the environmental conditions and the presence of moisture and salts 

that affect the kinetics.3-4 Numerous corrosion protection techniques have been developed 

for metallic facilities in various environmental conditions based on three strategies: 1) 

isolation of metals from corrosive environment; 2) suppression of anodic metal 

dissolution; and 3) suppression of the corresponding cathodic reaction.3, 5 Organic 

(polymeric) coatings are generally used to afford corrosion mitigations through the 

isolation mechanism due to barrier effect.3, 6  

Successful environmental isolation requires that organic coatings have good 

barrier properties and enduring adherence to metal substrate at the same time.7 Many 

polymers, including alkyd, epoxy, polyurethane, polyvinyl chloride, acrylates, polyester, 

and chlorinated rubber have been employed as binder matrices in anticorrosive coatings.6, 

8-14 Among them, epoxy resin is the most widely used polymer owing to its low cost, high 

electrical insulation, strong adhesion for various surfaces, thermal and mechanical 

stability, and excellent barrier properties.6 However, the structural integrity of epoxy 

coatings diminishes over time due to absorbed water from environments, which leads to 

inevitable penetration of corrosive species and reduces barrier effect.12, 15-16 Besides, 

water ingress at the metal/coating interface can jeopardize adhesion of coatings and result 

in coating delamination and corrosive failure.17-19  

Increasing the crosslink density of epoxy resin was shown to be effective on 

reducing water uptake and water diffusion rate by Sangaj and coworkers.20-21 However, 

brittleness and high glass transition temperature (Tg) may have a negative impact on 
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adhesive property.22 Pigments and inorganic fillers incorporated in polymeric coatings 

have shown improving corrosion resistance in long-term performance, which is believed 

to be related with decreased permeability or increased adhesion.18, 23-25 Addition of 

nanofillers such as carbon nanotubes, hydrophobic silica, and graphene have been shown 

successful on increasing barrier property and oxidation/corrosion resistance much more 

effectively than conventional materials in polymer nanocomposites (PNCs).26-28 

Therefore, surface coatings for marine, aerospace, pipelines, automobile, and 

construction applications can be developed with the benefit of prolonged service lifetime 

and reduced weight by using advanced nanomaterials.29-30  

Graphene (Gr), with a unique two-dimensional honeycomb structure, exhibits 

chemical inertness and stability, thermal and electrical conductivity, high modulus and 

strength, as well as gas impermeability.31-33 Gr thin films deposited on copper can protect 

metal from high-temperature oxidation and aqueous corrosion29-30, however, long-term 

performance can be restricted by the difficulties on immobilization of graphene directly 

to metal surfaces.34 Moreover, Gr shows poor dispersibility in most solvents due to lack 

of surface functionalities, and incorporation of graphene functional additives in organic 

coatings is still challenging.35 Graphene oxide (GO) is an alternative form of lamellar 

carbon nanomaterials, which exhibits much ameliorated dispersibility and compatibility 

due to oxygenated functional groups (hydroxyl and epoxide functional group on its basal 

plane, and carbonyl and carboxyl groups on the edges).36-37 GO reinforced PNCs have 

been studied for various applications including surface coatings, and the effectiveness of 

reinforcement was shown to increase with GO loading.38-39 Prabakar and coworkers 

found that GO could effectively suppress the oxidation of aluminum current collector in 
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lithium ion battery.40 Sun and coworkers synthesized 3-aminopropyl triethoxysilane 

modified reduced GO (rGO) derivative, which exhibited enhanced barrier and corrosion 

resistance property when adding in polyvinylbutyral (PVB) coating.34 Ramezanzadeh and 

coworkers41, Yu and coworkers42 investigated the anticorrosive performance of GO and 

GO derivatives incorporated in epoxy coatings, respectively. Qi and coworkers also 

reported anticorrosive performance of polymer-grafted GO nanocomposite coatings on 

steel substrate.43 These studies indicated a synergistic effect due to grafting endows 

elevated property over neat polymer or GO coating with increasing grafting density. 

Besides the impact of tortuosity effect in the bulk of organic coatings, surface 

wettability also can be tuned to retard water penetration and maintain sufficient corrosion 

protection.3, 20 Incorporation of low surface energy materials, such as silicone resin (22 

mN/m) or fluorine-containing compounds (10 mN/m), can significantly increase the 

surface hydrophobicity and water repellent property.44-46 Moreover, incorporation of 

hierarchical microstructures to hydrophobic surface endows superhydrophobicity, for 

which water contact angle is larger than 150º and sliding angle is smaller than 10º.46-47 

Because of such a strong self-cleaning effect, it is difficult for water and dissolved 

corrosive species (i.e. O2 and NaCl) to diffuse into coating bulk and aqueous corrosion 

can be diminished.46-47 However, such a surface modification method still suffers from 

low durability and high cost, which greatly limit its applications as anticorrosive coatings.  

Legislative restrictions on volatile organic compound (VOC) emissions have 

driven the development of ecofriendly coatings, such as high-solid coatings, powder 

coatings, non-solvent coatings, and waterborne coatings.48 Although commercial 

waterborne epoxy coatings have been available for several years, their market shares stay 
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small on anticorrosive coatings.49 One possible reason is that their low water resistance in 

comparison with traditional solvent-based systems can decrease the overall barrier effect 

and reduce corrosion resistance.49-50 Incorporation of hydrophobic copolymers has been 

reported to successfully improve the performance of waterborne epoxy coatings14, 49, 

however, using functional filler/additive instead will bring more flexibility and higher 

cost-effectiveness to the formulation ability of epoxy coating system.51 Therefore, in this 

study, functional fillers that can modify surface and bulk property of waterborne epoxy-

amine coating (WBEP) were incorporated to enhance coating barrier to water and O2. 

Anticorrosive bilayer waterborne coating system contains a thicker primer with 

GO incorporated and a thinner top layer with polyethylene wax additive (PE-alloy). An 

in-house waterborne epoxy dispersion cured with an aliphatic amine hardener was used 

as binder polymer for both layers. GO lamellae exhibited excellent dispersibility and 

compatibility in this water-based epoxy-amine coating. O2 permeability of the resulting 

GO nanocomposite significantly decreased. WBEP top layer coating with PE-alloy 

showed increasing water contact angle and reduced moisture adsorption with increasing 

filler concentration. Coating impedance of single-layer WBEP and bilayer coating system 

was measured over time under immersion and salt spray exposure conditions by 

electrochemical impedance spectroscopy (EIS). EIS is an in situ and non-destructive 

technique for studying corrosion resistance of coated and bare metal substrate in 

simulated environmental conditions.4, 52-53 The impedance response of a given 

metal/coating system under a small-amplitude alternating potential signal is influenced by 

many factors, such as the surface roughness of metal, the coating/substrate interface, the 

porosity of coating with water ingress over time and so on. The impedance value of 
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organic coatings is normally measured on an intact coating, where the barrier effect 

towards water/electrolyte solution is the dominating factor.46, 54 On the other hand, in 

many cases corrosion failure of an anticorrosive coating can be largely due to a 

macroscopic defect, by which the coating/metal interface is exposed. Therefore, in 

addition to impedance measurements, corrosion protection performance was also studied 

on coatings with simulated defects (i.e. a scribe) to investigate the delamination distance 

from the scribe. 

 

Figure 4.1 Schematic representation of the fabrication of WBEP-based bilayer coating 

system. 

4.2 Experimental 

4.2.1 Materials 

Reagents for graphene oxide synthesis were purchased from Sigma-Aldrich and 

used without purification unless otherwise specified, including graphite flakes 

(cat.#332461, ~150 μm), potassium permanganate (99% pure), phosphoric acid (85% 

H3PO4 in water), sulfuric acid (95–98% H2SO4), hydrogen peroxide (30 wt% H2O2 in 

water), hydrochloric acid (30–35% HCl in water), and in-house deionized (DI) water 
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(MilliQ, 18 MΩ). In-house waterborne epoxy (WBEP) was prepared from diglycidyl 

ether of bisphenol A (DGEBA, Epon 828) epoxy resin purchased from Shell (USA). 

Anquamine 419 (Aq-419) waterborne curing agent was generously provided by Air 

Products and Chemicals, Inc. (USA) free of charge. Polyethylene alloy additive was 

provided generously by Shamrock Technologies (USA) free of charge. 

Aluminum 2024 (A36) coupon (75mm×15mm×0.5mm) and cold rolled low 

carbon steel (QD36) coupon (75mm×15mm×1mm) was purchased from Q-LAB 

Corporation (USA) and used as received. Coupons were thoroughly rinsed with acetone, 

cleaned with paper tower to remove any oil contaminants, and fully dried under nitrogen 

gas flow before any coating applications. The waterborne epoxy used was synthesized in-

house and curing agent (Aquamine-419) was kindly donated by Airproduct Inc.  

4.2.2 Synthesis of The Waterborne Epoxy and GO 

Waterbased epoxy dispersion was prepared via phase-inversion technique at 

ambient under agitation of ~ 1500 rpm and water feeding rate of ~ 4.5 mL/min. The 

resulting dispersion had 56% solid and equivalent epoxy weight (EEW) of 389 g/equiv. 

GO was synthesized according to a previously reported protocol.55 

4.3 Preparation of Single-layer and Bilayer Coatings 

Curing agent mixture with 30% solid content was prepared by adding equal 

amount of DI water to pristine Aquamine-419 and thoroughly mixing on a Flacktek 

SpeedMixer. The epoxy to amine-H molar ratio chosen for this study is 1.2 to minimize 

unreacted amine functionalities in the system. The schematic representation of the 

fabrication of WBEP-based bilayer coating system is shown in Figure 4.1. Single-layer 

coating of waterborne epoxy-amine resin (WBEP) was prepared by mixing 2.4 g of 
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waterborne epoxy, 2.92 g of amine solution, and 2 g of DI water on the speed mixer 

followed with drawdown application on A36 (Q-panels). The bilayer coating consisted of 

a bottom layer of GO/WBEP composites with 1.8wt.% of GO loading, and a top layer of 

PE-alloy/WBEP composites with 5wt.% of PE-alloy content. The bottom layer was 

applied on A36 substrate by drawdown bar and the top layer was applied with a roller 

bar. The single-layer coating was cured in forced air oven at 40, 60 and 80 ºC for 12, 24, 

and 2 h. For bilayer coating, the first layer was cured at 40 ºC for 12 h before second 

layer was applied, and then was cured at 40, 60 and 80 ºC. The average coating thickness 

measured on single-layer waterborne epoxy-amine coating was 22 ± 1.5 μm, while the 

total thickness of bilayer coating was 18 ± 2.5 μm. 

4.3.1 Preparation of WBEP, GO/WBEP, and PE-alloy/WBEP Free-standing Films 

Oxygen permeability and cross-sectional TEM images were obtained on free-

standing films of neat waterborne epoxy-amine (WBEP) and GO/WBEP composites with 

varying GO loading (0.2, 0.5, 0.9 and 1.8 wt.%). GO was first dispersed in DI water via 

ultrasonication before adding waterborne epoxy. The mixture was thoroughly blended 

twice on a Flacktek SpeedMixer for 10 min at 1500 rpm. Then amine cure agent was 

added and fully blended twice for 5 min at 1800 rpm. Samples were cured in mold at 

elevated temperature in forced air oven at 40, 60 and 80 ºC for 12, 24, and 2 h in 

succession.  

Free-standing film with PE-alloy were prepared similarly by mixing the 

components in a vail using SpeedMixer for 10 min at 1500 rpm. Samples were cured on 

aluminum foils under the same temperature profile. 

4.3.2 Characterization 
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FTIR spectra of GO were acquired using a Nicolet 6700 FTIR spectrometer in 

attenuated total reflectance (ATR) mode. Raman spectra were collected with a Thermo 

Scientific DXR Raman microscope with 633 nm excitation laser. UV absorption spectra 

were collected by a Lambda 35 ultraviolet–visible (UV–vis) spectrometer (PerkinElmer, 

Inc.) with a 326 nm UV lamp.  

The dimensions of GO platelet were determined via AFM in tapping-mode with a 

SiC probe (1/T300 TM, Bruker). Samples for AFM analysis were prepared by drop-

casting films from diluted (~0.0001 wt %) aqueous GO suspensions. The dispersion 

morphology was studied by a JEOL 2100 transmission electron microscopy (TEM) in 

high-vacuum mode operated at 200 kV.  

Water contact angle (WCA) were acquired on thin film surface deposited on cold 

rolled steel (CRS) substrate using a Ramé-hart 200-00 Std.-Tilting B. goniometer with 4 

μL water droplets. The measurements were carried out at ambient and the shape of 

droplet was recorded by digital camera and analyzed using the software. Water vapor 

sorption was measured by using a Q5000 SA (TA Instruments) at 35 ºC and 95% relative 

humidity (RH). Samples were equilibrated at 75 ºC and 0% RH for 2 h before testing.  

The glass transition temperature (Tg) was measured via dynamic mechanical 

analysis (Q800 DMA, TA Instruments) in multi-frequency-strain mode at 1 Hz and 2 °C 

min–1 ramping rate and differential scanning calorimetry (Q2000 DSC, TA Instruments) 

in nitrogen at a 10 °C min–1 heating rate and a 5 °C min–1 cooling rate. 

O2 permeability was measured at 25 ºC, 0% relative humidity (RH) and 1 atm 

partial oxygen pressure difference using OX-TRAN 2/21 ML (MOCON). A continuous-

flow method of ASTM D3985-81 was employed with nitrogen as a carrier gas to measure 



 

107 

oxygen flux through a free-standing film attached to an aluminum mask with an exposure 

area of 5 cm2. Ultra-thin (~ 100 nm) sections of LNCs film samples embedded in epoxy 

resin for TEM studies were obtained using a microtome at RT and collected with a 

copper grid. 

4.3.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) was conducted on 2024 aluminum 

substrates with different coating systems in 3.5 wt% NaCl solution immersion. The 

measurement was done by Princeton Verstate 4 using a three-electrode cell consisting of 

Ag/AgCl reference electrode, platinum counter electrode, and coated panel as working 

electrode with 1 cm2 exposure area. Open circuit potential (OCP) was performed each 

time before collecting electrochemical impedance spectra. The scan rate was 1 mV s-1 

from 10-2 Hz to 105 Hz at ± 20 mV OCP. The exposing area for specimen as working 

electrode was 1 cm2.  

Coating delamination study were conducted on low carbon steel (QD 36 panels) 

coated with a single-layer neat WBEP coating, a single-layer PE-alloyl (5%)/WBEP 

coating and a bilayer coating of the same components as described above.  

4.4 Results and Discussion 

4.4.1 Characterization 

The vibrational bands at ~3400 cm–1, ~1750−1650 cm–1, and ~1250−950 cm–1 in 

the FTIR spectrum (Figure 4.2a) of GO indicates the presence of hydroxyl (−OH), 

carboxyl (−COOH)/carbonyl (C=O), and epoxy (C–O–C) functional groups.55 The strong 

IR bands at ~2915 cm–1, 2848 cm–1 and ~1470 cm–1 in the spectrum of (Figure 4.2a) PE-

alloy are attributed to C–H stretching vibration of –CH2–, –CH3 groups.56 The IR 
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spectrum (Figure 4.2a) of neat WBEP indicates the existence of –OH, C–H, C=C, C–O–

C, and C–N moieties.57 The addition of GO (1.8 wt%) or PE-alloy (5 wt%) shows minor 

impact on IR spectra of the composite films under such low concentrations. 

 

Figure 4.2 FTIR (a) and Raman (b) spectra of GO, PE-alloy, WBEP, GO/WBEP and PE-

alloy/WBEP (composite) sample films. 
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The presence of D (~1350 cm–1) and G (~1580−1600 cm–1) bands in Raman 

spectra is a typical indication of sp2 carbon composition in carbon materials.58-59 Raman 

spectra (Figure 4.2b) of GO and GO/WBEP showed strong D and G bands: the former 

results from the first order scattering of the E2g phonon of in-plane vibrations of sp2 

bonded carbon atoms; and the later ascribes to a defect-induced A1g breathing mode of 

sp2 rings. The weak band at ~1600 cm–1 in Raman spectra (Figure 4.2b) of neat WBEP 

and PE-alloy/WBEP composite is due to aromatic structure in resin.60 

 

Figure 4.3 AFM height image (a) and profile (b), and aqueous suspension (c) of GO 

platelet. 

4.4.2 Oxygen Barrier Property of GO/WBEP Composites 

The AFM height images and profiles (Figure 4.3a and b) of GO indicates irregular 

shape for GO platelets with lamellar thickness of 1~2 nm. Digital image of GO aqueous 

suspensions with concentrations of 0.5 and 1 mg/mL are shown in Figure 4.3c, indicating 

good processing compatibility in waterborne systems. Free-standing films of GO/WBEP 

composites were prepared with increasing GO loading from 0.2 wt% to 1.8 wt%. 

Transparency of the resulting films was determined by UV-vis spectroscopy (Figure 4.4a) 

with the corresponding digital image of these films shown in Figure 4.4b. As expected, 

the opacity of composite films increased with increasing GO loading. 



 

110 

 

Figure 4.4 UV-vis spectra transparency (a) and digital image of GO/WBEP composites 

with 0.2, 0.5, 0.9 and 1.8 wt.% of GO loading.   

TEM was employed to directly study the dispersing morphology of GO lamellae 

in the GO/WBEP composites by using ultra-thin sections obtained by microtoming. GO 

reveales sufficient contrast against resin matrix to be imaged without staining.55 Cross-

sectional TEM images (Figure 4.5) of GO/WBEP composites at low and high 

magnifications imply relatively uniform dispersion of GO at all concentrations. Random 

distribution of GO platelet can be observed at low GO loading (0.2%), while increasing 

alignment started to form with increasing GO loadings (0.5-1.8 wt%). Steric interactions 

between GO platelet were believed to induce aligned morphology, which are typically 

observed when the lateral dimension of nanoparticle is sufficiently large. 
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Figure 4.5 Cross-sectional TEM images of GO/WBEP films with 0.2-1.8 wt.% GO 

loading under low (a, c, e, g) and high (b, d, f, h) magnifications. 

As an inert molecule, permeation of O2 in polymeric materials is governed only 

by the intrinsic properties of polymer matrix, such as crosslinking, crystallinity, glass 
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transition temperature (Tg), and so on.20 The average physical state (i.e. glassy vs. 

rubbery) of a polymer, which is determined by the difference between the ambient 

temperature and Tg, shows a dominating impact on the permeation process.26 Therefore, 

the measured Tg (~65–71 ºC by DSC) of polymer matrix (epoxy-amine resin) was 

significantly above the average testing temperatures, that film(s) and coating(s) were 

considered to be in their glassy states. O2 barrier property was determined by measuring 

steady-state oxygen flux through the polymeric/composite film normalized by film 

thickness.61 As shown in Figure 4.6, O2 permeability decreased by ~80% with 1.8 wt% of 

GO loaded in polymer matrix. Permeability decrease in nanoplatelet based composite 

systems is primarily due to tortuous effect, which reduces gas diffusivity by creating 

elongated pathway through the composite for penetrating molecules. Besides, the 

concentration, aspect ratio, orientation, and dispersion state of nanoplatelets in the matrix 

will all show impact on the diffusion barrier efficiency.  

 

Figure 4.6 O2 permeability of GO/WBEP composite films with 1.8 wt.% GO loading. 
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4.4.3 Surface Wettability of PE-alloy/WBEP Composites 

 

Figure 4.7 (a) Water contact angle of PE-alloy/WBEP composite surface and (b) vapor 

sorption of free-standing composite films with PE-alloy or GO. 

Water contact angle (WCA) measurement, one of the most established methods 

for studying surface wettability of materials, was performed on coated aluminum 

substrate with results displayed in Figure 4.7a.62 Neat WBEP surface showed CA of 62.4 

± 2.2º, which indicated a hydrophilic surface for epoxy resin. PE-alloy/WBEP composite 

coatings exhibited significantly increased CA, which was 91.7 ± 2.1º with 1 wt% of PE-

alloy loading in the matrix. When loading level of PE-alloy further increased to 10 wt%, 
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a CA of 104.4 ± 2.7º can be achieved with water droplet repellent property increased as 

well. This was mainly due to the hydrophobic nature of the synthetic wax additive (PE-

alloy) that is lack of polar functional groups. 

Water vapor sorption of neat WBEP, GO/WBEP, and PE-alloy/WBEP composite 

measured on free-standing films was shown in Figure 4.7b.63 Addition of GO (~1.8 wt%) 

indicated minor impact on water uptake, while PE-alloy/WBEP composites absorbed 

~25% less moisture in comparison with neat polymer. However, increasing PE-alloy 

loading from 1% to 5% showed minor reduction of water uptake.  

4.4.4 Study of Coating Impedance by EIS 

Bode magnitude, phase, and Nyquist plots obtained from salt solution immersion 

test of different time intervals were shown in Figure 4.8. The initial total impedance at 

low-frequency (0.01 Hz) for single- and bilayer coatings was ~0.9×1010 and ~1.1×1010 

(ohm cm2), respectively, indicating high resistance towards the electrolyte solution.13 

During the first 24 h of immersion, total impedance dropped quickly for both coatings, 

which was down to ~2×109 and ~8×109 (ohm cm2) for single- and bilayer coatings, 

respectively. The decrease of impedance was then slowed down until day-45 for single-

layer coating, when a more drastic change (~2×108 ohm cm2) occurred. On the contrary, 

the total impedance of bilayer coating during this same period until day-64 decreased 

steadily to ~2×109 (ohm cm2), which was ten times above the impedance of single-layer 

coating. The total impedance of both coatings exhibited minor changes at high frequency 

range (102−105 Hz) with a phase angle close to 85º within the whole immersion period.64  
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Figure 4.8 (a, b) Bode magnitude, (c, d) phase and (e, f) Nyquist plots of single-layer 

WBEP and bilayer PE-5%/WBEP (top) with GO-1.8%/WBEP (primer) composite 

coatings. 
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Microscopic delamination of organic coatings at the coating/metal interface can 

reflect their barrier properties towards water and electrolyte solution, and is important to 

study the underwater resistance of anticorrosive coatings. The delamination area can be 

calculated by the breakpoint frequency (fb at a 45º phase angle) obtained from Bode 

phase plots.13 Thus, the electrochemical performance of metal/coating systems can be 

studied from breakpoint frequency in the EIS spectra.  

 

Figure 4.9 Breakpoint frequency (fb) of single-layer WBEP and bilayer PE-5%/WBEP 

(top) with GO-1.8%/WBEP (primer) composite coatings at different time intervals. 

Breakpoint frequency (fb) is correlated with the relative increase of electrochemical 

active surface area (Equation 1), which is attributed to increased delaminated area with 

increased immersion time.13 In addition, the surface coating porosity, the reaction of 
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metal/coating interface, and other relevant electrochemical information can be obtained 

by analyzing fb that is varied with immersion time. 

𝑓𝑏 = 𝐾 (
𝐴𝑡

𝐴0
)                                                                                               (1) 

In this expression, K= (1/2)ρεε0, At is delaminated area, A0 is the total area of the sample, 

ρ is resistivity of coating, ε is dielectric constant of water in coating, and ε0 is the vacuum 

permittivity. The value of ρ declines and the value of ε increases correspondingly when 

electrolytes penetrates the coating with water, resulting in a compensated effect that 

keeps K almost unchanged. Hence, the delaminated area of the coating system is regarded 

as approximately proportional to breakpoint frequency.  

In general, the higher the fb, the more delaminated area at the metal interface. fb is 

functional with high frequency data, and thus it did not need to take too much time to 

gain the low frequency data. Hence, breakpoint frequency can be regarded as a simple 

and rapid method to evaluate the electrochemical performance of the metal/coating 

system. As shown in Figure 4.9, fb of both coatings shifted to higher frequencies with 

increased immersion time, indicating the deterioration of barrier property of coatings. 

However, fb of the bilayer coating started lower and increased much slower in 

comparison with fb of the single-layer coating, indicating better water/electrolyte solution 

and underwater corrosion resistance.13  
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Figure 4.10 Bode magnitude (■) and phase (★) plots (a), and Nyquist plots (b) of single-

layer (■) WBEP and bilayer (□) PE-5%/WBEP (top) with GO-1.8%/WBEP (primer) 

composite coatings after different time interval of exposure. 

Nyquist plots indicated that high resistance and low capacitance for both coatings 

at the beginning of the immersion, and the total impedance gradually decreased with 

increasing immersion time. As the immersion time elapsed, barrier property of organic 
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coatings decreased with extending penetrations of water and electrolytes by three ways: 

water sorption, transportation in the coating, and water ingress at the coating/metal 

interface.3 The bilayer coating contains a hydrophobic component that could reduce water 

sorption on the surface as shown by the increased water contact angle (Figure 4.7a). 

Because a coating with greater hydrophobicity usually exhibits higher underwater 

resistance due to the potential decrease of wettability coupled with the penetration of 

aggressive electrolyte, leading to improved corrosion resistance under prolonged 

immersion time.  

Outdoor environments can be classified into three major categories according to 

corrosive aggressiveness, which are immersion, atmospheric, and splash zone with some 

subgroups.65 The splash zone exposure is extremely aggressive in comparison with the 

other two due to a combination of high O2 content in the air with continuous salt 

splashing from sea, which can be simulated in a salt fog humidity chamber in lab.4 

Therefore, coating impedance deterioration under such exposure condition was also 

investigated at different exposure time interval in addition to conventional immersion 

test. Figure 4.10a displayed the Bode magnitude and phase plots of single- and bilayer 

coatings, represented with a close- and open-square symbol, respectively. It was observed 

that both coatings exhibited faster decrease of the total impedance value at low-frequency 

(0.01 Hz) during salt spray exposure than immersion condition. One reason is that the 

physical state of water (liquid and gaseous) showed an impact on permeation property, as 

the average molecular velocity of vapor is much higher than that of liquid state water.20 

Additionally, capillary effect that inhibits the permeation liquid water is not capable of 

restricting the transmission of water vapor, thereby resulting in faster water ingress in 
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organic coatings.20 The breakpoint frequencies for single- and bilayer coatings after day-

20 exposure were 0.778 and 0.485, respectively. Nyquist plots of single- and bilayer 

coatings in Figure 4.10b indicated higher impedance value for the later at each of the time 

intervals during salt spray exposure, indicating the better water/electrolyte solution 

resistance of the bilayer coatings. 

4.4.5 Coating Delamination Study on Steel Substrate with Scribe Defect 

Steel is the most important industrial metal that is subjected to heavy corrosion 

when exposed to humid air. For the corrosion of steel (iron) under normal conditions (as 

shown in Figure 4.11): O2 from the air is reduced in cathodic reaction with the formation 

of hydroxide anions (OH¯); while metal is dissolved by giving out electrons to become a 

ferrous cation (Fe2+) in anodic reaction. Besides, intermediate products such as peroxides, 

superoxides and radicals are also generated during the cathodic reduction process, but 

anodic reaction is almost universal.17, 66-67 Fe2+ accumulated at the anodic sites will then 

react with the OH¯ from solution to form iron hydroxide, which will be quickly oxidized 

into ferrous oxides, a green hydrated magnetite with this formulation: FeO•Fe2O3•H2O 

(Eq. 6).66 The unstable hydrated magnetite will then decompose into the relatively stable 

black magnetite FeO•Fe2O3 (Eq. 7).5 Furthermore, with excess oxygen in the system, the 

black magnetite will subsequently be oxidized into dark-red hydrated hematite Fe2O3• 

H2O, which is more stable, also known as rust.66 The overall reaction for the rust 

formation can be rewritten into Eq. (2). 

12𝐹𝑒(𝑠) + 9𝑂2(𝑔) + 6𝐻2𝑂(𝑙) → 6𝐹𝑒2𝑂3 ∙ 𝐻2𝑂(𝑠)                                    (2) 
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Figure 4.11 Corrosion of steel (iron) in the presence of O2, H2O and electrolytes. 

An external defect, such as a scribe by razor blade, can occur on anticorrosive 

coating, which could have a significant impact on corrosion resistant performance due to 

exposure of metal/coating interfaces. Compared with intact coating, corrosion can 

proceed much quicker to cause failure due to coating delamination, which is induced by 

water ingress at the defect site. When coated steel samples were exposed to salt water 

(3.5% NaCl immersion condition), corrosion initiates quickly from the exposed region 

with coating delamination expanding radiantly from the scribe, as shown in Figure 4.11. 

The three columns in Figure 4.12a display the corrosion morphologies of steel coated 

with single-layer WBEP, PE-alloy-5%/WBEP composite, and bilayer composite 

coatings, respectively. The single-layer coating with PE-alloy incorporated exhibited 

reduced corrosion, however, it failed to maintain adhesion and delaminated completely 

form the substrate. On the contrary, bilayer coating that was away from the scribe was 

able to maintain its adhesion better than the other two coating systems. 
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The results from salt spray exposure test (following the ASTM B1 17 specified 

condition) of the same coating series on steel are shown in Figure 4.12b. The salt spray 

exposure test result shows similar trend as that of immersion test, except for single-layer 

coating with 5% PE-alloy incorporated surprisingly performed worse with faster 

corrosion propagating and coating delamination even than the neat sample. On the other 

hand, bilayer coating that contained the layer of GO/WBEP (1.8% GO) composite 

exhibited a better ability to maintain coating adhesion, by which the regime with a certain 

distance from the scribe can still be protected from environmental contamination. One 

reason for coating delamination by corrosion reaction is due to the formation of OH¯ and 

increasing of local pH at the cathodic sites, where bonding interactions between a coating 

binder and metal substrate are disturbed. Glover and coworkers reported a strong 

correlation between reduced delamination rate and the rate of oxygen permeation on 

graphene pigmented anticorrosive coatings.68 Previous study on steel corrosion by 

Wroblowa suggested that the formation of stable peroxyl ions during oxygen reduction 

process can be highly aggressive or even destructive to organic materials. These active 

intermediate species can attack the interface and covalent bonds in a polymer binder to 

potentially induce coating delamination.17 Therefore, with a prominent reduction on 

measured O2 permeability, bilayer coating with GO addition outperformed the other two 

systems under both conditions. Besides, the difference on performance became more 

prominent under splash exposure condition, where higher concentration of oxygen was 

involved in comparison with the immersion environment. 
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Figure 4.12 Digital photo images of salt spray exposure test on coated steel. 
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4.5 Conclusion 

In summary, single-layer coating of waterborne epoxy-amine resin and its bilayer 

composite coating with hydrophobic PE-alloy and lamellar graphene oxide functional 

fillers were thoroughly investigated for their anticorrosion performance under different 

environmental conditions. Anticorrosive coating system with hydrophobic surface and 

enhanced oxygen barrier property was obtained and characterized by increased water 

contact angle and decreased oxygen gas permeability. Electrochemical impedance 

spectroscopy study indicated increased coating impedance of the bilayer coating under 

both immersion and simulated splash environmental conditions. Water ingress at the 

metal/coating interface could be a major cause of coating delamination, however, our 

study indicated that oxygen content also plays a key role during this process, although the 

actual mechanism was still not fully understood. The future work will be on elucidating 

the mechanism and modeling of coating delamination coupled with corrosion propagation 

at a molecular level, which will provide fundamental guidance for the design of novel 

anticorrosive coatings.  
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CHAPTER V – CONCLUSIONS AND FUTURE WORK 

The incorporation of well-dispersed functional nanomaterials in polymeric 

materials for barrier enhancement has proved to be highly efficient and hold great 

potential for applications in surface protective coatings. In this work, carbon-based 2D 

nanomaterial GO was highlighted for its excellent oxygen barrier property in organic 

anticorrosive coatings. Besides, surface modification protocols of GO were also 

investigated to extend its utilizations in various polymer matrices by manipulating 

surface wettability and solvent dispersibility. Moreover, a waterborne coating system 

with optimized corrosion resistance capability was obtained by preparing a hydrophobic 

surface in addition to an enhanced oxygen barrier effect, which can endow anticorrosive 

coatings with increased impedance and reduced delamination under various aggressive 

environmental conditions.  

The first part of this work demonstrated the fabrication of ecofriendly PNCs via 

aqueous blending of modified GO nanoplatelet with conventional latex copolymers. In 

this study, partial modification of GO was performed to reduce the moisture sensitivity of 

the resultant LNCs. LNCs containing mGO absorbed 67% less moisture than LNCs with 

similar levels of unmodified GO due to fewer hydrophilic moieties on mGO by 

esterification. Oxygen permeability of LNC with 0.7 vol.% mGO loading exhibited 

excellent O2 barrier property (an 84% reduction in comparison with the neat polymer) 

due to intrinsic impermeability of mGO nanoplatelets with large aspect ratios, sufficient 

dispersibiltiy and exfoliation in polymer matrix, and alignment of platelets during the 

film formation process in latex system. Cross-sectional TEM images of LNC films and 

reduced diffusivity coefficient calculated by data fitting further confirmed that increased 
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barrier property is due to tortuous pathway effect. However, the unexpected decrease of 

O2 solubility parameter were also observed, which normally depends only on filler 

concentration. A possible reason is that the formation of domains in which polymer is 

trapped by the very large nanoplatelet assemblies and cannot participate in the dynamic 

permeation process. Therefore, in future work, a direct measurement of gas solubility and 

determination of free volume of polymer matrix using positron annihilation lifetime 

spectroscopy will bring a better understanding of the mechanism of this phenomenon. 

The second part of this work described a simple and scalable method for 

producing GO derivatives with flexible solvent condition, high reaction efficiency, and 

controlled surface property. Specifically, hydrophobically functionalized GO, using 

small-molecule (hexanoyl chloride) and oligomeric (amine-terminated polyisobutylene, 

PIB) modifiers, was synthesized and thoroughly characterized spectroscopically and 

microscopically. Low-density aerogel precursors (LDGOAero) was designed to exhibit 

increased reactivity in many organic solvents with lower polarity, which normally can not 

be used to disperse GO materials without the help of extended ultrasonication. Therefore, 

the hydrophobically modification of GO indicates high efficiency with good stability, and 

surface property of the resulting GO derivatives were demonstrated by water contact 

angle and water vapor sorption measurements. Moreover, an ultra-thin coating fabricated 

on steel substrate with PIB-g-GO suspension in cyclohexane exhibited 50 times slower 

corrosion rate in comparison with unmodified GO thin film coating under salt solution 

immersion. Future work for this part will include a thorough investigation of polymer-g-

GO nanocomposites prepared from grafting polymers of different molecular weight and 

chain structure with varying grafting density. Additionally, corrosion resistance 
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properties of these nanocomposites thin films will be studied for their applications as 

novel protective coatings. 

In the third study, bilayer anticorrosive coating was prepared from a waterborne 

coating system by using functional additives/fillers: polyethylene wax (PE-alloy) and GO 

nanoplatelet. Addition of PE-alloy in the top thin layer successfully improve water 

repellent property of epoxy-amine resin based waterborne coating and increased 

corrosion resistance under both aqueous immersion and simulated splash zone conditions, 

which were demonstrated by increased water contact angle and coating impedance (EIS). 

On the other hand, incorporation of GO effectively reduces O2 permeability of coating by 

~ 80% with 1.8 wt% of GO loading. Moreover, our study indicated that reduced O2 

content also relates to the coating delamination process, which plays a crucial role on the 

corrosion resistance ability of defect coating. Future work of this study will be focused on 

the mechanism of coating delamination with regard to the corrosion reactions, where 

interfacial bonding of coatings with the substrate are disturbed due to corrosion 

propagating. Quantitative measurement and computational simulation of interfacial 

bonding energies will be incorporated to provide a deeper understanding of the 

procedure, which will be useful for the design of better anticorrosive coatings. 
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APPENDIX A – Ecofriendly Fabrication of Modified Graphene Oxide Latex Nanocomposites 

with High Oxygen Barrier  

 

 

Figure A.1 Synthetic route of the styrene-acrylic latex resin using ammonium persulfate 

(APS) as the initiator. 

 

 

Figure A.2 Br 3d XPS spectra of GO and mGO. 
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Figure A.3 (a) AFM height image and (b) profile of GO. (c) AFM height image and (d) 

profile of mGO lamellae. 

 

Figure A.4 UV-vis spectra of LNC films with different mGO loadings. 
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Figure A.5 Optical microscope images of LNC films with different mGO loadings. 

 

 

Figure A.6 Raman spectra of LNC films with different mGO loadings. 
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Figure A.7 Cross-sectional TEM images of GO/LNC films with different GO loadings 

under low and high magnifications: (a,b) 0.2 wt.%, (c,d) 0.4 wt.%, (e.f) 0.8 wt.%, and 

(g,h) 1.2 wt.%. 
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Figure A.8 Thermal mechanical testing of LNC films with different mGO loadings: (a) 

DSC curve and (b) DMA tan δ curve. 
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Figure A.9 Representative plot of an experimental fit to Fick’s second law of oxygen flux 

data. 

 

Figure A.10 O2 permeability plot for LNC films with different GO loadings. 
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Table A.1 Latex nanocomposites formulations. 

Series Styrene-acrylic latex (100 g) BYK®-428 GO mGO Solids 

 St EHA MAA (wt.%) (wt.%) (wt.%) (wt.%) 

Neat (diluted) 59.5 39.5 1 – – – 25 

GO-0.2–0.6 59.5 39.5 1 0.01 
0.2–

0.6 
– 25 

GO-0.8 59.5 39.5 1 0.02 0.8 – 17 

GO-1.2 59.5 39.5 1 0.02 1.2 – 17 

mGO-0.025–

0.6 
59.5 39.5 1 0.01 – 

0.025–

0.6 
25 

mGO-0.8 59.5 39.5 1 0.02 – 0.8 17 

mGO-1.2 59.5 39.5 1 0.02 – 1.2 17 

 

 

Table A.2 Calculated proportion of four C-containing components according to fitted 

peaks of C1s XPS spectrum of graphene oxide (GO). 

Peak (eV) Assignment Proportion  

C=C (284.7) sp2 carbon 69.8% 

C–O (286.5) Hydroxyl, Epoxy 8.5% 

C=O (287.1) Carbonyl 20.3% 

O=C–O (289.0) Carboxyl, Ester 1.4% 

 

 

Table A.3 Calculated proportion of four C-containing components according to fitted 

peaks of C1s XPS spectrum of modified graphene oxide (mGO). 

Peak  

(eV) 

Assignment Proportion  

C=C (284.6) sp2 carbon  59.3% 

C–O/C–Br (286.5) Hydroxyl, Epoxy, Carbon–

Bromine 

9.2% 

C=O (287.1) Carbonyl 25.4% 

O=C–O (288.7) Carboxyl, Ester 6.1% 
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Table A.4 Calculated proportion of three O-containing components according to fitted 

peaks of O1s XPS spectrum of graphene oxide (GO). 

Peak 

(eV) 

Assignment Proportion  

C–O (533.7) Hydroxyl, Epoxy 28.1% 

C=O (532.6) Carbonyl 61.4% 

O=C–O (531.0) Carboxyl, Ester 10.5% 

 

Table A.5 Calculated proportion of three O-containing components according to fitted 

peaks of O1s XPS spectrum of modified graphene oxide (mGO). 

Peak  

(eV) 

Assignment Proportion  

C–O (533.2) Hydroxyl, Epoxy 14.2% 

C=O (532.4) Carbonyl 71.4% 

O=C–O (531.3) Carboxyl, Ester 14.4% 

 

Table A.6 Thermal properties of LNC films with different mGO loadings. 

Sample 

Tg (DSC)  

(°C) 

Tg (E′)  

(°C) 

Tg (tan δ)  

(°C) 

Neat 24.7 31.8 43.9 

mGO-0.05 25.0 31.8 43.9 

mGO-0.1 25.4 31.8 44.1 

mGO-0.2 24.8 31.8 44.4 

mGO-0.4 25.9 32.6 44.9 

mGO-0.8 26.1 33.7 45.4 

mGO-1.2 26.6 34.1 45.9 
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Table A.7 Oxygen gas permeability of LNC films with different GO loadings. 

Sample 

(wt.%) 

Volume Fraction  

GO (φ) 

Permeability 

(P) [Barrer] 

Relative Permeability 

(Pc/Pn) 

Neat-0 0.0000 4.40 ± 0.06 1.00 

GO-0.2 0.0011 2.78 ± 0.09 0.63 

GO-0.4 0.0023 2.19 ± 0.07 0.50 

GO-0.6 0.0035 1.91 ± 0.13 0.43 

GO-0.8 0.0046 1.68 ± 0.05 0.38 

GO-1.2 0.0070 0.99 ± 0.34 0.22 
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APPENDIX B –Facile Functionalization of Graphene Oxide via Low Density Aerogel Precursor 

and Fabrication of Polymer-g-GO Nanocomposite Corrosion Protection Coatings 

 

 

Figure B.1 (a) Shear storage modulus (G’, solid dots) and (b) shear loss modulus (G’’, 

open dots) of GO aqueous suspensions of varying concentrations (mg/mL). 

 

 

 

Figure B.2 Digital images of GO aqueous suspensions of varying concentrations (from 

left to right: 10, 5, 2.5, 1, and 0.3 mg/mL) and the resulting GO aerogels. 
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Figure B.3 SEM images of GO aerogels obtained from different concentrations of GO 

aqueous suspensions (from left to right: 10, 5, 2, 1, and 0.3 mg/mL). 

 

 

 

 

Figure B.4 Digital images of GO aerogels obtained from different concentrations of GO 

aqueous suspensions (from left to right: 10, 5, 2, 1, and 0.3 mg/mL) and their 

dispersibility in DI water. 
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Figure B.5 (a) Digital images of methylene blue (MB) aqueous solution and surface 

adsorption test at by GO flakes and GO aerogels obtained from 1 and 10 mg/mL GO 

aqueous suspensions, respectively, (b, c) UV-vis spectra and linear fitting of MB 

absorbance @ 664 nm, (d) UV-vis spectra of the supernant after 24h and (e) surface area 

measured for GO flakes and GO aerogels obtained from 1 and 10 mg/mL GO aqueous 

suspensions, respectively. 
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Figure B.6 XPS spectra of N 1s high-resolution scans of PIB-g-GO. 

 

Figure B.7 Raman image mapping of D band on (a) GO and (b) PIB-g-GO film samples. 
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Figure B.8 XPS spectra of (a) the survey scan, (b) C 1s, (c) O 1s and (d) N 1s high-

resolution scans of chemically reduced PIB-g-GO. 
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Figure B.9 AFM image and profile of (a,b) GO, (c,d) mGO (r = 3.85), (e,f) mGO (r = 

9.63) and (g,h) PIB-g-GO deposited from dilute suspensions. 
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Figure B.10 Representative Tafel analysis to obtain corrosion current density and 

corrosion kinetic parameters by extrapolating the Tafel plot. 

 

 

 

Figure B.11 Cross-sectional SEM images of (a) GO and (b) PIB-g-GO films coated on 

the substrates. 
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Figure B.12 (a) Tafel plots and (b) corrosion rate of PIB-g-GO (~1.5 µm) coating 

immersed in 3.5% NaCl solution for 144 h. 

 

Table B.1 Chemical composition and specifications (wt.%) of cold rolled steel (CRS). 

CRS panel specifications: Cold Rolled Steel, Low Carbon, SAE 1008/1010 

Thickness Finish  Roughness ASTM Temper Hardness 

0.5mm smooth < 20 micro-inch A1008 D609-Type 3 ¼ hard B50-B65 

Element  Manganese Carbon Phosphorus Sulfur Iron  

Wt.% < 0.60  < 0.15  < 0.030  < 0.035  > 99.185 
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Table B.2 Calculated proportion of four C-containing components according to fitted 

peaks of C1s XPS spectrum of the starting GO (LDGOAero). 

Peak (eV) Assignment Proportion  

C=C/C–C (284.8) sp2/sp3 carbon 53.43% 

C–O (286.8) Hydroxyl, Epoxy 11.95% 

C=O (287.2) Carbonyl 24.38% 

O=C–O (288.6) Carboxyl 10.24% 

 

Table B.3 Calculated proportion of four C-containing components according to fitted 

peaks of C1s XPS spectrum of hexanoyl chloride functionalized GO (mGO with r = 

3.85). 

Peak (eV) Assignment Proportion  

C=C/C–C (285.0) sp2/sp3 carbon 49.93% 

C–O (286.8) Hydroxyl, Epoxy 10.46% 

C=O (287.3) Carbonyl 28.78% 

O=C–O (288.6) Carboxyl, Ester 10.83% 

 

Table B.4 Calculated proportion of four C-containing components according to fitted 

peaks of C1s XPS spectrum of hexanoyl chloride functionalized GO (mGO with r = 9.65) 

Peak (eV) Assignment Proportion  

C=C/C–C (284.9) sp2/sp3 carbon 56.20% 

C–O (286.8) Hydroxyl, Epoxy 7.99% 

C=O (287.3) Carbonyl 25.03% 

O=C–O (288.8) Carboxyl, Ester 10.78% 

 

Table B.5 Calculated proportion of four C-containing components according to fitted 

peaks of C1s XPS spectrum of PIB-g-GO. 

Peak (eV) Assignment Proportion  

C=C/C–C (284.5) sp2/sp3 carbon 87.85% 

C–O (286.8) Hydroxyl, Epoxy 12.15% 
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Table B.6 Calculated proportion of three O-containing components according to fitted 

peaks of O1s XPS spectrum of the starting GO (LDGOAero). 

Peak (eV) Assignment Proportion  

C–O (533.2) Hydroxyl, Epoxy 33.88% 

C=O (532.6) Carbonyl 56.33% 

O=C–O (531.5) Carboxyl 9.79% 

 

Table B.7 Calculated proportion of three O-containing components according to fitted 

peaks of O1s XPS spectrum of hexanoyl chloride functionalized GO (mGO with r = 

3.85). 

Peak (eV) Assignment Proportion  

C–O (533.3) Hydroxyl, Epoxy 23.14% 

C=O (532.8) Carbonyl 63.40% 

O=C–O (532.0) Carboxyl, Ester 13.46% 

 

Table B.8 Calculated proportion of three O-containing components according to fitted 

peaks of O1s XPS spectrum of hexanoyl chloride functionalized GO (mGO with r = 

9.65). 

Peak (eV) Assignment Proportion  

C–O (533.6) Hydroxyl, Epoxy 14.72%  

C=O (532.9) Carbonyl 62.21% 

O=C–O (532.1) Carboxyl, Ester 23.07%  

 

Table B.9 Calculated proportion of three O-containing components according to fitted 

peaks of O1s XPS spectrum of PIB-g-GO. 

Peak (eV) Assignment Proportion  

C–O (533.7) Hydroxyl, Epoxy 11.73% 

C=O (532.7) Carbonyl 58.17% 

O=C–O/O=C–N (531.4) Carboxyl, Amide 30.10% 
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Table B.10 Calculated proportion of three O-containing components according to fitted 

peaks of N1s XPS spectrum of PIB-g-GO. 

Peak (eV) Assignment Proportion  

N–C=O (401.8) Amide  58.87% 

C–N (399.7) Amine 41.13% 

 

 

Table B.11 Calculated proportion of four C-containing components according to fitted 

peaks of C1s XPS spectrum of reduced PIB-g-GO. 

Peak (eV) Assignment Proportion  

C=C/C–C (284.8) sp2/sp3 carbon 89.08% 

C–O (286.5) Hydroxyl, Epoxy 10.92% 

 

 

Table B.12 Calculated proportion of three O-containing components according to fitted 

peaks of O1s XPS spectrum of reduced PIB-g-GO. 

Peak (eV) Assignment Proportion  

C–O (533.5) Hydroxyl, Epoxy 14.78% 

C=O (532.4) Carbonyl 55.39% 

O=C–O/O=C–N (531.4) Carboxyl, Amide 29.83% 

 

 

Table B.13 Calculated proportion of three O-containing components according to fitted 

peaks of N1s XPS spectrum of reduced PIB-g-GO. 

Peak (eV) Assignment Proportion  

N–C=O (402.2) Amide 56.44% 

C–N (400.1) Amine 43.56% 
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Table B.14 Carbon to oxygen ratio (C/O) calculated from XPS spectra of survey scans 

for GO (LDGOAero), hexanoyl chloride functionalized GO (mGO, r = 3.85 and 9.65), 

PIB-g-GO and reduced PIB-g-GO. 

Sample C (at.%) O (at.%) C/O atomic ratio 

GO (LDGOAero) 61.48 38.52 1.60 

mGO (r = 3.85) 64.59 35.41 1.82 

mGO (r = 9.65) 68.19 31.81 2.14 

PIB-g-GO 94.02 5.98 15.7 

r-PIB-g-GO 97.53 2.47 39.5 

 

 

Table B.15 Solvent polarity and properties (Reference 69) 

Solvent  Formula Boiling point (ºC) Relativity 

polarity 

Water  H2O 100.0 1.000 

Methanol CH4O 64.6 0.762 

Ethanol C2H6O 78.5 0.654 

Dimethylsulfoxide (DMSO) C2H6OS 189 0.444 

Dimethylformamide (DMF) C3H7NO 153 0.386 

Acetone  C3H6O 56.2 0.355 

Chloroform CHCl3 61.2 0.259 

Tetrahydrofuran (THF) C4H8O 66 0.207 

Toluene  C7H8 110.6 0.099 

n-Hexane C6H14 69 0.009 

Cyclohexane C6H12 80.7 0.006 
Note: values cited from https://sites.google.com/site/miller00828/in/solvent-polarity-table; 

 

https://sites.google.com/site/miller00828/in/solvent-polarity-table
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