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Abstract 

Recent advances in the ability to synthesize metal-ion coagulated graphene oxide 

(GO) colloidal dispersions have provided new avenues for fabrication of GO based thin 

films and membranes. Additionally, new fabrication techniques have recently emerged that 

enable the ability to intercalate and reduce metal halides in bulk graphite crystals, leading 

to metal-based graphite intercalated compounds (GICs). To this end, a fundamental study 

on the interplay between composition, atomic-scale structure and mechanical properties of 

metal-GO as well as metal-GIC composite materials was carried out employing molecular 

dynamics (MD) simulations. Specifically, the transition metal iron (Fe) was considered in 

this study; MD investigations reveal that Fe ions act as strong cross-linkers between 

individual GO sheets, increasing elastic modulus as well as tensile strength of the Fe-GO 

composite. Investigations of Fe intercalated GIC (Fe-GIC) showed interesting trends in its 

mechanical properties due to bond formation between the intercalated Fe atoms and the 

‘sandwiching’ graphene sheets. In particular, with increasing iron concentration, there is 

strengthening in the out-of-plane direction, while reduction in the in-plane direction of the 

Fe-GIC lattice. While the Fe-C bonding ensures out-of-plane strengthening, it is equally 

detrimental to the strength of the in-plane C-C bonds within the graphene sheets. Valuable 

lessons learned from this work provide important insights into the design and development 

of GO and GIC composites for targeted mechanical and chemical applications. 
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CHAPTER 1 

Introduction 

 

Graphene is a two-dimensional honeycomb lattice of carbon atoms, and has 

garnered massive attention in recent years due to its exceptional mechanical, thermal, and 

electrical properties2–4. Graphene’s oxidized counterpart is graphene oxide (GO), which 

consists of graphene sheets functionalized by hydroxyl (-OH), carboxylic (-COOH) and 

epoxy (=O) groups. The size of individual GO sheets, and the nature of GO edge 

structures (armchair vs zigzag termination: see Fig. 1.1), underlie the ability to 

functionalize GO sheets. Reduction of GO by either thermal, chemical, or 

electrochemical stimuli leads to the formation of reduced graphene oxide (r-GO), which 

demonstrates characteristics similar to pristine graphene sheets.  

 

Figure 5.1: Graphene with zigzag (a) and armchair (b) edge structures5 

Graphene oxide (GO) demonstrates properties that are different from that of 

pristine graphene or r-GO such as lower electrical and thermal conductivity. On the other 

hand, due to its hydrophilic nature, GO based films and membranes have found extensive 

uses in water treatment6,7. In these GO films, the presence of crosslinking multivalent 
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cations underlies the film’s structural integrity8,9. However, fundamental atomistic 

insights into the interplay between structural characteristics and ensuing stability of the 

metal-ion crosslinked GO (m-GO) films is not yet available. Here structural 

characteristics refers to the (relative) spatial distribution of the metal cations (GO sheet 

edges vs between GO sheets), and the nature of bonding between cations and GO 

functional groups. 

Graphite intercalation compounds (GICs) represents a class of graphitic 

compounds consisting of stacked graphene sheets with intercalant ions or molecules 

found between the graphene layers. Depending on the frequency of occurrence of the 

intercalants (i.e. staging), the GICs can be classified as either stage 1, (intercalants 

between every graphene layer) stage 2, (intercalants between every other layer) or in 

general stage n, where n refers to the repetition frequency of the intercalant layer with 

respect to the underlying graphene layers10,11. A variety of intercalation compounds are 

possible, and are typically classified as either donor or acceptor intercalants depending on 

the nature of charge transfer between the intercalant and graphene sheets. Of interest in 

this research is the structure-property relations of metal-intercalant based GIC (m-GIC) 

compounds. Note that  m-GIC systems have not been well studied, with most of the work 

being restricted to metal halide intercalants12–14. Specifically, the nature of bonding in m-

GIC systems, the extent of underlying charge transfer, as well as their role in determining 

their properties is not well examined.   

As pointed out in the above discussion, there are knowledge gaps regarding the 

structure-property relations of both m-GIC as well as m-GO systems. In this regard, this 

thesis will use atomistic modeling techniques such as molecular dynamics (MD) to probe 
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the change in structural features and the ensuing properties of both GIC and GO due to 

the addition of metal cations. The focus of this thesis will be on examining and 

characterizing the effect of iron (Fe) addition on both structure as well as mechanical 

properties of Fe-GO and Fe-GIC systems. This work will enable a fundamental 

understanding of the interplay between bonding characteristics and the resulting ability of 

Fe incorporation to enable further strengthening of GO and GIC systems.  

The primary reason for focusing on Fe based systems is as follows: iron exists 

commonly in both the Fe+2 and Fe+3 oxidation states, which lends itself towards the 

possibility of strong cross-linking of GO sheets. Many divalent and multivalent metallic 

ions such as Ca+2, Mg+2, Ni+2 and Cu+2 have been studied extensively so far15,16, but 

investigations focusing on Fe-GO are scarce. Further, the Fe-C system is perhaps the 

most widely studied system in metallurgy, with emphasis the Fe-rich alloys. On the other 

hand, Fe-intercalated GIC compounds represent the C-rich part of the Fe-C phase 

diagram, for which the interplay between composition, structure and mechanical 

properties is not well established. This, coupled with the fact that metal-intercalated GICs 

have not been well characterized, has motivated the choice of Fe as the metal ion of 

choice in this study. 

The following section provides the specific objectives of this thesis. 

Objectives 

The primary objective of this research is to characterize the role of Fe ions as 

cross-linkers in graphene oxide (GO) composites, and as intercalants in GIC compounds. 

An atomistic modeling approach is undertaken, where MD is utilized for these purposed. 

Specifically, the following tasks are carried out: 
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- Examine and characterize of the efficacy of Fe ions for cross-linking GO sheets. 

- Analyze the (i) effect of Fe concentration, (ii) stacking of GO sheets, and (iii) 

nature of GO sheet termination (zigzag vs armchair) on the ability of Fe to 

crosslink, and further, examine their roles on enhancing the mechanical properties 

of Fe-GO composites.  

- Study Stage-I Fe-GIC and characterize the nature of bonding and charge transfer 

between Fe and the GIC matrix. 

- Determine the effect of Fe concentration on the mechanical properties of Fe-GIC. 
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CHAPTER 2 

Background 

 

The first part of this chapter is devoted towards discussing relevant literature on 

graphene oxide (GO) and graphite intercalated compounds (GIC), as well as available 

literature on Fe-GO and Fe-GIC systems. This will be followed by a discussion on 

molecular dynamics (MD). 

2.1 GRAPHENE OXIDE 

 

Graphene, the primary building block of graphite, is comprised of a two-

dimensional honeycomb lattice of carbon atoms with sp2 hybridization. Graphene’s 

oxidized counterpart is graphene oxide (GO), which consists of graphene sheets bonded 

to oxygen and hydrogen-containing functional groups. Several proposed models have 

been developed over the last century to illuminate the precise chemical structure of GO. 

While early propositions from groups like Hofmann, Ruess and Scholz17 showed a 

regular, repeating lattice structure, more recent characterization results have indicated 

that the true structure of GO is amorphous and non-stoichiometric. The Lerf-Klinowski 

model18 is the most widely accepted among non-stoichiometric models, and consists of 

hydroxyl and epoxy (1,2-ether) functional groups randomly decorating the graphene 

basal plane and carboxylic groups binding to sheet edges. Figure 1.2 shows several 

proposed GO structure models, including the Lerf-Klinowski model, which was used as 

the basis for GO simulations in this research.  
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     Ruess                    Hofmann 

 

            Scholz-Boehm                     Lerf-Klinowski 

 

Figure 1.6: Schematic of several proposed structural models of GO 

 

Several methods exist for synthesizing GO, the most common of which is the 

Hummer’s method19. This method involves oxidizing bulk graphite to create graphite 

oxide, placing the compound into an aqueous solution, and sonicating the colloidal 

dispersion to separate the GO sheets. The presence of the surface functional groups 

makes the resulting GO sheets hydrophilic and gives each sheet a net negative charge, 

causing the sheets to repel each other and preventing them from easily restacking. These 

negatively charged GO sheets can then be used to bind with positively charged groups. 

One such type of group that can be used to bond to GO is metallic ions. Addition 

of positively charged divalent and trivalent metallic ions to these GO dispersions has 

been shown to initiate rapid gelation and precipitation, as GO sheets coagulate around the 

metallic ions20,21. These metal-ion coagulated GO composites have applications in a 

variety of industries, including mechanically robust thin films, energy storage devices, 

and ion filters7,22,23. Many metallic ion-GO composites have been experimentally 
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produced and studied. One of the earliest attempts to understand the binding behavior of 

such composites was done to examine the cross-linking ability of calcium and 

magnesium in GO: Park et al. showed that addition of calcium and magnesium ions to 

GO papers improved mechanical properties of the composite via cross-linking of GO 

sheets15. In particular, it was determined that Ca+2 and Mg+2 were cross-linking laterally 

between GO sheets, as illustrated in Figure 1.3. This behavior is attributed to the presence 

of negatively charged carboxylic groups on the sheet edges bonding with the positively 

charged metallic ions. While the metallic groups do also intercalate between GO sheets 

and bind with epoxy and hydroxyl functional groups, the bond is weaker and has less 

contribution towards increased mechanical properties. 

 

Figure 1.7: Proposed mechanism for mechanical enhancement of metal-ion coagulated GO15 

   

Later research has shown that other divalent metallic ions show a similar affinity 

to coagulate GO dispersions, and that trivalent ions show the same behavior with even 

faster gelation times at lower cation concentration20. Additionally, experiments of GO 
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fibers coagulated using Co, Al, and Fe cations showed substantial increase in ultimate 

strength and elastic modulus, with trivalent Fe showing the greatest increase in 

mechanical properties8. However, fundamental characterization of the structure-

mechanical property relations of metal ion-GO composites is still largely unavailable, 

particularly in the case of trivalent ions. 

 

2.2 GRAPHITE INTERCALATION COMPOUND 

 

Graphite is a naturally occurring form of carbon comprised of layers of loosely 

bound graphene. Each 2D graphene sheet contains carbons organized in hexagonal, 

honeycomb-like lattices, and carbons within each sheet are bound together via sp2 

hybridized orbitals along the basal plane. The extra electron is delocalized through a p-π 

symmetry, which creates weak van-der-Waals forces that hold graphene sheets together 

in the form of graphite. Graphite reactivity is highest along edges and near defect sites, as 

carbons at these sites have unpaired electrons; however, graphene sheets can also form 

polar bonds along the basal plane via p-π interactions without breaking the honeycomb 

lattice.    

Graphite intercalation compounds (GICs) are a class of complex materials 

consisting of bulk graphite with atoms, molecules, or ions inserted into the voids between 

planes of graphene. The layered graphitic structure remains undamaged during this 

process, although interlayer graphene spacing typically increases to accommodate for the 

intercalant.  Interest in these composite materials stems primarily from their unique 

electrical and thermal properties, as intercalated ions/compounds can create a unique 

“interlayer state” resulting in superconductivity in some GICs23,24. The bonding 
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interaction between intercalated ions and graphite takes place due to charge transfer, with 

the graphite host (C) and intercalant guest (M) transferring charge via the following 

reversible process: 

𝐶 + 𝑚𝑋 = 𝐶𝑋𝑚 

These compounds are frequently non-stoichiometric, with many possible chemical 

compositions. A variety of possible intercalation compounds are possible within the 

framework of graphite and are typically classified as either donor or acceptor intercalants 

depending on the nature of charge transfer between the intercalant and graphene sheets. 

Additionally, GICs can be classified as binary or ternary based on the number of distinct 

guest species that intercalate between graphene sheets. The microstructure of such 

compounds consists of stacked graphene sheets with intercalant typically placed between 

every layer (stage 1 intercalation) or between every other layer (stage 2 intercalation), 

although stage 3 and higher stage intercalation is possible10. Figure 2.1 shows the 

stacking patterns for different stages of graphite intercalation compounds.   

 

Figure 2.1: Example graphite intercalation compounds showing stage 1, 2, and 3 intercalation11  

The primary class of intercalant that is relevant to this research is metal chlorides, 

which has been extensively studied and successfully intercalated in graphite for several 

compounds including LiCl, KCl, MnCl2, and FeCl3
12–14. In these compounds, metal 
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chloride groups act as donor intercalants and bond in close-packed layers between 

graphene sheets, frequently resulting in the formation of stage 1 GICs. One common 

method to manufacture of these compounds is through gas-phase intercalation- graphite 

and metallic powder are combined in at atmosphere containing chlorine gas, resulting in 

the formation of metal chloride gas which intercalates between graphene sheets via 

charge transfer. This GIC can be further reduced in a hydrogen and nitrogen atmosphere 

at elevated temperature to remove the halide, leaving only intercalated metal ions25. 

While a great deal of research and effort has been put forth to create these metal-GICs, 

little is known about the structure-mechanical property relationships and specific 

bonding/charge transfer interactions occurring in these compounds. 

Having discussed GO and GIC, we now turn our attention to molecular dynamics 

(MD), since it is used as the primary simulation technique for examining the mechanical 

properties of Fe-graphene oxide (Fe-GO) composites and Fe-graphite intercalated 

compounds (Fe-GIC). An overview of MD is given below.  

 

2.3 MOLECULAR DYNAMICS 

 

 

 Classical molecular dynamics (MD) is an atomistic simulation technique for 

examining structure-property relations of a many-body system, without explicit inclusion 

of quantum effects. In typical MD simulations, the interactions between atoms within the 

system are represented by an interatomic potential, while the motion of atoms in MD is 

governed by classical mechanics. Newton’s equations of motion is solved for the system 

at every MD time step, and by analyzing the trajectory of atoms within a statistical 

mechanics framework, thermochemical and thermophysical properties of materials can be 
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obtained. MD simulations can be carried out under a variety of conditions, with the 

ability to adjust or fix the system’s total energy E, pressure P, volume V, temperature T, 

number of atoms N or chemical potential 𝜇.  

While most thermal and mechanical properties can be reliably extracted from 

MD, precaution needs to be taken when interpreting MD results. In particular, (i) 

electronic degrees of freedom are not explicitly included; (ii) interatomic potentials, even 

when carefully parameterized with respect to first-principles calculations, may lack the 

capability to simulate far-from-equilibrium configurations. Below, a more detailed 

discussion on MD is provided. 

Fundamentals of molecular dynamics 

 MD simulations require knowledge of initial atomic positions and velocities as 

well as the interatomic potential to begin a simulation. Using this information, Newton’s 

equations of motion (Eq. 2.1) can be integrated to deterministically identify the 

trajectories of all the atoms in the phase space.    

𝐹𝑖(𝑡) = 𝑚𝑖𝑎𝑖(𝑡), 𝑖 = {1 … 𝑁} (2.1) 

where 𝐹𝑖  is the net force vector on the ith
 atom,  𝑎𝑖  is the acceleration, 𝑚𝑖  is the mass and 

𝑁 is total number of atoms.   

Forces between the atoms at each time step depends on the relative positions of all 

the atoms and can be calculated from the underlying interatomic potential from the 

following equation: 

𝐹𝑖(𝑡) =  −∇𝑖 𝑉(𝑟(𝑡)) (2.2) 

Where V is the interatomic function and r(t) is the position of all the atoms. 
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Now that all the forces on all the atoms are known the new positions can be 

obtained using numerical integration. The position of atom 𝑖 as function of time can be 

represented using a Taylor expansion: 

𝑟𝑖(𝑡 + ∆𝑡) =  𝑟𝑖(𝑡) +  �̇�𝑖(𝑡)∆𝑡 +
1

2!
�̈�𝑖(𝑡)∆𝑡2 +

1

3!
𝑟𝑖(𝑡)∆𝑡3 + ⋯ (2.3) 

Many numerical integration algorithms based on this Taylor expansion have been 

proposed. One of the first methods was the Verlet algorithm26, which is based on adding  

𝑟𝑖(𝑡 − ∆𝑡) to 𝑟𝑖(𝑡 + ∆𝑡) to get: 

𝑟𝑖(𝑡 + ∆𝑡) = 2𝑟𝑖(𝑡) − 𝑟𝑖(𝑡 − ∆𝑡) +
𝐹𝑖(𝑡)

𝑚
∆𝑡2 (2.4) 

While this algorithm is excellent to advance the particles positions, it is not 

straightforward to update the velocities. The velocity Verlet algorithm solves this 

problem by advancing the velocity at the same instance using the following equation: 

𝑣(𝑡 + ∆𝑡) = 𝑣𝑖(𝑡) +
𝑎𝑖(𝑡) + 𝑎(𝑡 + ∆𝑡)

2
∆𝑡 (2.5) 

The step is proceeded by calculating the position and acceleration as follows: 

𝑟𝑖(𝑡 + ∆𝑡) =  𝑟𝑖(𝑡) + �̇�𝑖(𝑡)∆𝑡 +
1

2!
�̈�𝑖(𝑡)∆𝑡2 (2.6) 

�̈�𝑖(𝑡) = −
1

𝑚
∇ 𝑉(𝑟(𝑡 + ∆𝑡)) (2.7) 

This algorithm can be shown to give the same trajectories as the original 

algorithm while providing the updated velocities and positions at the same time.  

Critical to the accuracy of MD simulation is the size of the time step ∆𝑡. A large 

time step can result in extreme forces causing excessive atom velocities, which can result 

in lack of energy conservation signified by large jumps in the potential energy. On the 

other hand, very small timesteps will reduce the ability to examine system evolution and 
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reduce the simulation’s overall utility. The typical time step (≤ 1𝑓𝑠) should be a fraction 

of the typical atomic vibration period to get all the thermodynamic properties resulted 

from atomic motion.  

For simulations of bulk materials and their properties, unwanted surface effects 

may be removed by using periodic boundary conditions. Periodic boundary conditions 

are imposed so that each atom experiences the force it would have if the simulation box 

were translated in three dimensions, thereby reducing the size of the ensemble required to 

get bulk material behavior.      

In an MD simulation, if the volume of the system and the total energy of the 

system are conserved, the simulation is referred to as an ‘NVE ensemble’. Representing 

other ensemble conditions such as isobaric or isothermal systems requires modification to 

the underlying Hamiltonian. An isothermal system can be simulated by having a 

canonical ensemble where the number of particles, the volume and the temperature 

(NVT) are fixed. This can be achieved by coupling the system to a bath. The Nosé-

Hoover thermostat27,28 is the most commonly used approach to simulate constant 

temperature ensembles. In this thermostat, the system is coupled to an imaginary 

reservoir with position (𝑠), momentum (𝑝) and effective mass (𝑄). The system 

Hamiltonian then modified using the extra Hamiltonian (𝐻𝑒𝑥𝑡): 

𝐻𝑒𝑥𝑡 =
1

2
 ∑

𝜉2𝑄

2
+ 3𝑁𝑘𝐵𝑇 𝑙𝑛𝑠  (2.8) 

The first term represents the kinetic energy of the bath and the second term the potential 

energy. The system is coupled to the bath by scaling the respective equations of motion 

as: 
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𝑑2𝑟𝑖

𝑑𝑡2
=

𝐹𝑖

𝑚𝑖
−

𝜉𝑑𝑟𝑖

𝑑𝑡
 

𝑑𝜉

𝑑𝑡
=

1

𝑄
(𝑇 − 𝑇0) (2.9) 

A friction term (𝜉) is added to the velocity to produce the required temperature. This 

friction term should be carefully chosen to limit temperature fluctuation and allow the 

system to reach the required temperature at the same time.  

Another important ensemble is where the system pressure is controlled is called 

an isothermal-isobaric ensemble (NPT) where the number of particles, the pressure and 

temperature are constant during the simulation. In this ensemble in addition to fixing the 

temperature as just discussed, the pressure should also be fixed. To achieve that the 

system is coupled to a ‘pressure bath’ similar to the Nosé -Hoover thermostat. Typically, 

a combination of NVT and NPT ensembles is utilized to allow systems to converge 

towards an equilibrium state with near-zero external pressure and minimum total energy. 

Interatomic potentials  

The most critical aspect of an MD simulation is the choice of the interatomic 

potential. To ensure accuracy, the potentials should effectively capture the nature of 

interatomic bonding present in the system under study (ionic, covalent, metallic, van der 

Waal), and should be able ‘computationally tractable’.  Further, the potential must be 

capable of reproducing equilibrium properties of the system under study (e.g. elastic 

moduli, density, thermal expansion), and in addition should be explicitly to study the 

phenomena under consideration. As a relevant example, when studying the mechanical 

response of materials, the underlying potential should be able to represent the bond-

deformation dynamics in a reasonably accurate fashion. Here the modifier ‘reasonably’ 
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conveys the fact that capturing bond deformation characteristics requires very accurate 

quantum chemical descriptions, which is beyond classical interatomic potentials; 

however, potentials that capture phenomena such as charge transfer between atoms as a 

function of chemical environment, can in principle represent underlying chemical 

phenomena without any large scale compromise on accuracy.     

The simplest interatomic potentials are two-body, such as the Lennard-Jones (L-J) 

potential, which is given by the following function: 

𝑉(𝑟) =  −
𝐴

𝑟6
+

𝐵

𝑟12
 (2.10) 

where 𝑟 is used to represent the interatomic separation distance and A and B are fitting 

parameters. This potential is pairwise and does not include directional dependency. This 

model works well for simpler systems such as noble gases with closed shells: fluctuating 

dipole-induced dipole interactions are modeled by an 𝑟−6 dependency, which represents 

the attractive part of the L-J potential. In addition, in the L-J potential, a 𝑟−12 term is 

included to empirically represent the repulsion between atoms at close proximity.  

Most material systems require models with more complex, many-body effects to 

accurately simulate their properties. For example, in metallic systems, the delocalization 

of electrons must be effectively captured. The embedded atom method (EAM) works 

well for these applications by including a term that ‘costs’ energy for embedding ions in 

the electron density background29. The EAM functional form includes a functional of the 

electron density in addition to a pairwise term: 

 𝑉𝑖 =
1

2
∑ ∅(𝑟𝑖𝑗)𝑗≠𝑖 + 𝐹𝑖(∑ 𝜌𝑖(𝑟𝑖𝑗)𝑗≠𝑖 ) (2.11) 

The first term represents pairwise interactions. The second term represents a functional of 

the electron density (𝜌𝑖) at a site i. On similar lines, potentials for representing ceramics 
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should capture the covalency of the bonds, and if needed long range Coulombic 

interactions between atoms that arise in ionic ceramics and glasses. Bond-order style 

potentials such as Tersoff30 and Brenner31 are typically used for examining non-ionic 

ceramics.  

In this work which focuses on Fe-GIC and Fe-GO composites, a potential that can 

simultaneously capture interactions between Fe, C, O, and H is needed. Further, the 

chosen potential should be able to emulate already characterized structure and properties 

of materials systems that are comprised of (some) of these constituents. In this regard, the 

reactive force field (ReaxFF) interatomic potential was selected as the potential of choice. 

Initially developed and parameterized by van Duin et al.32, ReaxFF has the ability to 

capture van-der-Waals, Coulombic, hydrogen bonding, as well as metallic and covalent 

interactions, all which are necessary to accurately model Fe-GIC and Fe-GO systems. 

ReaxFF is a bond-order based potential, allowing for formation and breakage of bonds, 

and includes charge transfer between atoms. A brief overview of the specific potential 

characteristics and energy term derivations for ReaxFF is included below. 

The total energy of a system modeled by ReaxFF has 14 contributing terms and is 

given below: 

𝐸𝑠𝑦𝑠𝑡𝑒𝑚 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑙𝑝 + 𝐸𝑜𝑣𝑒𝑟 + 𝐸𝑢𝑛𝑑𝑒𝑟 + 𝐸𝑣𝑎𝑙 + 𝐸𝑝𝑒𝑛 + 𝐸𝑐𝑜𝑎 + 𝐸𝐶2 + 𝐸𝑡𝑟𝑖𝑝𝑙𝑒    

+ 𝐸𝑡𝑜𝑟𝑠 + 𝐸𝑐𝑜𝑛𝑗 + 𝐸𝐻−𝑏𝑜𝑛𝑑 + 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 + 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏                                    (2.12) 

Ebond, the first and most crucial term in the energy equation, calculates the energy 

contributions of each atomic bond. For ReaxFF, this first requires the calculation of a 

bond order, which is assumed to be directly related to the interatomic distance between 

atoms. Specifically, the interatomic distance determines the type(s) of bonds, with 
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contributions from sigma, pi, and double pi bond. The bond order, BO, is then calculated 

by summing contributions from each bond type. The total bond energy, Ebond, is then 

calculated as: 

𝐸𝑏𝑜𝑛𝑑 =  −𝐷𝑒
𝜎 ∗ 𝐵𝑂𝑖𝑗

𝜎 ∗ exp[𝑝𝑏𝑒1(1 − (𝐵𝑂𝑖𝑗
𝜎 )

𝑝𝑏𝑒2
)] 

−𝐷𝑒
𝜋 ∗ 𝐵𝑂𝑖𝑗

𝜋 − 𝐷𝑒
𝜋𝜋 ∗ 𝐵𝑂𝑖𝑗

𝜋𝜋                                           (2.13) 

Where the first, second, and third terms in Eq. 2.13 represent the energy contributions 

from sigma, pi, and double pi bonds, respectively. 

 Elp is the next energy term, and calculates the contribution of surrounding lone 

pair electrons, adding an energy penalty for atoms with non-ideal lone pair electron 

configuation. Eover and Eunder correct for overcoordination and undercoordination in the 

system, adding or subtracting energy depending on the number of broken lone pairs and 

adjusting for π electron resonance. The remaining terms - 𝐸𝑣𝑎𝑙 , 𝐸𝑝𝑒𝑛, 𝐸𝑐𝑜𝑎,  𝐸𝐶2,  𝐸𝑡𝑟𝑖𝑝𝑙𝑒,

𝐸𝑡𝑜𝑟𝑠, 𝐸𝑐𝑜𝑛𝑗, 𝐸𝐻−𝑏𝑜𝑛𝑑, 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠, and 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏 - represent energy contributions from 

valence angle, penalty, three-body conjugation, C2 correction, triple bond correction, 

torsion angle, four-body conjugation, hydrogen bonding, van-der-Waals interactions, and 

Coulombic interactions, respectively. 

 The non-bonded terms in the energy equation, namely 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠, and 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏, 

are the critical terms that make ReaxFF work well for our and other graphite-based 

systems. Because these forces are calculated between all atoms in the system and not just 

bonded atoms, these terms allow for the calculation of attractive and repulsive forces 

between graphene sheets, which is absent simpler potentials. The van-der-Waals energy 

contributions, 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠, are calculated using a distance-corrected Morse potential, and 

includes a shielding term to avoid excessively high repulsion at close interatomic 
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distances. The coulombic interactions, 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏, are calculated considering charge on 

each atom and include a shielding correction to adjust for electron orbital overlap. 

One unique feature of the ReaxFF potential is the inclusion of charge transfer 

between atoms during simulations. To accomplish this, charge is equilibrated at every 

timestep using the QEq method33. Specifically, QEq charge calculation and equilibration 

follows the methodology introduced by Rappe et al.34, which aims to minimize the total 

electrostatic energy of the system by adjusting the individual charge on each atom via Eq. 

2.14. 

𝑉𝐸𝑆 = ∑ χ𝑖𝑞𝑖+

𝑖

+ 
1

2
∑ 𝐽𝑖𝑞𝑖

2 +  
𝑖

∑ ∫ 𝑑3𝑥1∫ 𝑑3𝑥2 (
𝜌𝑖(𝑥𝑖; 𝑞𝑖)𝜌𝑗(𝑥2; 𝑞𝑗)

|𝑥1 − 𝑥2|
)       

(𝑖,𝑗)

(2.14) 

 Where 𝑞𝑖 is the charge on atom 𝑖, χ𝑖 and 𝐽𝑖 are the electronegativity and self-Coulomb 

repulsion of the 𝑖th atom, and 𝜌 representing the atomic charge distribution. The charge 

on each atom in the systems is adjusted at each timestep such that 𝑉𝐸𝑆 is minimized all 

while maintaining charge neutrality conditions, i.e. ∑𝑞𝑖 = 0.  

Among many ReaxFF style potentials available in literature35–37, the potential as 

developed by Chenoweth et al.38 was found to be the most appropriate, as it contained 

parameterizations for all of the necessary carbon, oxygen and hydrogen interactions 

needed to simulate graphene oxide. Further, this potential is already implemented in 

LAMMPS39, which is the primary simulation engine used in this work. The carbon-

carbon specific parameters were modified using a potential from Srinivasan et al.40, given 

that the Chenoweth potential tends to overestimate mechanical properties in pristine 

graphene41. 
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To initially verify and validate the potential parameters from Chenoweth et al., an 

MD simulation cell with periodic boundaries and consisting of nineteen vertically stacked 

graphene sheets (i.e. graphitic structure) was simulated. The simulation steps included an 

initial energy minimization step followed by NVT and NPT equilibration for 30 ps 

respectively at 300K. The stabilized graphite system showed a resultant interlayer 

graphite spacing of ~3.3Å and average in-sheet C-C bond lengths of ~1.43Å, which 

aligned very well with literature values of 3.35Å and 1.42Å, respectively42.   

 The Chenoweth potential was then used for examining a system containing 19 

stacked GO sheets. GO sheets were created in MD based on the Lerf-Klinowski model18; 

more details on how this microstructure was developed are included in the following 

chapters. Results from minimizing and energy stabilizing the GO sheets showed 

interlayer spacing of ~6.25Å, compared to experimental results of ~7Å 43; the slight 

deviation is attributed to degree of functionalization of the graphene sheets as well as size 

effects. Further analysis showed an average C-O-H bond angle of 110º, which is in line 

with quantum mechanical studies (~106º 44), indicating the applicability of the chosen 

potential for modeling graphite and GO systems.  

 

As a next step, the accuracy of the selected potential was analyzed by its ability to 

emulate available data on the mechanical properties of single layer graphene and GO. 

MD tensile tests were performed on monolayer graphene and graphene oxide sheets in 

LAMMPS. Vacuum was applied above and below the sheets to ensure that there were no 

spurious interactions between periodic images. Sheets were relaxed for 30 ps at 300K, 

then tension was applied with a constant strain rate of 0.001/ps, which was chosen based 
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on prior literature41,45.  Stress calculations assumed a single sheet thickness of 3.35 Å for 

graphene and 7 Å for GO. Here the stress tensor was calculated from the Virial theorem 

as given in Eq. 2.1546. 

𝜎𝑖𝑗
𝑉 =

1

𝑉
∑ [

1

2
∑ (𝑅𝑖

𝛽
− 𝑅𝑖

𝛼)𝐹𝑗
𝛼𝛽

− 𝑚𝛼𝑣𝑖
𝛼𝑣𝑖

𝛽
𝑁

𝛽=1
]

𝛼

                                 (2.15) 

where (𝑖, 𝑗) take values of x, y, and z directions, β takes values 1 to N neighbors of atoms 

α, 𝑅𝑖
𝛼 is the position of atom α along the 𝑖 direction, 𝐹𝑗

𝛼𝛽
 is the force along direction 𝑗 on 

atom α due to atom β, 𝑉 is the total volume, 𝑚𝛼 is the mass of atom α and 𝑣𝑖
𝛼 is the 

thermal excitation velocity of atom α. The results of the tensile tests can be seen in Figure 

2.2 and are tabulated in Table 2.1. 

 

Figure 2.2: Stress-strain response of monlayer graphene and graphene oxide 
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 Elastic Modulus (GPa)   Ultimate Strength (Gpa) 

 Simulation Exp.   Simulation Exp. 

Graphene 920 10003   132 1303 

Graphene Oxide 290 20847   45 - 

 
Table 2.2: Elastic moduli and ultimate strengths of simulated graphene and graphene oxide 

 

The predicted elastic modulus and ultimate strength match well with experimental 

data3,47, confirming the effectiveness of the chosen potential for modeling graphene and 

GO systems. Finally, to ensure that Fe-C interactions were also accurately represented, 

the cementite (Fe3C) structure was examined. Note that the chosen Chenworth ReaxFF 

potential was augmented by forcefield parameters developed by Aryanpour et al.48 to 

account for Fe-C49,50 interactions. In this regard, the potential predicted the orthorhombic 

crystal structure lattice parameters of Fe3C well; specifically, the  predicted lattice 

parameters were 4.81, 5.30, and 6.56 Å, which compared well with experimental 

literature values of 4.50, 5.08, and 6.73 Å51. Further, the parameters from the Aryanpour 

ReaxFF potential also contained parameters for Fe-O and Fe-H interactions, which were 

used in this study. 
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CHAPTER 3 

Mechanical properties of iron-graphene oxide composites 

 

In this chapter, the mechanical properties of iron-graphene oxide (Fe-GO) 

composites as a function of composition and number of GO layers was examined. To 

understand the role of Fe as a crosslinker and its effect on mechanical property 

enhancement, lateral binding of GO sheets by Fe ions as well as binding via Fe 

intercalation between GO sheets were considered. Further, different edge termination of 

GO sheets (zigzag vs armchair) and the interplay of edge structure on Fe-crosslinking 

was also studied. Towards this end, MD simulations of single layer GO (SLGO) as well 

as 3 and 6-layer GO stacks were carried out, with Fe concentration varying up to 15 wt%. 

The motivation for considering 3- and 6 layer GO stacks is that they are representative of  

few layer GO (FLGO), which, in addition to single-layer GO (SLGO), is also obtained 

during GO synthesis methods such as Hummer’s process19.  

The Lerf-Klinowski model for graphene oxide, illustrated in figure 3.1, was used 

as the template for simulating GO structures18. Specifically, the model consists of a 4:1 

C:O ratio with equal frequency of epoxy (=O) and hydroxyl (-OH) functional groups 

forming on the basal plane and carboxylic (-COOH) groups forming on sheet edges. A 

vacuum of 20 Å was created in the Z direction to prevent interaction between sheets 

vertically. 
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Figure 3.1: Lerf-Klinowski model for Graphene Oxide   

Simulations 

The MD simulations were performed using the Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS)39, while the Reax-FF suite of potentials was 

used for representing inter-atomic interactions32. As pointed out earlier, 1, 3, and 6-layer 

GO structures, each with 0, 5, 10, and 15 wt% Fe respectively were considered. For each 

system, twin stacks of the (1-, 3-, 6-) layered structures were simulated with Fe ions 

initially, randomly distributed between the stacks. Each individual GO sheet consisted of 

approximately 2,000 C atoms, 500 O atoms, and 250 H atoms, resulting in total atom 

counts of ~2,750, ~8,250, and ~16,500 for 1-, 3-, and 6-layered structures, respectively 

(excluding Fe). 

Two combinations of edge terminations were simulated namely, armchair-

armchair (Aa) and zigzag-zigzag (Zg). For each system, an initial energy minimization 

was performed to find local energy minimum structures, with periodic boundary 

conditions applied in all three directions. Next, the simulation cell was stabilized for 30 

ps using periodic boundary conditions in all directions under NVT conditions for 15 ps, 

followed by an isobaric-isothermal (NPT) conditions for 15 ps. The temperature of the 

system was gradually ramped from 1K to 300K over the course of the stabilization. 
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While for most simulations, the 30 ps duration was adequate to ensure that system was 

well equilibrated, in some cases, additional NPT equilibration of 15 ps was carried out to 

ensure that the pressure of the system was fluctuating around zero bars. Snapshots of 1-, 

3-, and 6-layer Fe-GO systems with 10% Fe are given in Fig. 3.2. Note that 

predominantly, Fe serves as lateral crosslinkers between the GO sheets. In addition, some 

Fe intercalates between the respective GO stacks. The role of Fe lateral and intercalation 

based crosslinking on mechanical strength enhancement will be analyzed in the Results 

and Discussion section. 

       

Figure 3.2: Snapshots of 1-, 3-, and 6-layer Fe-GO composite with 10 wt% Fe and zigzag edges. Blue=C, Orange=Fe, 
Yellow=O, White=H  

After system equilibration, the systems were subject to uniform uniaxial strain-

rates of 0.001 /ps in two principal directions namely in the in-plane (of the sheets) 

direction (X-dir) and perpendicular to sheet-orientation (Z-dir). The strain rates used in 

this work are consistent with typical rates used in prior work41,45. 

Prior to the X-dir deformation simulations, periodicity in the Z direction was 

removed and the system was further equilibrated for 15 ps; the removal of periodicity 

was to ensure that the simulations corresponded to studying the role of Fe crosslinking on 

the in-plane mechanical strength of SLGO and FLGO, and not an ‘infinite’ stack of GO 

sheets. However, for the Z-dir simulations, periodic boundary conditions were 

maintained, since preliminary analysis revealed that the method and rate of application of 
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uniaxial strain in the Z-direction was not suited for studying the corresponding 

mechanical response, given that the size of the simulation cell in the Z-direction was 

much smaller than in the X- and Y-directions, which led to unphysical collapse of the 

structure.       

 When possible, statistics were obtained on the stress-strain response of the 

different structures; for these purposes, five different simulations were conducted for 

each system. However, due to computational constraints, for the larger systems, only 

single simulation runs were conducted. 

Results and Discussion 

As a first step in this study, the X-dir stress-strain responses of Aa- and Zg- SLGO 

systems were examined and given in Figs. 3.3 and Figs 3.4 respectively.  

 

Figure 3.3: In-plane stress-strain analysis for Fe-SLGO composites with armchair edges 
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Figure 3.4: In-plane stress-strain analysis for Fe-SLGO composites with zigzag edges 

 

The following observations are noted: 

•  For a given Fe concentration, the Aa systems demonstrate higher elastic modulus 

(stress-strain slope) as well as ultimate tensile strength-TS (maximum stress). 

• For both Aa and Zg systems, the modulus as well as TS increases with Fe-

concentration. 

• In the absence of Fe, the SLGO system exhibits orders-of-magnitude lower 

modulus and TS, which directly points to the role of Fe in property enhancement. 

 

Having examined the SLGO systems, we now turn our attention to FLGO systems. 

Figures 3.5 and 3.6 provide the stress-strain responses of Aa and Zg FLGO systems as a 

function of Fe concentration. In a fashion similar to SLGO, FLGO systems also 

demonstrate 
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• an increase in modulus and strength as a function of Fe-concentration 

• For a given concentration of Fe and GO stack size, Aa systems show enhanced 

modulus and TS as compared to Zg. 

Another interesting observation is the fact that for both Aa and Zg systems and for a 

given Fe-concentration, the 3-sheet system demonstrates a slightly larger TS than the 6-

sheet, while the elastic modulus of 3-sheet and 6-sheet systems is essentially identical. 

Further, for a given Fe-concentration and edge structure, SLGO demonstrates lower 

modulus. A comparison of the modulus and TS of the different Fe-GO systems studied in 

this work is given in Table 3.1. 

 

 

Figure 3.5: In-plane stress-strain analysis for Fe-FLGO composites with armchair edges 
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Figure 3.6: In-plane stress -strain analysis for Fe-FLGO composites with zigzag edges 

 Elastic Modulus (GPa)   Ultimate Tensile Strength (GPa)  

 Armchair Zigzag   Armchair Zigzag 

1 sheet, 5% Fe 195 284   6.7 10.5 

1 sheet, 10% Fe 389 269  22.9 13.7 

1 sheet, 15% Fe 342 296   30.0 18.6 

3 sheet, 5% Fe 148 91  3.7 3.8 

3 sheet, 10% Fe 286 203   14.4 8.0 

3 sheet, 15% Fe 437 335  23.9 11.2 

6 sheet, 5% Fe 199 94   4.6 3.4 

6 sheet, 10% Fe 347 213  14.6 8.0 

6 sheet, 15% Fe 382 297   19.4 9.5 
 

Table 3.1: Elastic moduli and ultimate tensile strengths for Fe-SLGO and Fe-FLGO composites 

 

Figures 3.7 and 3.8 illustrate the Z-dir stress-strain curves for the ‘infinitely-thick’ 

Fe-GO composites. Here, periodic boundary conditions were applied in all three 

directions, with the thickness of the GO stack equaling 12 sheets. Consistent with the in-

plane response, there was a significant increase in modulus and TS with increasing Fe 
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concentration. However, the corresponding modulus and TS were lower in the Z-dir 

response as compared to X-dir results. Nevertheless, the results unambiguously point to 

the importance of Fe in mechanical strengthening of Fe-GO composites. 

 

Figure 3.7: Stress-strain analysis for Fe-GO composites with armchair edges and tension applied out-of-plane 

 

Figure 3.8: Stress-strain analysis for Fe-GO composites with zigzag edges and tension applied out-of-plane 
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To further understand the fundamental mechanisms that govern the observed 

trends, an analysis of the underlying crosslinking and bonding that arises due to the 

incorporation of Fe is now presented. Analysis of the Fe mediated bonding characteristics 

in the different Fe-GO composites were carried out using the RINGS code52. To this end, 

evolution in atom coordination, radial distribution functions (RDFs), and atomic charges 

were cataloged and analyzed. To identify first-nearest neighbors of Fe, a radial cutoff of 

3.02 Å (indicated by the shaded region in plots) was used, based on a weighted average 

technique as utilized by groups like Manga et al.53   

Armchair vs Zigzag 

To analyze the reasons underlying the enhanced mechanical properties of Aa Fe-

GO composites as compared to corresponding Zg structures, the respective RDFs of 3-

sheet 10 Fe wt% FLGOs were analyzed. Figures 3.9 and 3.10 provide RDF snapshots of 

the 300K equilibrated Aa and Zg composites respectively. 

  

Figure 3.9: Fe RDF corresponding to the equilibrated 3-sheet Fe-FLGO composite (10 Fe wt%) with armchair edges 
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Figure 3.10: Fe RDF corresponding to the equilibrated 3-sheet Fe-FLGO composite (10 Fe wt%) with zigzag edges 

 

A comparison of the respective RDFs shows differences in the peaks 

corresponding to Fe-O and Fe-C bonds. Specifically, a comparison of the Fe-C vs Fe-O 

peak heights shows that the Aa structure shows a higher Fe-C:Fe-O ratio, while it is the  

opposite for the Zg structure. Further examination of the average coordination of Fe in 

the respective structures reinforces this observation, showing an average of ~11 Fe-C 

bonds per Fe ion for the Aa structure, and ~10 Fe-C bonds per Fe for the Zg structure. 

Conversely, for Zg, the average number of Fe-O bonds was ~2 per Fe ion as compared to 

~1 Fe-O bonds per Fe for Aa.  

 The primary reason behind the difference in the Fe-C (and Fe-O) coordinations 

for the Aa and Zg structures is due to their relative reactivities. Specifically, zigzag edges 

are known to be more reactive than armchair54, leading to a more complete oxidization of 

the zigzag edges. When Fe is incorporated, the ability of Fe ions to coordinate with 

carbon atoms is relatively higher in the Aa structures, leading to the observed increase in 
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average Fe-C coordination; further a visual inspection of the respective structures (See 

Fig. 3.11) shows that stronger lateral crosslinking occurs between GO sheets due to 

formation of the Fe-C bonds, which underlies the strength enhancement in Aa structures 

as compared to Zg structures. In contrast, in Zg structures, on an average, Fe bonds with 

more –OH and =O functional groups than in Aa structures.  

        

Figure 3.11: Fe crosslinking GO sheets with zigzag edges (left) and armchair edges (right) 

SLGO vs FLGO 

Figure 3.12 depicts the Fe-RDF of the equilibrated Fe-SLGO structure with 10 

wt% Fe. A comparison with Fig. 3.9 shows that the corresponding SLGO structure has a 

stronger Fe-O peak as compared to the Fe-C peak. Since the comparison is restricted to 

only armchair structures, the prominence of the Fe-C peak relative to the Fe-O peak in 

the FLGO structures indicates that Fe crosslinks multiple GO sheets as previously seen in 

Fig. 3.2. Thus for a given Fe-concentration, FLGO structures demonstrate higher 

modulus than the corresponding SLGO structure. 
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Figure 3.12: Fe RDF corresponding to the equilibrated Fe-SLGO composite (10 Fe wt%) with armchair edges 

 

3- vs 6- sheet FLGO 

While the mechanical properties of the 3- and 6-sheet FLGO structures 

demonstrate very similar modulus (when the Fe-composition and edge structures are the 

same), the fact that 3-sheet structures show a slightly higher TS can be correlated to the 

underlying structural characteristics. Specifically, with increasing thickness of FLGO, 

there is an increase in intercalation of Fe between the GO sheets. However, the average 

coordination of the Fe remains identical for both 3- and 6-sheet systems. This indicates 

that there is a decrease in the fraction of cross-linking Fe and a corresponding increase in 

the fraction of intercalated Fe ions with increasing stack thickness, leading to the 

observed trend. Further, the thicker stacks can accommodate more intercalants, since the 

ratio of ‘bulk’ to ‘surface’ sheets increases with increasing stack thickness. 

Cluster Analysis 
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 Having established the coordination dependence of Fe on (i) stack size, and (ii) 

edge termination, attention is now paid to further analyzing the Fe clusters found in the 

different structures in terms of atomic charges as well as bonding characteristics. To 

facilitate the analysis, the equilibrated 3-sheet 10 wt % Fe (Aa and Zg) structures are 

examined. Figure 3.13 shows the Fe-charge distribution for both Aa and Zg structures, 

while figure 3.14 shows a typical Fe-containing cluster for Aa structures.  

Both Aa and Zg have an average Fe coordination of ~12, and an average Fe 

partial charge of ~ +0.75 e, implying that Fe is a charge donor while O and C atoms are 

charge acceptors with average charges of -0.44 e and -0.08 e respectively. A comparison 

of the charge of Fe and O ions indicates an oxidation state of +3 for the Fe ions 

(assuming a O2- state for oxygen ions). Further, a visual analysis of the cluster illustrated 

in Fig. 3.14 shows that it has some structural similarities to that of a ferrocene molecule 

(Fig. 3.15).  

 

Figure 3.13: Charge distribution for Fe ions in armchair (left) and zigzag (right) 3-layer FLGO composite (10 wt % Fe) 
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Figure 3.14: Example cluster for the most common Fe coordination in Fe-GO Composites, (FeC10O2). 

 

Figure 3.15: Ferrocene molecular structure (left) and 3D ball-and-stick model (right)1 

Summary 

Results from MD simulations of Fe-GO composites showed that Fe acts as a 

strong cross-linker between GO sheets, coordinating with several carbon and oxygen 

atoms on different GO sheets. Increasing Fe content leads to increase in both in-plane and 

out-of-plane mechanical strength. MD simulations also examined the effect of GO edge 

type on the cross-linking ability of Fe, and showed that armchair edges with Fe 

crosslinking demonstrate enhanced mechanical properties relative to zigzag edges. 

Further, a cluster analysis of Fe coordination shows that Fe ions are predominantly ferric 

in nature, when incorporated in a GO matrix indicating the ferric solutions (e.g. FeCl3) 

should lead to stronger crosslinking as compared to ferrous solutions (e.g. FeSO4). These 
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observations provide new perspectives in creating Fe-based aqueous GO gels6,20, and GO 

fibers8. 
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CHAPTER 4 

Mechanical properties of iron-graphite intercalated compounds 

 

The mechanical response of stage-1 iron-graphite intercalated compounds (Fe-

GIC) under in-plane and out-of-plane uniaxial strain is reported in this chapter. Towards 

this end, pristine Fe-GIC systems are examined, followed by an investigation of Fe-GIC 

‘bicrystals’. The characterization of the role of the bicrystal interface on the ensuing 

mechanical properties provides useful insights into simulating polycrystalline Fe-GIC 

systems, which correlate to typical experimentally obtained Fe-GIC microstructures25,55 

when polycrystalline graphite is subject to intercalation. In contrast, one can correlate the 

pristine Fe-GIC structures to intercalated highly oriented pyrolytic graphite (HOPG) 

structures. Finally, in this chapter, a simple straightforward framework for upscaling 

molecular dynamics (MD) information to mesoscale peridynamics (PD) is provided, 

which will ultimately enable the accurate representation of mechanical deformation and 

fracture of polycrystalline Fe-GIC.  

MD Simulations 

The Fe-GIC structures were simulated by initially placing Fe atoms in a random 

fashion between individual graphene sheets that comprise the graphitic lattice. The 

compositions that were considered in this study corresponded to 5, 10, and 20 wt% Fe, 

while the initial simulation cell sizes were 50 Å x 50 Å x 60 Å, which corresponded to 

approximately 20,000 atoms. Periodic boundary conditions were applied in all directions 

to simulate bulk stage-1 Fe-GIC. Figure 4.1 shows equilibrated snapshots of the different 

GICs. 

 



46 

 

         

Figure 4.1: Snapshots of equilibrated structures for 5, 10, and 20 wt% Fe-GICs 

 

While the simulation procedure is similar to the one adopted in Chapter 3, for the 

sake of clarity, the most important aspects are highlighted. All the systems were subject 

to an initial energy minimization step followed by an NVT and then an NPT equilibration 

step at 300 K and 0 bar for a total of 30 ps. Once equilibrated, the MD systems were 

subject to both uniaxial in-plane (X-dir) and out-of-plane (Z-dir) deformations at strain 

rates equaling 0.001 /ps.  

 

Results and Analysis 

First, the out-of-plane response of the Fe-GICs were examined. Figure 4.2 shows 

the Z-dir stress-strain response and as evident from the figure, 

• Increasing Fe content leads to a significant increase in the modulus and in the 

ultimate tensile strength (TS). 

• The GIC with the highest Fe concentration (20 wt%) fails at a much lower 

strain while at a much higher stress. 

•  Graphite (i.e. 0 wt% Fe) shows the lowest modulus, TS and also fails at low 

strain. 

Next, the in-plane stress-strain response of the different GICs were investigated 

and the corresponding stress-strain curve are given in Fig. 4.3. In contrast to the out-of-
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plane response, there is a decrease in the modulus as well as TS with increasing Fe 

concentration. However, the resulting in-plane modulus is an order of magnitude greater 

than the corresponding out-of-plane value. Table 4.1 provides the modulus and TS of the 

different GICs when subjected to both modes of deformation. 

 

Figure 4.2: Uniaxial Stress-strain response for Fe-GIC subject to out-of-plane tension  

 
Figure 4.3: Uniaxial Stress-strain response for Fe-GIC subject to in-plane tension  
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 Elastic Modulus (GPa)   Ultimate Tensile Strength (GPa) 

 In Plane Out of Plane   In Plane Out of Plane 

Graphite  1020 21   144 2.9 

5 wt% Fe-GIC 900 24  116 3.2 

10 wt% Fe-GIC 850 35   103 6.0 

20 wt% Fe-GIC 730 42  82 10.8 
 

Table 4.1: Elastic moduli and tensile strengths for graphite and 5, 10, and 20 wt% Fe-GIC 

 

To understand and clarify the contrasting behavior of the in-plane vs. the out-of-

plane responses, the underlying bonding that arises in the Fe-GIC structures are 

considered. The fact that pristine graphite demonstrates the lowest tensile strength and 

modulus when subjected to out-of-plane deformation is attributed to the weak van der 

Waals interactions between graphene sheets (in the Z-direction). In the case of GICs, the 

intercalation of Fe leads to formation of ~12 Fe-C bonds per Fe atom (Fig. 4.4) as well as 

charge-transfer between donor Fe and acceptor C atoms, giving rise to additional 

Coulombic interactions. Consequently, there is an increase in modulus and TS of the Fe-

GICs as a function of Fe concentration. However, at the highest Fe concentration (20 

wt%), the system fails at much lower strains; in this regard, Fig. 4.5 shows atomic strain 

maps of 5 wt% and 20 wt% Fe. As evident from the figure, for the 20 wt% system, strain 

concentration is highly localized to a single region, while the strain concentration is more 

delocalized in the 5 wt% system. This leads to a more ‘plastic’ deformation response for 

the lower concentration systems, corresponding to higher strain to failure. While a more 

nuanced understanding of the fundamental reasons that drive strain localization in the 

high Fe concentration system is required, it is useful to compare the C-C RDFs (Fig. 4.6) 

of equilibrated 300K graphite, 5 wt% and 20 wt% GIC structures. A comparison shows 
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that the C-C bonds in the 20 wt% structure is slightly strained with respect to the 

equilibrium C-C bond distance. The strained C-C bonds serve as stress-concentrators 

leading to a greater ability to localize strains, which in turn leads to a more ‘brittle’ 

failure for the 20 wt% Fe-GIC system when subjected to out-of-plane deformation. 

           

Figure 4.4: The coordination environment of Fe (orange) in Fe-GIC (left) and charge distribution of Fe atoms in 
equilibrated Fe-GIC structures. Note that the Fe coordinates with 12 carbon atoms (blue) 

 

Figure 4.5: Strain maps in Fe-GIC containing 5 wt% Fe (left) and 20 wt% Fe (right) at a stress value corresponding to 
TS. High strain maps are denoted by red. 
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Figure 8.6: Carbon-carbon RDFs for equilibrated graphite, 5 wt% Fe-GIC, and 20 wt% Fe-GIC  

The contrasting behavior of the in-plane stress-strain response can also be 

correlated to the increase in in-plane C-C bond strain due to Fe intercalation. Since the in-

plane response is predominantly driven by the C-C bond deformation, the presence of Fe 

intercalants leads to a weaker in-plane response.  

Having examined the mechanical response of pristine Fe-GICs, corresponding 

bicrystals are now examined. The reason for studying bicrystals was to enable a 

characterization of the impact of interfaces found in polycrystalline GICs on the ensuing 

mechanical properties. The software AtomSK56 was utilized for creating bicrystals. To 

create bicrystals two Fe-GIC structures initially with the same c-axis orientations were 

brought together; subsequently, the grain boundary between them was created by 

allowing for both tilt and twist misorientations as illustrated in Fig. 4.7. This method led 

to creation of very different grain boundary configurations. 
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Figure 4.7: Schematic showing tilt (left) and twist (right) grain boundary orientations  

 

Five distinct grain boundary orientations were created by subjecting the grains to 

both tilt and twist. Specifically, the angles selected for the grain boundaries were 36° tilt 

([311] surface), 90° tilt ([211] surface), 143° tilt ([133] surface), 90° tilt 90° twist, and 

90° tilt 36° twist. Simulation cell sizes were 50 x 50 x 80 Å with periodic boundaries and 

10 wt% Fe intercalant was included. To ensure that failure always occurred at grain 

boundaries, cracks (10% of the cell thickness) were introduced at the grain boundaries. 

Snapshots of the prepared bicrystals are shown in Fig. 4.8. 

 

Figure 4.8: Snapshots of Fe-GIC bicrystals with 10 wt% Fe and 36°, 90°, and 143° tilt interfaces 
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All bicrystals were equilibrated at 300 K via a series of energy minimization, 

NVT and NPT steps as discussed earlier. The deformation of bicrystals were restricted to 

uniaxial strain rates (0.001 /ps) applied perpendicular to the grain boundary.  

 

Figure 4.9: Stress-strain response for Fe-GIC bicrystals  

 

Figure 4.9 provides the uniaxial stress-strain response of the five bicrystals considered in 

this study. Based on Figure 4.9, it is clear that the modulus and TS of the bicrystals vary 

significantly. In addition to modulus and TS, the strain energy release rate (G) was also 

obtained for these simulations. G represents the energy expended in separating and 

creating fracture surfaces, and is a measure of the fracture toughness of the material. 

Here, G was obtained by computing the difference in potential energy of the system 

before (𝐸0) and after failure (𝐸1) as shown in Fig. 4.10 and is given by 𝐺 =
1

2𝐴
 (𝐸1 −

𝐸0) , where A is the effective surface area of the fractured surfaces.  
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Figure 4.10: Potential energy evolution of 90° tilt 36° twist bicrystal before (E0) and after (E1) failure 

 A comparison of modulus, TS and G with respect to the bicrystal structural 

characteristics shows that there is no systematic correlation between the respective 

variations in TS, G and modulus. Further, a cursory examination suggests that the 

modulus increases with increasing misalignment in the tilt angle, which is correlated to 

an increase in the number of C-C bonds formed at the interface. However, much more 

work is required in terms of (i) better statistics on existing simulations, (ii) larger catalog 

of bicrystals as well as (iii) minimizing simulation size effects on mechanical response, 

before any decisive conclusions can be obtained. Nevertheless, the ability to probe the 

mechanical properties of the grain boundaries that may arise in polycrystalline Fe-GICs 

provides the necessary inputs for upscaling MD data into peridynamics, as explained 

below.  

Peridynamics (PD) is a mesoscale computational modelling tool specifically 

developed for examining fracture of materials and crack propagation in materials57. In the 

simplest PD approach, namely the prototypical brittle material model, “materials points” 

interact via force functions which are derived from the modulus and strain energy release 
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rate associated with the material. For modeling polycrystalline systems, PD requires 

information on both intra-grain material properties (for bulk material) and inter-grain 

properties (for grain boundaries), which can be obtained from MD simulations of pristine 

GIC as well as GIC bicrystals. The PD parameters namely c, a “spring constant” term 

between material points, and s00, a bond breaking criterion term are calculated in terms 

of 𝑘 (bulk modulus), 𝛿 (horizon), and 𝐺0 (strain energy release rate). 𝛿 is analogous to a 

cutoff, and is set to three times the lattice spacing (material point separation). 

𝑐 =
18𝑘

𝜋𝛿4        (4.1) 

𝑠00 = √
10𝐺0

𝜋𝑐𝛿5          (4.2) 

While the focus of this work is on MD simulations, model microstructures of Fe-

GIC and their uniaxial deformation dynamics are presented here, with the inputs for the 

PD given in Table 4.2. The PD simulation cell is a 1 μm3 cube of ‘composite’ material 

containing 20 individual Fe-GIC grains. The properties of each grain were generated 

based on MD data, and both 𝑘 and 𝐺00 were obtained by a weighted averaging of the in-

plane and out-of-plane properties of Fe-GIC, where random numbers were used to weigh 

the in-plane and out-of-plane contributions. Further, the bulk modulus was set to 0.556 ∗

𝐸, where E represents the appropriate uniaxial elastic modulus, with the scaling term 

representing the ratio of the bulk modulus to Young’s modulus of pristine graphite.  

 Elastic Modulus (GPa)   Fracture Energy (J/m^2) 

 In Plane Out of Plane   In Plane Out of Plane 

Graphite (bulk) 1020 21   6.02 0.11 

Fe-GIC (bulk) 850 35  3.49 0.12 

Fe-GIC Bicrystals 223 ± 120   1.19 ± 0.50 

    
Table 4.2: Elastic moduli and fracture energies for graphite and 10 wt% Fe-GIC bulk and bicrystals  
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Having established the framework for carrying out PD simulations, a preliminary 

PD simulation of a polycrystalline Fe-GIC system being subjected to uniaxial strain rates 

(~0.001 /ps) was carried out. A visual inspection of the material before strain application 

and after failure revealed that failure was initiated at grain boundaries; specifically, a 

crack was nucleated and propagated along grain boundaries resulting in failure as shown 

in Fig. 4.11. Further, there was also ‘damage’ that occurred within a grain which is 

attributed to a corresponding low value of s00.  

 

Figure 4.11: Polycrystalline Fe-GIC before strain-application (left) and after failure (right)  

 

Summary 

 Simulation of Fe-GIC showed that the intercalation of Fe within graphite leads to 

a significant enhancement in the modulus and tensile strength in the out-of-plane 

direction. However, there was slight decrease in the mechanical properties in the in-plane 

direction due to Fe-intercalation. Both these observations can be attributed to the 

formation of multiple Fe-C bonds that leads to stronger binding in the out-of-plane 

direction; however, Fe-C bond formation also leads to straining of in-plane C-C bonds 

that leads to a slight decrease in strength with increasing Fe content.  Further, appropriate 

information gleaned from MD simulations of pristine GIC and GIC bicrystals served as 
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inputs for mesoscale PD simulations. PD simulations revealed that in polycrystalline Fe-

GIC, failure predominantly occurred along grain boundaries. Understanding the 

mechanical behavior of Fe-GIC systems can lead to more robust design of mechanically 

strong superconducting systems23,24 as well as new electrode materials58. 
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CHAPTER 5 

Conclusions and Future Work 
 

Conclusions 

The primary objective of this research was to characterize the role of Fe ions as 

cross-linkers in graphene oxide (GO) composites, and as intercalants in GIC compounds. 

Towards this end, molecular dynamics (MD) simulations were used for investigating the 

mechanical properties of Fe-GO and Fe-GIC composites. The MD studies showed Fe acts 

as a strong lateral cross-linking agent between GO sheets, coordinating with several 

carbon and oxygen atoms on separate sheets and binding them together. The cross-

linking initiated by Fe resulted in significant mechanical strengthening in both single-

layer GO and multi-layer GO. This result is supported by experimental studies, with Fe 

acting as a strong gelation catalyst when introduced to aqueous GO6,20, and being shown 

to substantially increase tensile strength in GO fibers8.  

MD simulations also examined the effect of graphene edge type on the cross-

linking ability of Fe. Results showed that zigzag edge carbons bonded with more oxygen 

and hydrogen functional groups but formed weaker Fe-C bonds, reducing overall 

mechanical properties relative to armchair edge composites. Charge analysis of these Fe-

GO composite microstructures showed ~12 coordination of Fe, with Fe acting as an 

electron donor in the composite. 

Simulation of Fe-GIC composites showed similar trends to those seen in Fe-GO, 

with Fe bonding to several C atoms on separate graphene sheets above and below. 

Tensile deformation simulations were performed in both the parallel to graphene sheets 

(in-plane) and perpendicular (out-of-plane) directions. Notable elastic modulus and 

ultimate tensile strength increases were seen in the out-of-plane direction, with ~400% 
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increase in ultimate strength with the addition of 20 wt% intercalated Fe. Contrastingly, 

increasing Fe concentration resulted in decreased tensile strength in out-of-plane 

simulations, with Fe ions straining in-plane C-C bonds leading to a slight decrease in 

strength with increasing Fe content. Parameters extracted from MD simulations were also 

used to develop a preliminary peridynamics simulation for bulk polycrystalline Fe-GIC, 

with early results showing failure of the bulk material along grain boundaries. 

Conclusions drawn from this work will be useful in better understanding how 

metallic ions can be used to strengthen both GO and GIC composite materials, 

specifically for the case of multivalent metallic ions like Fe. Metal-GO and metal-GIC 

composites already have a host of industry applications ranging from superconductors23,24 

to slow-release fertilizers59, and the additional knowledge gained from this research will 

help to streamline performance of these materials and possibly expand the use of such 

materials to new, undeveloped areas. 

Future Work 

Knowledge gained from this research has opened the door for further examination 

of Fe-graphite composites using MD and beyond. Immediate future work for Fe-GO 

composite materials will look more into the effect of intercalated Fe ions on mechanical 

properties- while earlier research suggests that the primary strengthening mechanism for 

metal-GO composites is cross-linking between sheets laterally15, metallic ions binding 

along GO basal planes and linking sheets above and below may also contribute to metal-

GO composite strengthening.  

Further modelling work for Fe-GIC will focus on developing the peridynamics 

model, with focus on creating a wider array of MD grain boundaries for better statistics.  
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Ultimately, to further the impact of this research, experimental testing would be 

necessary to both reinforce current results and pave a path for future computational 

models. Specifically, SEM and XPS analysis of experimental Fe-GO and Fe-GIC 

composites would be invaluable in informing starting microstructure and understanding 

Fe binding sites and oxidation states for computer models. 
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