
 ABSTRACT 

HUANG, LIANGLIANG. Computational Study of Toxic Gas Removal by Reactive 
Adsorption. (Under the direction of Professor Keith E. Gubbins). 
 
 
Growing concerns about the environment and terrorist attacks prompt a search for effective 

adsorbents for removal of small molecule toxic gases, such as ammonia and hydrogen 

sulfide, under ambient conditions in the presence of moisture, where physical adsorption is 

not adequate. We use graphene oxide and CuBTC metal-organic framework as the 

adsorbents to explore toxic gas removal by reactive adsorption. Using ab initio density 

functional theory, atomistic reactive molecular dynamics and Monte Carlo simulation 

strategies, theoretical understanding of the underlying reaction and adsorption mechanisms of 

ammonia and hydrogen sulfide on graphene oxide and CuBTC metal-organic framework 

have been gained.  

 

The ab initio calculation results show that ammonia and hydrogen sulfide decompose on 

carboxyl and epoxy functional groups and vacancy defects of graphene oxide. The existence 

of water molecules substantially reduces the adsorption/dissociation of ammonia or hydrogen 

sulfide on graphene oxide because the water molecules either form hydrogen bonds with the 

functional groups or adsorb more easily on the vacancy defects. Reactive molecular 

dynamics calculations by the ReaxFF method have been performed to propose realistic 

graphene oxide models for theoretical calculations. We also use reactive molecular dynamics 

simulation to study the thermal and hydrostatic stabilities of the CuBTC metal-organic 

framework and its application for ammonia removal. We predict the collapse temperature for 



CuBTC crystal structure and observe the partial collapse of CuBTC at lower temperatures 

upon ammonia adsorption. The results agree well with experiment data and provide insights 

on the reaction mechanism involved in such an ammonia removal process.  

 

The research in this thesis can provide fundamental understanding, at the electronic and 

atomistic levels, of the roles of surface defects and functionalities for reactive adsorption of 

toxic gas molecules. In addition to developing experimental and theoretical algorithms to 

design effective adsorbents, the results are expected to find applications in air cleaning, 

energy storage, fuel cell technology and other scientific challenges where the separation of 

reactive molecules is involved. 
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CHAPTER 1 

Introduction 

 
1.1. Toxic Gas Removal 

Toxic gas chemicals, if released, have the potential to form a poison gas cloud and spread 

over large areas. Those exposed to such a toxic gas cloud may be severely injured. For 

example, the Department of Homeland Security estimates that a major chlorine gas spill in an 

urban area can kill 17500 people.[1] Research data also point out that, although toxic gases 

account for only 0.3 percent of rail carloads, they carry enormous risks and potential 

liabilities.[2] According to an insurance study, a major chlorine rail spill in an urban area 

could cause 10200 fatalities and over $7 billion in damages.[3] Because of the lethal 

potential and the related economic, environmental and national security concerns, many 

federal regulatory agencies have been imposing stricter policies towards toxic gases.[4-7] On 

the other hand, it is apparently impossible to prevent all toxic gas leakages. The challenge is 

then transformed into: how can we deal with the crisis of toxic gases leakages, or more 

specifically, what material can be used to effectively remove toxic gases, turning the toxic 

gases into non-toxic species? In order to answer that emergency call, we here choose 

ammonia (NH3) and hydrogen sulfide (H2S) as the simplest toxic gas representatives, and 

carry out computational studies to study the properties of the two toxic gases, to search for 

effective materials for the removal purpose, and to understand from the electronic/atomic 

levels how the toxic gases can be removed. Those molecular level understandings can shed 



  2 

light on the fundamental mechanisms of toxic gas removal, and provide useful information 

for material design and process control.  

 

1.2. Ammonia and Hydrogen Sulfide 

Ammonia is one of the most highly produced inorganic chemicals and contributes 

significantly to the nutritional needs of terrestrial organisms by serving as a precursor to food 

and fertilizers. As of 2004, approximately 83% of ammonia was used as fertilizers either as 

its salts or as the solutions.[8] Although in wide use, ammonia is caustic and hazardous. 

Ammonia vapor has a sharp, irritating, pungent odour that acts as a warning of potentially 

dangerous exposure.[9] The average odour threshold is 5 ppm, and the exposure to very high 

concentrations of gaseous ammonia can result in lung damage and even death. The 

U.S. Occupational Safety and Health Administration (OSHA) has set a 15-minute exposure 

limit for gaseous ammonia of 35 ppm by volume in the environmental air, and an 8-hour 

exposure limit of 25 ppm by volume.[9, 10] The National Institute for Occupational Safety 

and Health (NIOSH) defines the IDLH (Immediately Dangerous to Life and Health) value of 

NH3 to be 300, where the IDLH is the level to which a healthy worker can be exposed for 30 

minutes without suffering irreversible health effects.[9, 11]   

               Hydrogen sulfide occurs naturally in crude petroleum, natural gas, volcanic gases, 

and hot springs. It is a highly toxic and flammable gas (flammable range: 4.3 ~ 46%). Being 

heavier than air, H2S tends to accumulate at the bottom of poorly ventilated spaces. When 

hydrogen sulfide enters the environment, it remains in the atmosphere for about 18 hours.[12] 

Although very pungent at first, it quickly deadens the sense of smell, and potential victims 
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may be unaware of its presence until it is too late. H2S is considered to be a broad-spectrum 

poison, which means that hydrogen sulfide can poison several different systems in the body, 

whereas the nervous system is most affected. Exposure to low concentrations of H2S can 

cause irritation to the eyes, nose, or throat. It may also cause difficulty in breathing for some 

asthmatics. A brief exposure to high concentrations of hydrogen sulfide (greater than 500 

ppm) can cause a loss of consciousness and possibly death. OSHA has set an acceptable 

ceiling limit for hydrogen sulfide of 20 ppm by volume in the workplace.[12] NIOSH 

recommends a 10-minute ceiling limit of 10 ppm by volume in the workplace.[12]  

 

1.3. The Removal of Ammonia and Hydrogen Sulfide  

The removal of NH3 and H2S requires an understanding of the combined effects of 

adsorption, diffusion and chemical reaction. In such a process, the toxic gas molecule is first 

adsorbed on the adsorbent. Chemical reaction then occurs, transforming the toxic compounds 

into non-toxic species, or species that are strongly adsorbed/bonded on the surface. The fast 

diffusion of the species, which is not directly involved in the adsorption/reaction, is in favor 

of the removal process. However, it is challenging to remove ammonia and hydrogen sulfide 

at ambient conditions (where most leakages happen) due to two facts: (a) weak physical 

adsorption at the room temperature; (b) water at ambient conditions, which competes with 

the toxic gases for the adsorption sites of the adsorbents.[13]  

              Researchers have been testing different adsorbents, such as carbonaceous 

materials,[14, 15] zeolites,[16, 17] silica,[18-20] alumina[21-23] and metal-organic 

frameworks (MOFs),[24-27] to remove ammonia and hydrogen sulfide. The results have 
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shown that the performance of hydrophilic materials, such as zeolites, silica and alumina, are 

significantly affected by the existence of water at ambient conditions. Water molecules have 

strong interactions with hydrophilic materials and can easily occupy the adsorption sites. A 

pre-treatment is usually required to remove water and this substantially increases the cost and 

hinders the application of those materials for heavy-duty removal of NH3 or H2S.  

            Carbonaceous materials are considered to be good adsorbents for many 

applications.[28, 29] By their nature, however, they are not ideal candidates for toxic gas 

removal. Taking activated carbons, the most widely used carbonaceous adsorbent, as an 

example, they are known to have large surface areas and pore volumes. Their hydrophobic 

surface is made up of randomly oriented graphene layers, and the surface properties can be 

modified by oxidation, introduction of nitrogen, halogens, or impregnation with various 

redox chemicals or metals. However, it is very difficulty to produce active carbons with 

uniform surface properties. Also, activated carbons have an average pore size from 10 to 20 

Å, which is much larger than the molecule size of NH3 or H2S, and thus the physical 

interactions between the toxic molecules and activated carbons are not strong enough to 

retain the adsorbates in the pores, especially at ambient conditions. Depending on the 

operating conditions, activated carbons exhibit adsorption capacities on the order of 10 mg/g 

for ammonia[30] and hydrogen sulfide.[31, 32]  

           As mentioned, there are two ways to improve the performance of activated carbons for 

the removal purpose of NH3 or H2S. The first is to modify the surface chemistry by oxidation, 

adding both functional groups and defects to the surface to enhance the adsorption/reaction 

of the adsorbate. The method, however, has the disadvantage that the oxidation can greatly 
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reduce the physical strength of activated carbons, and thus compromise the potential 

industrial application. The second way is to combine the favorable features of activated 

carbons (e.g. large surface area) and other adsorbents (e.g. MOFs) that provide strong 

interactions with NH3 and H2S. Those composites are expected to have good adsorption and 

diffusion properties (via activated carbons) and allow for chemical reactions to decompose 

NH3 or H2S (via the metal sites of MOFs). Dr. T. J. Bandosz group at The City College of 

New York has been flowing the latter route. They use graphite oxide (GO) and metal-organic 

frameworks to synthesize the GO/MOF nanocomposites to remove toxic gases. The GO, 

MOFs, and the GO/MOF nanocomposites from their experiments have demonstrated very 

promising results for NH3 and H2S removal.[33-37] Here in this thesis, we use similar 

adsorbents to study the fundamental mechanisms of toxic gas removal.  

  

1.4. Graphene, Graphite Oxide and Metal-Organic Framework  

Graphene, a monolayer of graphite, is a two-dimensional material that is considered to be an 

ideal surface model for theoretical investigation of adsorption, reaction and surface 

modification. It is accepted that the reactivity of graphene is much lower than that of single-

walled carbon nanotubes.[38] Because it does not have the local strain due to the curvature-

induced pyramidalization or the misalignment of the π orbitals of carbon atoms, which are 

used to explain the chemical activities of carbon nanotubes. Ever since the discovery of 

graphene, molecular doping and surface functionalization have been studied to control the 

electronic structure and surface chemistry of graphene. By adding charged groups to the 

surface, graphene is reported to be able to adsorb various gas molecules, including NH3,[39] 
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H2O[40] and NO2.[41, 42] The ability of adsorbing those molecules at a low concentration 

has allowed the successful application of the surface-modified graphene as chemical 

sensors.[43-45] 

             On the other hand, graphite oxide (GO), also known as graphene oxide, depending 

on whether graphite or graphene is used as the base material, has recently attracted the 

research attention due to its promising applications as an adsorbent material. Formed by 

treating graphite with very strong oxidizing agents (e.g., KClO3/HNO3), GO has a layered 

structure and a non-stochiometric chemical composition, which depends on the level of 

oxidation. Recent advances in synthesis and experimental characterization of GO provide the 

possibility to control the structure and surface chemistry of the GO materials, leading to a 

renewed interest in using them particularly as reactive adsorbents. As a result of various 

levels of oxidation, the graphene layers of GO lose their polyaromatic character due to the 

incorporation of various oxygen-containing functional groups. Although the exact assignment 

of those groups is still controversial, it is generally accepted that the graphene layers have 

epoxy (1,2-ether), carboxyl and hydroxyl groups attached to carbon atoms.[46] The graphene 

layers are considered to be flat, with a slightly distorted tetrahedral configuration of carbons 

attached to hydroxyl groups. It is also proposed that carboxylic groups are located at the 

edges of the graphene layers. Although GO has been tested as adsorbents in the retention of 

NO, NO2 and NH3,[42] we still lack fundamental understanding, at the electronic and atomic 

levels, of the surface chemistry and reactive adsorption/intercalation mechanisms of those 

toxic gases on GO materials. This is probably due to the amorphous of GO materials, where a 
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uniform atomic model is impossible, and the challenge to study theoretically the chemical 

reactions in combination with adsorption and diffusion.  

             Metal-organic frameworks (MOFs) are inorganic-organic porous crystalline 

structures and can be synthesised by using a wide range of metal ions and organic ligands.[47, 

48] The ability to tune the properties of MOFs via alteration of the organic ligands and metal 

clusters, along with the potential for high porosity with accessible, uniform pores, makes 

MOFs promising hybrid materials in the fields of gas adsorption, separation, catalysis, drug 

delivery and chemical sensors. Recently, the design of MOFs for catalytic applications has 

emerged as an important research field. There have been increasing efforts to tune the pore 

surface chemistry by functionalizing the pores, using groups such as -OH, -NH2, -CH3, -SH, -

COOH and many others.[49, 50] The presence of the active metal sites is a valuble feature 

for reactive adsorption. By accepting electron pairs from the reactants, the open metal ions 

are reactive in homogeneous Lewis acid-base and oxidation catalysis. The metal sites also 

play an important role to determine the structure and the stability of the MOF materials.  

             Most studies on MOFs with unsaturated metal sites have been carried out to 

investigate CuBTC (copper(II) benzene 1,3,5-tricarboxylate, also known as HKUST-1) and 

M2(dhtp) MOFs (M = Mg2+, Mn2+, Co2+, and Zn2+; dhtp = 2,5-dihydroxyterephthalic acid). 

As one of the first industrialized MOFs,[51] CuBTC has an open structure with easy access 

to the open metal copper sites inside the large pores. The Lewis acid properties of the Cu 

sites were first studied for cyanosilylation reactions,[52, 53] followed by other organic 

isomerization reactions[54] with good selectivities to the desired products. CuBTC has been 

shown to be a very good candidate to remove sulfur-containing molecules, such as 
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tetrahydrothiophene and thiophene, from natural gas, gasoline and diesel oil.[55, 56] It has 

also proved to be effective for the capture of other small molecules, such as ethylene 

oxide[57] and ammonia.[36]  

   

1.5. Research Approach  

Despite the urgent need to remove toxic gases and the experimental efforts of testing 

different adsorbents for the removal purpose, fundamental understanding of the removal 

mechanism is far from complete. From the view of computational studies, the challenge 

comes from the fact that the removal is a process correlated with adsorption, diffusion and 

chemical reactions, and thus requires multi-scale computational efforts. In this thesis, we use 

graphene/graphene oxide and CuBTC as the adsorbents to study, and employ multi-scale 

modeling techniques to investigate the fundamental mechanisms of the adsorption, diffusion 

and chemical reactions of NH3 and H2S on the adsorbents. The thesis is organized as follows: 

In Chapter 2, we briefly review the computational methods used in this thesis, from ab initio 

density functional theory (DFT), reactive force field (ReaxFF) method, to the classical 

molecular dynamics (MD) and Grand Canonical Monte Carlo (GCMC) calculations. Chapter 

3 provides the DFT study of H2S dissociation on a single vacancy defect of the graphene. 

Chapter 4 applies DFT calculations to study the adsorption and dissociation of NH3 on a 

functionalized graphene surface. The role of different functional groups, including the epoxy 

(1,2-ether), carboxyl and hydroxyl groups, has been investigated. In Chapter 5, we combine 

the results from Chapter 3 (for the graphene vacancy defect) and Chapter 4 (for the graphene 

functional groups) to propose a new computational process to generate realistic atomic 
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models for graphene oxide. H2S dissociation is investigated using those models at ambient 

conditions. Chapters 6, 7 and 8 present the computational efforts to use CuBTC as the 

adsorbent for the reactive adsorption of NH3 and H2S. In Chapter 6, the thermal stability of 

CuBTC is firstly investigated by ReaxFF molecular dynamics (RMD) calculations. Those 

calculations are served as a validation to use CuBTC at room temperatures. It is necessary to 

use a flexible CuBTC model and reactive force fields to study NH3 adsorption on CuBTC. As 

discussed in Chapter 7, we perform DFT calculation to study the NH3/CuBTC interactions, 

and classical GCMC simulation to calculate NH3 adsorption isotherms on CuBTC. The 

results are also compared with the experimental data. Chapter 8 contains the RMD 

calculations of the reactive adsorption of NH3 on CuBTC. We also study the NH3/H2O 

mixtures for the competitive adsorption. Finally, Chapter 9 offers a summary of the 

calculation results we have obtained, and discusses future research plans for toxic gas 

removal. 
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CHAPTER 2 

Computational Methods 

 
2.1. Density Functional Theory  

Density Functional Theory (DFT) is one of the most widely used quantum mechanical 

approaches for ab initio calculations of the properties of atoms, molecules, crystals, surfaces. 

Over the past decades, we also see an increasing number of DFT calculations in modeling 

complex systems such as those in biology engineering and material sciences. DFT is based 

on a rigid conceptual framework, that the ground state energy of a system with n electrons, E, 

can be defined as a functional of its electron probability density, ρ(r) , where r represents a 

particular point in the real space.[58] For any system, according to DFT formalism, there 

exists a one-to-one correspondence between the system energy and its electron density, that 

is, E = E[ρ(r)] .[59]  

Here we give a brief introduction to the basic principles associated with the DFT 

methodology. It starts with a brief description of the Born-Oppenheimer approximation, 

followed by the Hohenberg-Kohn theorem and the Kohn-Sham formalism, and then the 

discussion of the exchange-correlation energy and various approximations. The application 

and limitation of DFT method is also discussed at the end. More details of the DFT 

formalism and other advanced features of the DFT method can be found from published 

books[60-63] or review articles.[64-70]    
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2.1.1. Born-Oppenheimer Approximation    

Consider a system of M interacting particles in a container of volume V. The many-body 

Hamiltonian is a Hilbert space operator that governs the dynamics of both the electrons and 

the nuclei of the system:  

            
Η̂ = − 

2

2me

∇i
2

i
∑ − ZIe

2

ri − RIi,I
∑ + 1

2
e2

ri − rji≠ j
∑ − 2

2MI

∇I
2 + 1
2I

∑ ZIZJe
2

RI − RJI≠J
∑             (2-1) 

where electrons are denoted by lower case subscripts, and nuclei with charge ZI and mass MI 

are denoted by upper case subscripts.  Although it is essential to include the many-body 

terms, namely the electron-electron Coulomb interactions, and the nuclei orientations that are 

affected by the electron interactions, the many-body hamiltonian can be simplified according 

to the fact that the inverse mass of the nuclei, 1 MI , is a small quantity,  MI me ≈10
3 105 , 

so that the electrons respond almost instantaneously to the changes of nuclei positions, and 

thus the kinetic energy of the nuclei can be ignored. This is known as the Born-Oppenheimer 

approximation[71] and it works excellently for many applications, e.g. the band structure 

calculations of crystals, the nuclear vibration mode calculations of solids, and the electrical 

transport calculations for metals.[60, 61]  

 Using the Born-Oppenheimer approximation, the many-body Hamiltonian can be 

written as: 

                                                 Ĥ = T̂ + V̂ext + V̂int + EII                                                        (2-2) 

where, in Hartree units,[72]  

T̂ = − 1
2i

∑ ∇i
2 , the kinetic energy operator of the electrons; 



  12 

V̂ext = VI
i,I
∑ ri − RI( ) , the potential acting on the electrons due to the nuclei; 

           V̂int =
1
2

1
ri − rji≠ j

∑ , the potential energy operator of the electron-electron interactions; 

EII , the potential energy operator of the nuclei interactions, including the contributions from  

the external fields. The Hamiltonian can be used to determine the ground state. The ground 

state and its energy satisfy the eigenvalue equation HΨ0 = E0Ψ0 , while the excited states 

have their energies En > E0 . 

 

2.1.2. Hohenberg-Kohn Theorem  

The concept of density functional theory firstly emerged in the work of Fermi and Thomas in 

the late 1920s, introducing the idea of expressing the energy of a system as a function of the 

total electron density.[65, 73] Later in 1951, Salter applied the same idea to the development 

of the Hartree-Fork-Slater method, which is now considered to be the predecessor theory of 

DFT.[74] However, it was not until 1964 that Hohenberg and Kohn finished the formal 

proof,[58] which is known as the Hohenberg-Kohn theorem, demonstrating that: (1) the 

electron density of a nondegenerate* electronic system uniquely defines the ground-state 

energy and the corresponding electronic properties; (2) if the exact functional is used, a trial 

electron density must give an energy greater than or equal to the true ground energy. The 

                                                
*"The Hohenberg-Kohn theorem is originally proved only for nondegenerate ground states, but has been shown 
to be valid for degenerate ground states too, see Ref. 60. 
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Hohenberg-Kohn theorem sits at the heart of DFT, but it does not provide the exact form of 

the density functional.  

 

2.1.3. Kohn-Sham Method  

The Hohenberg-Kohn theorem provides a theoretical guideline of finding the ground energy 

state by minimizing energy with respect to the electron density. Unfortunately, the relating 

kinetic energy to density is not known with a satisfactory level of accuracy, though the 

kinetic energy itself can be easily calculated from the wave function. For that reason, Kohn 

and Sham proposed an ingenious method in 1965, of combining the electron density and the 

wave functions.[59] They used a non-interacting reference system and repartitioned the total 

energy functional into the following form: 

                           E ρ[ ] = T0 ρ[ ]+ V̂ext r( ) + V̂int r( )⎡⎣ ⎤⎦∫ ρ r( )dr + EXC ρ[ ]                               (2-3) 

where T0 ρ[ ]  is the kinetic energy of the electrons of the non-interacting reference system 

which has the same electron density ρ  as the real system. Here the term “non-interacting” 

means that there is no electron-electron interaction, but the electrons interact with the nuclei. 

V̂ext (r)  is the external potential, that is, the potential from the nuclei:  

                                                         V̂ext (r)=
−ZI

RI − rI
∑                                                     (2-4) 

V̂int r( )  is a classical Coulomb interaction between the electrons. It includes the electron self-

interaction explicitly and represents the interaction of ρ  with itself.  
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                                                           V̂int r( ) = ρ r '( )
r ' − r∫ dr '                                                    (2-5) 

                                                          Eint p[ ] = ρ r '( )ρ r( )
r ' − r∫∫ drdr '                                       (2-6) 

The last functional, EXC ρ[ ]  is the exchange-correlation energy. It includes all the energy 

contributions that have not been accounted for by the previous three terms: 

(1) The electron exchange; 

(2) The electron correlation; 

(3) A portion of the kinetic energy which is necessary to correct T0 ρ[ ]  to obtain the 

kinetic energy of the real system Te ρ[ ] ; 

(4) The correction of the self-interaction introduced by the classical Coulomb interactions 

for the electrons.   

The philosophy is to put the energy contributions, which are difficult to obtain, into the 

EXC ρ[ ]  functional, and hope that a reasonable approximation, which is till the biggest 

challenge of DFT, can be constructed for EXC ρ[ ] . 

 

2.1.4. Exchange-Correlation Functional  

The exchange-correlation functional EXC ρ[ ]  is generally divided into two separate parts, an 

exchange term EX ρ[ ]  and a correlation term EC ρ[ ] , although the legitimacy of such 

separation has been the subject of doubts: 
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                                                 EXC ρ[ ] = EX ρ[ ]+ EC ρ[ ]                                                   (2-7) 

The exchange term is normally associated with the interactions between the electrons of the 

same spin, whereas the correlation term accounts for those between the electrons of opposite 

spins. Both terms can be of two distinct types: the local functional, depending only on the 

electron density ρ  at the local position r, and the gradient corrected functional, which 

depends on both the electron density ρ r( )  and its gradient Δρ . Despite the efforts and 

progress in the field, the approximate nature of the exchange-correlation functional is still the 

main source of the inaccuracy of DFT. A detailed description of different exchange-

correlation functionals can be found elsewhere.[75-78]  

 

2.1.5. Application and Limitation of DFT 

Many different types of DFT applications have been developed in the past decade. DFT is 

now considered to be a routine tool to solve problems in atomic and molecular physics, such 

as the calculation of ionization and vibration spectra,[79-81] the structure of 

biomolecules,[82] polymers,[83-86] macromolecules, transition metal complexes,[67] the 

nature of active sites in catalysts,[87-90] and the study of chemical reactions, including the 

activation energy barrier, the reaction mechanism of the reaction pathway and the reaction 

kinetics.[91-95] Furthermore, DFT has made possible the development of ab initio molecular 

dynamics calculation where the forces are evaluated quantum mechanically “on the fly” to 

forward the dynamic evolution of the system in real time space.[96] Despite the popularity 

and success of DFT, its application still suffers from the following limitations: 
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(a) The underestimation of the barriers of chemical reactions, the band gaps of materials, 

the energies of dissociating molecular ions, and the charge transfer excitation energies; 

(b)  The overestimation of the binding energies of charge transfer complexes, the 

cohesive energies, bulk moduli and the response to an external electric field; 

(c) The difficulty in describing strongly correlated systems, degenerate and near-

degenerate states; 

(d) The neglect of van der Waals interactions; 

Further discussion about the limitation and challenges for DFT can be found from recent 

review papers.[97-101]  

 

2.2. Reactive Force Field Method 

2.2.1. ReaxFF method 

Despite the fact that quantum calculations using DFT method can accurately describe the 

bulk and surface properties as well as the reaction mechanism, the expensive computational 

costs restrict the DFT applications to a few thousand atoms, and a few picoseconds of 

simulation time for ab initio MD. For many real-life problems, such length scale and time 

scale are not sufficient to observe the phenomena of interest. In contrast, empirical force 

fields employ harmonic equations to describe the bonds, angles, dihedrals and other 

structural properties. Algorithms have been also implemented to account for the long-range 

electrostatics and van der Waals interactions. These classical force fields have an advantage 

over DFT calculations since larger time-scale and length-scale are now accessible for 
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classical MD simulations. But the disadvantage is that they do not allow for bond breaking or 

forming, and thus are incapable of describing chemical reactions.  

 In 2001, van Duin et al.[102] used the bond-order concept, firstly introduced by 

Tersoff,[103] to develop a reactive empirical force field (ReaxFF) to study hydrocarbon 

systems. The assumption of ReaxFF is that the bond order BOij
'  for a pair of atoms can be 

obtained directly from the interatomic distance rij , as illustrated in Eq. (2-8): 
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where the three sets of parameters pbo1, pbo2( ) , pbo3, pbo4( )  and pbo5, pbo6( )  are used to describe 

the σ bond, the π bond and the ππ bond, respectively. Eq. (2-8) is defined so that the value 

of the three exponentials is unity below a threshold interatomic distance and zero at longer 

distances.  

 The nature of the bond orders BOij
'  concept allows the spontaneous bond breaking or 

forming, while keeping the energy and force continuous. The bond order values are updated 

at each MD step to determine the energy of the system. Eq. (2-9) describes the total energy 

from the ReaxFF formalism: 

                          
Etot = Ebond + Elp + Eover + Eunder + Eval + Epen + Ecoa + EC2

         + Etriple + Etors + Econj + EH−bond + EvdWaals + ECoulomb

                          (2-9) 

For example, the bond energy Ebond  is calculated from the bond order BOij
'  as: 

               Ebond = −De
σ ⋅BOij

σ ⋅exp pbe1 1− BOij
σ( )pbe2⎡

⎣⎢
⎤
⎦⎥ − De

π ⋅BOij
π − De

ππ ⋅BOij
ππ                   (2-10) 
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where De
σ , De

π , De
ππ , pbe1and pbe2  are the bond parameters, BOij

σ , BOij
π  and BOij

ππ  are the 

corrected bond orders for σ  bond, π  bond and ππ  bond, respectively. The nonbonded van 

der Waals and Coulomb interactions are calculated between every atom pair at each MD step, 

to describe the connectivity. To account for the polarization effects, the electronegativity 

equalization method (EEM)[104] is applied to dynamically derive the atomic charges. A 

detailed description of energy terms in Eq. (2-10) and the algorithms for the nonbonded 

calculation can be found from the ReaxFF manual[105] and publications.[51, 102, 106] It is 

worthwhile to note that upon the dissociation of a bond, its bond order and the energy terms 

for the bond, the angle and the dihedral angle where such bond is involved, are zero. This 

characteristic ensures a smooth transition of the energy and the force for the ReaxFF 

calculations. 

 

2.2.2. ReaxFF code implementation  

The first ReaxFF implementation came from the original serial FORTRAN code of van Duin 

et al. in 2001, with the release of ReaxFF parameters for hydrocarbons.[102] The source code 

integrated parameter optimization and molecular dynamics (MD) calculation engine. 

Although not optimized for CPU or memory usage, and can efficiently handle a system with 

less than a few thousand atoms, it is still the only code that can develop new ReaxFF 

parameters from scratch or retrain the existing ReaxFF parameters for new applications. In 

2003, the San Diego Supercomputer Center (SDSC), in conjunction with the Computer 

Science and Engineering department at the University of California, San Diego (UCSD), 

released the Grid Assessment Probes (GRASP) software package, which is designed to give 
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system architects and applications developers a simple and easy-to-use set of probes for 

gaining insight into the performance and reliability of grid computing platforms.[107] 

Thompson et al. implemented the first parallel version of ReaxFF in the GRASP package, 

and later in a more popular parallel package, LAMMPS (Large-scale Atomic/Molecular 

Massively Parallel Simulator).[108] GRASP is a C++ code, and it calls the optimized version 

of the original FORTRAN routines to calculate the bond orders and the corresponding 

energies, and thus exactly matches the results from the serial FORTRAN code. There are two 

different implementations of ReaxFF in LAMMPS. One is from the original FORTRAN 

code: similar to the implementation in GRASP; the FORTRAN routines are included directly 

as libraries files into the main C++ calculation engine. The charge equilibration calculation in 

LAMMPS uses a standard parallel conjugate gradient algorithm for sparse linear system, 

which is different from the original FORTRAN code, where the electrostatic interactions are 

modeled as shielded interactions with Taper corrections. The other ReaxFF implementation 

in LAMMPS is from the PuReMD (Purdue Reactive Molecular Dynamics) code, developed 

by Aktulga et al.[109-111] The PuReMD code is also written in C++. It uses dynamics 

memory allocation and has incorporated other optimizations to extend the simulation 

capability to larger systems (total number of atoms ~ 107). 

              Recently ReaxFF has also been incorporated into commercial simulation packages. 

Scientific Computing & Modeling (SCM) has implemented and parallelized ReaxFF in the 

ADF (Amsterdam Density Functional software).[112] The implementation has 

significantly optimized the original FORTRAN code, removing the memory bottlenecks, and 

integrated a Graphic User Interface (GUI) for the on-the-fly analysis of calculation results. 
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Since the version 4.0, GULP (General Utility Lattice Program), a program for performing a 

variety of types of simulation on materials, has added ReaxFF into its force field 

libraries.[113] GULP has been incorporated into Materials Studio software,[114] an 

integrated multi-scale modeling environment that delivers a complete range of simulation 

methods. Since the recent version 6.0, users can perform ReaxFF MD calculations from the 

GULP module of the Materials Studio software.  

 

2.3. Classical Atomistic Molecular Modeling 

2.3.1. Molecular Dynamics Simulation 

Classical Molecular Dynamics (MD) simulation describes the evolution of a system by 

integrations over time and space. For each discrete time step, the positions and velocities of 

the atoms are calculated based on Newton’s equation of motion. The time step, normally on 

the order of femtoseconds, needs to be smaller than the vibrational frequencies of the atoms 

to include all energy contributions. The accuracy of the simulation depends highly on the 

quality of the force field used. AMBER,[32] CHARMM,[115] GROMOS,[116] 

COMPASS[117] and OPLS[118] are among the most widely used classic force fields.  

            Forces and potentials governing the motion of atoms can be classified as bonded, 

short-range and long-range interactions. Bonds, valence angles interactions and dihedral 

(torsion) interactions are the most common bonded interactions, and take place typically 

within a few angstroms and constitute a very small portion (1~5%) of the computational 

complexity of an MD calculation. Short-range and long-range interactions are referred as 

non-bonded interactions and their computation may account for up to 99% of the total 
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computation time. Short-range potentials (such as van der Waals interactions) decay faster 

and can be appropriately truncated for a desired level of accuracy. Long-range forces (such 

as electrostatic interactions), on the other hand, do not decay as rapidly as short-range 

interactions, which require either expensive computations or algorithmic techniques for 

reducing the complexity. In general, the size of the simulation system is only limited by the 

accessible computer memory. Using massively parallel computing platforms and highly 

optimized MD simulation packages (DLPOLY,[119] GROMACS,[120] LAMMPS,[108] 

NAMD[121] et al.), it is possible to carry out microsecond long simulations for systems with 

tens of thousands of atoms.  

              Ensemble describes how the simulated system is coupled to the physical 

environment, and is an important parameter to MD calculations. Under the microcanonical 

ensemble (NVE), the number of particles (N), the volume (V) and the total energy (E) are 

held constant, imitating a system inside an insulated, rigid container. The isochoric-

isothermal canonical ensemble (NVT) maintains constant temperature (T) by placing the 

system in contact with a thermal reservoir. A variety of thermostat methods are available to 

add or remove energy from the boundaries of an MD system, approximating the canonical 

ensemble. Popular techniques to control temperature include velocity rescaling, the Nosé-

Hoover thermostat,[122, 123] the Berendsen thermostat[124] and the Langevin dynamics 

method.[125, 126] As for the isobaric-isothermal canonical ensemble (NPT), the volume of 

the system is allowed to vary in order to maintain a constant pressure (P). Different barostats 

such as the Nosé-Hoover, Berendsen and Parrinello-Rahman[127, 128] can be used for this 

purpose. 
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2.3.2. Grand Canonical Monte Carlo Simulation  

The Grand canonical Monte Carlo (GCMC) simulation method is considered to be the 

standard molecular simulation tool to calculate adsorption properties. It relies also on 

classical force fields to describe the interactions and to calculate the energies. In standard 

GCMC simulations, a rigid framework is usually assumed, that is, the adsorbent is treated as 

frozen. The advantage of such assumption is that the simulation requires only the host-guest 

and guest-guest interactions, which can substantially reduce the computational cost, and also 

make the force field parameterization easier. It has proved to be a good approximation for a 

large number of nanoporous materials, in particular zeolites.[129, 130] 

             However, the rigid model does not work for all adsorbents. People have been 

reporting the breathing effects of MOFs on the adsorption of confined fluids,[131-135] and 

developing two approaches to study the adsorption in flexible porous materials. The first 

approach is based on the argument that although the adsorption process can affect the 

structure of the adsorbent, the deformation can still be treated locally, and in a reasonable 

range of temperature and pressure, the overall volume change of the adsorbent is negligible. 

Therefore, we can use the grand canonical ensemble by keeping the unit cell fixed and 

allowing the atoms of the adsorbent to move around their equilibrium positions. The second 

approach allows changes of the unit cell parameters. This can be achieved by performing the 

Monte Carlo calculation in the osmotic ensemble, where the typical moves are: molecular 

insertion or deletion, molecular moves (translation, rotation, internal conformation change, 

etc.), and changes of the unit cell parameters. More details about the GCMC method[136, 
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137] and the osmotic ensemble of describing flexible adsorbents[138-142] can be found 

elsewhere. 
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CHAPTER 3 

Adsorption and Dissociation of Hydrogen Sulfide on Graphene Single 

Vacancy  

 

3.1. Introduction 

Known as a good adsorbent, graphene is an ideal surface model for theoretical investigations 

of the combined effects of adsorption, reaction and surface modification. Pristine graphene 

sheets are inert to chemical reactions. There are several ways to control the surface properties 

of graphene, among which defects are widely used. A defect on the graphene surface can 

change the topology, roughness and electronic properties of the surface, and thus affects not 

only the adsorption and diffusion by which gas molecules travel from the bulk phase to the 

surface, but also the adsorbate-adosrbent interactions. Defects such as adatoms, pentagon-

heptagon carbon pairs (also known as the Stone-Wales defect), mono- and multi-vacancies, 

have been observed from experiments and theoretical molecular simulations. For example, 

tight-binding molecular dynamic simulations have confirmed that the single vacancy is stable 

on the graphene surface, and the recombination of single vacancy defects will involve a large 

energy barrier that entails heating the graphene surface to above 3000 K.  

            Ab initio DFT calculations from our group have shown that graphene with metastable 

defects has potential application as a catalyst due to the presence of carbon atoms with 

unsaturated valence in the structure. Water is found to dissociate over the defective sites on 

graphene.  The dissociation follows many possible reaction pathways, some of which have 
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activation barriers lower than half of the energy barrier for bulk water dissociation. Methane 

is also found to dissociate over the defective carbon atoms, making the hydrogen production 

a continuous process.  

             Being the simplest sulfur-containing molecule, H2S and its adsorption and 

dissociation properties are of interest to many applications, not limited to the benefits of toxic 

gas removal. H2S can be used as a benchmark model to study the adsorption of methanethiol 

(HSCH3) and the growth mechanism of self-assembled monolayers (SAMs) on metal 

surfaces.[143] It is also a common impurity in fossil fuel feed streams that are widely used 

nowadays for hydrogen production.[144] H2S can provoke at ppm level the poisoning of 

catalysts, due to the formation of S overlayers from H2S dissociation.[145] The adsorption 

and dissociation of H2S has been studied by ab initio DFT calculations on different systems, 

including noble metals,[145-148] transition metals,[149] metal oxides[150] and other 

catalytic surfaces.[151, 152] Hydrogen sulfide adsorption on a defective graphene has also 

been reported recently.[153] The ab initio DFT calculations showed that the energy favorable 

configuration is the one with the sulfur atom heading to the center of the vacancy. The 

conductivity of the defective graphene changed upon H2S chemisorption. However, the 

calculation mainly focused on the density of states (DOS) of the defective graphene, and did 

not discuss the H2S adsorption on different sites or the dissociation mechanism of H2S on the 

vacancy defect.  

             In this chapter, we describe ab initio DFT calculations to study the dissociation of 

H2S on graphene with a single vacancy (sv-graphene). The adsorption geometries and 

energies for the molecular and dissociative states of H2S are calculated. We also investigate 
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the reaction pathways and the corresponding energy barriers for H2S dissociations on the 

vacancy defect. The chapter is organized as follows: Section 3.2 summarizes the model and 

the method used in the calculations; Section 3.3 contains the results of the calculations, from 

the adsorption to the dissociation of H2S on the sv-graphene; Section 3.4 summarizes the 

conclusions. 

 

3.2. The sv-graphene Model and Computational Method  

The graphene with a single vacancy (sv-graphene) is modeled by removing one carbon atom 

from a 48-carbon rectangle graphene sheet.  In order to avoid the image interactions, we use 

the slab geometry with a 15-Å vacuum. Periodic boundary conditions are employed in the 

plane of the sv-graphene. One H2S molecule is studied for the adsorption. Three sites on the 

sv-graphene surface are investigated, namely, on top of a carbon atom (T), the center of a 

carbon hexagon (C), and the center of a carbon-carbon bond (B), as shown in Figure 3.1. For 

each investigated site, four different orientations of the H2S molecule, demonstrated in Figure 

3.2 as the “V”, “Λ”, planar and vertical shapes, are employed to set up the initial adsorption 

configuration. All sites around the vacancy  (C1 to C12) are examined in the calculation. The 

2-D electron density profile is provided in Figure 3.3. The sites with lower density are likely 

to favor the adsorption/dissociation by accepting the electrons from H2S or its decomposed 

species (-HS, -S or -H). 
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Figure 3.1. The sv-graphene model, created by removing one carbon atom from a 48-carbon 

rectangle graphene. Three different sites, namely, on top of a carbon atom (T), the center of 

a carbon hexagon (C), and the center of a carbon-carbon bond (B) have been investigated 

for possible adsorption and/or dissociation of H2S.  

 

              The results presented in this chapter are obtained using plane-wave pseudopotential 

ab initio DFT calculations.[62, 95] Becke-Lee-Yang-Parr (BLYP) exchange-correlation 

functionals are employed.[78, 154] Typical accuracy for BLYP functionals[63] is provided in 

Table (3-1).The structurue is relaxed by the CPMD code (version 3.13)[155] for H2S and 

carbon atoms of the sv-graphene. The force convergence crietia of 0.02 eV/Å is used. The 

planewave cutoff of 40 Ry and the density cutoff of 320 Ry have been tested and found to be 

adequate for the ultrasoft pseudopotentials.[156] Reaction pathways, energy barriers and 

transition states are obtained using the nudged elastic band method[157] with the climbing 

image modification[158] (CI-NEB), as implemented in the Quantum-Espresso package 

(version 4.12).[159] 
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Λ Shape                 Planar Shape              Vertical Shape              V Shape 

Figure 3.2. Four different initial H2S orientations, indexed as V shape, planar shape, 

vertical shape and Λ shape. D is the adjustable parameter to describe the distance between 

H2S and the sv-graphene surface. 
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Figure 3.3. The 2-D electron density profile for the sv-graphene surface. 

 

             The adsorption energy (Eads ) is defined as the difference between the energy of the 

H2S adsorbed graphene surface (EH2S−Surface
) and the sum of the energies for the relaxed 

pristine surface (ESurface ) and the gas-phase H2S molecule (EH2S
) , see equation (3-1). A 

negative value of Eads indicates an exothermic process. 
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                                 Eads = EH2S−Surface
− ESurface + EH2S{ }                                                       (3-1) 

            The minimum energy pathway for each dissociative reaction is mapped out by the CI-

NEB method. NEB is a method to identify the saddle points and determine minimum energy 

paths between known reactants and products. The method works by optimizing a number of 

intermediate images along the reaction path. Each image finds the lowest energy and 

maintains equal spacing to neighboring images. The constrained optimization adds spring 

forces along the band between images and projects out the component of the force that is 

perpendicular to the band. The climbing image is a small modification to the NEB method in 

which the highest energy image is driven up to the saddle point. This image does not ‘feel’ 

the spring forces along the band. Instead, the true force at this image along the tangent is 

inverted. In this way, the image tries to maximize its energy along the band, and minimize in 

all other directions. When this image converges, it will be at the exact saddle point. Because 

the highest image is moved to the saddle point and it does not ‘feel’ the spring forces, the 

spacing of images on either side of this image will be different. It is useful to do a 

minimization with the regular NEB method before the ‘climbing’ flag is turned on, to have a 

good estimation of the reaction coordinate around the saddle point. If the maximum image is 

initially very far from the saddle point, and the climbing image is used from the outset, the 

path would develop very different spacing on either side of the saddle point. In this chapter, 7 

images are used in the search for the saddle point of each dissociative reaction. The transition 

state of the optimized reaction coordinate is approximated by the image of highest energy. 

The overall reaction energy ΔErxn is calculated by equation (3-2). 
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                                              ΔErxn = Eprod∑ − Ereact∑                                              (3-2) 

Where Eprod∑  and Ereac∑  are the sum of energies of the products and reactants, 

respectively. A negative ΔErxn  indicates an exothermic reaction. The formation energy is 

calculated by equation (3-3), where EH2S
, ESurface  and EH2S−Surface

 are the energies for the H2S 

molecule, the sv-graphene surface and the relaxed H2S-graphene system, respectively.  

                                              Eformation = EH2S
+ ESurface{ }− EH2S−Surface

                         (3-3) 

 

Table 3-1. Typical accuracy for ab initio DFT calculations with BLYP functional.[63]  

Physical property Typical mean absolute error 

Bond length 0.01 Å 

Bond angle 1° 

Barrier height 3~4 kcal/mol 

Atomization energies 
1~2 kcal/mol 

10~20 kcal/mol for metal dimers 

Binding energies 5~10 kcal/mol 

Heats of formation 5~20 kcal/mol 

Hydrogen bond strengths 0.5~1 kcal/mol 

 

3.3. Results and Discussion 

3.3.1. The accuracy of ab initio DFT calculation  

It is important to recognize the accuracy of the DFT method before running a calculation. 

The accuracy for DFT calculations depends not only on the pseudopotentials and functionals 
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used, but also on the system and the properties calculated. In order to report DFT results, one 

need to pay close attention to the following principles: 

a. Accurately define the mathematical problem by specifying the employed exchange-

correlation functional; 

b. Spepcify the numerical details used in performing the calculations; 

c. Run the calculation with great caution when you need to compare the results from 

calculations with different numerical approximations; 

d. Always try the unambiguous comparison between the calculation results and 

experimental observations. 

 

3.3.2. Adsorption of H2S on the sv-graphene surface, D = 2.5 Å 

Before calculating the adsorption of H2S on the sv-graphene surface, the pseudopotentials are 

tested for bulk properties of H2S and graphene. The calculated bond length and angle for H2S, 

HS species and the pristine graphene are summarized in Table (3-2). The structural properties 

are in good agreement with experimental data and other calculation results.  
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Table 3-2. The structural properties of H2S, HS and Graphene. 

Bond length, Å Bond angle, degree 

 
This 

work 
Exp. Cal. 

This 

work 
Exp. Calc. 

H2S 1.353 1.328[160] 1.349[161] 1.346[150] 92.0 92.2[162] 91.6[161] 91.7[150] 

HS 1.352 1.345[162] 1.354[161] 1.352[150]     

Graphene 1.420 1.420[163] 1.423[164]  120.0 120.0[163]   

 

             When the H2S molecule is approaching the sv-graphene surface, it first encounters 

the weak van der Waals interaction. The H2S molecule could be physisorbed on the sv-

graphene surface if it loses energy upon interaction with the surface. Furthermore, H2S can 

rearrange its electronic configuration to get chemisorbed. Depending on the distance to the 

surface and the kinetic energy, the H2S molecule can move closer to the surface, where it has 

a stronger repulsion interaction with the surface. If the H2S molecule could respond by 

changing its electron structure to favour the interaction with the surface (to bring down the 

total energy), it can become decomposed into species (-HS/-H or -S/-H). We first study an 

initial distance D = 2.5 Å to find out the possible chemisorbed or dissociation states for H2S. 

As illustrated in Figure 3.2, all possible H2S orrientations are investigated on different sites 

(B, C or T) of the sv-graphene surface. 

           The results demonstrate that, if initially placed 2.5 Å from the sv-graphene surface, 

H2S gets chemisorbed to the sv-graphene surface. From the structural parameters provided in 

Table (3-3), the final distance between H2S and the sv-graphene surface depends on both the 
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adsorption site (B, C or T) and the starting orientation of H2S. The fianl orientation of H2S is 

the same as the initial value. This implies a weak interaction between H2S and the sv-

graphene surface, where H2S does not need to adjust its oreientaiton to overcome the 

adsorption energy barrier. Such a weak interaction is also reported by a recent ab initio DFT 

calculation.[153] The nature of ab initio DFT (zero K calculation) determines that H2S does 

not have the kinetic energy to spontaneously overcome the energy barrier and move from the 

chemisorption state to decompose on the sv-graphene surface. Further calculations (e.g. 

reactive MD calcualtions in Chapter 5) are needed to investigate whether at a certain 

temperature H2S would have enough kinetic energy to behave spontaneously from the 

chemisorption to dissociate on the sv-graphene surface.  

 The interaction between H2S and the sv-graphene surface is weaker than that for H2S-

metal surface interactions. H2S is reported to be adsorbed about 2.5~2.8 Å above Au (111) 

and Cu (111) surfaces.[145] The adsorption energies are summarized in Table (3-4) for 

different H2S orientations on different sites. The  “Top”, “Bridge” and “Center” sites are 

demonstrated in Figure 3.2. Eads  is the adsorption energy for one H2S molecule. dS-Surface is 

the distance between the S atom of H2S and the sv-graphene surface. According to the 

definition of H2S orientation in Figure 3-2, the initial dS-Surface values are different. dS-H 

represents the S-H bond length of H2S, and ∠HSH is the bond angle for H2S. The calculated 

structural properties of a gas-phase H2S molecule are also provided for reference.  
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Table 3-3. The optimized structural parameters for the H2S molecule, which is placed initially 

2.5 Å from the sv-graphene surface. “D*” represents the optimized distance between the sv-

graphene and the atom (in bracket) of the H2S molecule. 

  The two H-S bonds, Å H-S-H, degree D*, Å 

Bridge 

Λ 1.361 1.352 92.1 2.93 (H) 

V 1.353 1.353 92.2 4.81 (S) 

Planar 1.353 1.358 92.0 3.26 (H) 

Vertical 1.353 1.358 92.2 3.17 (H) 

Center 

Λ 1.353 1.359 92.1 3.20 (H) 

V 1.353 1.353 92.1 4.05 (S) 

Planar 1.353 1.353 91.9 3.25 (H) 

Vertical 1.353 1.361 92.2 3.02 (H) 

Top 

Λ 1.353 1.359 92.1 3.22 (H) 

V 1.353 1.353 92.3 4.46 (S) 

Planar 1.353 1.362 92.2 2.91 (H) 

Vertical 1.353 1.365 92.2 2.84 (H) 

 

   

 

 

 

 

 



  35 

Table 3-4. The adsorption characteristics of the H2S molecule on the sv-graphene surfaces: 

adsorption energy (Eads ) , H2S-Surface distance (dS-Surface) and the structural properties of H2S 

(dS-H for thw two H-S bonds). The calculated structural properties of the gas-phase, H2S (g), are 

provided for reference. The H2S molecule is placed initially 2.5 Å from the sv-graphene surface. 

The distance is measured between the lowest atom of H2S and the surface.  

H2S Orientation Site Eads  (kcal/mol) dS-Surface (Å) dS-H (Å) ∠HSH (°) 

Planar 

Top -8.532 2.50 → 4.19 1.352/1.361 92.2 

Bridge -8.424 2.50 → 4.53 1.353/1.358 92.0 

Center -7.834 2.50 → 4.19 1.353/1.353 91.9 

V-shape 

Top -7.861 2.50 → 4.82 1.353/1.353 92.3 

Bridge -7.734 2.50 → 4.81 1.353/1.353 92.2 

Center -7.429 2.50 → 4.04 1.353/1.353 92.1 

ᐱ-shape 

Top -8.447 3.21 → 4.51 1.353/1.359 92.1 

Bridge -8.274 3.21 → 4.10 1.352/1.361 92.1 

Center -8.300 3.21 → 4.44 1.353/1.359 92.1 

Vertical 

Top -8.671 3.52 → 4.10 1.353/1.365 92.2 

Bridge -8.480 3.52 → 4.38 1.353/1.358 92.2 

Center -8.343 3.52 → 4.28 1.352/1.361 92.2 

H2S (g)    1.353 92.0 

 

 The small adsorption energies from Table (3-4) confirm the weak interaction between 

H2S and the sv-graphene surface. The orientation of the H2S molecule has a negligible effect 

on the adsorption energy. H2S is pushed away from the surface in all calculated systems and 

the internal structure of H2S is slightly deformed with respect to its gas-phase counterpart. 
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The bond length of adsorbed H2S structures varies between 1.352 and 1.365 Å, and the angle 

changes from 91.9° to 92.3°. We also find that, no matter which site it is initially placed 

above, H2S is relaxed to the top site (T). The orientation also changes so that for the final 

chemisorption state, the sulfur atom is closest to the surface. The favorable adsorption site 

and the adsorption energy on other metal surfaces are listed in Table (3-5).  

 

Table 3-5. H2S adsorption on different surfaces: the optimized H2S-Surface distance, adsorption 

site and the adsorption energy.  

Surface dS-Surface (Å) Favorable site Eads  (kcal/mol) 

Ag (111)[165] 2.82 Top -3.92 

Au (111)[166] 2.62 Top -6.23 

Cu (111)[167] 2.40 Top -6.00 

Fe (100)[146] 3.00 Top -10.61 

Pd (111)[168] 2.34 Top -12.00 

This work 4.10 Top -8.67 

 

 

3.3.3. Adsorption of H2S on the sv-graphene surface, D = 1.5 Å 

The results from Table (3-6) show that, if the H2S molecule is initially placed closer to the 

sv-graphene surface, it can dissociate into HS and H species on the single vacancy; see also 

Figure 3.4 for the final structure of such a dissociation. It is interesting to notice that only two 

initial configurations lead to the dissociation of H2S: the planar configurations on the bridge 

and top carbon sites. This is probably due to the fact that for the planar orientation, all three 
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atoms can interact with the surface, so the electrons can easily be adjusted to allow for the 

dissociation. The H2S molecule, with the initial “V” orientation, forms a new C-S bond on 

the top site of the surface. This agrees with the previous ab initio DFT calculation that the top 

site of the single vacancy is more active for H2S dissociation. The results from Table (3-6) 

also imply that the distance of 1.5 Å between H2S and the sv-graphene surface does not 

guarantee the dissociation of H2S on the single vacancy.   

 

Table 3-6. The optimized structural parameters for the H2S molecule, which is placed initially 

1.5 Å from the sv-graphene surface. “D*” represents the optimized distance between the sv-

graphene and the atom (in bracket) of the H2S molecule. 

  The two H-S bonds, Å H-S-H, degree D*, Å 

Bridge 

Λ 1.353 1.353 91.8 3.06 (H) 

V 1.444 1.454 83.0 1.30 (S) 

Planar Dissociated into HS and H, see Figure 3.4 

Vertical 1.353 1.353 91.8 4.14 (H) 

Center 

Λ 1.353 1.354 92.0 3.06 (H) 

V 1.353 1.353 92.0 4.20 (S) 

Planar 1.353 1.353 92.0 3.16 (H) 

Vertical 1.353 1.354 92.1 3.10 (H) 

Top 

Λ 1.353 1.353 92.0 4.95 (H) 

V 1.445 1.454 83.0 1.28 (S) 

Planar Dissociated into HS and H, see Figure 3.4 

Vertical 1.353 1.353 92.0 4.04 (H) 
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Figure 3.4. The dissociation of H2S on the sv-graphene surface: the optimized final 

structure, corresponding to the two dissociation states in Table (3-6). 

 

3.3.4. Dissociation of H2S on the sv-graphene surface, D = 0.5 Å 

In order to observe more dissociative reactions of H2S, we place it closer to the surface, D = 

0.5 Å. The dissociations of H2S on the sv-graphene surface are observed for all investigated 

cases. The full understanding of H2S dissociation on the single vacancy requires a knowledge 

of all the stable states, transition states and reaction pathways. However, the potential energy 

surface for such a system is complicated due to the dangling bonds introduced by the single 

vacancy. While H2S and H2O are similar in both their molecular geometry and chemical 

properties, we here identify all the intermediates states for H2S dissociation, and compare the 

results with the previous ab initio DFT calculations of H2O dissociation on the same single 

vacancy model. The results are shown in Figure 3.5.  

 The results show that H2S has similar intermediate states as those of H2O on the sv-

graphene surface.[169] This is due to the fact that S and O are in the same row of the periodic 

table of the elements. They have the same arrangement of the electrons on the outermost 

orbital, which in turn determines that the S/O atoms and H2S/H2O molecules have similar 
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reaction activities. The dissociation of H2S, however, is not identical to that of H2O molecule. 

The intermediate state (f), which is observed for H2O dissociation on the sv-graphene surface, 

is not stable for H2S dissociation. Instead a new intermediate state (h) is identified where the 

sulfur atom occupies the middle site of the single vacancy and is bonded to three neighboring 

carbon atoms. The S-C bond lengths are 1.763 Å, 1.764 Å and 1.765 Å, respectively. It is 

worth noting that H2S dissociates only on the C1, C5 and C9 sites of the single vacancy. 

 Not all investigated initial configurations lead to different H2S dissociations. Some 

configurations will be relaxed to the same final structure but with different adsorption 

energies. The positive formation energies from Figure 3.5 imply that the adsorption and 

dissociation of H2S on the sv-graphene surface is energy favorable. We compare the 

formation energies and use the most favorable configuration (the one with largest formation 

energy) for the following CI-NEB calculations to identify the reaction pathways and reaction 

energy barriers 
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Figure 3.5. Intermediate states for H2S dissociation on the sv-graphene surface. Rows from 

left are: intermediate states from Ref.; top view, lateral view and side view of the 

intermediate states in this work, where (a) is the initial state; (h) is the final state; the S 

atom occupies the vacancy site on the surface and hydrogen is pushed away from the 

surface; (b) to (e) are intermediate states corresponding to the ones in Ref.[169]. The 

formation energy is provided in the last row. 
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H2O dissociation, 

from Ref.[169] 
Top view Side view 

Eformation 

(kcal/mol) 

(a) 

 
 

 

8.67 

(b) 

   

63.20 

(c) 

 
  

40.36 

(d) 

   

35.97 

(e) 

 
  

75.13 
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(f) 

 

- - - 

(g) 

   

56.01 

(h) - 

  

70.13 

(p) 

   

72.09 

 

 

3.3.5. Reaction mechanism of H2S dissociation on the sv-graphene surface 

The reaction pathways of H2S dissociation on the sv-graphene surface are explored by CI-

NEB calculations. Similar to the previous calculations of H2O dissociation, the study of H2S 

dissociation over the single vacancy requires knowledge of all possible stable states, 

transition states and reaction energy barriers. As discussed in Figure 3.5, H2S has similar 

intermediate states as those of H2O for the dissociation reaction on the sv-graphene surface. 

Being the global minimum state of the potential energy surface for H2O dissociation, image 

(e) is also the global potential energy minimum state for H2S dissociation on the sv-graphene 

surface. 
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            The CI-NEB method requires that the initial reactants and the final products be 

defined beforehand. The relaxed configuration where H2S is adsorbed on the sv-graphene 

surface (image (a) in Figure 3.5) is chosen as the reactant and also as the energy reference for 

other pathway calculations. Image (p) in Figure 3.5, where the sulfur atom occupies the 

vacancy site on the surface and hydrogen is released from the surface, is the final production 

state for the H2S dissociation reaction.  We calculate all the possible reaction pathways by 

connecting the initial state (a), an intermediate state (b to h), and the final state (p). All 

dissociations of H2S along the investigated pathways are exothermic. The activation energy 

barrier for the reaction pathway “a → e → p” is shown in Figure 3.6, where “Initial”, 

“IM(e)”, “TS” and “Product” represent the initial state (a), global energy minimum state (e), 

transition state along the reaction pathway and final state (p), respectively.  

 

 

Figure 3.6. The reaction energy barrier for H2S dissociation along “a → e → p” pathway: 

“Initial”, “IM(e)”, “TS” and “Product” represent the initial state (a), global energy 

minimum state (e), transition state along the reaction pathway and final state (p), 

respectively. 
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Figure 3.7. The reaction energy barriers for H2S dissociation reactions along:  “a → b → p”, 

“a → c → p”, “a → d → p”, “a → g → p” and  “a → h → p” pathways, where “a”, “b”, “c”, 

“d”, “g” and “h” are corresponding to the stable intermediate states described in Figure 

3.5. 

 

 The energy barriers for the other five calculated reaction pathways are plotted in 

Figure 3.7. Though state (e) is the global energy minimum of the potential energy surface for 

H2S dissociation reaction, the energy barrier along that reaction pathway is also the highest, 

114.00 kcal/mol. In our previous work,[169] the energy barriers for water dissociation on the 

sv-graphene along three favorable pathways are 16 kcal/mol (a → b → p), 49 kcal/mol (a → 

f → p) and 55 kcal/mol (a → p). As for H2S dissociation, “a → c → p” and “a → d → p” are 

two energetically favorable pathways, with activation energy barriers 40.44 kcal/mol and 

44.98 kcal/mol, respectively. The dissociation energy barriers are summarized in Figure 3.8 

for an easy comparison.    

 



  45 

 

Figure 3.8. The reaction energy barriers: a comparison for H2S dissociation along different 

reaction pathways. 

 

3.4. Conclusions  

Plane-wave pseudopotential ab initio DFT has been employed to investigate the adsorption 

and dissociation of H2S on the single vacancy of graphene. We identify the stable adsorption 

structures of the sv-graphene models and the adsorption energies for H2S adsorption. H2S 

adsorption is energetically favorable in the middle of the single vacancy, with hydrogen 

atoms up and the sulfur atom lying closest to the surface. Stable intermediate states for H2S 

dissociation are also determined from the calculation. Our results indicate that H2S will 

dissociate in a similar way to H2O for the same system. Both the adsorption and dissociation 

of H2S are exothermic, and the calculated lowest activation energy barrier for dissociation is 

around 40.44 kcal/mol, indicating the dissociation of H2S on a graphene single vacancy is a 

favorable process. 
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 The DFT calculations confirm that the vacancy on the graphene surface can provide 

active sites for H2S dissociation. Besides H2S, we also calculate the interaction of NH3 with 

the sv-graphene model. As shown in Figure 3.9, NH3 is found to dissociate into -NH2 and -H 

species on the vacancy. The two species form new bonds with the carbon atoms on the 

vacancy. Other species (-NH, -N, and –H), as potential dissociation products, are also easily 

bonded to the vacancy sites. In the case of -H species, the new C-H bond is 1.08 Å, very 

close to the C-H bond length of the alkanes. The -N radical stays in the middle of the single 

vacancy and forms three C-N bonds with the neighboring carbon atoms. The C-N bond 

lengths are 1.407 Å, 1.420 Å, and 1.420 Å, which are similar to that of C-C bonds. The bond 

angles of C-N-C are 120.1º, 120.1º and 120.0º. This means that the –N radical can ‘mend’ the 

single vacancy and thus maintain the flat hexagonal surface structure, similar to that of a 

pristine graphene surface. 

 For the graphene materials synthesized in the laboratory or produced in industry, 

there are other defects, such as the Stone-Wales defect, the adatoms, and also functional 

groups on the surface. What are the most active sites for NH3 and H2S dissociation? If there 

is a co-existence of vacancy defects and functional groups, can NH3 and H2S overcome the 

steric hindrance effects from the functional group to dissociate on the vacancy defects? These 

questions remain unresolved, but we will try to address the challenges in Chapter 4 and 

Chapter 5.  
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Figure 3.9. NH3 dissociation on the sv-graphene model.
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CHAPTER 4 

Adsorption and Dissociation of Ammonia on Graphite Oxide 

 

4.1. Introduction 

Graphite oxide (GO), also known as graphitic acid, has attracted much research attention 

since its first synthesis by Brodie in the mid 1800s.[170] GO is known to be a promising 

material as an adsorbent,[171, 172] and is also widely used as a precursor to produce 

graphene platelets,[173, 174] an important component for composite materials,[26] and has 

been studied in the context of many applications. On the other hand, although the precise 

chemical structure of GO has been the research interest over the years,[174-181] the atomic 

structure of GO is still ambiguous. This is mainly due to the amorphous nature and the 

nonstoichiometric atomic composition of GO, and also the lack of precise analytical 

characterizing techniques.  

 As summarized in a recent review paper,[182] the earlier GO models are based on 

regular lattices with discrete repeat units, see Figure 4.1. The model proposed by Hofmann 

and Holst is composed of epoxy groups spread across the basal planes of graphite, with a net 

molecular formula of C2O.[183] The model from Ruess is a modification of Hofmann and 

Holst’s, which takes into consideration the hydrogen content and thus incorporates hydroxyl 

groups into the basal plane.[184] Scholz and Boehm suggested a model in 1969, where they 

do not include any epoxide or ether group, but have regular quinoidal species on a corrugated 

backbone.[185] Another important model is from Nakajima and Matsuo,[180] a lattice 

framework that forms a 2-stage graphite intercalation compound. The later models are based 
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on the nonstoichiometric and amorphous nature of GO, among which the most widely cited 

work is from Lerf and Klinowski.[46] Lerf and Klinowski envision GO as made of pseudo 

flat oxidized graphene layers. More precisely, the carbon grid would be formed by a random 

distribution of benzene and aliphatic rings. The oxygen functional groups would consist of 

1,2 ethers and hydroxyl groups randomly distributed on the basal planes, see Figure 4.2.  
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Figure 4.1. A summary of several lattice structural GO models: Hofmann (in 1939);[183] 

Ruess (in 1946);[184] Scholz-Boehm (in 1969);[185] Nakajima-Matsuo (in 1988).[179] 

Adapted from Ref.[182]  
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Figure 4.2. Lerf-Klinowski GO models[46]: (top) with carboxylic groups on the basal plane; 

(bottom) without any carboxylic group on the basal plane.  

 

 In general, these models focus on the morphology of the carbon grid, the location and 

types of the oxygen functional groups, and the effect of the extent of oxidation. They address 

the chemistry and topography of GO regardless of the method of GO preparation involved. 

So far, to our knowledge, no results have been published addressing the differences induced 

in the materials by the synthesis route applied. There are three methods widely used to 

synthesize GO: the Staudenmaier,[186] Brodie[170] and Hummers-Offeman methods.[187] 

All of them involve the oxidation of graphite but differ in the type of mineral acids and 

oxidizing agents used, as well as in the time of preparation, and the type of washing and 

drying processes. In the Staudenmaier method, the oxidizing mixture consists of nitric acid, 
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sulfuric acid and potassium chlorate. In the Brodie method, only nitric acid and sodium 

chlorate are used whereas in the Hummers method, potassium permanganate, sulfuric acid 

and hydrogen peroxide are involved. The difference, in terms of the GO product, includes the 

fact that the interlayer distance is usually smaller for GOs prepared via the Brodie method (~ 

6-7 Å) than for GOs obtained by the Hummers-Offeman method (~ 8-9 Å). Moreover, the 

Hummers method leads to lower C/O atomic ratio (~ 2.25) than the Brodie (~ 2.6) or 

Staudenmeier method (~ 2.9), suggesting a greater extent of the oxidation process. In 

addition, despite the extensive washing process, GO prepared by Hummers method contains 

a significant amount of sulfur.[13] 

 In recent experiments our collaborators, T.J. Bandosz and co-workers have tested two 

GOs for ammonia adsorption. One is prepared with sulfuric acid as part of the oxidizing 

mixture (GO-H) and the other without any sulfur-containing compound (GO-B). Though 

both GOs have carboxyl, epoxy and hydroxyl groups, the results show that ammonia reacts 

only with the carboxylic group in GO-B, but with carboxyl, epoxy and sulfur groups in GO-

H.[13] On the other hand, water is found to affect the ammonia adsorption, possibly due to 

the water-GO interaction and the formation of ammonium.[172] However, we still lack a 

fundamental understanding of the adsorption and reaction mechanisms of ammonia on GO 

materials, which in turn prevents us from designing better GO adsorbents.  

 In this chapter, we use the density functional theory (DFT) method to investigate the 

interactions between the molecules (NH3 and H2O) and the functional groups on the GO 

surface (the carboxyl, epoxy, hydroxyl and sulfonic acid groups) to identify the active site on 

the GO surface and to compare the competitive adsorption/dissociation between NH3 and 
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H2O. Results are compared with experimental results where possible. The chapter is 

organized as follows: Section 4.2 summarizes the GO model and the method used in the 

calculations; Section 4.3 contains the results of the calculations, from the discussion of stable 

GO models, the H2O interaction with the GO models, and the adsorption and dissociation of 

NH3 on the GO models; Section 4.4 gives the conclusions from the calculations in this 

chapter. 

 

4.2. The GO Model and Computational Method 

Much work has been done on the arrangement of functional groups on the GO surface, and it 

is accepted that the hydroxyl groups are located on top of individual carbon atoms in an 

upright position with respect to the basal plane.[178] The carboxyl groups usually sit at the 

edge of the carbon layers and the content is small.[181] As for the epoxy groups, the oxygen 

atom forms 1, 2-ether or 1, 3-ether groups on the carbon grid, where the numbering scheme 

refers to a three-member C-O-C ring and a four-member carbon-oxygen ring, respectively. 

However, little is known about the position and concentration of the sulfonic groups.   

 In this chapter, the GO surface is modeled by functionalizing a graphene sheet using 

the carboxyl, epoxy, hydroxyl and sulfonic groups. As shown in Figure 4.3, the GO model is 

made up of 32 carbon atoms, with periodic boundary conditions applied for X and Y 

directions. Functional groups are attached to the sites (C1 to C4). The 15-Å vacuum along the 

Z direction has been tested and found adequate to avoid interlayer interactions. 
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Figure 4.3. The GO model: C1, C2, C3, and C4 are four sites where functional groups are 

attached. The system is periodic for both X and Y directions. 

 

Similar to Chapter 3, the DFT calculations use plane-wave pseudopotentials[62, 95] with the 

Becke-Lee-Yang-Parr (BLYP) exchange-correlation functional.[78, 154] All the structures 

are relaxed until the forces on the atoms are less than 0.01 eV/Å in the CPMD code (version 

3.13).[155] Ultrasoft pseudopotentials[156] with a plane-wave cutoff of 40 Ry and a density 

cutoff of 320 Ry are applied for the calculations. Reaction pathways, energy barriers and 

transition states are obtained by using the nudged elastic band method[157] with the climbing 

image modification (CI-NEB),[158] as implemented in the Quantum-Espresso package 

(version 4.12).[159] 

 The adsorption energy ( ) is computed as the difference between the energy of the 

adsorbed molecule ( ) and the sum of the relaxed bare surface ( ) and the 

corresponding gas-phase species ( ) energies, using the equation (4-1). The negative 

adsorption energy indicates an exothermic adsorption process. 

                                                                           (4-1) 

Eads

EAdsorbate−Surface ESurface

EAdsorbate

Eads = EAdsorbate−Surface − ESurface + EAdsorbate{ }
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The minimum energy pathway for each dissociative reaction is determined by CI-NEB 

techniques. NEB is a method for finding saddle points and minimum energy paths between 

reactants and products. A discrete representation of the reaction is employed, with the points 

(moving images) along the path being relaxed using first derivative information. We use 

seven images to search for the saddle point of each dissociative reaction. The transition state 

(TS) of the optimized reaction coordinate is approximated by the image of highest energy. 

For all the possible TS reported in this chapter, we find only one imaginary frequency. The 

geometry optimizations starting from its back and forward to nearest configurations along the 

reaction path end up at the adsorbed and dissociated states, respectively. The overall reaction 

energy  is calculated by equation (4-2), where the first and second terms represent the 

sum of energies of products and reactants, respectively. A negative  indicates an 

exothermic reaction.  

                                                                                                (4-2) 

 

4.3. Results and Discussion 

4.3.1. The GO models  

We investigated 14 different GO models, as listed in Table 4-1. Models 1, 2, and 3 are a 

graphene with one carboxyl group; Models 4, 5, and 6 are designed to test how the hydroxyl 

group affects the adsorption; Models 7, 8, and 9 have one sulfonic group on the basal 

graphene surface; Models 10, 11, and 12 contain one hydroxyl and one carboxyl groups on 

the surface; Models 13 and 14 have 1, 2-ether and 1, 3-ether groups, respectively. The 

ΔErxn

ΔErxn

ΔErxn = Eprod∑ − Ereac∑
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pristine graphene has a planar geometry with sp3 hybridization carbon atoms, characteristic 

of an aromatic system. When a functional group is attached to the carbon atom of the 

graphene surface, it will break down the double-bonded conjugated system and make the 

neighboring carbon atom unpaired. Those carbon atoms are saturated with hydrogen atoms in 

the calculations. 

 The results show that if two functional groups are added to the neighboring (C1, C2) 

or the meta-positioned carbon atoms (C1, C3), they can react with each other and release a 

formic acid molecule (Models 1 and 2), a H2O molecule (Models 4 and 5) or a peroxy acid 

molecule (Models 10 and 11). Sulfonic groups are not stable for the designed functional 

patterns. We observe the release of a sulfurous acid molecule for Models 7, 8 and 9. Model 

14 is not stable due to the high formation energy of 1, 3-ether, and the structure is eventually 

relaxed into Model 13. The relaxed stable structures from Models 3, 6, 12 and 13 are shown 

in Figure 4.4 for both the top and the side views.  

 

Table 4-1. 14 investigated GO models. “COOH”, “OH”, “SO3H”, “H” and “C” stand for 

carboxyl, hydroxyl, sulfonic groups, hydrogen atoms used to saturate the functionalized 

benzene hexagon, and the carbon atoms on which the epoxy groups are formed. 
Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
C1 COOH COOH COOH OH OH OH SO3H SO3H SO3H COOH COOH COOH C C 
C2 H   H   H   OH   C  
C3  H   H   H   OH   C 
C4   H   H   H   OH   
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      (a) Model 3                     (b) Model 6                   (c) Model 12                 (d) Model 13 

Figure 4.4. The optimized structures for the GO models: (a) Model 3; (b) Model 6; (c) 

Model 12; (d) Model 13. 

 

 

4.3.2. H2O interaction with the GO models  

The four optimized structures of Figure 4.4 are used to calculate the interactions between 

H2O and the functional groups of the GO surface. One H2O molecule is introduced into each 

simulation box and is placed initially around the functional group. The Laio-Parrinello 

metadynamics method[188, 189] implemented in the CPMD package is used to identify all 

the stable intermediate states as well as the possibility of dissociation states.  

 The results show that H2O does not dissociate in any of the four calculated systems. It 

is known that H2O forms hydrogen bonds with electronegative atoms, such as fluorine, 

nitrogen or oxygen. The hydrogen atom of the H2O molecule must be covalently bonded to 

the electronegative atom to form the hydrogen bond. It can occur between molecules or 
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within different parts of a single molecule. The hydrogen bond interaction is stronger than 

the van der Waals interaction but weaker than the covalent or ionic bonds. Various 

energetic[190, 191] and structural[192] criteria have been used to estimate the hydrogen 

bond in theoretical calculations. We use a geometrical criterion[193] here to examine 

whether a hydrogen bond is formed between H2O and the oxygen atom from the hydroxyl or 

carboxyl functional groups. The hydrogen bond is considered to exist if the following three 

conditions are satisfied:  

(1) The distance ROO between the oxygen atoms is smaller than a threshold value 3.75 Å;  

(2) The distance ROH between the oxygen atom of the functional group and the hydrogen 

of H2O is smaller than a threshold distance 2.46 Å; 

(3) The bond angle  between the O1–O2 direction and the O2–H direction is smaller than 

30°, where H, O1 atoms are from H2O and O2 from the functional groups. 

 

Table 4-2. The hydrogen bond information between the H2O molecule and the functional 

groups: “OHC”, “OC”, “OH” represent the oxygen atom from carboxyl single-bonded oxygen, 

carboxyl double-bonded oxygen and hydroxyl oxygen, respectively. “HB” stands for the 

existence of hydrogen bond. 

 Model 3 Model 6 Model 12 Model 13 

 OHC OC OH OH OHC OC O 

ROO, Å 3.62 2.98 2.85 2.97 3.23 3.02 3.02 

ROH, Å 2.99 2.07 1.87 3.22 3.21 2.39 2.04 

α, degree 0.23 0.15 0.06 0.31 0.31 0.28 0.03 

HB NO YES YES NO NO YES YES 
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 The calculation results for the hydrogen bond information are listed in Table 4-2. For 

all four calculated systems, H2O can form hydrogen bonds with oxygen atoms from the 

functional groups. In addition, when there is a carboxyl group, H2O prefers to form the 

hydrogen bond with the carbonyl oxygen atom. The result explains the experimental findings 

that by forming hydrogen bonds with the functional groups, water can screen the accessibility 

of epoxy and carboxyl groups for the interaction with ammonia and thus limits the amount of 

ammonia adsorption/dissociation.[13] This implies that if GO materials are used for 

ammonia removal, any effort in removing H2O beforehand or during ammonia 

adsorption/dissociation will enhance the process by providing more available catalytic sites 

to ammonia molecules. The adsorption energies for the four calculated systems are: -0.48 

kcal/mol (Model 3), -3.74 kcal/mol (Model 6), 2.95 kcal/mol (Model 12) and -0.23 kcal/mol 

(Model 13). The adsorption of H2O on Model 12 is endothermic due to the steric effect from 

the hydroxyl group. 

 

4.3.3. NH3 interaction with the GO models 

Similar to Section 4.3.2, one single NH3 molecule is added to Models 3, 6, 12 and 13 to study 

the interaction between NH3 and the functional groups. NH3 does not dissociate on the 

hydroxyl group of Model 6. In the relaxed final structure, NH3 is 4.51 Å from the surface. 

The three N-H bonds of the NH3 molecule, the O-H bond of the hydroxyl group, and the C-O 

bond of the oxygen atom and the carbon atom of the surface are 1.035 Å, 1.035 Å, 1.039 Å, 

0.98 Å and 1.54 Å, respectively. On the other hand, the N-H bond length for the gas-phase 

NH3 is 1.036 Å. The O-H and C-O bonds of pristine Model 6 (Figure 4.4(b)) are 0.98 Å and 
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1.53 Å. The adsorption energy  is -1.88 kcal/mol, which indicates a physisorption of NH3 

on the hydroxyl group of Model 6.  

 The results also show that NH3 dissociates on the carboxyl group of Model 3 and 12 

by forming a new amide structure, as shown in Figure 4.5. This agrees with the experiments, 

where the formation of amines has been confirmed by X-ray photoelectron spectroscopy 

(XPS), Fourier transform infrared (FTIP) and X-ray diffraction (XRD) characterizations.[13] 

Comparing results from Model 3 and Model 12, the hydroxyl group in Model 12 does not 

affect the NH3 reaction with the carboxyl group, and the bond lengths of O-H and C-O for 

the hydroxyl group remain the same as the ones of the optimized Model 12. Ammonia 

dissociation affects the GO structure. The C-C bond, connecting the carbon atom of the 

carboxyl group to the basal surface, is prolonged from 1.63 Å to 1.69 Å for Model 3, and 

1.64 Å to 1.68 Å for Model 12. Ammonia reacts with the epoxy group on Model 13. A 

hydroxylamine molecule is formed as the reaction product and is released from the GO 

surface, which is demonstrated in Figure 4.5. The ammonia dissociation is an exothermic 

reaction on Model 13, with the reaction energy -26.70 kcal/mol, but is an endothermic 

reaction for Models 3 and 12, with reaction energies 7.19 kcal/mol and 55.60 kcal/mol, 

respectively. The larger endothermic reaction energy from model 12 is due to the steric effect 

from the hydroxyl group, as we observe the same trend for H2O adsorption on Model 12.  

 

 

 

Eads
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Figure 4.5. The finial configuration for the NH3/GO reaction:  (top) NH3 with the carboxyl 

group on Model 3; (middle) NH3 with the carboxyl on Model 12; (bottom) NH3 with the 

epoxy group on Model 13. The rows from left to right are the top, side and schematic views 

of the final configuration. 

 

 The NEB method with 13 images is adopted to calculate the reaction pathway, energy 

barrier and transition state for the NH3 dissociation reaction on Models 3, 12 and 13. Since 
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the NEB method requires the initial reactants and final products to be defined beforehand, the 

adsorbed NH3 on each functional group is chosen as the reactant, and the final structures 

shown in Figure 4.5 as the products for the three different models. The total energy of the 

starting configuration is used as the reference. 
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(a) Model 3, Carboxyl group 

 

(b) Model 12, carboxyl and hydroxyl groups 

 

(c) Model 13, epoxy group 

Figure 4.6. Activation energy barrier for the NH3 dissociation on: (a) Model 3, GO with the 

carboxyl group; (b) Model 12, GO with the carboxyl and hydroxyl groups; (c) Model 13, 

GO with the epoxy group. 
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 As shown in Figure 4.6, the NH3 dissociation in Model 3 and 12 is endothermic, and 

the reaction energies are 6.3 kcal/mol and 54.6 kcal/mol, respectively. The dissociation 

reaction on the epoxy group in Model 13 is exothermic, -28.3 kcal/mol. It is worthwhile to 

point out that the reaction energy values here are different from the values we discussed in 

the beginning of this section. This is due to a different definition of reactants. Here for the 

NEB calculation, we use the configuration with NH3 adsorbed on the functional group as the 

reactant, but in the previous part the gas-phase NH3 and the GO model are treated as the two 

reactants. The transition state for Model 3 and 12 are similar, one N-H bond of the NH3 

molecule is broken and the NH2 species forms a new bond with the oxygen atom of the 

carboxyl group. That same oxygen atom also forms a new O-H bond with the hydrogen atom 

dissociated from NH3. However, that O-H bond is broken later to form a C-H bond with the 

carbon atom of the carboxyl group. The reaction energy difference comes from the hydroxyl 

group in Model 12, where the O-H bond of the hydroxyl group is prolonged from 0.99 Å to 

1.23 Å for the TS configuration. The steric effect of the hydroxyl group could also result in 

the increase of activation energy and the reaction energy. In the product of Model 12, the 

hydroxyl group is still connected to the basal surface, and the O-H bond is around 1.05 Å.  

 The formation of a hydroxylamine molecule in Model 13 is energy favorable, and the 

activation barrier of 30.4 kcal/mol is easy to overcome. Such interaction between NH3 and 

the epoxy group is also observed in experiments and a reaction mechanism for NH3 

dissociation on the epoxy group is proposed in Figure 4.7.[13] From the DFT calculations 

here, we know that the proposed structure (d) is not stable. The amino group reacts with the 

hydroxyl group, and a hydroxylamine molecule is released as the reaction product.  
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Figure 4.7. NH3 dissociation on the epoxy group of GO: the reaction mechanism proposed in 

Ref.[13] 

 

4.4. Conclusions 

In this chapter, we have performed DFT calculations to study the interactions between H2O 

and NH3 with functional groups (carboxyl, hydroxyl, epoxy) on graphite oxide. The results 

show that H2O does not dissociate on the functional groups, but forms a hydrogen bond with 

the oxygen atom from the three types of functional groups. The findings explain the 

experimental results[13] that water can screen the accessibility of carboxyl and epoxy groups 

for NH3 adsorption and dissociation. Without the existence of water, NH3 is found to 

dissociate on the carboxyl and epoxy groups. The NEB method has been applied to 

determine the reaction pathway, the energy barrier and the transition states of NH3 

dissociation. The NH3 dissociation on the carboxyl group is found to be an endothermic 

process, but it is an exothermic reaction on the epoxy group and the activation energy is 

small. We also investigate different functional patterns of graphite oxide. Sulfonic groups are 

found to be unstable on the surface, and could probably exist at the edges of graphite oxide. 
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The single hexagonal cell of the graphene can host two functional groups. However, we 

observe the steric hindrance effect for NH3 adsorption when there are two functional groups 

on the same hexagonal cell.  

 Together with the results from Chapter 3, we have gained the understanding that both 

the vacancy defect and the functional groups (the carboxyl and epoxy groups) on the 

graphene surface are active sites and can be used to decompose toxic gases. It seems to be a 

natural choice to produce graphite oxide materials, incorporating both the vacancy defect and 

the functional groups, to the maximum limit of their concentrations on the surface. However, 

we still lack a more detailed understanding of the realistic GO materials. For example, what 

will be the correlation effects from the two types of surface modification? What are the 

maximum concentrations for such surface modification? Can they react with each other to 

release other molecules, such as H2O? How stable are the GO materials if we use them at 

higher temperatures? Can we re-generate the active sites for many cycles in the real-life 

applications? In order to answer those concerns, we first need a GO model with both the 

vacancy defects and functional groups. This is the topic of Chapter 5.  
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CHAPTER 5 

Realistic Graphene Oxide Models by Reactive Molecular Dynamics 

Simulations  

 

5.1. Introduction 

Graphene oxide (GO) is attracting much research interest because it exhibits exceptional 

electrochemical, mechanical and optoelectronic properties, which makes it a promising 

candidate in batteries,[194, 195] field-effect transistors,[196, 197] nanocomposites[198] and 

biomedical applications.[199] It is also known that GO possesses catalytic potential.[200] For 

example, GO is reported to display a very high turnover frequency in Suzuki-Miyaura 

coupling reactions when it is impregnated with palladium nanoparticles.[201] Bielawski and 

co-workers report using GO as a heterogeneous catalyst to oxidize benzyl alcohol into 

benzoic acid.[202] Bandosz and co-workers have conducted adsorption experiments and they 

observe the dissociation of ammonia, hydrogen sulfide and sulfur dioxide on oxygen-

containing functional groups of GO materials.[203-205] 

 Despite those efforts, the catalytic potential of GO has not been extensively explored 

yet, due to the lack of a realistic atomic GO model. The chemistry of GO depends closely on 

the fabrication process and conditions. As a result, the amorphous feature of GO imposes 

challenges for determining a unique atomic model. Considerable efforts have been 

undertaken in the past decades to study GO structures. Models have been proposed and have 

gained success in explaining experimental and theoretical observations.[46, 175, 177] The 
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understanding of GO structures includes the possible species of functional groups, the range 

of functional group concentrations and their binding sites on the GO surface. For example, it 

is accepted now that the hydroxyl and epoxy groups are distributed on the basal plane, and 

the carboxyl and alkyl groups are located at the edges.[46] However, key information, 

including the type of functional group, the concentration and the distribution pattern with 

respect to a specific GO synthesis method, still remains unclear. Theoretical investigations on 

GO models, including the ones from the previous Chapters 3 and 4, usually focus on only 

one type of functional group. This is inadequate because functional groups, Stone-Wales 

defects, adatoms, and vacancy defects are observed for GO structures, and those sites have 

already demonstrated catalytic potential to some extent. 

 In this chapter a new procedure is introduced to generate realistic GO structures for 

theoretical calculations. We have learnt from the DFT calculations in Chapter 4 that 

functional groups are not stable if they are close to each other on the same hexagonal ring. In 

addition, based on the DFT calculations in Chapter 3, the products from the functional group 

interactions, usually in the form of small gas species such as H2O, CO or CO2, can further 

react with the basal surface and functional groups to create new defects/functional groups 

and other radical species, and thus initiate chain reactions. Starting from a graphene structure, 

we randomly functionalize the surface by a mixture of hydroxyl and epoxy groups. The 

concentration and the ratio of functional groups result in different pseudo GO models, where 

we observe the carboxyl, carbonyl, epoxy, hydroxyl groups, vacancy defects and other large 

carbon-oxygen rings. We then carry out ReaxFF reactive molecular dynamics (RMD) 

simulations to study the adsorption and dissociation of H2S on those GO structures.  
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 The chapter is organized as follows: Section 5.2 contains the computational details of 

the ReaxFF force field, the preparation of the GO model, the annealing process, and other 

RMD details. In Section 5.3, we discuss the thermal evolution of the GO structures in the 

RMD calculations. Once the realistic GO structures are available, temperature-programmed 

RMD calculations are performed to study the behaviour of H2S and H2S/H2O mixtures on 

those GO structures at ambient condition. Finally, a summary is given in Section 5.4. 

 

5.2. Computational Details 

5.2.1. ReaxFF reactive force field 

The ReaxFF method was developed in 2001 to study the hydrocarbon systems.[102] It is a 

first principles-based general bond-order dependent force field that provides an accurate 

description of bond breaking and bond forming. It has been demonstrated to be capable of 

describing the energies of surfaces, structures, and barriers of materials, including 

hydrocarbons, nitramines, metals and metal oxides. The fundamental difference between 

ReaxFF and other force fields is that ReaxFF does not need any connectivity input for the 

chemical bonds, but instead calculates the bond order directly from instantaneous interatomic 

distances which are updated continuously. Other features of ReaxFF have been summarized 

both in publications and on websites. It has been demonstrated in ReaxFF that, through an 

annealing process of GO, hydroxyl and epoxy groups on GO can be transformed into 

carbonyl, ether, pyran, furan and other oxygen-containing groups as well as vacancies and 

carbon ring defects.[206] 
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5.2.2. The GO Model 

We use a 4.3 nm × 4 nm zigzag graphene sheet as the basal surface of GO, and apply a 

Monte Carlo scheme to randomly attach epoxy and hydroxyl groups to both sides of the 

graphene sheet. A simple geometry overlap criterion is chosen to make sure that the same 

hexagonal ring accommodates no more than two functional groups initially.  

 We study three functionalization concentrations: 10%, 20% or 30% of the total 

number of basal carbon atoms are functionalized by hydroxyl or epoxy groups. For each 

functionalization concentration, we test three combinations (2/3,1/1 and 3/2) of the hydroxyl 

and epoxy groups. There are a total of 9 initial GO structures prepared. The GO structure is 

centred in a 4.3 nm × 4 nm × 2.5nm box. Periodic boundary conditions are applied along the 

X, Y and Z directions. Figure 5.1 shows an example of one initial GO structure. For that 

structure, 30% of the carbon atoms are functionalized, among which 50% are functionalized 

by the hydroxyl groups and the other half by the epoxy groups. We herein use “a-(b:c)” to 

name the GO structures, where a is the functionalization concentration, which has the value 

of 10%, 20% or 30%. “b:c” stands for the ratio of the total numbers of hydroxyl (Nhydroxyl ) 

and epoxy (Nepoxy ) groups, that is, b :c = Nhydroxyl :Nepoxy .   
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Figure 5.1. The front view (Left) and top view (Right) of a 4.3 nm × 4 nm × 2.5nm 

simulation box. The initial GO structure 30%-(1:1), where 30% of the basal carbon atoms 

are functionalized by the hydroxyl and epoxy groups in the ratio of 1:1, is placed in the 

center of the simulation box. Periodic boundary conditions are applied along X, Y and Z 

directions. 

 
 
5.2.3. Temperature-Programmed RMD 

While the functional groups are added to the surface according to simple geometry criteria, 

the initial GO model (I) is first relaxed at a low temperature 10 K, as shown in Figure 5.2, to 

fine tune the conformation of the functional groups. During the 25 ps RMD at 10 K, we 

observe the curvature change of the basal surface, but there is no chemical reaction between 

the functional groups or from the functional group/ basal surface interactions. The optimized 

structure (A) is then heated steadily from 10 K to 2010 K at a speed of 0.005 K/iteration. 

Along the heating-up path, we observe the release of CO and CO2 molecules from the surface, 

and also the formation of defects on the basal surface. The high temperature (2010 K) is 

chosen so that we can observe the reactions that normally require a very long simulation at 

room temperatures. A 25-ps RMD is then followed to optimize the GO structure (B) at 2010 

K. Many more small molecules (CO, CO2, H2O) are released from the surface. We are also 
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able to identify larger vacancy and other functional groups on the GO structure. After that, 

the GO structure (C) is cooled from 2010 K to 300 K at the same rate of 0.005 K/iteration. It 

is interesting to note that along this path, the gas-phase molecules can react with the GO 

structure to be part of the final structure (D). At last, a 25-ps RMD is performed to further 

optimize the GO structure (D). The final structure (F) from the annealing protocol is 

considered to be the optimized GO model, which can be used to remove H2S or NH3 by 

reactive adsorption. Longer simulations (up to 300 ps) have been performed to compare the 

structures (C). There is no significant structure difference observed, although the structures 

are not identical. A different rate of 0.05 K/iteration has also been tested for the heat-up (A to 

B) and cool-down (C to D) paths. It produces a similar final GO structure (F), compared with 

the one from the rate of 0.005 K/iteration. We thus conclude that the final GO structure (F) 

depends on the initial structure (I) and the cook-off temperature used. A test calculation for 

the cook-off temperature at 5000 K can break the GO structure into pieces along the B to C 

path.  

 

 

Figure 5.2. The annealing protocol of GO structure in RMD: “I” and “F” are the initial and 

final GO configurations, respectively. “A”, “B”, “C” and “D” are the intermediate GO 

configurations along the path. A time step of 0.25 fs is used throughout the calculations. 
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 All RMD calculations are performed in a canonical molecule (N), volume (V) and 

temperature (T) ensemble with the Verlet integrator of a timestep of 0.25 fs. The temperature 

is controlled by the Berendsen thermostat method with a damping constant of 100 fs. The 

velocities are initiated using a Boltzmann distribution. A bond-order cutoff of 20% of the 

original bond length is used to identify the connectivities and the molecular species, and also 

to monitor the structural evolution of GO as a function of time. The RMD calculations are 

performed using the ReaxFF library that is implemented in the LAMMPS software 

package.[108] An example of RMD calculation in LAMMPS is provided in Appendix B.  

 

5.3. Results and Discussion 

5.3.1. Structural evolution of GO model 

The local arrangement of hydroxyl and epoxy groups on the GO surface has been a subject of 

discussion for a long time. The preferential alignment of the epoxy groups along a zigzag 

direction of the graphene lattice has been observed from first principles calculations.[207] 

This observed structure was later confirmed by the non-contact atomic force microscopic 

(NC-AFM) experiments of Fujii and Enoki.[208] Using density functional theory (DFT) 

calculations, Lahaye and co-workers found that a hydroxyl group accompanies an epoxy 

group at the opposite side of the same hexagonal ring.[178] The result agrees well with 

experimental results by Cai and co-workers.[209] However, DFT calculations are 

computationally expensive and can only effectively deal with the GO structure of a few tens 

of atoms. It is thus not practical to use DFT calculations to study a realistic GO structure with 

all kinds of functional groups and defects.  
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 Here in this chapter, the GO structures are generated from the RMD calculations 

using the annealing protocol� discussed in section 5.2.3, and are the final optimized 

structures (F). The initial structures (I) are functionalized by an equal number of hydroxyl 

and epoxy groups. However, along the annealing path, most of the hydroxyl groups are 

released from the GO surface in the form of H2O molecules, when the temperature is above 

1000 K. Epoxy groups are the dominant groups for the final GO structure (F). But they react 

the with saturated sp3 basal carbon atoms at high temperatures (> 1500 K) and create 

vacancies when the products (CO2 and CO) are released from the GO surface. Furthermore, 

such reaction is only observed when the initial functionalization concentration is high (20% 

or 30%). There is no vacancy created for the three cases 10%-(1:1), 10%-(2:3) and 10%-(3:2), 

where only 10% of the basal carbon atoms are functionalized. On the other hand, for one 

functionalization concentration, the different combinations investigated (1:1, 2:3 or 3:2 for 

the number of hydroxyl and epoxy groups) do not change the final structure (F).  

  We show three final GO structures (F) in Figure 5.3, namely, 10%-(1:1), 20%-(1:1) 

and 30%-(1:1). Figure 5.3 also provides a list of the new functional patterns, such as 

vacancies (Figure 5.3 (b-1)), large carbon rings (Figure 5.3 (b-2), (c-3)), carboxyl group 

(Figure 5.3 (c-1)) and the preferential alignment of epoxy groups along the zigzag direction 

(Figure 5.3 (c-2)). For the 10%-(1:1) GO structure, besides the remaining hydroxyl and 

epoxy groups, we find new functional groups, for example, the pair of meta-epoxy groups (a-

1), and the pair of carbonyls (a-2). When the initial functional concentration is increased to 

20%, we identify the following functionalization patterns: the single vacancy with a pair of 

carbonyls (b-1), the large carbon ring structure (b-2), and the aldehyde group (b-3). As for 
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the 30%-(1:1) GO structure, we observe the formation of the carboxyl group (c-1), the 

preferential alignment of the epoxy groups along the zigzag direction (c-2), and also a furan 

structure (c-3).  

 It is accepted that the transformation of the functional groups requires high 

concentrations of the functional groups and high temperatures.[206] This can be explained by 

the population analysis shown in Figure 5.4.  For the 30%-(1:1) GO structure, the 

transformations of the functional groups and the release of reaction products begin at around 

1000 K. But it requires a higher temperature (~ 1500 K) to observe the transformations and 

chemical reactions for the 10%-(1:1) and 20%-(1:1) GO structures.  

 Figure 5.4 also shows that, for the 30%-(1:1) GO structure, the total number of 

molecules is increasing along the high temperature relaxation path, B to C in Figure 5.2. It 

means that more and more reaction products are being released from the GO structure. We do 

not observe the same phenomena for the 10%-(1:1) or 20%-(1:1) GO structures. It also 

agrees with the results in Figure 5.3 that a higher functional density of GO structure can 

result in a more dramatic atomic rearrangement and more new functional groups and defects. 

A close examination of the reaction products reveals that the formation of carboxyl group 

and the release of O2, CO2 and CO molecules are only observed for the 30%-(1:1) GO 

structure where hydroxyl and epoxy sites are in close proximity and can react with each other. 
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Figure 5.3. Configurations of GO structures with the functional groups and local 

defects: (a), (b) and (c) are the final configurations of GO where 10%, 20% and 

30% of the basal carbon atoms are functionalized by the hydroxyl and epoxy groups 

in the ratio of 1:1, respectively. Functional groups and carbon arrangements formed 

in the configurations of (a):  a pair of meta-epoxy groups (a-1), a pair of carbonyls 

(a-2), an epoxy group (a-3), a hydroxyl group (a-4); (b): a single vacancy and a pair 

of carbonyls (b-1), a large carbon ring (b-2), an aldehyde group (b-3); (c): a 

carboxyl group (c-1), a preferential alignment of epoxy groups along the zigzag 

direction (c-2), a furan (c-3). The color codes are: carbon-grey, oxygen-red, 

hydrogen-white. 
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Figure 5.4. Population analysis of the GO structures: the number of molecules along the 

cook-off path (A to B) and high temperature relaxation path (B to C) for different 

functional group� concentrations: 10% (black line); 20% (blue line); 30% (red line). Tr is 

the temperature when we start to observe the release of reaction products. The black 

dashed line is the targeted temperature of the RMD calculation. 

 

 

5.3.2. H2S dissociation on the GO structures  

We learned from the DFT calculations in Chapters 3 and 4 that H2S and NH3 can decompose 

on the vacancy defect or functional groups (carboxyl and epoxy) of GO. Here, we use the 

realistic GO structure prepared in Section 5.3.1 to study the H2S interaction by the 

temperature-programmed RMD calculations. The 30%-(1:1) GO structure is chosen because, 

as shown in the previous section, the higher initial density of functional groups can result in a 

more dramatic atomic rearrangement, and thus provides more active sites for H2S molecules. 

The 30%-(1:1) GO structure incorporates vacancy defects, epoxy, carboxyl as well as other 

functional groups. We prepare the simulation box by removing the gas-phase molecules and 

Tr Tr
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free radicals from the final RMD box of the 30%-(1:1) structure in Section 5.2.1. Then 100 

H2S molecules are randomly added to both sides of the GO structure in the simulation box. 

The simulation box is heated in the NVT ensemble from 300K to 2300K at the rate of 0.005 

K per iteration. The time step is 0.25 fs.  

 We observe that H2S molecules can decompose on the functional groups of the 30%-

(1:1) GO structure. From the population analysis in Figure 5.5, we identify that the 

chemisorption of H2S starts around 470 K, but the dissociation of H2S into HS species does 

not happen until a high temperature of about 1460 K. There is not any atomic S observed for 

H2S dissociation because both the direct decomposition of H2S into S and the two-step 

decomposition via HS require a large energy barrier to be surmounted. The HS species are 

found to form stable bonds with carbonyl groups, but they do not react with hydroxyl or 

epoxy groups on the GO surface.  

 The release of H2O, CO2 and CO molecules starts at 800 K, 1850 K and 1900 K, 

respectively. H2O is the reaction product from the interaction of hydroxyl and epoxy groups. 

The calculated result agrees with the literature that the hydroxyl group desorption requires a 

lower temperature. The release of CO and CO2 were attributed to the atomic rearrangement 

of GO and the reactions between hydroxyl and epoxy groups. It generally requires a dense 

pattern of hydroxyl and epoxy sites.  
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Figure 5.5. The population analysis of H2S chemisorption and dissociation on the 30%-(1:1) 

GO structure. The color codes are: temperature (K)-red, HS-black, chemisorb H2S-geen, 

CO-blue, CO2-magenta, H2O-purple. The box contains 100 H2S molecules at the beginning 

of the calculation. 

 

5.3.3. Competitive adsorption of the H2S/H2O mixtures on GO  

The temperature-programmed RMD confirms that GO has a catalytic potential for the H2S 

dissociation when the temperature is above 1500 K. On the other hand, H2O, as a major 

reaction product, is released from the GO surface starting at around 800 K. These H2O 

molecules can compete with H2S for the active sites on the GO structure. Using the three GO 

structures from Figure 5.3, we studied the competitive adsorption of two H2S/H2O mixtures, 

where one is made up of 100 H2S and 50 H2O molecules, and the other has 100 H2S and 100 

H2O. The simulation box is similar to the one in section 5.2.2. The GO structure is put in the 

centre of the simulation box, and H2S and H2O molecules are randomly added to the 

simulation box. The RMD calculation is performed in the NVT ensemble, where the 
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temperature is 300 K. A time step of 0.25 fs is used for the 200 ps trajectory. For comparison, 

we also study systems where only the GO structures and H2S molecules are present. Table 

(5-1) has a summary of the 12 systems for the RMD calculations.  

 

Table 5-1. A summary of the 12 systems with the number of molecules. 

 H2O/H2S H2S 

10%-(1:1) 50/100 100/100 50 100 

20%-(1:1) 50/100 100/100 50 100 

30%-(1:1) 50/100 100/100 50 100 

 

 For the gas-phase H2S molecules, the number of chemisorbed H2S increased as the 

functional group coverage of the GO structures increased from 10% to 30%. As we can see 

from the population analysis in Figure 5.6, the number of chemisorbed H2S molecules are 1, 

2, and 6, for the 10%-(1:1), 20%-(1:1) and 30%-(1:1) GO structures, respectively. The larger 

density of the gas-phase H2S molecules results in more H2S molecules chemisorbed, as 

shown by the difference between the black and cyan lines in Figure 5.6(b). This is explained 

as follows: for the 10%-(1:1) GO structure, the number of active sites is limited, and once 

those sites are occupied, no more H2S molecules can get adsorbed. For the 30%-(1:1) GO 

structure, as discussed above, the dramatic atomic rearrangement allows for the easier 

adsorption of H2S molecules, so it can reach adsorption saturation even at the lower H2S 

density. But for the 20%-(1:1) GO structure, more H2S molecules are adsorbed since there 

are more H2S molecules in the simulation box. 
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 It is also obvious that H2O can easily adsorb on the GO structures. When the 

functional group coverage is increased from 10% to 30%, the number of chemisorbed H2O 

changes from 8 to 22 for the 50/100 H2O/H2S mixture, and 18 to 35 for the 100/100 H2O/H2S 

mixture. On the other hand, the number of adsorbed H2S molecules decreases due to the 

existence of the H2O molecules. For the 50/100 H2O/H2S mixture, the number of 

chemisorbed H2S changes from 6 to 3 on the 30%-(1:1) GO structure. There are only 1 or 2 

H2S molecules adsorbed on the other two GO structures, so it is not easy to explain the trend. 

The increase in H2O molecules can further block the adsorptive sites from H2S molecules. 

For the 100/100 H2O/H2S mixture, we do not observe any H2S chemisorption on the 10%-

(1:1) or 20%-(1:1) GO structures. For the 30% GO structure, there are 2 H2S molecules 

adsorbed, while the number is 6 for the corresponding case where we only have H2S in the 

gas phase.  
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(a) 10%-(1:1) GO 

 

(b) 20%-(1:1) GO 

 

(c) 30%-(1:1) GO 

Figure 5.6. Population analysis for H2S (left axis) and H2O (right axis) chemisorption on GO 

structures: (a) 10%-(1:1); (b) 20%-(1:1); (c) 30%-(1:1). For the 10%-(1:1) case, the green 

and blue lines coincide at nH2S=0. 

 

 It is interesting to note that we do not observe any dissociation of H2S or H2O on the 

vacancy defects of the GO structures. This is probably due to the steric hindrance effects 
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from other functional groups. But it may be simply that the calculation is at 300 K, so the 

H2S molecule does not have enough kinetic energy to overcome the reaction energy barrier. 

The third explanation is that we may need to re-train the ReaxFF parameters for the vacancy 

defects.  

 

5.4. Conclusions   

In this chapter, we use ReaxFF and the temperature-programmed MD simulations to generate 

realistic GO structures. By adding hydroxyl and epoxy groups to the graphene and by 

controlling the functional group concentration, we can generate GO structures with other 

functional patterns and defects, such as the pair of meta-epoxy groups, the pair of carbonyls, 

the single vacancy with a pair of carbonyls, the large carbon ring, the aldehyde group, the 

carboxyl group, the preferential alignment of epoxy groups along the zigzag direction and so 

on. Those new functional groups are confirmed by experiments or theoretical 

calculations.[182, 206] This temperature-programmed RMD opens a new door to prepare the 

amorphous atomic GO model for theoretical calculations.   

 We further study the adsorption and dissociation of H2S and H2O/H2S mixtures on the 

generated GO structures at 300 K.  H2S is observed to react with the functional groups and 

H2O, CO2 and CO molecules are released from the surface as reaction productions. Similar to 

the results from Chapter 3, for the H2O/H2S mixture, H2O molecules are preferentially 

adsorbed to the GO structure, and thus block the active sites for H2S adsorption.
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CHAPTER 6 

Thermal Stability of CuBTC MOF: Reactive Molecular Dynamics 

Simulations 

 

6.1. Introduction 

Metal-organic framework (MOF) is a new class of porous organic/inorganic hybrid materials 

that exhibits a high degree of crystallinity and a large surface area, allowing potential 

applications for gas sorption/separation,[210] size-/shape-selective catalysis,[211] drug 

delivery[212] and toxic gas removal.[24] Among various MOFs, the 3-dimensional copper-

based MOF, CuBTC (BTC=1,3,5-benzenetricarboxylate), also known as HKUST-1,[213] has 

received a great deal of interest recently. In addition to general interest in its application in 

adsorption and separations, recent studies have shown that the unsaturated copper sites in 

CuBTC are available for chemisorption and catalytic reactions, such as the dissociation of 

ammonia[36] and hydrogen sulfide.[205]  

 Most previous theoretical and simulation studies involving CuBTC have been 

concerned with its application in adsorption and separation processes, for example, the 

adsorption of water,[214-216] the separations of alkane mixtures,[217] CO2/CH4,[218, 219] 

H2/CH4,[220] CO/CO2[221] and olefin/paraffin[222] systems. However, questions remain 

concerning the chemical, thermal and mechanical stability of these framework materials, and 

on the validity of rigid atomic models of CuBTC that have been widely used in the 

simulation studies of adsorption. 
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 The application of MOFs demands reasonable structural stability to avert excessive 

structural distortion, framework collapse and temperature/pressure-induced 

amorphization.[223, 224] However, researchers have observed the breathing effect, the 

distortion and decomposition of CuBTC in many applications.[225] Gul-E-Noor et al. used 

1H and 13C solid-state NMR spectroscopy to observe the structural changes and framework 

decomposition of CuBTC due to water adsorption.[226] Allendorf et al.[227] demonstrated 

the concept of molecular detection (H2O, CO2, MeOH and EtOH) by measuring the 

adsorption-induced distortion of CuBTC. Petit et al. reported the dissociation of ammonia 

and hydrogen sulfide in CuBTC.[205, 228] The ammonia vapour removal by CuBTC is also 

reported by 1H MAS NMR experiments of Peterson et al. [229] 

 Those experimental observations imply that the rigid atomic model of CuBTC, which 

is widely used in the literature to compute adsorption isotherms, is not a proper choice when 

the breathing effect is not negligible.[225, 227, 230] In addition, we need a force field, which 

is capable of describing both the flexible nature of the CuBTC framework and the adsorbate-

adsorbate and adsorbate-CuBTC interactions for chemisorption and reaction. Much attention 

has recently been focused on a proper force field for CuBTC.[231, 232] Amirjalayer et al. 

developed a first-principles derived force field for CuBTC and successfully predicted its 

topology preference.[233] Zhao et al. retrained the angle bending and torsion angle 

parameters of CuBTC against density functional theory (DFT) calculations, and the new 

force field reproduced both thermal expansion and vibrational properties of CuBTC.[234] To 

the best of our knowledge, no force field has been proposed that can account for the 
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flexibility of the framework and describe simultaneously the chemisorption and chemical 

reaction in CuBTC.  

 In this chapter we report a ReaxFF reactive molecular dynamics (RMD) simulation of 

thermal stability of CuBTC. We show that CuBTC has a reasonable degree of thermal 

stability up to 550 K but decomposes at higher temperatures. The chapter is organized as 

follows: Section 6.2 provides a brief introduction to the ReaxFF force field, the description of 

the CuBTC model and the characteristics of the RMD simulation; in Section 6.3 we report 

the calculation results and discuss the thermal stability of CuBTC for the temperature range 

of 300 K to 1100 K. We observe a structural transition at medium temperatures (> 600 K) 

and the collapse of CuBTC framework at high temperature (1100 K). Finally, a summary is 

given in Section 6.4. 

 

6.2. Computational Details 

6.2.1. ReaxFF reactive force field 

ReaxFF is a first principles-based bond-order dependent force field that provides an accurate 

description of bond breaking and bond forming.[102] It has been demonstrated to be capable 

of describing the structures, energy surfaces, and reaction barriers of materials, including 

hydrocarbons,[51, 235] nitramines,[236, 237] metals[238-240] and metal oxides.[241, 242] 

The fundamental difference between ReaxFF and other force fields is that ReaxFF does not 

need any connectivity input for the chemical bonds, but instead calculates the bond order 

directly from instantaneous interatomic distances which are updated continuously. The 

electrostatic and van der Waals interactions are also calculated between every atom pair 
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during the simulation. To enable the description of CuBTC structure, we combined the 

Cu/O/H parameters of van Duin et al. [243]with the glycine ReaxFF parameters published 

recently.[235] These force fields are sharing O/H parameters and use exactly the same 

potential functions, making integration of these parameter sets relatively straightforward. We 

do not further optimize bond parameters of C/Cu pairs, since such bonds are not expected to 

form in the oxygen-rich environment of the simulations. The non-bonded C/Cu interactions 

were obtained from standard combining rules. 

 

6.2.2. RMD simulation 

The initial coordinates of CuBTC were obtained from the x-ray powder diffraction (XRPD) 

results of Williams et al.[213] Since there were water molecules coordinated to copper sites 

in the as-synthesized form, we manually removed those water molecule coordinates to get the 

dehydrated CuBTC geometry. The coordinated water can also be easily removed in 

experiments, for example by heating to 373 K in air. The periodic cubic simulation box was 

made up of a 1 × 1 × 1 unit cell of the dehydrated CuBTC (molecular formula: 

Cu48C288O192H96). All calculations were performed in an isothermal-isobaric (NPT) ensemble 

with Verlet integrator with a time step of 0.25 fs. The pressure and temperature were 

controlled by the Berendsen barostatting and thermostatting methods, with damping 

constants of 2500 fs and 100 fs, respectively. Velocities were initiated using a Boltzmann 

distribution. A bond-order cutoff of 20% of the original bond length was used to identify the 

connectivities and the molecular species, and to monitor the structural evolution of CuBTC 
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as a function of simulation time. A 300 ps trajectory was collected every 50 fs to analyse the 

results of each RMD calculation.   

 A previous experimental investigation[213] of CuBTC thermal stability found two 

results: (1) CuBTC is stable up to 513 K; (2) thermal gravimetric analysis (TGA) indicated 

the release of CO2 when CuBTC is heated from 523 K to 673 K, and the formation of CuO 

and glassy carbon when CuBTC is further heated to 1073 K. In accordance with the 

experimental observations, we chose the following two sets of temperatures: (a) 9 

temperatures, increased at a step of 100 K from 300 K, that is, T = 300, 400, 500, 600, 700, 

800, 900, 1000 and 1100 K, to study the thermal stability and the new species produced by 

the structure collapse; (b) 20 temperatures, increased at a step of 5 K from 505 K, that is, T = 

505, 510, 515 … 585, 590 and 595 K, to determine the collapse temperature of the 

dehydrated CuBTC. 

 

6.3. Results and Discussion 

6.3.1. Volume evolution of CuBTC framework 

Figure 6.1(a) shows the volume of the CuBTC framework as a function of simulation time at 

T = 300, 400, 500, 550 and 600 K. We observed that the CuBTC framework is thermally 

stable up to 550 K and the structure is collapsed at 600 K. At the beginning of the simulation, 

the volume expanded from the initial value of 18280 Å3. This is because the dehydrated 

CuBTC model was prepared by removing the coordinated water molecules from the hydrated 

CuBTC framework. When the simulation began, the coordinates were relaxed from the 

hydrated atomic positions to the dehydrated ones. Figure 6.1(a) also demonstrated that the 
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volume was oscillating with larger amplitude when the temperature increased from 300 K to 

550 K. However, even the largest fluctuation at 550 K was within 3% of the equilibrium 

volume of CuBTC framework, see the insertion plot in Figure 6.1(a). Many MOFs exhibit 

adsorbate-induced structural flexibility and the unit cell dimensions of some MOFs are 

reported to vary by as much as 10% when molecules are adsorbed within the pores.[244]  

 By the second temperature set, we determined the collapse temperature for the 

dehydrated CuBTC framework in Figure 6.1(b). For clarity, the temperatures below 565 K, 

where the dehydrated CuBTC framework is thermally stable, are not shown. We ran longer 

calculations (up to 1.5 ns) to make sure the collapse does not occur at a later stage for those 

temperatures. The results demonstrated that the dehydrated CuBTC framework starts to 

collapse at around 570 K, and we observed the collapse at all other higher temperatures. The 

result is in close agreement with the experimental result,[213] where they found the 

dehydrated CuBTC framework is stable up to 513 K. The coordinated water molecules in the 

experiments can explain the collapse temperature difference, and it also implies that the 

dehydrated CuBTC framework is thermally more stable. 
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(a) 

 

(b) 

Figure 6.1. The volume evolution of CuBTC framework at: (a) T=300, 400, 550, and 600 K; 

(b) T = 565, 570, 580, 590 and 600 K. 

 

 When the temperature was increased above 600 K, as shown in Figure 6.2, there were 

unusual volume changes, indicating that the CuBTC framework could not retain its crystal 

structure and was not thermally stable under these temperatures. Based on the plots in Figure 

6.2, we divided these temperatures into three categories: (1) 600 K and 700 K, where we 
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observed a smooth volume transition. At 700 K, CuBTC retained the volume size for the first 

75 ps simulation, and then started to shrink between 75 ps and 110 ps. The final volume was 

40% less than the equilibrium value of the dehydrated framework. The structure snapshots in 

Figure 6.3 showed that at 75 ps CuBTC still preserved the crystal structure with channels of 

about 9.0 Å in diameter surrounded by tetrahedral pockets of about 3.5 Å in diameter. Those 

channels and micropore structures were destroyed after the volume transition brought 

CuBTC  to an amorphous phase. The transition was delayed until 185 ps at 600 K, but the 

two cases shared all the other characteristics such as the final structure and volume size. (2) 

800, 900, 1000 K, where CuBTC framework started to shrink immediately when the 

simulation began. Though a longer simulation was needed to reach the equilibrium structure, 

we may safely conclude from Figure 6.2 that the final volume would be around 13400 Å3. (3) 

1100 K, where a random change of volume was observed along the simulation, indicating a 

complete collapse of CuBTC framework. 
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Figure 6.2. The volume evolution of CuBTC at the investigated high temperatures: T = 600, 

700, 800, 900, 1000, and 1100 K. 

 

 
Figure 6.3. Structure snapshot of CuBTC framework at 700 K: image (a) and image (b) 

represent the two configurations at t=75 ps and 110 ps, respectively. Color codes are: 

yellow-Copper, grey-Carbon, red-Oxygen, and white-Hydrogen. 

 

 

6.3.2. Decomposition of CuBTC framework 

A population analysis was performed to monitor the possible decomposition of CuBTC 

framework at the investigated temperatures. There was no decomposition observed at the 

a b
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lower temperatures of 300, 400, 500 and 550 K. The CuBTC framework retained both the 

crystal structure and the channels and micropores. At 600 K and 700 K, despite the volume 

size transition, we did not observe any molecule released from the framework. CuBTC 

retained the molecular formula of Cu48C288O192H96 although it lost the regular distribution of 

the channels and micropores.  

 The framework was not stable when the temperature was above 800 K. At 800 K, we 

observed the release of one CO2 molecule at around 100 ps. The release of the atomic carbon 

and CO molecules was also identified in the later part of the simulation. As shown in Figure 

6.4, the atomic carbon and CO2 molecules were not stable and they reacted back and forth 

with the CuBTC framework. Compared with them, CO molecules were more stable once they 

were released into the gas phase. This is in agreement with the difference in the reactivity of 

the two species. We observed the same products but slightly higher concentrations at 900 K 

and 1000 K. It is worth pointing out that thermal gravimetric analysis (TGA) indicated that 

CuBTC gave a step-wise weight loss by releasing by-products: H2O (295K to 393K); CO2 

(523 K to 673 K); a mixture of CuO and glassy carbon (above 1023 K). The main by-product 

from the simulations here is, however, carbon monoxide. The discrepancy is expected since 

CO is often a kinetic product, while CO2 is the thermodynamic product. Given the relatively 

short duration of 300 ps and the high thermal stress, we expect the kinetic product to be 

prevalent in such ReaxFF simulations. If we would perform a slower heat-up simulation the 

CO2/CO ratio will probably move towards the thermodynamic ratio. The force fields 

employed here were tested for carbon monoxide and carbon dioxide, and as such should not 

have a bias towards CO. 
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  (a) T=800 K 

 
  (b) T=1100 K 

Figure 6.4. Population analysis of major species released from CuBTC framework: (a) T= 

800 K; (b) T=1100 K. 

 
 
At 1100 K, we identified the release of 1,3,5-benzenetricarboxylate (C6H3(CO2)3, BTC) 

molecule at around 40 ps. The concentration was low, less than 3 molecules during the 300 

ps simulation. But it demonstrated that the bond between the copper atom and the organic 

linker (BTC) were not stable at high temperature. The breaking of copper and BTC bond was 

also observed by Petit et al.[36] when they performed dynamic adsorption experiments of 

ammonia on graphite oxide/ CuBTC nanocomposites at room temperature. Peterson et al. 
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also observed the decomposition of CuBTC upon ammonia adsorption at room temperature, 

and they identified the existence of (NH4)3BTC from the 1H MAS NMR measurement.[229] 

Besides the release of C9H3O6 from the framework, we also observed CO2, CO and O2 as the 

decomposition products at 1100 K. The concentration of CO molecules was much larger than 

the ones at 800 K, 900 K, and 1000 K, indicating the complete collapse of CuBTC 

framework and the release of BTC units.  

 

6.3.3. Cu-Cu Radial distribution function of CuBTC framework 

The radial distribution function (RDF), g(r), also known as the pair correlation function, is a 

useful tool to extract structural information from molecular simulation trajectories. It gives 

the density probability for an atom to have a neighbour at a given distance. It is known that 

the CuBTC framework comprises channels of about 9.0 Å in diameter surrounded by 

tetrahedral pockets of about 3.5 Å diameter. In Figure 6.5 we show (a) typical pairs of Cu 

dimer and (b) the Cu-Cu radial distribution functions obtained from the 300 ps RMD 

simulation of CuBTC framework at 300, 700, and 1100 K. The three temperatures represent 

low, medium and high temperatures. As discussed in Section 3.1, CuBTC framework 

demonstrated different behaviour under those temperatures. The coordination number 

distribution was also provided in Figure 6.5(b). 

 As shown in Figure 6.5(b), the Cu dimer RDF had a peak at a Cu-Cu distance of 2.65 

Å for all three temperatures. It represented the bond length of 2.65 Å of the Cu dimer and 

was in good agreement with the experimental measurement of 2.63 Å. It also implied the 

stability of the Cu dimers up to 1100 K.  



  96 

 At 300 K, the RDF plot had other peaks. The peaks at 8.25 Å, 9.82 Å and 10.85 Å 

correspond to the tetrahedral pocket structure, and the ones at 15.88 Å and 9.82 Å represent 

the size of the main channel. The peak at 13.00 Å is much lower than the other ones. This is 

probably due to the fluctuation of the CuBTC framework, and results from averaging the 

peak height over the 300 ps simulation.  

 At 700 K and 1100 K, we observed significant changes to the peaks around r = 10.00 

Å and 15.00 Å. They became broader but lower than the corresponding ones at 300 K. Thus 

the CuBTC framework lost part of the correlation between remote pairs of Cu dimers. At 

1100 K, there were no peaks at 9.82 Å or 15.88 Å, which indicated that the main channels 

and micropores in CuBTC were collapsed at that temperature. A new peak was observed at 

3.58 Å at 1100 K. It resulted from the collapse of the CuBTC framework, enabling the Cu 

dimers to move closer to each other. 

 The coordination number distribution was expected to show a step-wise behaviour 

with increase of the separation distance, r. As demonstrated by the insert plot in Figure 

6.5(b), the integration of the RDF to a distance of 7.0 Å showed a coordination number of 

1.0, 1.7 and 4.2 for 300 K, 700 K, and 1100 K, respectively. This difference in Cu 

coordination number implied increasing instability of the CuBTC framework at the higher 

temperature. The intercept at the right axis corresponded to the total number of copper atoms 

in the molecular formula of CuBTC framework used. 
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(a) 

 

(b) 

Figure 6.5. (a) Typical pairs of Cu dimer in the CuBTC framework. ‘Cu2’ stands for the Cu 

dimer. Color codes are: yellow-Copper, grey-Carbon, red-Oxygen, and white-Hydrogen; (b) 

Cu-Cu , distribution function g(r) and coordination number distribution n(r) of CuBTC 

framework at 300 K, 700 K and 1100 K. The colored number at each peak represents the 

distance between the Cu dimers, the ones with the same color as in (a). 
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Contour plots of the Cu-Cu RDF at T= 300 K, 700 K, and 1100 K are provided in Figure 6.6. 

These demonstrate the evolution of the RDF with simulation time. At 300 K, the contour plot 

is made up of several separate bars. The number and position of the bars correspond to the 

peaks in Figure 6.5(b) (black solid line). The width results from the flexible nature of CuBTC 

and can be viewed as the fluctuating extension of the framework. The color scale shows the 

height difference of the RDF peaks. For example, a high peak of the Cu-Cu bond of the 

dimer is represented by the dark color at 2.65 Å in the contour map.   

 At 700 K, the RDF evolution was divided into two stages at about 100 ps. For the 

first part of the simulation, although it was not easy to distinguish peak distributions for the 

range 8 Å to 18 Å in r as we did for the 300 K case, we still observed blank regions of (3 Å, 

7.5 Å) and (11 Å, 14.5 Å), indicating the existence of main channels and tetrahedral pockets, 

and the completeness of a CuBTC framework. After 100ps, the r range (3 Å, 7.5 Å) remained 

blank, but we observed the RDF peaks in the r range (11 Å, 14.5 Å). The change in RDF 

peak distribution indicated the disappearance of long-range correlations between Cu dimers 

and the partial collapse of the CuBTC framework at 700 K. It was obvious soon after the 

simulation began that the RDF peak showed a random distribution at 1100 K. This implies 

that CuBTC easily lost the main channels and tetrahedral pockets, and had a complete 

collapse of the framework at 1100 K. The distribution bar at 2.65 Å demonstrated the 

stability of the Cu dimer even at 1100 K.  
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    (a) 300 K                                     (b) 700 K                                 (c) 1100 K 

Figure 6.6. Contour plots of the evolution of the Cu-Cu RDF at (a) 300K; (b) 700K; (c) 

1100K. The color scale represents the peak height of the Cu-Cu RDF. 

 

6.4. Conclusions 

Using the ReaxFF force field with the parameters developed recently for Cu/C/H/O, we 

studied the thermal stability of the dehydrated CuBTC framework from 300 K to 1100 K. The 

results show that CuBTC is thermally stable up to 565 K. When the temperature increases 

above 565 K, the framework starts to partially collapse. The RDF analysis shows that the 

long range correlations between Cu dimers disappear, indicating the loss of the main 

channels of CuBTC. When the temperature is above 800 K, we find decomposition of 

CuBTC. CO is the major production species and we also observe the release of CO2, O2, 

1,3,5-benzenetricarboxylate (C6H3(CO2)3, BTC) and glassy carbon. The Cu dimer is stable 

up to 1100 K, but we find the formation of new copper oxide clusters at 1100 K. These 

results are consistent with experimental findings, validating the accuracy of the ReaxFF force 

field for the CuBTC framework and paving the path for future theoretical investigations of 
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the dynamical properties of CuBTC, and its application in adsorption, separation and 

catalytic process.  
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CHAPTER 7 

Ammonia Adsorption on CuBTC: Molecular Simulation and Experimental 

Study 

 

7.1. Introduction 

Metal-organic frameworks (MOFs), an emerging class of materials introduced by Yaghi and 

co-workers,[48, 245] have played a significant role in the field of gas adsorption over the past 

decade.[159, 246, 247] The hybrid materials consist of inorganic (metals) and organic 

(carboxylate, sulfonate or phosphonate ligands) moieties[248, 249] bonded together. The 

strong scientific interest in these materials in adsorption processes results from their typically 

high porosity (up to 4500 m2/g for MOF-177)[250] along with their tunable chemistry (via 

selection of the inorganic and/or organic components). 

Many studies reporting gas adsorption using MOFs address H2 storage,[246] CO2 

capture[218] or CH4 removal.[251] Nevertheless, as mentioned above, MOFs display features 

that could make them suitable for the removal/capture of other gases. For instance, only a 

few studies have been reported on the adsorption of ammonia (a toxic gas) using MOFs, 

despite the promising capacities of some of them.[24, 25, 36, 252] The MOFs exhibiting 

good ammonia uptake and reported so far include a copper-based MOF (CuBTC) and several 

zinc-based MOFs (MOF-74, MOF-177, IRMOF-3).[24, 25, 36, 252, 253] 

In addition, from a general point of view, the identification of the mechanisms, 

thermodynamics and adsorption sites of gas adsorption on MOFs still remains a challenge. In 
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the case of ammonia adsorption on CuBTC, it has been shown that ammonia binds to the 

unsaturated MOF metallic sites (copper) via Lewis acid-base interactions, as indicated by a 

color change of the adsorbent.[24, 25, 36] An additional adsorption mechanism subsequent to 

the binding to copper has also been evidenced via a second color change of the material and 

via the apparent collapse of the MOF structure (inferred from thermal stability and porosity 

changes).[25, 36] Nevertheless, the details of what occurs in this second step are still not 

understood. Similarly, Saha and co-workers have observed the collapse of the MOF-177 

structure upon exposure to ammonia, but the precise mechanism leading to this observation 

remains unclear,[252] although hydrogen bonding of ammonia with the metallic sites of 

MOF-177 has been hypothesized. As shown by Britt and co-workers, the presence of amino 

groups in IRMOF-3 organic ligand has a positive effect on ammonia adsorption.[24] 

Nevertheless, the reason for this is not discussed. Considering all of these factors, it is 

evident that a greater knowledge of reactive adsorption on MOFs is needed, as it would 

enable the design of new materials with enhanced performance and efficiency. 

Experimental[159, 246-249] and computational studies have been implemented to elucidate 

these questions but further work is still needed to achieve a complete understanding. 

This chapter reports the study of ammonia adsorption on CuBTC. We first perform 

Density Functional Theory (DFT) calculations to study the interaction between NH3 and 

CuBTC. Grand Canonical Monte Carlo (GCMC) simulations are then used to calculate the 

NH3 adsorption isotherms on CuBTC at different temperatures.  The results are discussed in 

conjunction with the experimental data measured at the dynamic and equilibrium conditions 

for NH3 adsorption on CuBTC.  
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7.2. Molecular Modeling and Experimental Setup 

7.2.1. DFT calculation of NH3/CuBTC interactions  

It has been reported that NH3 has a strong binding on the Cu dimer of CuBTC.[254] DFT 

calculations have been carried out to determine the binding energy of NH3 on both the 

organic linker and the metal Cu sites. The results were obtained by the Quantum-Espresso 

package (version 4.12) [155]with the PW91-GGA exchange-correlation functional. The 

plane-wave cutoff of 55 Ry and the density cutoff of 550 Ry have been tested to give a 

converged total energy and a good prediction of the geometrical parameters. The periodic 

rhombohedral box is made up of 156 atoms in the dehydrated form, as shown in Figure 7.1. 

Different sites have been investigated for NH3 adsorption: A - along the Cu-Cu bond; B - 

close to the benzene ring; C - center of the main channel; D - center of the tetrahedral pore; E 

- perpendicular to the Cu-Cu bond (see Figure 7.1).  
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Figure 7.1. The supercell of CuBTC structure, where A, B, C, D, E correspond to different 

NH3 adsorption sites: A - along the Cu-Cu bond; B - close to the benzene ring; C - center of 

the main channel; D - center of the tetrahedral pore; E - perpendicular to the Cu-Cu bond. 

The color codes are: blue – copper; red – oxygen; grey - carbon. Hydrogen atoms are not 

shown for clarity. The lattice is shown in dashed line. 

 

The binding energy ( Eb ) is computed as the difference between the energy of the 

NH3/CuBTC system (ENH3−CuBTC
) and the sum of the relaxed pristine CuBTC (ECuBTC ) and 

the corresponding gas-phase species (ENH3
) energies (see equation (7-1)). A larger binding 

energy indicates a stronger interaction between NH3 and the adsorption site of CuBTC. 

                                        Eb = ENH3
+ ECuBTC{ }− ENH3−CuBTC

                                         (7-1) 

 

7.2.2 GCMC simulation of NH3 adsorption on CuBTC 

We performed GCMC simulations to directly address the adsorption behavior of ammonia on 

CuBTC and compare the calculated results with the experimental data. We calculate NH3 

A

C

D

B

E
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adsorption on a 2  × 2 × 2 supercell of CuBTC at three temperatures 301 K, 318 K and 348 

K, and pressures up to 100 kPa. The CuBTC structure is treated as rigid in the simulation and 

the Lennard-Jones parameters are taken from the literature.[255] A 5-site TraPPE model is 

used to describe NH3 interactions.[256] A cutoff of 12.8 Å is used for the Lennard-Jones 

interactions, while the long-range electrostatic interactions are treated by the Ewald 

summation method. The force field parameters and atomic charges are summarized in Table 

7-1. The atomic notations for CuBTC in the GCMC calculation are displayed in Figure 7-2. 

 

Table 7-1. The Lennard-Jones parameters: σ  - the finite distance at which the interparticle 

potential equals zero, ε  - the minimum potential, and atomic charges of atoms for CuBTC and 

NH3 (q). M is a pseudo site of the 5-site NH3 TraPPE model, where the negative charge is placed. 

 CuBTC NH3 

 C1 C2 C3 H O Cu N H M 

σ (Å) 3.75 3.55 3.55 2.42 2.96 3.11 3.42 0.00 0.00 

ε/kB (K) 44.91 35.23 35.23 15.10 73.98 2.52 185.00 0.00 0.00 

q (e) 0.778 -0.092 -0.014 0.109 -0.665 1.098 0.00 0.41 -1.23 
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Figure 7.2. The atomic notations for CuBTC model in the GCMC calculation. 

 
 

5 × 107 configurations were generated for each single-point adsorption calculation, 

among which the first 3 × 107 iterations are for equilibration and the later 2 × 107 are used to 

calculate the ensemble averages. The absolute adsorption data is converted into the excess 

values using equation (7-2): 

                                                     Nex = Nabs −Vgρ                                                  (7-2) 

where Vg  is the pore volume calculated using the method of Myers and Monson and ρg is the 

density of the ambient gas phase NH3.  

 

7.2.3 Experimental measurements   

The experimental studies were carried out by T.J. Bandosz and co-workers at The City 

College of New York. The procedure to synthesize the CuBTC material can be found in Ref. 

[257], using the method described by Millward and co-workers.[258]  
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(a) NH3 breakthrough dynamic test  

In order to determine the ammonia breakthrough capacity, dynamic breakthrough tests were 

performed at room temperature. In a typical test, a flow of ammonia diluted with dry air 

passes through a fixed bed of adsorbent with a total inlet flow rate of 225 mL/min and an 

ammonia concentration of 1000 ppm. The adsorbent bed contains about 2 cm3 of glass beads 

well mixed with the amount of adsorbent required to obtain a homogeneous bed, between 50 

and 120 mg for CuBTC. The mixture was packed into a glass column. The beads are used to 

avoid the pressure drop and thus to favor the kinetics of the breakthrough tests. The 

electrochemical sensor from the Multi-Gas Monitor ITX system was used to measure the 

concentration of ammonia in the outlet gas. The adsorption capacity (mmol/g) of each 

adsorbent is calculated by integration of the area above the breakthrough curve.  

 

(b) NH3 adsorption: equilibrium measurements 

The ammonia adsorption measurements at equilibrium were carried out using a ChemiSorb 

HTP (Micrometrics) with Karlrez® O-rings. This instrument has six independent furnaces, 

one for each sample port and is equipped with a two-stage vacuum system, diaphragm and 

high-vacuum turbomolecular pump. Prior to each measurement, the samples were outgassed 

in situ at 120 °C for 6 hours under vacuum. The quality of vacuum was checked by the leak 

test set at 2 mmHg/min. Ammonia used for the adsorption measurements was electronic 

grade (Air Products), minimum purity 99.999%. The tests were performed at the three 

temperatures 301 K, 318 K and 348 K. 
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(c) Determination of the isosteric heat of NH3 adsorption 

The isosteric heats of NH3 adsorption, Qst , were calculated from the Clausius-Clapeyron 

equation using the virial approach described in equation (7-3):[259] 

                                 ln p( ) = ln a( ) + 1
T

ci,1
i=0

m

∑ ai + ci,2a
i

i=0

n

∑                                             (7-3) 

where a, p and T are the amount adsorbed, pressure, and temperature, respectively and ci,1 

and ci,2 are empirical parameters. The variables m and n represent the order of the two 

polynomials, and ai is a fitting parameter. Parameters ci,1 and ci,2 were obtained by fitting this 

equation to the adsorption data measured at two or more temperatures. The isosteric heat of 

adsorption as a function of a is given by Clausius-Clapeyron equation (7-4): 

                                           Qst a( ) = −R ∂ln p( )
∂ 1 T( )

⎛

⎝⎜
⎞

⎠⎟ a
= −R ci,1a

i

i=0

m

∑                                    (7-4) 

where R is the universal gas constant. 

 

7.3. Results and Discussion 

7.3.1 NH3 interaction with CuBTC 

As shown in Table 7-2, NH3 has the strongest binding with CuBTC structure when it 

interacts with the Cu-Cu dimer. The bond length between NH3 and the Cu atom on site A 

(see Figure 7.1) is 2.04 Å. This demonstrates that NH3 can chemisorb on CuBTC through 

copper dimers. The binding energies for two NH3 molecules, one at each side of the copper 

dimer are 121.05 kJ/mol and 121.43 kJ/mol, respectively. It is thus estimated that under ideal 

conditions, the adsorption contribution from copper sites is 48 NH3 per CuBTC unit cell. 
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Considering the molecular formula Cu48C288O192H96 for the dehydrated CuBTC super cell, 

we estimated that the amount of ammonia adsorbed on copper sites of CuBTC is 5.0 mmol/g.  

The trend in the isosteric heat as a function of the ammonia loading can be related to the 

strength of adsorption as well as the presence of difference adsorption sites in the adsorbent. 

The isosteric heat is changing from 60 to 44 kJ/mol, from a low loading to the high loading 

of NH3 on CuBTC. The heats of adsorption are rather high, indicating a strong retention of 

NH3 on CuBTC, especially when compared to the adsorption of other adsorbates such as 

CO2, CH4 or H2 on MOF materials. The reported heats of adsorption for these species are 4-

45 kJ/mol for CO2, 2-30 kJ/mol for CH4, and 1-13 kJ/mol for H2, depending on the materials 

and the conditions of the calculations. From the heat of adsorption, we thus classify ammonia 

adsorption on CuBTC as a chemisorption process. These interactions are the strongest for 

CuBTC, and they represent the formation of (NH4)3BTC, which is expected to decompose 

during the outgassing and vacuum treatment, resulting in the reappearance of the sites for 

subsequent runs.  

However, the binding energies calculated from DFT are higher than the experimental 

isosteric heats. This is because the experiments lack the measurements for the zero surface 

coverage of ammonia. 

 

Table 7-2. The binding energy (kJ/mol) of NH3 on different sites of CuBTC. 

Sites A B C D E 

Binding energy (kJ/mol) 125.67 4.89 1.39 6.20 34.30 
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7.3.2. NH3 adsorption on CuBTC 

The knowledge of NH3 binding energy on Cu sites provides qualitative information about the 

NH3/CuBTC interactions and an estimate of the NH3 adsorption contribution from the copper 

sites alone. However, the CuBTC structure comprises channels of about 9.0 Å in diameter 

surrounded by tetrahedral pockets of about 3.5 Å in diameter. Those micropores can also 

accommodate NH3 molecules and thus an ammonia adsorption capacity higher than 5.0 

mmol/g is possible. The adsorption capacity also depends on the temperature and pressure. 

For example, Karra and Walton reported the adsorption of 11.2 mmol (CO2)/g (CuBTC) at 

298 K and 300 kPa.[220] Yang and Zhong observed an adsorption of 10.3 mmol (CO2)/g 

(CuBTC) at 298 K and 1 MPa, but 3.6 mmol (CH4)/g (CuBTC) and 0.3 mmol (H2)/g 

(CuBTC) under the same temperature and pressure.[255]  

According to the experimental dynamic test, the breakthrough capacity of NH3 

adsorption on CuBTC is 6.8 mmol/g, while the BET surface area and the micropore volume 

for the CuBTC sample were measured to be 909 m2/g and 0.449 m3/g, respectively. The NH3 

uptake capacity on CuBTC is derived from the adsorption isotherms at 120 kPa. The 

measured values are found to be 12.1 mmol (NH3)/g (CuBTC) at 301 K, 8.9 mmol (NH3)/g 

(CuBTC) at 318 K, and 6.4 mmol (NH3)/g (CuBTC) at 348 K. It is an interesting observation 

that a partial collapse of the porous structure is found after adsorption of NH3 in a dynamic 

test under dry conditions. The measured surface area after adsorption in dynamic conditions 

is only from 5% to 18% of the original surface area, but the samples are still capable of 

retaining a significant quantity of NH3 via physical adsorption, as evidenced by the 

adsorption isotherm data. Moreover, Peterson and co-workers have also reported about 40% 



  111 

of the original amount adsorbed in the second adsorption run on CuBTC, with similar 

decreases in the surface area determined from nitrogen adsorption.[25]  

The partial collapse of CuBTC is due to ammonia adsorption. As indicated from the 

DFT calculation, the highest energy centers on CuBTC are unsaturated copper sites, where 

complexation of NH3 takes place. Preadsorption on those sites can cause a partial destruction 

of the porous network of CuBTC, with the release of carboxylic linkages being able to react 

with NH3 to form (NH4)3BTC as indicated by dynamic tests.[36] After outgassing and 

vacuum, the latter salts likely decompose, and the carboxylates then become available for 

reactions with NH3 in the subsequent adsorption isotherm measurements. It must be noted 

that, due to the irreversible partial collapse of the CuBTC structure, re-adsorption of NH3 on 

CuBTC is limited and the uptake is expected to be smaller than on the initial samples, as 

shown by Peterson and co-workers.[25]  
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Figure 7.3. Adsorption isotherms for NH3 adsorption on CuBTC: the comparison of GCMC 

results (open points) and experimental data (filled points). Temperatures are 301 K, 318 K 

and 348 K. 

 

     A comparison between experimental and GCMC simulated adsorption isotherms of 

NH3 on CuBTC is shown on Figure 7.3 for temperatures 301K, 318K and 348K. It is clear 

that the calculated data generally support the shape of the experimental adsorption isotherms 

(except at 301 K), and also predicts the same trend that the amount of adsorbed NH3 

decreases when the temperature increases from 301K to 348K. Furthermore, the extent of 

this decrease in NH3 adsorption capacity (for increasing temperature) is of the same order of 

magnitude between experimental and simulated data. However, it is not surprising that the 

net adsorption amount observed in the simulation deviates from the experimental results. The 

simulated data is larger than the corresponding experimental observations. The discrepancy 
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mainly comes from the use of a rigid model of CuBTC in the simulation. Even though some 

work has been conducted to account for the breathing effect and the structural changes 

occurring in MOF system upon adsorption,[260-263] the present case is even more extreme 

since a partial collapse of CuBTC is observed during ammonia adsorption and this feature is 

not accessible in the GCMC calculation. Consequently, the GCMC prediction overestimates 

the amount of ammonia adsorbed since rigid pores that can accommodate ammonia 

molecules may collapse in the experiments. The predicted adsorption amount from GCMC 

calculations is also larger than the previous DFT estimation. This is because the DFT method 

can only correctly predict the chemisorption of NH3 on copper sites, but we observed from 

GCMC calculation the physisorption of NH3 in the micropores of CuBTC, as shown by a 

final adsorption configuration in Figure 7.4. 

 

 

Figure 7.4. Final configuration of the CuBTC structure with adsorbed NH3 molecules at 

copper sites and in the micropores (T = 348 K, P = 120 kPa). The color codes are: dark blue 

– copper; red – oxygen; grey – carbon; light blue – nitrogen; white - hydrogen. 
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The ammonia adsorption isotherms for CuBTC at 301 K and, to the lesser extent at 

318 K, do not reach a limiting capacity. This indicates that at higher pressures even more 

ammonia could be adsorbed. This behavior can be linked to a significant volume of large 

pores (about 9 Å in diameter) present in the MOF materials. These pores were found suitable 

for CO2 storage at high pressures. Interestingly, at 348 K, type I isotherms with a 

characteristic plateau are measured. That change in the shape can be related to the reactive 

adsorption of ammonia on CuBTC, which is enhanced at higher temperatures. As indicated 

previously, ammonia adsorbs on CuBTC via complexation on unsaturated copper that is 

followed by a gradual destruction of the porous network with the release of carboxylic 

linkages and their further reactions with ammonia leading to the formation of (NH4)3BTC. At 

higher temperatures the reactions leading to the destruction of the pore network should be 

more pronounced and the collapse of the structure with the progress of adsorption observed 

before causes the limitations in the availability of the adsorption centers. This is visible in the 

change in the shape of the ammonia adsorption isotherm. The reactive adsorption and the 

instability of the MOF cause the measured isotherms to represent the apparent complex 

interactions mechanisms.  

 

7.4. Conclusions 

The results of this study support the mechanism of ammonia adsorption on CuBTC, and can 

be considered as the first effort to understand the reactive adsorption of NH3 on CuBTC. In 

general, CuBTC exhibits higher ammonia adsorption capacities than for other gas-phase 

molecules reported in the literature, such as CO2, CH4 and H2. The heats of adsorption from 
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experiments are compared with the DFT calculation results. The isosteric heats of ammonia 

adsorption on CuBTC indicate strong adsorption of ammonia. This is linked to chemical 

adsorbate-adsorbent interactions. The molecular simulations conducted on CuBTC support 

the trends found experimentally. In particular, the strong chemisorption of ammonia on the 

metallic centers of CuBTC is confirmed. Nevertheless, higher adsorption capacities are 

predicted compared to the measured ones. This discrepancy is believed to arise from the 

partial collapse of the CuBTC structure upon exposure to ammonia, which is not accounted 

for in the GCMC simulations with rigid models and classical force fields. 

In order to address this drawback of the rigid CuBTC model used here, we propose 

the use of a ReaxFF force filed that accounts for the flexibility of the MOF, as well as the 

chemisorption and physisorption of NH3. This work is described in Chapter 8.  
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CHAPTER 8 

Reactive Adsorption of Ammonia on CuBTC: a ReaxFF Molecular 

Dynamics Simulation 

 

8.1. Introduction 

Metal-organic frameworks (MOFs) are 3-D network hybrid materials consisting of inorganic 

(metal) and organic (carboxylate, sulfonate or phosphonate ligands) moieties.[264, 265] They 

exhibit a high porosity, a large surface area, and a tunable chemistry through the selection of 

inorganic and/or organic components.[244, 266] Those characteristics make MOFs good 

candidates in the fields of gas adsorption and separations. Recent studies further show that 

MOFs demonstrate potential as catalysts through the metal sites,[267-269] and they have 

been applied to sense,[270] capture or decompose molecules such as H2O, CO2, H2S and 

NH3.[24, 210] The previous experiments have shown that a copper based MOF (CuBTC, also 

known as HKUST-1) and several zinc-based MOFs (MOF-74, MOF-177, IRMOF-3) exhibit 

good ammonia uptake and demonstrate the decomposition of NH3 and H2S gases on the 

metal sites.[36, 205, 228]  

However, it is still a challenge to theoretically identify the thermodynamics and the 

mechanism of reactive adsorption on MOFs. The challenge comes mainly from the lack of a 

force field that can accurately describe both the flexible nature of the MOF framework and 

the reactive interactions between adsorbates and the MOF. For example, many theoretical 

calculations, specifically grand canonical Monte Carlo (GCMC) simulations, have been 
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focused on the prediction of physical adsorption and separation of gas mixtures in rigid MOF 

models.[221, 271-274] But many MOFs exhibit adsorbate-induced structural flexibility in 

experiments,[224, 227] and the unit cell dimensions of some MOFs are reported to vary by as 

much as 10% when molecules are adsorbed within the pores.[244] In addition, most 

calculations apply non-reactive force fields where the chemistry of the system is pre-defined 

and no bond breaking or formation is allowed during the simulation. Such models cannot 

describe situations where a MOF framework is found to undergo a structural collapse or to 

react with the adsorbate.[205, 228] Also, some MOFs undergo adsorption-induced phase 

translation to new crystal structures.[224] In the case of ammonia adsorption on CuBTC, it 

has been shown that ammonia binds to the unsaturated copper sites via Lewis acid-base 

interactions, as indicated by a color change of the adsorbent.[52] We also see evidence of 

strong chemisorption of ammonia on copper sites in the isosteric heat measurements.[36] 

Although our molecular simulations of NH3/CuBTC systems support the adsorption trend 

observed from the experiments, the predicted adsorption capacities are too high compared 

with the experimental results.[228] The discrepancy is attributed to the partial collapse of the 

CuBTC framework upon exposure to ammonia, which was not accounted for in the previous 

GCMC simulations. 

The present chapter reports a ReaxFF molecular dynamics (RMD) simulation of 

ammonia adsorption on CuBTC. It is known that CuBTC has two exchangeable coordination 

sites, which are occupied by water molecules in the as-synthesized form. The coordinated 

water can be easily removed, for example by heating to 373K in air, and makes the 

unsaturated copper sites available for adsorption.[52] We use the dehydrated framework here 
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and divide the study into the following three cases: (1) the hydrostatic stability of dehydrated 

CuBTC under different temperatures and water concentrations; (2) the adsorption of NH3 on 

dehydrated CuBTC at 301, 318 and 348 K, where experimental adsorption data are available 

for comparison; (3) the adsorption of NH3/H2O mixtures on dehydrated CuBTC at 301 K. 

The chapter is organized as follows: Section 8.2 introduces the computational methods, 

including the ReaxFF force field, the atomic model of the dehydrated CuBTC system, and 

the reactive molecular dynamics method. In section 8.3, we present the results for the 

hydrostatic stability of dehydrated CuBTC. The reactive adsorption results of NH3 and 

NH3/H2O mixtures on dehydrated CuBTC are described in Section 8.4 and Section 8.5, 

respectively. The conclusions are finally summarized in Section 8.6.  

 

8.2. Computational Methods  

8.2.1 ReaxFF force field 

Although ab initio quantum mechanical (QM) methods are capable of predicting the energy 

barrier, reaction mechanism and reaction rate, QM calculations are known to be 

computationally intensive and thus are limited to relatively small systems and short time 

scales, generally hundreds of atoms for tens of picoseconds. Developed by fitting the QM 

results, ReaxFF is a bond-order dependent force field that provides an accurate description of 

reaction chemistry of bond breaking and bond forming, and allows MD simulations for 

thousands of atoms for a time scale of microseconds.[102] It has been successfully used to 

describe the structures, energy surfaces, and reaction barriers of materials, including 

hydrocarbons,[51, 235] nitramines,[236, 237] metals,[238-240] and metal oxides.[241, 243] 
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The key difference between ReaxFF and other force fields is that ReaxFF does not need the 

connectivity input for the chemical bonds, but calculates the bond order and covalent 

interaction directly from instantaneous interatomic distances which are updated at every step 

of the dynamics. The electrostatic and van der Waals interactions are also calculated at every 

step during the dynamics for all the atom pairs. The set of ReaxFF parameters used in this 

work was determined using a combination of previously developed force fields. Parameters 

were retrained to enable the description of CuBTC structure and its interaction with NH3 and 

H2O.[235, 243] For example, we combined the Cu/O/H parameters of van Duin et al.[243] 

with the glycine ReaxFF parameters published recently.[235] These force fields share O/H 

parameters and use exactly the same potential functions, making integration of these 

parameter sets relatively straightforward. We do not further optimize bond parameters of 

C/Cu pairs, since such bonds are not expected to form in the oxygen-rich environment of the 

simulations. The non-bonded C/Cu interactions were obtained from standard combination 

rules.  

 

8.2.2 Atomic models for dehydrated CuBTC 

The trial of building up the atomic model for the dehydrated CuBTC system involved first 

the GCMC simulation of NH3 adsorption on the rigid CuBTC framework. Full details of the 

procedure are described in our previous work.[228] We calculated NH3 adsorption on a 2 × 2 

× 2 super cell of dehydrated CuBTC framework at 301 K, 318 K and 348 K. The framework 

and NH3 (a 5-site TraPPE model[256]) were treated as rigid, and we used Lennard-Jones 

parameters to describe the adsorbate-adsorbent interactions. As shown in Figure 8.1(a), the 
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adsorbed amount observed in the simulation is greater than that found experimentally. We 

attributed the discrepancy to the use of rigid models of CuBTC and NH3 in the simulation. 

Also, the partial collapse of CuBTC observed during ammonia adsorption experiments 

cannot be accounted for in such GCMC calculations. As a second step we thus took the 

coordinates of the hydrated CuBTC framework from the x-ray powder diffraction (XRPD) 

result of Williams et al[213] and manually removed the coordinated water molecules to 

obtain the dehydrated CuBTC geometry. Taking the NH3/CuBTC configuration as an 

example, the number of NH3 molecules corresponding to our experimental adsorption result, 

were randomly inserted into the main channels and tetrahedral pockets of the CuBTC 

framework. A separation distance of 3.0 Å was used to avoid overlaps when inserting NH3 

molecules. Other initial configurations for RMD calculations in this work were also prepared 

in this way. A snapshot of the CuBTC framework with 63 NH3 molecules at 348 K is 

provided in Figure 8.1(b).  
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                                                     (a)                                                        (b) 

Figure 8.1. (a) A comparison of simulated and experimental adsorption isotherms of NH3 on 

dehydrated CuBTC framework at 301, 318, and 348 K;[228] (b) A snapshot of the CuBTC 

framework with 63 NH3 molecules at 348 K; periodic boundary conditions are applied in 

the x, y and z directions. Color codes are: yellow-Copper, grey-Carbon, red-Oxygen, white-

Hydrogen, and blue-Nitrogen. 

 

 

8.2.3. RMD simulation characteristics 

The periodic cubic simulation box was made up of a 1 × 1 × 1 unit cell of the dehydrated 

CuBTC framework (molecular formula: Cu48C288O192H96) with the desired number of NH3 

and or H2O molecules. The calculations were performed in an isothermal-isobaric (NPT) 

ensemble with Verlet integrator and a time step of 0.25 fs. The pressure and temperature 

were controlled by the Bersendsen barostatting and thermostatting methods, with damping 

constants of 2500 fs and 100 fs, respectively. Velocities were initiated using a Boltzmann 

distribution. The trajectory was collected every 50 fs to analyze the results of each RMD 

calculation.   
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We studied the hydrostatic stability of CuBTC framework under the following 

conditions: temperatures – 301, 323, 345, 367, 389 K; water concentrations (the number of 

water molecules) – 12, 24, 48, 96, 144, 196. The defined number of water molecules 

corresponds to 0.25, 0.5, 1.0, 2.0 3.0 and 4.0 mole equivalents with respect to copper sites of 

the CuBTC framework. The choice of water content corresponds to that in a recent 

publication of Gul-E-Noor et al., where they studied water adsorption on CuBTC by 1H and 

13C solid-state NMR spectroscopy.[226] Our aim was to determine the hydrostatic stability of 

dehydrated CuBTC at temperatures where most adsorption and separation experiments are 

conducted.  

In accordance with our previous experiments,[228] NH3 adsorption was studied at 

three temperatures: 301 K, 318 K and 348 K, where the simulation box had 120, 88, and 63 

NH3 molecules, respectively. Last, three NH3/H2O mixtures (24 H2O / 120 NH3, 48 H2O / 

120 NH3, 96 H2O / 120 NH3) were chosen to study how water molecules affect NH3 

adsorption on CuBTC at room temperature, 301 K.  

 

8.3. Results and Discussion  

8.3.1. Hydrostatic stability of dehydrated CuBTC framework 

As one of the few MOFs that are produced by the chemical industry, the hydrostatic stability 

of CuBTC has been studied in many experiments. Schlesinger et al. reported that dehydrated 

CuBTC is thermally stable until 473 K, whereas the hydrated form (Cu3(BTC)2(H2O)3) 

decomposes when the temperature is above 343 K, implying that CuBTC is not stable in the 

presence of water molecules.[275] Other publications, however, conclude that water 
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adsorption in CuBTC is reversible and the adsorbed H2O can be thoroughly removed without 

destroying the CuBTC framework under moderate temperatures.[214, 276] Simulation 

results of H2O adsorption isotherms have been reported on CuBTC at room 

temperatures.[277] However the use of a rigid CuBTC model and a non-reactive force field 

has prevented previous simulations from predicting CuBTC hydrostatic stability in real 

applications.  

In our calculations, the hydrostatic stability of CuBTC under different water 

concentrations and different temperatures is monitored by the evolution of the copper – 

copper radial distribution function (RDF). The RDF, also known as the pair correlation 

function, is a useful tool to extract structural information from molecular simulation 

trajectories by providing the probability density of one atom having a neighbor at a given 

distance. Typical Cu-Cu distances of CuBTC are provided in Figure 8.2 (a), where the 

framework comprises channels of about 9.0 Å in diameter surrounded by tetrahedral pockets 

of about 3.5 Å in diameter. In Figure 8.2 (b) to (e) the RDF evolution of Cu-Cu distance for a 

pristine CuBTC framework are shown at 301 K, 12 H2O in CuBTC at 301 K, 12 H2O in 

CuBTC at 389 K, and 192 H2O in CuBTC at 389 K, respectively. We can conclude from the 

RDF information that CuBTC retains both its local and global structures at the designed 

combinations of water concentration and temperature. These calculations provide theoretical 

support to experimental findings that dehydrated CuBTC framework is hydrostatically stable 

for moderate temperature applications (up to 116 ℃).[213] 
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(a) 

 

(b) 

 

(c) 

 

(d)  

 

(e) 

Figure 8.2. (a) A sketch of typical Cu-Cu distances of a CuBTC framework. Right hand 

figures (b) to (e) show the evolution of Cu-Cu radial distribution function for: (b) a pristine 

dehydrated CuBTC at 301 K; (c) 12 H2O in a dehydrated CuBTC at 301 K; (d) 12 H2O in a 

dehydrated CuBTC at 389 K; (e) 192 H2O in a dehydrated CuBTC at 389 K. 

 
 
8.3.2. Reactive adsorption of NH3 on dehydrated CuBTC framework 

Ammonia molecules are found to decompose on CuBTC in all three cases studied: 301, 318 

and 348 K, where the simulation box has a periodic dehydrated CuBTC framework and 120, 

88, and 63 NH3 molecules, respectively. The difference in temperature or NH3 concentration 

changes the number of chemisorbed and decomposed NH3 molecules, but does not change 

the reaction mechanism. We thus only present the results of the reactive adsorption of NH3 at 

348 K.  
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A comparison of the Cu-Cu RDF for a pristine dehydrated CuBTC with the one with 

63 NH3 molecules is shown in Figure 8.3. It is clear that the Cu-Cu pair correlation is lost at 

large distances upon interacting with NH3 molecules. Although most peaks appear at r ranges 

of 8 -11 Å and 16 - 18 Å after interaction with NH3, they are not distinguishable as in the 

pristine dehydrated CuBTC. This indicates the partial decomposition of the CuBTC 

framework due to NH3 adsorption. The Cu dimers, demonstrated by the two peaks at r = 2.5 

Å and 2.9 Å, are stable over the 300 ps RMD. This decomposition of the framework provides 

an explanation for the discrepancy in the NH3 adsorption isotherms in Figure 8.1 (a). The 

GCMC results from the rigid CuBTC model overestimate the amount of ammonia adsorbed 

since the channels and micropores that can accommodate ammonia molecules will change 

during the NH3 adsorption. A pore volume decrease of 5 % to 18 % (breathing effect 

excluded) has been estimated in our experiments, resulting from the partial collapse of the 

CuBTC framework upon NH3 adsorption.[228]  

 

    

Figure 8.3. Cu-Cu radial distribution function evolution at 348 K: (a) pristine dehydrated 

CuBTC framework; (b) dehydrated CuBTC framework with 63 NH3 molecules. 
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      On the other hand, we want to know whether the CuBTC framework will collapse 

completely if there are adequate NH3 molecules. Our previous DFT calculation has shown 

that NH3 can chemisorb on the CuBTC framework through copper dimers, forming a bond of 

length 2.04 Å with a Cu atom of CuBTC.[228] The binding energies for two NH3 molecules, 

one at each side of the copper dimer, are 121.05 kJ/mol and 121.43 kJ/mol, respectively, 

indicating that each Cu dimer can host two chemisorbed NH3 molecules, one at each copper 

site. Considering the molecular formula of Cu48C288O192H96 for the dehydrated CuBTC 

framework used, we expect a chemisorption of 48 NH3 molecules in our calculations.  

The RDFs of the nitrogen atom with respect to the oxygen and copper sites of CuBTC 

are plotted in Figure 8.4.  The color map scale has been changed to demonstrate the first RDF 

peaks only. The first peak for the O-N RDF is at ~ 2.7 Å for the whole 300 ps RMD 

simulation, indicating that the distance between the NH3 molecules and the oxygen sites of 

CuBTC does not change over the course of the simulation. On the other hand, the Cu-N RDF 

shows that the distance between the nitrogen of NH3 and the copper sites is about 2.0 Å, and 

the value is stable after 50 ps of the calculation. The calculated distance between NH3 and 

copper sites is in good agreement with the DFT result. The distance also indicates that NH3 

molecules preferentially adsorb to the copper sites but not to the oxygen atoms of CuBTC. 
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Figure 8.4. Evolution of radial distribution function for the 63-NH3/CuBTC system at 348 

K: (a) O-N; (b) Cu-N. 

 

      The distribution of the 63 NH3 molecules were analysized during the 300 ps RMD 

simulation, as shown in Figure 8.5. The curves are fitted with five term polynomial functions 

to better demonstrate the trend and the limit. The number of initial gas–phase NH3 molecules 

is decreasing upon interaction with the CuBTC framework. NH3 molecules are quickly 

chemisorbed to CuBTC during the first 50 ps of the simulation and the number remains 

around 50 - 53 for the remaining 250 ps of the simualtion. The gas-phase NH3 molecules, 

which are physisorbed in the channels or micropores,  are less than 10 % of the initial 

number. This demonstrates that the dehydrated CuBTC framework hosts NH3 molecules 

mainly through chemisorption. The smaller amount of physisorbed NH3 can be explained by 

the collapse of the CuBTC framework upon NH3 chemisorption, where the numbers of main 

channels and micropores are reduced significantlly. The amount of chemisorbed NH3 is more 

than we expect from DFT calculations. This is probably due to the collapse of the CuBTC 

framework, making the Cu dimer and carboxylic moiety available to interact with more NH3 
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molecules. For example, three H2O molecules are reported to be coordinated to Cu in the 

CuBTC framework in the experiments of Schlesinger and co-workers.[275]  

 

 
Figure 8.5. Reactive adsorption of NH3 on dehydrated CuBTC at 348 K. The distribution of 

molecules is monitored as a function of simulation time. 

 

     We also observed the formation of NH3 dimers at the beginning of the RMD 

calculations. The number decreases quickly, indicating that the NH3 prefers to chemisorb to 

the copper sites rather than forming a dimer with another NH3 molecule. In the later part of 

our calculation, we detect that the Cu dimer can decompose and forms a new product with 

NH3. NH3 molecules also saturate the breaking bonds of copper and BTC by forming a new 

structure of (NH4)3BTC. The formation of equimolar Cu2(NH2)2 and (NH4)3BTC structures is 

only observed at 348 K. There is no such product at the lower temperatures of 301 K or 318 

K. The results agree with previous experiments by T.J. Bandosz and co-workers, where the 

N-H vibration frequency of NH4
+ is observed for NH3 adsorption on CuBTC/Graphene 
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nanocomposite.[36, 228] The formation of (NH4)3BTC is also observed in the experiments of 

Peterson et al.[229] Their 1H MAS NMR results also reveal the existence of Cu(OH)2 under 

humid conditions, which is not confirmed in our calculation of a dehydrated CuBTC 

framework.  

 

8.3.3. Reactive adsorption of H2O/NH3 mixtures on dehydrated CuBTC framework 

The molecular distribution for two H2O/NH3 mixtures on dehydrated CuBTC framework at 

301 K is shown in Figure 8.6.  The mixture of 48 H2O/120 NH3 shows similar trends and 

thus is not shown. The distribution of H2O and NH3 molecules are recorded over the 200 ps 

simulation and the data are fitted in the same way as in Figure 8.5, to show the trend and 

limit of the curves. 
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(a) 24 H2O/120 NH3, 301 K 

 

 
(b) 96 H2O/120 NH3, 301 K 

Figure 8.6. Reactive adsorption of H2O/NH3mixtures on dehydrated CuBTC at 301 K. The 

distribution of molecules is monitored as a function of simulation time: (a) 24 H2O/120 NH3; 

(b) 96 H2O/120 NH3. Arrows are added to guide the reading of numbers in accordance with 

the axis. 

 
 

     The number of gas-phase H2O molecules is changing from 24 to 21, and 96 to 86 for 

the two mixtures, indicating that most H2O molecules do not interact with the CuBTC 

24 H2O + 120 NH3

96 H2O + 120 NH3



  131 

framework but remain as free molecules in the channels and micropores. On the contrary, the 

number of chemisorbed NH3 molecules is substantially reduced by the increase of H2O 

molecules, from 86 to 48, when the number of H2O increases from 24 to 96. The results 

imply that the dehydrated CuBTC framework has higher chemisorption selectivity for NH3 

molecules. Although H2O molecules do not demonstrate a strong chemisorption on the 

CuBTC framework, they can block NH3 from interacting with the framework and greatly 

reduce the amount of chemisorbed NH3 on CuBTC. It has to be stressed that only 

chemisorbed ammonia is discussed here. The positive effect of water on overall adsorption of 

ammonia on CuBTC was discussed elsewhere. The enhanced adsorption of ammonia was 

linked to the dissolution of NH3 in the water film present in the CuBTC pores after the pre-

humidification process. Such water coverage is not reached in our calculations.  

      These results are also supported by the RDF analysis in Figure 8.7. The peaks of the 

Cu-Cu RDF are distributed more randomly for the low H2O content mixture. This is because 

under low water content, more NH3 molecules are chemisorbed to the CuBTC and the 

framework is collapsed in the long run. The Cu-N RDFs further support this conclusion. At 

low water content (Figure 8.7c), NH3 can react with the CuBTC framework and some bonds 

of Cu-N are found to be less than 2.0 Å in the later part of the simulation. With the same 

color scale map, the Cu-N RDF with high water content does not have any peak distributed 

in the range of 0 ~ 2.0 Å.  Due to fewer chemisorbed NH3 molecules on CuBTC, the 

probability of finding Cu-N RDF peaks at r = 2.0 Å is also greatly reduced, demonstrated by 

a lighter color in Figure 8.7d. 
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(a) Cu-Cu, 24 H2O 

 

(b) Cu-Cu, 96 H2O 

 

(c) Cu-N, 24 H2O 

 

(d) Cu-N, 96 H2O 

Figure 8.7. Evolution of radial distribution functions: (a) Cu-Cu RDF for the 24 H2O/120 

NH3/CuBTC system; (b) Cu-Cu RDF for the 96 H2O/120 NH3/CuBTC system; (c) Cu-N 

RDF for the 24 H2O/120 NH3/CuBTC system; (d) Cu-N RDF for the 96 H2O/120 

NH3/CuBTC system. 
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8.4. Conclusions 

With the ReaxFF force field parameterized for the Cu/O/H/N system, we have studied the 

reactive adsorption of NH3 on dehydrated CuBTC metal-organic framework. We find that the 

dehydrated CuBTC is hydrostatically stable under water contents up to 4.0 mole equivalents 

with respect to copper sites and temperatures up to 116 ℃. When NH3 molecules are added 

to the channel and micropores of CuBTC, they prefer to chemisorb to the copper sites rather 

than forming a dimer with another NH3 molecule. The formation of equimolar Cu2(NH2)2 

and (NH4)3BTC structures is also observed at 348 K, which is in good agreement with 

previous experimental findings. The CuBTC framework partially collapses upon NH3 

adsorption, but the Cu-Cu dimer structure is stable under the investigated conditions. The 

adsorption behavior of H2O/NH3 mixture on dehydrated CuBTC is also investigated in this 

work. Water molecules do not demonstrate a strong interaction with the copper sites of 

CuBTC, but the existence of water can substantially reduce the amount of chemisorbed NH3 

molecules. To the best of our knowledge, this is the first theoretical study of the reactive 

adsorption of NH3 on CuBTC framework. The results explain the experimental findings and 

provide atomic level insight into the removal of ammonia by reactive adsorption on CuBTC 

frameworks. 
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CHAPTER 9 

Conclusions and Outlook 

9.1. Conclusions  

 

 

Figure 9.1. The tree of thesis outline with the color codes: black - the toxic gas investigated; 

blue - the computational method; red - the chapter number; white - the keyword for the 

topic. 

 

As shown in Figure 9.1, in this thesis, we have been applying different computational 

methods to study the reactive adsorption of NH3 and H2S on graphene oxide (GO) and 

CuBTC metal-organic framework (MOF). The results can be summarized as follows: 

a. The adsorption and dissociation of H2S on a single vacancy on the graphene surface 

were investigated by the DFT method. The stable adsorption structures and adsorption 
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energies of H2S have been identified, and H2S adsorption was found to be energetically 

favorable on the center of the single vacancy, with hydrogen atoms up and the sulfur atom 

lying closest to the surface. Stable intermediate states for H2S dissociation were also 

determined from the calculation. The results indicate that H2S dissociates in a similar way to 

H2O on the single vacancy. Both the adsorption and dissociation of H2S are exothermic, and 

the calculated lowest activation energy barrier for dissociation is around 40.44 kcal/mol, 

indicating the dissociation of H2S over graphene single vacancy is a favorable process. 

b. The efforts to understand the catalytic role of GO materials also included DFT 

calculations to study the interactions between NH3 and the functional groups (carboxyl, 

hydroxyl, epoxy) of GO. The results show that NH3 can dissociate on the carboxyl and epoxy 

groups. Furthermore, the dissociation of NH3 on the carboxyl group is an endothermic 

process, but an exothermic reaction with the epoxy group and the activation energy is small. 

Another important result is that H2O does not dissociate but forms a hydrogen bond with the 

functional groups. This explains the experimental results and shows that H2O molecules can 

screen the accessibility of carboxyl and epoxy groups for the reactions with NH3.  

c. The temperature-programmed MD calculations, together with the ReaxFF method, 

were applied to generate realistic GO models for theoretical calculations. By using hydroxyl 

and epoxy functional groups and controlling the functionalization density, we were able to 

generate different functional patterns on the graphene surface, including the carboxyl group, 

the aldehyde group, the single vacancy with a pair of carbonyls, the pair of meta-epoxy 

groups, the pair of carbonyls, the large carbon ring, the preferential alignment of epoxy 

groups along the zigzag direction and so on. We further studied the adsorption and 
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dissociation of H2S and H2O/H2S mixtures on those realistic GO structures. H2S is observed 

to dissociate on the GO structures, but H2O molecules can more easily adsorb to the active 

sites of GO, and thus block the H2S molecules from interacting with GO. 

d. MOFs are widely used as adsorbents in adsorption and separation applications. 

However, the thermal and hydrostatic stabilities are always a limit to their applications. By 

using the ReaxFF method, we studied the thermal stability of the dehydrated CuBTC 

framework from 300 K to 1100 K. The results show that CuBTC is thermally stable up to 565 

K. When the temperature increases above 565 K, the framework starts to partially collapse. 

The RDF analysis showed that the long-range correlations between the Cu dimers disappear, 

indicating the loss of the main channels of CuBTC. When the temperature is above 800 K, 

we find decomposition of CuBTC. CO is the major production species and we also observe 

the release of CO2, O2, 1,3,5-benzenetricarboxylate (C6H3(CO2)3, BTC) and glassy carbon. 

These results are consistent with experimental findings, and can be considered to be the first 

step to understand the reactive adsorption on CuBTC.  

e. In general, CuBTC exhibits higher ammonia adsorption capacities than other gas-

phase molecules reported in the literature, such as CO2, CH4 and H2. The DFT calculations 

support the fact that CuBTC hosts a strong adsorption of ammonia. GCMC simulations using 

classical non-reactive force fields were adopted to study the adsorption isotherms of NH3 on 

CuBTC. The simulation results support the trends found experimentally. Nevertheless, higher 

adsorption capacities are predicted compared to the experimental measurements. This 

discrepancy is due to the partial collapse of the CuBTC structure upon exposure to ammonia, 
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which cannot be accounted for in the GCMC simulations with rigid models and classical 

force fields. 

f. With the ReaxFF force field, we have studied the reactive adsorption of NH3 on the 

dehydrated CuBTC. We find that the dehydrated CuBTC is hydrostatically stable under 

water contents up to 4.0 mole equivalents with respect to copper sites and temperatures up to 

116 ℃. When NH3 molecules are added to the channel and micropores of CuBTC, they 

prefer to chemisorb to the copper sites rather than forming a dimer with another NH3 

molecule. The formation of equimolar Cu2(NH2)2 and (NH4)3BTC structures is also observed 

at 348 K, which is in good agreement with previous experimental findings. The CuBTC 

framework partially collapses upon NH3 adsorption, but the Cu-Cu dimer structure is stable 

under the investigated temperatures up to 348 K. The adsorption behavior of H2O/NH3 

mixtures on dehydrated CuBTC is also investigated. Water molecules do not demonstrate a 

strong interaction with the copper sites of CuBTC, but the existence of water can 

substantially reduce the amount of chemisorbed NH3 molecules. The results explain the 

experimental findings and provide atomic level insight into the removal of ammonia by 

reactive adsorption on CuBTC frameworks.  

 

9.2. Future research plans 

In this thesis, we used the graphene sheet as the base material to study the effects of a single 

vacancy and functional groups on the adsorption and dissociation of H2S or NH3. It would be 

also important to study the graphite oxides. As shown in Figure 9.2, the graphite oxide can be 

considered as a stack of graphene oxides or the oxidization of the graphite materials. The 
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original interlayer van der Waals interactions as well as the interlayer distances will be 

affected by the defects or functional groups.  

 

 

Figure 9.2. A schematic model for graphite oxide material: gray-carbon, red-oxygen, and 

white-hydrogen. 

 

 On the other hand, although we observed the dissociation of H2S on the vacancy 

defect of the graphene in Chapter 3, we do not identify such dissociation from RMD 

calculations in Chapter 5. This is probably due to the steric hindrance effect from the realistic 

GO models used in Chapter 5, where the H2S molecules are preferentially adsorbed on the 

functional groups. It would be of interest to perform RMD calculations to study H2S 

interactions with the single vacancy or Stone-Wales defects, as proposed in Figure 9.3. The 

ReaxFF parameters may need to be re-trained to describe the interactions accurately.  
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Figure 9.3. The RMD simulation model to study the interactions between H2S molecules and 

the graphene with the single vacancy defects (red circles), and Stone-Wales defects (blue 

rectangles).  

 

 It has been shown experimentally that,[36, 205, 228, 278] compared to the use of GO 

or CuBTC alone, GO/CuBTC nanocomposites demonstrate a significantly enhanced capacity 

for NH3 or H2S adsorption. In particular, GO is believed to lead to an enhancement in 

nonspecific adsorption owing to the presence of extended graphene type layers and also to an 

enhancement in strong specific adsorption owing to its acidic character. On the other hand, 

the MOF can improve the kinetics of adsorption due to the structure of its framework. 

Moreover, the specific interactions and reactivity can also be enhanced owing to the MOF’s 

chemical composition. A proposed structure of the GO/CuBTC nanocomposite is shown in 

Figure 9.4, where the structural synergy enhances the physisorption of NH3. 
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Figure 9.4. A schematic model of the GO/CuBTC composite: the contribution for NH3 

(yellow spheres) adsorption comes from the physisorption in the pores/channels, the 

chemisorption on the Copper sites of CuBTC, and the reaction with the functional groups of 

GO. [257]   

 

It is quite challenging to computationally study the properties of GO/CuBTC 

nanocomposites. The first difficulty is the nanocomposite model itself. Graphite oxide is an 

amorphous material, while CuBTC is a crystal. It is thus not possible to simply match the 

lattice parameters and build up the model. Instead, we may have to use the surface-cluster 

model to study the surface/interface properties between GO and CuBTC. As demonstrated in 

Figure 9.5, the GO/CuBTC model has many atoms, so that DFT methods cannot efficiently 

handle such a calculation. We need to develop ReaxFF parameters to describe the 

GO/CuBTC nanocomposite, and later the interaction between NH3 and the nanocomposite.   
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Figure 9.5. Schematic models for the nanocomposite: (Left) Graphite-CuBTC; (Right) GO-

CuBTC. The CuBTC MOF crystal is cleaved along the [100] face; four layers of carbons 

are used to represent the graphite or GO. The color codes are: Carbon (Grey), Oxygen 

(Red), Hydrogen (White), and Copper (Light Salmon). 
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APPENDIX A.  

Installing the parallel version of LAMMPS package 

 

We demonstrate the parallel installation of LAMMPS on the Linux OS (x86_64). 

Required source codes/packages  

(a) LAMMPS Version July 2, 2012; 

(b) PGI C++/FORTRAN version 12.3; 

(c) FFTW version 2.1.5; 

(d) MPICH2 version 1.4.1p1; 

The pre-requisites and the LAMMPS package are installed under the path /lammps. 

 

Installation Steps  

(1) Make sure the PGI C++/FORTRAN have been installed and the compiler commands are 

searchable, for example: 
$ which pgf90 
/opt/pgi/linux86-64/12.3/bin/pgf90 

 

(2) Install FFTW for the fast Fourier transform computation:  

Download FFTW from the website http://www.fftw.org/download.html, and save the source 

code to /lammps 
$ cd /lammps 

$ tar -zxvf fftw-2.1.5.tar.gz 

$ cd fftw-2.1.5 

$ ./configure --enable-float --prefix=/lammps/fftw215 

$ make 

$ make install 

$ make distclean 

$ ./configure --prefix=/lammps/fftw215 

$ make 

$ make install 
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(3) Install MPICH2 for the parallel communications.  

3.1. Download mpich2-1.4.1p1.tar.gz, and save the source code to /lammps. 

http://www.mcs.anl.gov/research/projects/mpich2/downloads/index.php?s=downloads 
$ cd /lammps 

$ tar zxvf mpich2-1.4.1p1.tar.gz 

$ mkdir mpich 

$ cd mpich2-1.4.1p1 

$ ./configure CC=pgcc CXX=pgCC F70=pgf70 FC=pgf90 --prefix=/lammps/mpich 

$ make 

$ make install 

 

3.2. Add the commands to the search path. If bash is the default shell, this can be done by 

editing the “.bash_profile” under the home directory: 

 
$ vi ~/.bash_profile 

 

Add the two lines below: 
PATH=/lammps/mpich/bin:$PATH  
export PATH 
Save and make the changes effective: 
$ . ~/.bash_profile 

 

Check to see if the executable is searchable:  
$ which mpif90 

/lammps/mpich/bin/mpif90 

 

(4) Install the parallel version of Lammps with ReaxFF library. 

 4.1. Download the latest version from: http://lammps.sandia.gov/download.html, and save to 

/lammps 
$ cd /lammps 

$ tar zxvf lammps.tar.gz  

$ cd lammps-2Jul12 
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4.2. Compile the REAX library 
$ cd lib/reax 

$ make -f Makefile.pgf90 

$ vi Makefile.lammps 

 

Change the “Makefile.lammps” file, so the contains look like: 
reax_SYSINC =  
reax_SYSLIB = -lpgf90 -lpgf90rtl -lpghpf_mpi -lpghpf2  
reax_SYSPATH = 
 

4.3. Change the makefile “Makefile.pgi” at /lammps/lammps-2Jul12/src/MAKE 
$ cd /lammps/lammps-2Jul12/src/MAKE 

$ vi Makefile.pgi 

 

The changes are mainly to specify the compiler options and the path to the libraries files: 
# pgi = Portland Group compiler, pgCC, MPICH, FFTW 
SHELL = /bin/sh 
# Compiler/linker settings 
# Specify flags and libraries needed for your compiler 
CC =            mpicxx 
CCFLAGS =       -fast 
DEPFLAGS =      -M 
LINK =          mpicxx 
LINKFLAGS = 
LIB =           -lpthread -lpgf90 -lpghpf_mpi -lpghpf2 -lpgf90rtl -lpgftnrtl 
ARCHIVE =       ar 
ARFLAGS =       -rc 
SIZE =          size 
 
# LAMMPS-specific settings 
LMP_INC =       -DLAMMPS_GZIP 
 
# MPI library, REQUIRED 
# INC = path for mpi.h, MPI compiler settings 
# PATH = path for MPI library 
# LIB = name of MPI library 
MPI_INC =       -I/home/qphll/mpich/include 
MPI_PATH =      -L/home/qphll/mpich/lib 
MPI_LIB =       -lmpich 
 
# FFT library, OPTIONAL 
# INC = -DFFT setting, e.g. -DFFT_FFTW, FFT compiler settings 
# PATH = path for FFT library 
# LIB = name of FFT library 
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FFT_INC =       -DFFT_FFTW -I/lammps/fftw215/include 
FFT_PATH =      -L/lammps/fftw215/lib 
FFT_LIB =       -lfftw 
 

4.4. Define the packages to be installed:  
$ cd /lammps/lammps-2Jul12/src 

$ make yes-all 

$ make no-gpu 

$ make no-kim 

$ make no-user-atc 

$ make no-user-awpmd 

$ make no-user-cuda 

$ make no-meam 

$ make no-poems 

 

You may check the installed package/library using the command below: 
$ make package-status 

 

4.5. Now, the final step is: 
$ make pgi 

You should receive the parallel executable named “lmp_pgi” at the end of the process. 
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APPENDIX B. 

An example of the temperature-programmed RMD by LAMMPS 

The control file used in the temperature-programmed RMD in Chapter 5 is provided. We also 

give a list of ReaxFF parameters used in the graphene oxide calculations.  

 

B.1. Control file, “in.reaxff” 

              ## Initialization 
units  real 
dimension   3 
boundary    p  p  p 
atom_style charge 
## Atom definition 
read_data initial.dat 
## ReaxFF, 1-C, 2-H, 3-O, 4-N, 5-S 
pair_style reax 
pair_coeff *  * ffield.reax 1 2 3  
## Settings 
mass 1 12.0107 
mass 2 1.00794 
mass 3 15.9994 
neighbor 2.5 bin 
neigh_modify delay 0 every 2 check yes 
# Timestep, unit: fs 
timestep 0.25 
 
compute reax  all pair reax 
variable eb     equal c_reax[1] 
variable ea     equal c_reax[2] 
variable elp    equal c_reax[3] 
variable emol   equal c_reax[4] 
variable ev     equal c_reax[5] 
variable epen     equal c_reax[6] 
variable ecoa    equal c_reax[7] 
variable ehb   equal c_reax[8] 
variable et    equal c_reax[9] 
variable eco     equal c_reax[10] 
variable ew    equal c_reax[11] 
variable ep   equal c_reax[12] 
variable efi     equal c_reax[13] 
variable eqeq     equal c_reax[14] 
## Output frequency 
thermo          10 
thermo_style custom step cpu press vol temp etotal pe ke v_eb v_ea v_elp v_emol v_ev v_epen v_ecoa v_ehb 
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v_et v_eco v_ew v_ep v_efi v_eqeq 
thermo_modify line one 
restart        1000 restart.* 
### Simulation-1: NVT, 10K, 25 ps. 
## XYZ 
dump   1  all xyz 1000 10.structure.*.xyz 
dump_modify 1 sort id  
 
 
## This is to set initial velocities at 10.0K, according to Maxwell-Boltzmann distribution. 
velocity all create 10.0 493243 dist gaussian 
fix 1 all nvt temp 10.0 10.0 100.0 
fix 2 all reax/bonds 10 10.bonds.connect 
run 100000 
undump 1 
unfix 1 
unfix 2 
 
### Simulation-2: NVT, 10 K - 2010K, 0.005 K/iteration 
              # XYZ 
dump   21   all xyz 1000 10-2010.structure.*.xyz 
dump_modify 21 sort id  
fix 21 all nvt temp 10.0 2010.0 100.0 
fix 22 all reax/bonds 10 10-2010.bonds.connect 
run 400000 
undump 21 
unfix 21 
unfix 22 
 
### Simulation-3: NVT, 2010 K, 25 ps 
              ## XYZ 
dump   31   all xyz 1000 2010.structure.*.xyz 
dump_modify 31 sort id  
fix 31 all nvt temp 2010.0 2010.0 100.0 
fix 32 all reax/bonds 10 2010.bonds.connect 
run 100000 
undump 31 
unfix 31 
unfix 32 
 
 
### Simulation-4: NVT, 2010 K – 10 K, 0.005 K/iteration 
## XYZ 
dump   41   all xyz 1000 2010-10.structure.*.xyz 
dump_modify 41 sort id  
fix 41 all nvt temp 2010.0 10.0 100.0 
fix 42 all reax/bonds 10 2010-10.bonds.connect 
run 500000 
undump 41 
unfix 41 
unfix 42 
 



  172 

### Simulation-4: NVT, 2010 K – 300 K, 0.005 K/iteration 
## XYZ 
dump   41   all xyz 1000 2010-300.structure.*.xyz 
dump_modify 41 sort id  
fix 41 all nvt temp 2010.0 300.0 100.0 
fix 42 all reax/bonds 10 2010-300.bonds.connect 
run 342000 
undump 41 
unfix 41 
unfix 42 
### Simulation-5: NVT, 300 K, 25 ps. 
## XYZ 
dump   51   all xyz 1000 300.structure.*.xyz 
dump_modify 51 sort id  
fix 51 all nvt temp 300.0 300.0 100.0 
fix 52 all reax/bonds 10 300.bonds.connect 
run 100000 
undump 51 
unfix 51 
unfix 52 
 
 
B.2. A list of ReaxFF parameter explanations  

The complete list of ReaxFF potential functions can be found elsewhere.[51]  

 

Table A-1. The parameters in the bond order functions. 

 pbo1  pbo6  Bond parameters 

r0
σ ,r0

π ,r0
ππ  Bond radius parameters 

Vali ,Vali
boc  Valences of atom i 

pboc1, pboc2  Overcoordination parameters 

 pboc3  pboc5  1-3 bond order corrections 
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Table A-2. The parameters in the 1-body energy. 

Vali
e  Valence of atom i 

nlp−opt ,i  The number of lone pair electrons at normal condition 

plp1   Lone pair parameter 

plp2  Lone pair energy parameter 

 povun1  povun4  Overcoordination parameters 

povun5  Undercoordination energy parameter 

 povun6  povun8  Undercoordination parameters 

 

 

Table A-3. The parameters in the Ebond . 

De
σ ,De

π ,De
ππ  σ ,π ,  and double π  bond energy parameters 

pbe1, pbe2  Bonding energy parameters 
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Table A-4 The parameters in the 3-body energy. 

pval1   Valence angle energy parameter 

 pval2  pval7, pval9, pval10  Valence angle parameters 

pval8  Valence lone pair parameter 

Θ0,0  Equilibrium valence angle 

Vali
angle  Atom valence 

ppen1  Penalty energy parameter 

ppen2  Double bond/angle parameter 

ppen3, ppen4  Double bond/angle parameter for overcoordination 

pcoa1  3-body conjugation energy parameter 

 pcoa2  pcoa4  Valence angle conjugation parameters 

 

 

Table A5. The parameters in the 4-body energy. 

 V1 V3  Torsion energy parameters 

ptor1  Torsion parameter 

ptor2  Torsion bond order parameter 

ptor3, ptor4  Torsion overcoordination parameters 

pcot1  4-body conjugation energy parameter 

pcot2  4-body conjugation parameter 

 

 

Table A-6. The parameters in the hydrogen bonding energy. 

phb1  Hydrogen bond energy parameter 

phb2, phb3  Hydrogen bond parameters 

rhb
0  Hydrogen bond radius 
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Table A-7. The parameters in the non-covalent energy. 

Dij  van der Waals energy parameter 

α ij ,rvdW ,γ w  van der Waals parameters 

pvdw1  van der Waals shielding 

γ ij  Coulomb parameter 

 

 

B.3. ReaxFF parameters for C, H and O elements of graphene oxide. 

The general parameters are denoted by the superscript† . The parameters that are not used in 

the calculation are left blank. 

 

Table A-8. EEM parameters. 

 χ eV( )  η eV( )  γ Å−1( )  
C 5.8678 7.0000 0.900 

H 5.3200 7.4366 1.0206 

O 8.5000 8.9989 1.0503 

 

 

Table A-9. Bond order parameters. 

 pbo1  pbo2  pbo3  pbo4  pbo5  pbo6  r0
σ Å( )  r0

π Å( )  r0
ππ Å( )  

C-C 6.8316 1.0 9.2605 0.0 -0.4591 0.4235 1.3825 1.1359 1.2104 

H-H 4.0758 0.0 0.0000 0.0 0.0000 1.0000 0.7842 -0.1000 -0.1000 

O-O 6.2919 1.0 7.6487 1.0 -0.1244 0.9114 1.2477 0.9088 1.0863 

C-H 6.8315 0.0 0.0000 0.0 0.0000 0.7140    

C-O 5.2913 0.0 7.0303 1.0 -0.1613 1.0000    

O-H 5.0451 0.0 0.0000 0.0 0.0000 0.5514    
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Table A-10. Bond order correction parameters. 

 Vali  Vali
boc  pboc1

†  pboc2
†  pboc3  pboc4  pboc5  

C 4.0000 4.0000 50.0000 9.5469 34.7289 8.6991 13.3894 

H 1.0000 1.0000 50.0000 9.5469 3.3517 1.9771 0.7571 

O 2.0000 4.0000 50.0000 9.5469 3.3754 20.4140 0.2702 

 

 

Table A-11. Bond energy parameters. 

 De
σ kcal /mol( )  De

π kcal /mol( )  De
ππ kcal /mol( )  pbe1  pbe2  

C-C 156.5953 100.0397 80.0000 -0.8157 -0.1000 
H-H 145.0803 0.0000 0.0000 -0.4173 1.0000 
O-O 60.1463 176.6202 51.1430 -0.2802 -0.1239 
C-H 170.2316 0.0000 0.0000 -0.5931 1.0000 
C-O 160.4802 105.1693 23.3059 -0.3873 -0.3174 
H-O 180.4373 0.0000 0.0000 -0.8074 1.0000 

 
 

Table A-12. Lone pair energy parameters.  

 Vali
e  plp1

†  plp2 kcal /mol( )  
C 4.0000 6.0891 0.0000 
H 1.0000 6.0891 0.0000 
O 6.0000 6.0891 1.0003 

 
�  

Table A-13. Overcoordination parameters. 

 Vali  povun1  povun2  povun3
†  povun4

†  
C-C 4.0000 0.4527 -2.8983 50.0000 0.6991 
H-H 1.0000 5.2125 -15.7683 50.0000 0.6991 
O-O 2.0000 0.2441 -3.6141 50.0000 0.6991 
C-H  5.2267  50.0000 0.6991 
C-O  0.5341  50.0000 0.6991 
H-O  1.2490  50.0000 0.6991 
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Table A-14. Undercoordination parameters. 

 povun2  povun5  povun6
†  povun7

†  povun8
†  

C-C -2.8983 33.2433 1.0588 12.1176 13.3056 
H-H -15.7683 0.0000 1.0588 12.1176 13.3056 
O-O -3.6141 36.9573 1.0588 12.1176 13.3056 
C-H   1.0588 12.1176 13.3056 
C-O   1.0588 12.1176 13.3056 
H-O   1.0588 12.1176 13.3056 

 
 

Table A-15. Valence angle parameters, part I. 

 pval1  pval2  pval3  pval4  pval5  pval6  
C   2.5000  2.9663  
H   2.1488  2.8793  
O   2.7025  2.9225  

C-C-C 22.0695 1.6286  1.8089   
C-C-H 14.3185 6.2977  1.1530   
H-C-H 25.3540 3.4508  3.0000   
C-H-H 0.0000 6.0000  1.0400   
C-H-C 3.4110 7.7350  1.0400   
H-H-H 27.9213 5.8635  1.0400   
C-C-O 7.3771 4.9568  1.0010   
O-C-O 39.8746 2.5403  2.1240   
H-C-O 14.2057 4.8649  1.7185   
C-O-C 44.7500 0.7952  1.0528   
C-O-O 36.6201 2.0201  3.0000   
O-O-O 30.4554 0.9953  1.0783   
C-O-H 21.7062 0.4735  1.1793   
H-O-O 23.3540 1.5057  1.3023   
H-O-H 10.4737 1.2895  1.1043   
C-H-O 25.0000 3.0000  1.0400   
O-H-O 0.0148 6.0000  1.0400   
H-H-O 9.7025 6.0000  1.0400   
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Table A-16. Valence angle parameters, part II. 

 pval7
†  pval8

†  pval9
†  pval10

†  Valangle  Θ0,0  
C 33.8667 1.8512 1.0563 2.0384 4.0000  
H 33.8667 1.8512 1.0563 2.0384 1.0000  
O 33.8667 1.8512 1.0563 2.0384 4.0000  

C-C-C 33.8667 1.8512 1.0563 2.0384  67.2326 
C-C-H 33.8667 1.8512 1.0563 2.0384  65.2527 
H-C-H 33.8667 1.8512 1.0563 2.0384  70.0840 
C-H-H 33.8667 1.8512 1.0563 2.0384  0.0000 
C-H-C 33.8667 1.8512 1.0563 2.0384  0.0000 
H-H-H 33.8667 1.8512 1.0563 2.0384  0.0000 
C-C-O 33.8667 1.8512 1.0563 2.0384  49.5561 
O-C-O 33.8667 1.8512 1.0563 2.0384  77.1171 
H-C-O 33.8667 1.8512 1.0563 2.0384  65.0000 
C-O-C 33.8667 1.8512 1.0563 2.0384  74.3994 
C-O-O 33.8667 1.8512 1.0563 2.0384  77.9854 
O-O-O 33.8667 1.8512 1.0563 2.0384  80.7324 
C-O-H 33.8667 1.8512 1.0563 2.0384  71.5018 
H-O-O 33.8667 1.8512 1.0563 2.0384  84.9468 
H-O-H 33.8667 1.8512 1.0563 2.0384  77.0645 
C-H-O 33.8667 1.8512 1.0563 2.0384  0.0000 
O-H-O 33.8667 1.8512 1.0563 2.0384  0.0000 
H-H-O 33.8667 1.8512 1.0563 2.0384  0.0000 
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Table A-17. Penalty energy and 3-body conjugation parameters. 

 ppen1  ppen2  ppen3
†  ppen4

†  pcoa1  pcoa2
†  pcoa3

†  pcoa4
†  

C-C-C 15.4141 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-C-H 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
H-C-H 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-H-H 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-H-C 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
H-H-H 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-C-O 15.9906 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
O-C-O -42.9758 6.929 0.3889 3.9954 -24.3902 26.5405 2.6962 2.1365 
H-C-O 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-O-C 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-O-O 67.0264 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
O-O-O 50.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-O-H 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
H-O-O 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
H-O-H 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
C-H-O 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
O-H-O 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 
H-H-O 0.0000 6.929 0.3889 3.9954 0.0000 26.5405 2.6962 2.1365 

 
 

 
Table A-18. Torsion angle and 4-body conjugation parameters, part I. 

 ptor1  ptor2
†  ptor3

†  ptor3
†  V1  V2  V3  pcot1  pcot2

†  
C-C-C-C -4.7057 5.7796 10.0 1.9487 -0.2500 11.5822 0.1879 -2.2047 2.1645 
C-C-C-H -4.6391 5.7796 10.0 1.9487 -0.2500 31.2596 0.1709 -1.9002 2.1645 
H-C-C-H -5.0019 5.7796 10.0 1.9487 -0.1770 30.0252 0.4340 -2.0697 2.1645 
C-C-C-O -2.5000 5.7796 10.0 1.9487 -0.7098 22.2951 0.0060 -2.1688 2.1645 
H-C-C-O -4.0088 5.7796 10.0 1.9487 -0.3568 22.6472 0.6045 -1.0000 2.1645 
O-C-C-O -5.0913 5.7796 10.0 1.9487 -0.0528 6.8150 0.7498 -1.0000 2.1645 
C-C-O-C -2.6465 5.7796 10.0 1.9487 2.0007 25.5641 -0.0608 -1.1766 2.1645 
C-C-O-H -8.0821 5.7796 10.0 1.9487 -1.1953 42.1545 -1.0000 -1.0000 2.1645 
H-C-O-C -2.5440 5.7796 10.0 1.9487 -0.9284 34.3952 0.7285 -2.4641 2.1645 
H-C-O-H -3.5697 5.7796 10.0 1.9487 -2.5000 79.6980 1.0000 -2.7501 2.1645 
C-C-O-O -2.5000 5.7796 10.0 1.9487 -0.0179 5.0603 -0.1894 -2.0399 2.1645 
H-C-O-O -4.4000 5.7796 10.0 1.9487 -0.5583 80.0000 1.0000 -3.0000 2.1645 
O-C-O-C -3.7586 5.7796 10.0 1.9487 -2.5000 76.0427 -0.0141 -2.9000 2.1645 
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Table A-19. Torsion angle and 4-body conjugation parameters, part II. 

 ptor1  ptor2
†  ptor3

†  ptor3
†  V1  V2  V3  pcot1  pcot2

†  

O-C-O-H -4.1777 5.7796 10.0 1.9487 0.0345 78.9568 -0.6810 -3.0000 2.1645 

O-C-O-O -3.0293 5.7796 10.0 1.9487 -2.5000 66.3525 0.3986 -3.0000 2.1645 

C-O-O-C -3.5096 5.7796 10.0 1.9487 2.5000 -0.5332 1.0000 -2.9000 2.1645 

C-O-O-H -5.2021 5.7796 10.0 1.9487 -2.5000 3.3219 0.7180 -2.9330 2.1645 

H-O-O-H -2.6189 5.7796 10.0 1.9487 2.2500 -6.2288 1.0000 -1.0000 2.1645 

C-O-O-O -2.5000 5.7796 10.0 1.9487 0.0531 -17.3983 1.0000 -2.1584 2.1645 

H-O-O-O -2.5000 5.7796 10.0 1.9487 0.4723 -12.4144 -1.0000 -1.0000 2.1645 

O-O-O-O -2.5000 5.7796 10.0 1.9487 -2.5000 -25.0000 1.0000 -1.0000 2.1645 

 
 

Table A-20. van der Waals interaction parameters. 

 Dij  rvdW  α ij  pvdW 1
†  γ W  

C 0.1853 1.9133 9.7602 1.5591 2.1346 
H 0.0420 1.4029 9.2018 1.5591 5.0518 
O 0.0904 1.9236 10.2127 1.5591 7.7719 

 
 

Table A-21. Coulomb interaction parameters. 

 γ ij  
C 0.9000 
H 1.0503 
O 1.0206 

 

 

Table A-22. Hydrogen bond parameters. 

 rhb
0  phb1  phb2  phb3  

O-H-O 1.962 -4.4628 1.7976 3.0000 
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Table A-23. Taper correction parameters. 

rc Å( )  Tap0  Tap1  Tap2  Tap3  Tap4  Tap5  Tap6  Tap7  

10.0 1.0 0.0 0.0 0.0 − 35.0
rc
4   84.0

rc
5  − 72.0

rc
6  20.0

rc
7  

 


