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Abstract 

Adsorption is widely used in industries for gas separation, purification, catalysis and 

energy storage.  Due to the introduction of adsorbents, the adsorbate can exhibit 

different phase behaviours compared to its bulk phase.  At the same time, the 

adsorbate can induce adsorbent deformation due to the forces exerted by adsorbate 

molecules on the surface of the adsorbent.  The understanding of the abundant 

adsorption and phase behaviours during gas adsorption on solid surfaces and in 

porous solids as well as the adsorption-induced solid deformation is not only of 

fundamental scientific interests, but also important for the application and 

optimization of industrial adsorption processes.    

Molecular simulations, particularly Monte Carlo simulations, have shown great 

potential for adsorption studies.  With molecular simulation, the microscopic 

mechanisms of the adsorption phenomena can be obtained, which are hardly 

accessible to experimental studies.  In this thesis, we report Monte Carlo simulation 

studies of simple gas adsorption on graphite surfaces and in graphitic slit porous 

solids, with the aim of providing fundamental understanding of gas adsorption and 

adsorption-induced deformation in carbonaceous solids. 

We first studied the adsorption and desorption of krypton on graphite at temperatures 

in the range of 60-88 K, with a particular emphasis on the gas-solid, gas-liquid and 

liquid-solid two-dimensional (2D) phase transitions.  We find that for temperatures 

below the bulk triple point, the transition from a 2D liquid-like monolayer to a 2D 

solid-like state is manifested as a sub-step in the isotherm.  A further increase in the 

chemical potential leads to another rearrangement of the 2D solid-like state from a 

disordered structure to an ordered structure that is signalled by another sub-step in 

the monolayer region and a spike in the plot of isosteric heat versus density at 

loadings close to the dense monolayer coverage concentration.  Whenever a 2D 

transition occurs in a grand canonical isotherm it is always associated with a 

hysteresis, a feature that is not widely recognised in the literature.  We studied in 

details this hysteresis with the analysis of the equilibrium transition obtained with the 

Mid-Density Scheme and found that the equilibrium transition coincides exactly with 

the vertical segment of the Canonical kinetic Monte Carlo isotherm, indicating the 
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co-existence of two-phases at equilibrium.  The 2D co-existence is also observed for 

higher layers, provided that the temperature is well below the triple point.  

We further investigated the adsorption of argon in homogeneous graphitic slit pores 

with two open ends in the micropore range, particularly looking into the order-

disorder transitions and the restructuring hysteresis loops.  The formation of solid-

like phases in the pore is observed at temperatures above the triple point and this is 

affected significantly by the pore width, as no ordering transition occurs when there 

is incommensurate molecular packing in the pore.  The ordering transition is first 

order with a Type H1 hysteresis loop when the pore is infinitely long, while the 

transition is second order in finite length pores and the hysteresis is entirely resulted 

from the adsorbate restructuring.  When the ordering transition occurs after a first 

order capillary condensation/evaporation, the hysteresis loop is induced by both 

mechanisms.    

When adsorption occurs in porous solids, the adsorbate can exert forces to the pore 

walls and induce adsorbent deformation.  In order to shed light on the underlying 

mechanisms of adsorption-induced deformation, we studied argon adsorption in 

deformable graphitic slit pores at sub- and supercritical temperatures.  We find that 

solvation pressure is the driving force for the deformation.  This is analysed by 

studying its spatial distribution across the pore in order to understand the effects of 

adsorbate location on the deformation.  The pore width affects the packing of the 

adsorbate molecules and zero solvation pressure at saturation pressure could be used 

to distinguish between commensurate and incommensurate pores.  Thermal 

fluctuation increases with temperature meaning that molecular excursions are closer 

to the pore walls at high temperatures, resulting in greater repulsion compared to that 

at lower temperatures.  Consequently, the pore deformation depends on an intricate 

interplay between packing and thermal fluctuation.  
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Chapter 1. Introduction 

1.1. Background 

Adsorption is widely present in many natural systems and also plays an important 

role in industrial applications such as separation, purification, catalysis and energy 

storage [1].  Academic interest in the adsorption phenomena is commensurate with 

their industrial importance and adsorption is accepted as one of the standard methods 

for the characterization of the surface area and pore size distributions of solid 

materials [2-4].  A fundamental study of the adsorption mechanisms at the molecular 

level is essential for designing and optimizing industrial adsorption processes as well 

as the solid materials used for adsorption. 

In 1918, Langmuir proposed the first theoretical model in molecular scale for the 

adsorption process, which describes the adsorption of a fluid on a homogeneous 

surface up to monolayer coverage [5].  Later in 1938, Brunauer, Emmett and Teller 

derived the famous BET equation for multilayer adsorption, which is now commonly 

used for surface area determination [6].  Thereafter, many modified equations have 

been developed with extra fitting parameters to be descriptive of certain adsorption 

systems.  The drawback of these classical theories is assumptions had to be made to 

simplify the deduction process.  And this can be overcome with the newly developed 

techniques, such as molecular simulations, that directly take into account the 

underlying properties of the system.   

With the fast development of computer science, molecular simulation has become a 

powerful tool for the study of the adsorption phenomena.  In principle if the 

interaction potentials of all the components in the adsorption system are known, all 

the thermodynamic properties can be obtained by molecular simulation.  More 

importantly, one can probe into the microscopic properties of the system and apply 

conditions that are hardly accessible to experimental studies.  The two principal 

approaches of molecular simulation are Molecular Dynamics (MD) and Monte Carlo 

(MC) Simulations [7-9].  In MD simulations, the equations of motion of molecules 

are solved and the properties of the system are calculated as a time average.  MC 

simulations use importance sampling to sample the configurational space of the 

system with the properties calculated as an ensemble average and are preferred for 

the equilibrium study of the adsorption system.    
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In practical industry, a large sub-group of materials are those derived from carbon 

and these carbonaceous materials are widely used as adsorbents for various purposes.  

Production of carbon materials for industry and the relevant research is an ongoing 

area of investigation.  Amongst the carbon materials, the graphitized carbon black is 

a very ideal substrate for fundamental studies of the adsorption phenomena because 

of its structure simplicity and relative homogeneity of the surface [10].  A successful 

description of the adsorption behaviour of a fluid on graphitized carbon black is a 

stepping stone towards the simulation of adsorption in more complicated porous 

solids, which exhibits many interesting adsorption phenomena due to the 

confinement and the enhanced solid-fluid interactions, such as the freezing/melting 

transitions [11] and the high pressure effects in the pore [12] which can lead to the 

deformation of the solid.  

Although much work has been done for the study of the adsorption behaviours in 

carbonaceous solids, there are still many unresolved issues.  For example, the 

hysteresis phenomenon during adsorption on graphitized carbon black and in 

microporous solid has rarely been studied.  Another aspect that needs further 

investigation is the adsorption-induced solid deformation, as the solid is considered 

as a rigid body in most studies, however, in reality the adsorbate can induce 

deformation of the solid which cannot be neglected in certain circumstances.  

The first aim of this thesis is to gain a fundamental understanding of adsorption on 

graphitized carbon black and in graphitic microporous solid, with a particular 

emphasis on the exhibition of hysteresis and its underlying mechanisms.  Another 

aim of this thesis is to investigate the adsorption-induced deformation in porous 

solids, which involves the development of a new deformable solid model and a 

systematic study of the deformation behaviours of graphitic micro- and mesoporous 

solids.     

1.2. Literature Review 

Adsorption of gases on solid surfaces and in porous materials exhibit quite different 

behaviours with the variation of pore size, temperature and solid affinity, which are 

featured in their adsorption isotherms.  In the new IUPAC classification, 

physisorption isotherms, as shown in Figure 1.1, were grouped into six types [4].  

The Type I isotherm is given by microporous solids, such as activated carbon and 
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molecular sieve zeolites, with a steep uptake at low pressures and a limiting amount 

adsorbed at the saturation vapour pressure.  The Type I(a) isotherm is usually 

associated with microporous materials having mainly narrow micropores and the 

Type I(b) isotherm is found in materials having a broader pore size distribution with 

wider micropores and possibly narrow mesopores.  The Type ІІ isotherm and the 

Type ІІІ isotherm are found in nonporous or macroporous solids with the difference 

that those solids with relatively weak adsorbate-adsorbent interactions present Type 

ІІІ isotherms.  The Type ІV isotherm is given by mesoporous solids and the Type V 

isotherm is found in microporous and mesoporous solids with relatively weak 

adsorbate-adsorbent interactions.  The stepwise Type VІ isotherm is representative of 

the layering adsorption on a highly uniform nonporous surface such as graphite and 

graphitized thermal carbon black.  An overview of the characteristics of adsorption 

on surfaces and in microporous and mesoporous solids is divided into the following 

three sections, followed by a review of the adsorption-induced solid deformation.           

 

Figure 1.1 Classification of physisorption isotherms according to IUPAC (2015). 

 

1.2.1. Adsorption on Surfaces 

The understanding of adsorption on an open surface in a molecular scale was first 

credited to Langmuir with his equation for the adsorption of fluid on a homogenous 

surface up to monolayer coverage [5].  In this theory adsorption was described as the 

equilibrium between molecules being adsorbed onto the surface and those being 
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desorbed away from the surface.  With the assumptions of a homogeneous surface, 

localized adsorption and negligible interaction among adsorbed molecules, the 

famous Langmuir equation was derived as: 

( )0; exp /
1 g

bP
b b Q R T

bP
θ = =

+
                                                                               (1.1) 

where θ  is the fraction of the surface covered by adsorbate molecules at pressure P  

and temperature T , Q  is the heat of adsorption and is equal to the activation energy 

for desorption, gR  is the gas constant and the parameter b  is called the affinity 

constant or Langmuir constant which describes how strong an adsorbate can adsorb 

onto the surface.  From this point, many empirical equations have been proposed 

based on the Langmuir equation to fit the experimental isotherms better, such as the 

Freundlich equation, Sips equation, Toth equation and Unilan equation [13].  For 

multilayer adsorption on a flat surface, Brunauer, Emmett and Teller are the first to 

develop a theory with the same assumptions as those in the Langmuir theory and the 

famous BET equation was derived as [6]: 

( ) ( )( )0 01 1m

V CP

V P P C P P
=

− + −  
                                                                            (1.2) 

where V  is the amount adsorbed at pressure P , mV  is the amount of gas required to 

form a monolayer, C  is called the BET constant and 0P  is the saturation vapour 

pressure.  

Experimentally, adsorption of gases on surfaces such as graphite and graphitized 

thermal carbon black has been extensively studied [10, 14-76].  Graphitized thermal 

carbon black is a good experimental subject to represent graphene layers, as it is 

synthesized by thermal decomposition of a carbonaceous precursor and graphitized 

at high temperatures (greater than 2700 °C) to produce highly homogeneous basal 

planes.  The investigation of gas adsorption on adsorbents with a homogeneous 

surface is of great importance for the development of adsorption theories and the 

study of their intrinsic interactions.  Kiselev and co-workers conducted a series of 

experimental work to study the adsorption isotherms and the heats of adsorption for 

various gases and vapours on graphitized carbon black, from noble gases, 
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hydrocarbons to associating fluids [10].  A number of other interesting phenomena, 

like the step-wise isotherm, sub-steps in the isotherm and the heat spike in the heat 

curve observed experimentally, were also investigated extensively by many 

researchers [43-48, 50, 51, 54, 57, 61, 62, 64, 69, 77].   

At sufficiently low temperatures, adsorption on highly graphitized carbon black 

occurs by a layering mechanism and the step-wise isotherm is associated with the 

two-dimensional (2D) phase transitions in each adsorbed layer [50].  The sub-steps 

usually found in the first layer represent the ordering of the adsorbed molecules.  

Studies over a wide range of temperatures have shed light on the phase transitions in 

the adsorbed layers.  At temperatures below the 2D-triple point, the step is resulted 

from a 2D gas-solid transition.  Between the 2D-triple point and the 2D-critical point, 

2D vapour-liquid transition occurs followed by a 2D liquid-solid transition, 

corresponding respectively to the step and the sub-step in the isotherm.  Above the 

2D-critical temperature, the adsorbate is like a 2D supercritical fluid and a 2D 

supercritical fluid-solid transition can occur depending on temperature, exhibited as a 

small step in the isotherm.  As pressure is increased the 2D solid could be further 

rearranged to form a crystalline solid. 

Early experimental work on heat of adsorption did not detect any spike in the plot of 

isosteric heat versus loading, i.e. the heat curve [54, 57].  In 1977 Rouquerol and co-

workers observed for the first time the cusp-like dip followed by a sharp peak in the 

heat curve for nitrogen and argon [69].  Following this, Morrison and co-workers 

also found sharp peaks in the heat curves for methane, carbon monoxide and nitrogen 

at loadings close to the monolayer completion [61, 62, 64, 77].  And this sharp peak 

only appears in certain temperature range.  

Another interesting phenomenon that has been paid little attention to is the hysteresis 

associated with the 2D transitions, which has been observed experimentally in 

Kr/graphite, CH4/graphite and NH3/graphitized carbon black systems [58, 64, 78].  

Inaba and co-workers suggested in their study of CH4/graphite system that this type 

of hysteresis is possibly induced by the irreversible restructuring and compression of 

the lower layers when adsorption occurs in higher layers [64].   

Motivated by the experimental observations, molecular simulations have been 

increasingly used to confirm and shed deeper insights into these phenomena, such as 
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the 2D transitions and the heat spike [79-84].  Do and co-workers successfully 

reproduced the heat spike by Grand Canonical Monte Carlo and proposed a 

mechanism that it is induced by the increase in both the adsorbate-adsorbate energy 

and the adsorbate-adsorbent energy, as when adsorption begins to occur in the 

second layer there are extra molecules squeezed into the first layer and caused a 

rearrangement of molecules in it [83].    

1.2.2. Adsorption in Microporous Solids 

In microporous solids, pore walls are in proximity to each other, providing an 

enhanced adsorption potential.  Theories for adsorption in microporous solids include 

that of Polanyi and particularly that of Dubinin, who coined the term micropore 

filling.  The micropore filling is an important adsorption mechanism only applicable 

for microporous solids and the Dubinin theory forms the basis for many equations 

used for the description of equilibrium in microporous solids [85].  One of those 

well-known equations is the Dubinin-Radushkevich (DR) equation: 

2

0 0

exp
V A

V Eβ

  
 = − 
   

                                                                                               (1.3) 

where V  is the amount adsorbed within the micropore at temperature T  and relative 

pressure 0P P  and 0V  is the maximum volume that the adsorbate can occupy.  The 

quantity ( )0ln /gA R T P P=  is the thermodynamic adsorption potential required to 

bring one mole of adsorptive to the state of bulk liquid at temperature T .  0E  is the 

characteristic energy of the reference vapour (benzene for activated carbon) and β  is 

the coefficient of similarity taken as the ratio of the liquid molar volume to that of 

the reference vapour.     

The DR equation describes fairly well many carbonaceous solids with a low degree 

of burn-off, but fails for those with a high degree of burn-off during activation, as the 

degree of heterogeneity increases with a wider pore size distribution.  To this end the 

Dubinin-Astakhov (DA) equation was proposed with a more general form of eq. (1.3) 

in which the exponent is replaced by a parameter n  describing the surface 

heterogeneity.    
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During adsorption in microporous solids, fluids could undergo different phase 

transitions with the formation of new phases compared with the bulk phase 

behaviour, due to the effects of confinement, enhanced solid potential and reduced 

dimensionality [86-93].  One of the most noteworthy phenomena is the freezing and 

melting in the confinement of microporous solids, which has been studied 

experimentally since the early part of the 20th century and presents a complicated 

picture [11, 94-96].  The complication lies in the variation of the freezing 

temperature compared to the bulk fluid and both depression and elevation of the 

freezing temperature are observed according to the relative adsorbate-adsorbate and 

adsorbate-adsorbent interactions.  In general, the freezing temperature in 

confinement is lower than the bulk value for weakly attractive walls, while enhanced 

for strongly attractive walls.  When the adsorbate-adsorbate interaction is similar to 

the adsorbate-adsorbent interaction, and the adsorbate density is similar to that of the 

adsorbent, there is little or no variation of the freezing temperature for the confined 

fluid.  Many experimental studies have also reported that the contact adsorbed layers 

adjacent to the pore walls have different structures from that of the inner layers [97].  

For strongly attractive walls, the contact layers usually freeze before the inner 

adsorbed molecules, while the reverse is true for repulsive or weakly attractive walls.  

Another interesting phenomenon for freezing in confinement is the observation of 

new phases, such as the existence of a hexatic phase between the fluid and the 

crystalline phases [97].          

Molecular simulations have been carried out by many researchers to study the 

freezing and melting phenomenon in confinement [80, 97-101].  The results agree 

qualitatively well with the experimental measurements in terms of the change of the 

freezing temperature and the phase transitions within the adsorbed layers.  One 

particular interesting study is that done by Vishnyakov and Neimark on the freezing 

of a Lennard-Jones fluid in confinement by GCMC and MD simulations [97].  

Hexagonal and orthorhombic frozen phases were observed for the adsorbed layers 

and the freezing temperature was found to be nonmonotonous of the pore width.  

There also exists a quadratic phase as an intermediate structure during the freezing of 

a liquid-like phase into a quasi-crystal.     
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1.2.3. Adsorption in Mesoporous Solids 

When the pore is sufficiently large (usually referred to as mesopore) and the 

temperature is low enough (below the critical temperature of the adsorptive), 

capillary condensation takes place in the pore which is usually accompanied by 

hysteresis.  The phenomena of capillary condensation and hysteresis in mesoporous 

solids have been studied in hundreds of papers over more than a century and of 

immense interest to both scientists and engineers [102-157].  From the beginning of 

the 20th century, many classical theories have been developed for capillary 

condensation within slit-like and cylindrical pores (e.g. Kelvin, Cohan theory) [158], 

as well as for pore structures with connectivity (McBain theory) [159].  The surge in 

both material synthesis and molecular simulation from the end of the 20th century has 

led the adsorption science to a higher level in which the phenomena of capillary 

condensation and hysteresis are better understood.  

The first proposed theory for capillary condensation is the famous Kelvin equation, 

which is widely used to predict the pore condensation pressure based on the 

similarity of the fluid adsorbed in a pore and the liquid condensed in a capillary tube.  

Due to the capillary force in small pores, the vapour pressure of the liquid inside 

such pores is less than that on a flat surface.  The Kelvin equation provides a 

relationship between the pore condensation pressure and the pore radius as well as 

the temperature and predicts that pore condensation occurs at a higher relative 

pressure with increased pore radius and temperature: 

0

2 cos 1
ln M

g

VP

P R T r

γ θ 
= − 

 
                                                                                         (1.4) 

where P  is the pore condensation pressure, 0P  is the saturation vapour pressure of 

the bulk phase, γ  is the surface tension, MV  is the molar volume of the liquid 

adsorptive, gR  is the gas constant, θ  is the contact angle, r  is the radius of the pore.   

The Kelvin equation was then modified in different ways to be applicable to 

mesoporous materials, such as the Barrett-Joyner Halenda (BJH) method and the 

approach of Cranston and Inkley (CI) [13].  Unlike the Kelvin equation that was 

established based on the desorption branch, later in 1938, Cohan proposed the 
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capillary condensation equation for adsorption based on the suggestion of Foster that 

the hysteresis in adsorption is due to the delay in forming a meniscus in the capillary 

[158].  This so called Cohan-Kelvin theory provides a classical explanation for pore-

filling/emptying and hysteresis in a cylindrical pore in which both adsorption and 

desorption follow equilibrium paths and the hysteresis depends solely on the 

difference in the curvature of the meniscus separating the adsorbed phase and the 

gas-like region.  However, similar to the other theories for adsorption on surfaces and 

in microporous solids, most of the theories for capillary condensation and hysteresis 

in mesoporous solids are based on many unjustified assumptions and the parameters 

in these equations are not easily determined a-priori.  

Experimental studies have shown that the presence of a hysteresis loop and its shape, 

size and position depend on the porous structure, pore size and temperature.  The 

existence of hysteresis is associated with a demarcation between smaller and larger 

pore widths relative to the adsorbate molecule size and the hysteresis can only be 

observed at temperatures below the critical hysteresis temperature (Tch) [102, 103].  

Attempts have been made to classify the different shapes of the hysteresis loops from 

the extensive experimental measurements of adsorption of various gases in 

disordered as well as ordered solids.  Several classifications have been established 

and evolved over the past decades as a consequence of the advances in the synthesis 

of ordered mesoporous materials and the usage of high resolution apparatus for 

experimental measurement.  Recently a new classification, as shown in Figure 1.2, 

has been proposed by IUPAC [4], which encompasses both the earlier IUPAC 

classification (1985) [3] and the original classification made by de Boer (1972) [160].  

Types H1, H2(a), H3 and H4 were identified in the original IUPAC classification of 

1985 and is now extended to six characteristic types, each of which is related to 

particular features of the pore structure and the underlying adsorption mechanism.  

For example, the Type H1 loop is usually found in materials with a narrow range of 

uniform mesopores such as MCM-41, MCM-48, SBA-15, some controlled pore 

glasses and ordered mesoporous carbons.  The Type H2 loop is often observed in 

solids with more complex pore structures with network coming into play.    

Molecular simulation studies have played very important roles in assisting to unravel 

the underlying mechanisms of capillary condensation/evaporation and hysteresis.  

There is great flexibility in varying pore shape as well as pore structure from 
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independent pore to pore network with different types of connectivity, such as slit, 

cylindrical, spherical and ink-bottle pores as well as disordered pore structures [161].  

The equilibrium transition in pores can be determined by different simulation 

methods such as the Gauge Cell method by Neimark and Vishnyakov [162], and the 

Mid-Density Scheme by Do and co-workers [163, 164].      

 

Figure 1.2 Classification of hysteresis loop according to IUPAC (2015).  

 

1.2.4. Adsorption-Induced Solid Deformation 

During gas adsorption in porous materials, it could induce deformation of the solid 

due to the forces exerted by adsorbate molecules on the solid surfaces.  This 

phenomenon of adsorption-induced deformation is ubiquitous and has been studied 

extensively [165-186] since 1927 when Meehan first observed the expansion of 

charcoal upon adsorption of carbon dioxide [187].  Later Bangham and co-workers 

[188-192] published a series of experimental studies on the expansion of charcoal 

upon exposure to water vapour, ammonia, alcohols and other gases, and put forward 

the first theory of adsorption-induced solid deformation which states that the solid 

expansion is proportional to the change of the surface free energy of the solid due to 

adsorption, that is called the Bangham effect or Bangham’s law as given by eq. (1.5): 

kε γ= − Δ                                                                                                                  (1.5)  
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where ε  is the solid strain, k  is the elastic constant, ( ) 0γ γ μ γΔ = −  is the change of 

the surface free energy in which ( )γ μ  is the surface free energy of the solid covered 

with adsorbate at chemical potential μ  and 0γ  is the reference value of the dry solid.  

According to the Gibbs adsorption equation, d dγ μ= −Γ  on the assumption that the 

surface free energy γ  is independent of the surface area A .  Therefore, 

( )' 'd
μ

γ μ μ
−∞

Δ = − Γ  is negative as the surface excess Γ  is positive and the decrease 

of the surface free energy would always lead to solid expansion at any non-zero 

loading according to eq. (1.5).  

Experimental evidence first contradicting the Bangham’s law is the observation of 

microporous carbon contraction at low pressures made by Haines and McIntosh in 

the 1940s [193].  This effect was further confirmed by Flood and co-workers in the 

50s and 60s in their study of the deformation of carbon rods and it was suggested that 

the contraction might result from the bridging of adsorbing molecules on opposite 

pore walls within the micropore [194-196].  Adsorption-induced deformation was 

also investigated in various microporous and mesoporous materials other than carbon 

[197-201].  A number of deformation behaviours were found, and both contraction 

and expansion were recorded.  Many microporous solids usually show monotonic 

expansion/contraction or initial contraction followed by expansion, such as activated 

carbon and zeolites.  The deformation of mesoporous materials, such as porous 

silicon and porous glass, may exhibit alternative stages of expansion and contraction, 

and a significant hysteresis could be observed in the course of desorption 

accompanied with the adsorption-desorption hysteresis.  Several attempts have been 

made to describe adsorption-induced deformation and explain the experimental 

observations by thermodynamic models, density functional theory and molecular 

simulation after the thermodynamic studies of Bangham and co-workers [202-215].   

Amberg and McIntosh suggested a qualitative theory that the Bangham and capillary 

effects might compete over a given pressure range in their study of water adsorption 

in a porous glass rod [202].  Eriksson proposed a thermodynamic theory of the 

dimensional changes of porous solids during gas adsorption and pointed out that the 

solid deformation is related with the surface stress but not the surface energy [203].  

Ash, Everett, Radke suggested another thermodynamic analysis of the expansion and 
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contraction of porous bodies caused by adsorption, which considered different 

contributions to the deformation including the expansion due to the Bangham effect 

and the expansion/contraction due to the modification of forces of the system [204].  

Dolino and co-workers gave a review of the thermodynamic theories of adsorption-

induced deformation and applied these theories to explain their experimental 

observations of pentane adsorption strains in porous silicon [199].  Gor and Neimark 

used the Derjaguin–Broekhoff–de Boer theory of capillary condensation to describe 

the deformation of mesoporous solids and suggested a thermodynamic model to 

calculate the adsorption stress according to the adsorption isotherm [207].  The 

solvation pressure is the difference between the adsorption stress and the external 

pressure, which directly determines the magnitude of the elastic deformation of the 

solids by assuming it follows the Hooke’s law.  The adsorption stress could also be 

calculated from the density functional theory, which has been applied by Neimark 

and co-workers to study the deformation of microporous and mesoporous solids [205, 

206, 208, 216, 217].  Recently, Gor and Bernstein compared different approaches of 

studying solid deformation, i.e. the Bangham’s effect, the solvation pressure 

approach and the method based on the change of the surface stress, and pointed out 

that the deformation due to adsorption is generally governed by the change of the 

surface stress [211].  

Grand Canonical Monte Carlo was applied by Do and co-workers to investigate the 

adsorption-induced deformation of infinitely long graphitic slit pores [218, 219].  

Their studies show that deformation is a complex function of pore width, temperature, 

pressure, the species of adsorbate, etc., and the solvation pressure has a direct 

relationship to the deformation.   

1.3. Thesis Objectives 

The aim of this thesis is to improve the fundamental understanding of the 

mechanisms of simple gas adsorption on graphite surfaces and in porous carbon 

solids as well as the mechanisms of the adsorption-induced solid deformation.  To 

achieve these objectives, a systematic and comprehensive study is conducted by 

Monte Carlo simulations.  The specific objectives of this thesis include: 

1. To investigate the adsorption and phase behaviours of simple gas on graphite 

surface and to reveal the microscopic reasons for hysteresis. 



Chapter 1.  Introduction 

 

13 
 

2. To study the adsorption and phase behaviours of simple gas in graphitic slit 

microporous solid and to reveal the mechanisms of hysteresis. 

3. To develop a deformable slit pore model and provide insights into the 

deformation mechanisms of slit microporous solid at the molecular level. 

4. To further investigate the deformation mechanisms of slit mesoporous solid.  

1.4. Thesis Development 

Chapter 1 presents the background of this thesis, followed by a critical review of the 

literatures related to this work, and finally the scope and outline of the thesis.   

In Chapter 2 the relevant concepts and details of the Monte Carlo simulations are 

elaborated, which include the different Monte Carlo methods, the potential models 

used in this study and the equations applied for the calculation of the thermodynamic 

properties.  

Chapter 3 illustrates the investigation of adsorption of simple gas on graphite surface 

with both the Grand Canonical Monte Carlo and the Canonical kinetic Monte Carlo 

methods.  Chapter 4 presents the simulation results of simple gas adsorption in 

graphitic slit micropores to show the mechanisms of the hysteresis.  

In Chapter 5 a deformable slit pore model is proposed and the microscopic 

mechanism of the deformation of graphitic slit micropores is studied.  Chapter 6 

further presents the mechanisms of deformation of graphitic slit mesopores.  

Finally, Chapter 7 presents the conclusions of this thesis and some recommendations 

for future work.    
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Chapter 2. Aspects of Monte Carlo Simulation 

2.1. Introduction 

The Monte Carlo method was first introduced by Metropolis et al. in 1953 to study 

the fluid systems with their seminal paper “Equation of State Calculations by Fast 

Computing Machines” [220, 221].  In the Metropolis algorithm, configurations are 

chosen with a probability of their occurrence and then weighted evenly, which is 

termed as importance sampling and relies on the principle of Boltzmann weighting.  

Later the Metropolis Monte Carlo method was successfully used in many studies to 

investigate the equilibrium of the adsorption system, which is reached by generating 

a Markov chain with a sequence of configurations and the thermodynamic properties 

of the system are calculated as ensemble averages.  In addition to the Monte Carlo 

method with the Metropolis algorithm, also called the conventional Monte Carlo, the 

kinetic Monte Carlo has been developed over the past few decades, which is initially 

aimed to analyse systems dynamically and also demonstrates potential in studying 

equilibrium systems [79, 99, 222].  In Monte Carlo simulations, there are a number 

of ensembles that are commonly used, i.e. canonical (constant NVT), grand canonical 

(constant μVT), isobaric-isothermal (constant NPT), isotension-isothermal (constant 

NST) ensembles [8].  The descriptions of the Monte Carlo methods in different 

ensembles used in this thesis will be presented in Section 2.2.         

2.2. Monte Carlo Simulation 

2.2.1. Canonical Monte Carlo (CMC) 

The canonical ensemble describes an isolated system with constant number of 

adsorbate molecules (N), system volume (V) and temperature (T).  The brief 

procedure of the conventional Monte Carlo simulation in the canonical ensemble is 

as below: 

1. Set up the simulation box, which is usually rectangular, and put N particles 

randomly in it.  

2. Calculate the configuration energy of the system, U, and then choose a 

particle at random.  

3. The chosen particle is moved randomly from its initial position (x, y, z) to a 

new position (x’, y’, z’).  This movement is called the displacement.  
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4. Calculate the energy of the new configuration of the system, U’.     

5. The new configuration of the system is either accepted or rejected according 

to the following probability 

( ){ }( )'min 1,expaccP U Uβ= − −                                                                  (2.1) 

where 1/ Bk Tβ =  is the reciprocal temperature, with 231.38066 10Bk −= × J/K 

being the Boltzmann’s constant.   

6. If the trial displacement is accepted, the positions of the particles and the 

energy of the system will be updated to the new configuration.  Otherwise, 

the old configuration is recounted.    

7. Sum up the properties of the system.  After N steps, the sum of the property X 

is
1

N

i
i

X
=
 , where iX  is the property at the thi  configuration.  

8. The trials should be repeated for a sufficient number of configurations to 

ensure the system reach equilibrium with a long enough Markov chain.  The 

ensemble average for a thermodynamic property X  is   

1

N

i
i

X
X

N
==


                                                                                                 (2.2) 

Above is the main procedure for the CMC simulation.  For rigid molecules with 

multi-site, the rotation of the molecules should be considered in addition to the 

displacement.   

2.2.2. Grand Canonical Monte Carlo (GCMC) 

The Grand Canonical Monte Carlo (GCMC) was first introduced by Norman and 

Filinov [223] and has become the most commonly used Monte Carlo method in 

adsorption studies.  It is conducted under the conditions of fixed chemical potential 

(μ), temperature (T) and volume (V).  The number of adsorbate molecules is allowed 

to fluctuate as the system is in a sense connected to the bulk reservoir with the same 

chemical potential and temperature, which mimics the same conditions that are 

usually used in adsorption experiments.  
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Apart from the displacement of a particle as conducted in CMC, there are two 

additional moves involved in GCMC: insertion and deletion of a particle.  For the 

insertion of a particle, a particle is inserted into a randomly chosen position inside the 

simulation box.  A random rotation of the inserted particle is carried out 

simultaneously for a multi-site rigid molecule.  The probability of accepting the 

insertion is given by: 

( ) ( ){ }'
3

min 1, exp
1

acc V
P U U

N
β μ

 
= − +  Λ + 

                                                       (2.3) 

where N is the number of particles in the simulation box, Λ  is the thermal de Broglie 

wavelength, U and U’ are the energies of the system before and after the insertion, 

respectively.  

The deletion is conducted by removing a randomly selected particle from the N 

particles in the simulation box and the probability of acceptance is given by: 

( ){ }
3

'min 1, expacc N
P U U

V
β μ Λ= − + − 

 
                                                              (2.4) 

where U and U’ are the energies of the system before and after the deletion, 

respectively.  

Similar as the displacement of a particle, if the trial insertion or deletion is accepted, 

the new configuration of the system will be updated to the Markov chain, otherwise 

the old configuration will be recounted.  In order to maintain the microscopic 

reversibility, the system must have equal probabilities for insertion and deletion in 

the grand canonical ensemble.    

2.2.3. Canonical kinetic Monte Carlo (C-kMC) 

The main difference between this C-kMC and CMC is the way of conducting the 

particle displacement, which are detailed as below: 

1. The choice of a particle to be displaced depends on the current state of the 

system, i.e. the mobility of the system which will be described later in this 

section.  
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2. The particle is displaced to a random position in the simulation box which is 

chosen uniformly.  

3. This displacement is always accepted, irrespective of whether the displaced 

particle has highly repulsive interaction energy with other molecules in the 

system.  

In a canonical ensemble with N molecules in the simulation box at constant volume 

V and temperature T, the molecular interaction energy for a molecule i, which 

interacts with surrounding molecules and any external solid surfaces, is: 

, ,
1

N

i i j i S
j
j i

u ϕ ϕ
=
≠

= +                                                                                                        (2.5) 

where ,i jϕ  is the pairwise interaction energy between molecule i and molecule j, ,i Sϕ

is the interaction energy between molecule i and the solid.  The molecular mobility 

of the molecule i is defined as 

exp i
i

B

u
v

k T

 
=  

 
                                                                                                         (2.6) 

The total mobility of all the molecules in the system is given by: 

1

N

i
i

R v
=

=                                                                                                                    (2.7) 

The time that the system spends in a given configuration is inversely proportional to 

the total mobility of the system and is expressed by: 

1 1
lnt

R p

 
Δ =  

 
                                                                                                          (2.8) 

where p is a random number (0 < p < 1). 

A particle (the k-th particle) is selected to move according to the Rosenbluth 

algorithm when the following criterion is satisfied: 

1k kR pR R− ≤ <                                                                                                           (2.9) 



Chapter 2.  Aspects of Monte Carlo Simulation 

18 
 

where 0 0R = , NR R= , N is the number of molecules in the system, 
1

k

k i
i

R v
=

= , 

which is the partial sum of the reduced molecular rates.  This ensures that a molecule 

with higher energy will have a greater chance of being selected for displacement.  As 

the kMC is a rejection-free method, it saves the computational costs of assessing 

acceptance probability of a trial move.   

2.3. Thermodynamic Property Calculations 

2.3.1. Potential Energy  

Fluid-Fluid Potential 

The Lennard-Jones (LJ) model is the most commonly used potential model to 

describe the interaction between two dispersive sites, because it is relatively simple 

and its parameters are readily available for a wide range of fluids.  Moreover, this 

model is consistent with the well-known potential equations that are used to calculate 

the solid-fluid interactions, such as the Steele [224] and Bojan-Steele equations [225-

228].  The Lennard-Jones 12-6 potential equation to calculate the interaction energy 

between two isolated fluid molecules of the same type is shown as below: 

( )
12 6

4 ff ff
ff ffr

r r

σ σ
ϕ ε

    
= −    

     
                                                                           (2.10) 

where r  is the separation distance between the two molecules, ffε  is the well-depth 

of the interaction energy and ffσ  is the collision diameter at which the ffε  is zero.  

For a molecule with many dispersive sites and fixed partial charges, the interaction 

energy between two molecules is given by the sum of the LJ and the Coulomb 

interactions: 

12 6

1 1 1 10

4
4

a b cd cdA B C D
i j ij ijcd

ij ijab cd cd
a b c dij ij ij

q q

r r r

σ σ
ϕ ε

πε= = = =

    
 = + −           

                                              (2.11) 

where ijϕ is the interaction energy between fluid molecules i and j, A and B are the 

numbers of partial charges on the molecules i and j, respectively, C and D are the 
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numbers of LJ sites on the molecules i and j, respectively, 0ε is the permittivity of a 

vacuum, ab
ijr is the separation distance between charge a on molecule i and charge b 

on molecule j having charges a
iq  and b

jq , respectively, cd
ijr is the separation distance 

between the LJ site c on molecule i and the LJ site d on molecule j, cd
ijσ  and cd

ijε  are 

the combined LJ collision diameter and well-depth for the two LJ sites, respectively, 

which are calculated by the Lorentz-Berthelot mixing rules: 

2

c d
i jcd

ij

σ σ
σ

+
=              cd c d

ij i jε ε ε=                                                                       (2.12)     

Solid-Fluid Potential  

There are two approaches that are commonly used to model the surface of carbon 

adsorbents.  One is the structured solid model consisted of discrete carbon atoms, 

which are arranged in hexagonal units with a carbon-carbon bond length of 0.142 nm.  

The other is the unstructured model where the solid is composed of structureless 

graphene layers with constant density of carbon atoms.  It has been proved that 

identical results can be obtained with these two models, provided the temperature of 

the system is high enough so that the barrier between the hexagonal sites is less than

Bk T . 

Structured model 

To calculate the solid-fluid interaction energy for the structured surface, all pairwise 

interactions between each site of a molecule i and each carbon atom on the surface 

are summed up by using eq. (2.10), with the molecular parameters replaced by ,i sσ  

and ,i sε .  The total solid-fluid interaction ,i sϕ  is then calculated from: 

, ,
1

M

i s i a
a

ϕ ϕ
=

=                                                                                                           (2.13) 

where the subscript s denotes the graphite surface and M is the number of carbon 

atoms of the graphite surface.  

Infinite unstructured model 
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The solid-fluid interaction energy between a particle i and a homogeneous flat solid 

surface of infinite extent is calculated by the Steele 10-4-3 potential: 

( )

10 4 4
2

, 3

2
2

5 3 0.61

sf sf sf
i s s sf sf

i i i
z z z

σ σ σ
ϕ πρ ε σ

     = − −    
Δ Δ +     

                                     (2.14)          

where sρ  is the surface carbon atom density of a graphene layer (38.2 nm-2), ∆ is the 

spacing between two adjacent graphene layers (0.3354 nm), zi is the shortest distance 

between the particle and the surface.  The solid-fluid molecular parameters, the cross 

collision diameter sfσ and well-depth sfε , are calculated from the Lorentz-Berthelot 

mixing rule with 0.34ssσ =  nm and / 28ss kε =  K.  

Finite unstructured model 

The Bojan-Steele potential is used to describe the interaction energy between a 

particle and a homogenous surface which is infinite in extent in the x-direction and 

finite in the y-direction and is given by: 

( ) ( ) ( ) ( ){ }2
, 2 , , , ,f s s sf sf rep rep attz y z y z y z yϕ πρ ε σ ϕ ϕ ϕ ϕ+ − + −   = − − −                  (2.15) 

where z is the shortest distance between the particle and the surface, sρ  is the surface 

density, sfσ and sfε  are the solid-fluid molecular parameters.  The variables y+ and y- 

are the y-coordinates of the right hand edge and the left hand edge of the surface 

relative to the position of the fluid particle: 

2

W
y y+ = −

            2

W
y y− = − −                                                                           (2.16) 

The configuration of the surface with the origin of the y-coordinate at the centre of 

the surface is shown in Figure 2.1.  The repulsive and attractive functions on the RHS 

of eq. (2.15) are given by: 

( )
( )

( ) ( ) ( )

10 10

10 8 2 2

10 10 102 2

2 3 46 2 2 4 2 2 2 2 2

1 1

5 10
,

3 1 7

40 16 128

sf sf

rep
sf sf sf

z z y zy
z y

y z

z y z z y z z y z

σ σ

ϕ
σ σ σ

 
+ + 

+ 
=  

+  + + + + +  

    (2.17) 
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( ) ( )
4 4

4 2 2 22 2

1 1
,

2 4
sf sf

att

y
z y

z z y zy z

σ σ
ϕ

 
 = +

+ +  
                                                       (2.18) 

The potential equation (2.15) is valid for any particle around the surface.  When the 

particle is positioned exactly on the same level as the surface, i.e. at 0z = , eqs. (2.17) 

and (2.18) become undefined.  In this case, we take a Taylor series expansion of 

these two equations and find their limit when z approaches zero: 

( )
10 10

2

20

1 63
lim

5 1280
sf sf

repz

y
O z

z yy

σ σ
ϕ

→

    
= − +    

     
                                              (2.19)  

( )
4 4

2

20

1 3
lim

2 16
sf sf

attz

y
O z

z yy

σ σ
ϕ

→

    
= − +    

     
                                                     (2.20) 

Substituting eqs. (2.19) and (2.20) into eq. (2.15), we can get the solid-fluid potential 

at 0z = : 

10 10 4 4

2
,

63 3
2

1280 16
sf sf sf sf

f s s sf sf y y y y

σ σ σ σ
ϕ ψ πρ ε σ − + − +

            = − − −           
               

              (2.21) 

where 1ψ =  for positive y+ and y-, 1ψ = −  for negative y+ and y-.  It can be seen that 

there is no singularity in the solid-fluid potential energy as one would expect 

physically.  The potential energy in the region of small z can be calculated from a 

Taylor series expansion of the Bojan-Steele equation (eq. 2.15) as: 
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10 10 4 4

,

2

2 12 12 6 6

63 3

2 1280 16

231 5

1024 16

f s sf sf sf sf

s sf sf

sf sf sf sf

sf

y y y y

z

y y y y

ϕ σ σ σ σ
ψ πρ ε σ

σ σ σ σ
σ

− + − +

− + − +

            = − − −           
               

             
− − − −                              

4 14 14 8 8

6 16 16 10

1287 105

2048 256

45045 63

32768 128

sf sf sf sf

sf

sf sf sf sf

sf

z

y y y y

z

y y y y

σ σ σ σ
σ

σ σ σ σ
σ

− + − +

− + − +

 


  
              + − − −                                

         
− − − −                   

10

8 18 18 12 12

10

85085 1155

32768 2048
sf sf sf sf

sf

sf

z

y y y y

z
O

σ σ σ σ
σ

σ

− + − +

      
     

              + − − −                                

 
+   

                      (2.22) 

where 1ψ =  for positive y+ and y-, 1ψ = −  for negative y+ and y-. 

 

 

Figure 2.1 Schematic diagram of the finite stripe, which is finite in the y-direction and infinite in the 
x-direction (perpendicular to the page).  
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Solid-Solid Potential 

In the studies of the adsorption-induced solid deformation, the solid-solid potential 

should be considered as part of the total potential energy of the system.  For pores of 

finite length in the y-direction and infinite extent in the x-direction, the solid-solid 

interaction energy between two layers is calculated by integrating the Bojan-Steele 

equation, which is the sum of the interactions of all carbon atoms within one layer 

with the other.  The interaction energy between a carbon atom with a solid layer can 

be calculated with the Bojan-Steele equation as described in eq. (2.15) with the 

molecular parameters replaced by ssσ  and ssε .  

 

Figure 2.2 Schematic diagram of two solid layers modelled by the Bojan-Steele potential; z is the 
separation distance between the two layers in the z-direction; W is the length of the layer underneath 
in the y-direction; a and b are the lower and higher boundaries of the top layer in the y-direction, 
respectively. 

 

For two solid layers described by the Bojan-Steele potential as shown in Figure 2.2, 

the interaction energy of all carbon atoms in the red differential strip of the top layer 

with the other layer underneath is  

( ) ( ) ( ) ( ) }{22 , , , ,ss s ss ss rep rep att att x sd z y z y z y z y L dyϕ πρ ε σ ϕ ϕ ϕ ϕ ρ+ − + −   = − − − ×                     

(2.23) 

a 

z

W

b

z 
y 

x 
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where z is the separation distance between the two layers, xL  is the length of the 

simulation box in the x-direction.  

By integrating eq. (2.23), we can get the final solution of the solid-solid interaction 

energy: 

( ) ( ) ( ) ( ) }{22 , , , ,
b

ss s ss ss rep rep att att x sa
z y z y z y z y L dyϕ πρ ε σ ϕ ϕ ϕ ϕ ρ+ − + −   = − − − ×                                

(2.24) 

where a and b are the lower and higher boundaries of the top solid layer in the y-

direction, respectively.  The integrals for the repulsive and attractive functions are:  

( ),
b

repa
z y dyϕ ± =  

( )
( ) ( )

( ) ( )

( )
( )

10 10 102
2

310 8 62
22 22

10 10

5 74 2
2 22 22 2

10 102
2

10 8 2
2

1 1 1 1 1
25 10 40

2 2

1 1 1 1

80 128

2 2

1 1 1 1
25 10 40

2

ss ss ss

ss ss

ss ss ss

W b z
z z zW b z W b z

z z
W Wb z b z

W a z
z z W a z

σ σ σ

σ σ

σ σ σ

 
− ± − + + + 
  ± − + ± − +     − 
 + + 

    ± − + ± − +        

− ± − + + +
± − + ( )

( ) ( )

10

36
2 22

10 10

5 74 2
2 22 22 2

1

2

1 1 1 1
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2 2

ss ss

z
W a z

z z
W Wa z a z
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  ± − +     
 
 + + 

    ± − + ± − +        
 

    (2.25) 
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( ) ( )
( )

( )
( )

4 42
2

14 2
2 22

4 42
2

14 2
2 22

1 1 1
, 22 4

2

1 1 1
22 4

2

b
ss ss
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ss ss

Wz y dy b z
z z

W b z

W a z
z z
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σ σϕ
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 = − ± − + + 
  ± − +    

 
 
 − − ± − + + 
  ± − +    



                                    

  (2.26) 

2.3.2. Chemical Potential  

The chemical potential of a system is composed of the ideal and excess parts: 

/
ln

d

id ex B ex

V
k T

N
μ μ μ μ Λ= + = − + 

 
                                                                   (2.27) 

where V is the volume of the system, d is the dimensionality of the system, N is the 

number of particles.    

The evaluation of the ideal chemical potential is straightforward.  The excess 

chemical potential is defined in thermodynamics as the partial derivative of the 

potential energy to the number of particles in the system: 

,
ex

T V

U

N
μ ∂ =  ∂ 

                                                                                                        (2.28) 

The Widom particle insertion method based on statistical mechanics is commonly 

used to measure the excess chemical potential by a perturbation in the number of 

particles in the NVT ensemble [229, 230].  A test particle is inserted at a random 

position inside the simulation box at frequent intervals during the simulation, and the 

energy between the test particle and all the particles of the system is calculated for 

Ntest particles and the ensemble average is calculated as: 

1 1

1
exp exp

cycle test
N N

test test

n jB cycle test B

U U

k T N N k T= =

   
− = −   
   

                                                     (2.29)     
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where Ncycle is the number of cycles that the insertion of Ntest particles is carried out.  

The excess chemical potential is then calculated from: 

 ln exp test
ex B

B

U
k T

k T
μ

 
= − − 

 
                                                                               (2.30) 

The Widom method is a very powerful scheme for computing the chemical potential 

of not too dense systems and simple molecules.  For dense systems and complex 

molecules it becomes unreliable because the test particles are often overlapped with 

the real particles in the system.                                                              

Another way of calculating the chemical potential is by the equation of state (EOS).  

The Johnson et al.’s EOS can evaluate the chemical potential of LJ fluids and is used 

in the GCMC simulations in this thesis [231].       

2.3.3. Pressure  

The pressure of a bulk system in the NVT simulation can be calculated through the 

equation: 

B
ex

Nk T
P P

V
= +                                                                                                        (2.31) 

where the excess pressure can be calculated as the pair-wise sum of the virial 

function [9]: 

1

1 1

1

3
ij

N N
ij

ex ij
i j i r

d
P r

V dr

ϕ−

= = +

 
= −  

 
                                                                               (2.32) 

2.3.4. Surface Excess Density 

In simulation, the surface excess of adsorption is defined as the excess above a 

reference amount: 

acc GN V

S

ρ−
Γ =                                                                                                     (2.33) 



Chapter 2.  Aspects of Monte Carlo Simulation 

27 
 

where N  is the ensemble average of the number of particles in the system, accV  is 

the accessible volume, Gρ  is the density of the bulk gas phase, S  is the surface area 

of the solid.   

The accessible volume is proposed by Do et al. [232] and is defined as the volume 

accessible to the centre of the mass of a molecule at zero loading.  The method of 

calculating the accessible volume is as follows: the centre of mass of a molecule is 

inserted at a randomly chosen position in the simulation box and for a multi-site 

molecule, the molecule is given M different orientations.  If the potential energies of 

these M orientations are all positive, this insertion is regarded as a failure; otherwise, 

this insertion is a success.  This process is repeated and the accessible volume is 

calculated as acc boxV V f= , where boxV is the volume of the simulation box and f  is 

the fraction of successful insertions.  

2.3.5. Pore Density 

The absolute pore density with respect to the accessible volume is given by: 

acc

N

V
ρ =                                                                                                                  (2.34) 

where N  is the ensemble average of the number of particles in the pore.  Any other 

volumes could also be used to define the pore density, but eq. (2.34) is the most 

appropriate to provide a better description of how dense the adsorbed phase is.  

2.3.6. Isosteric Heat 

One of the basic properties in adsorption studies is the isosteric heat, which is 

defined as the infinitesimal change in the adsorbate enthalpy to the infinitesimal 

change in the excess adsorbed amount.  In simulation, the fluctuation of 

thermodynamic properties can be used to calculate a number of thermodynamic 

partial derivatives [7].  The nature of thermodynamic fluctuations and their 

connection to thermodynamic derivatives can be found in many books about 

statistical mechanics.  In GCMC simulations, the isosteric heat can be obtained by 

applying the thermodynamic fluctuations:   
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( )
( )

,

,
st B

G

f U N
q k T

f N N N
= −

−
                                                                                     (2.35) 

where GN  is the number of molecules of an ideal gas that would occupy the 

adsorption space.  Most work on adsorption neglects the second term in the 

denominator, and the equation is commonly used in the following form with the 

assumptions of ideal gas and a smaller molar volume of the adsorbed phase 

compared to the gas phase: 

( )
( )

,

,st B

f U N
q k T

f N N
= −                                                                                               (2.36) 

where U  is the configuration energy of the system, N  is the number of particles, the 

function f  is defined as ( ), ,f X Y X Y X Y= −  with the notation  

represents the ensemble average.  The assumptions of the above equation are 

reasonable for subcritical fluids, but become invalid for supercritical fluids or 

subcritical conditions close to the critical point, as the adsorptive density may be 

significant compared to the adsorbed density.  A more general equation for the 

isosteric heat was proposed by Do et al. [233] 

In a canonical ensemble, the differential heat of adsorption is defined as the change 

of the energy of the adsorbed phase per unit change in the excess number, shown in 

the following equation: 

{ }
{ }

G
diff B

G

U U
q k T

N N

∂ −
= −

∂ −
                                                                                    (2.37) 

where U  is the energy of the system, GU  is the energy of the bulk gas obtained as 

G M
M

V
U U

V
= , with MV  being the volume of the region of the bulk phase and MU  

being the energy of this region, GN  is the hypothetical number of particles 

occupying the accessible volume at the same density as the bulk gas.                                             
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2.3.7. Compressibility 

Compressibility is defined as the negative of the relative volume change with respect 

to pressure at constant temperature.  In GCMC, the local compressibility can be 

expressed in terms of the corresponding particle number fluctuation as: 

( ),1 1 k k k

B k k B k

f N N FV

V p k T N k T
κ

ρ ρ
∂= − = =
∂

                                                     (2.38) 

where kρ  is the density of bin k .  kF  is the local number fluctuation, which 

approaches unity, i.e. ( )
0

lim , 1
k

k k kN
f N N N

→
= ,  when the gas phase is very dilute.  

2.3.8. Solvation Pressure 

The solvation pressure exerted by the adsorbate on the solid is  

1

1 N
i

solv
i

P
S z

ϕ
=

∂= −
∂                                                                                                 (2.39) 

where S  is the total surface area of the solid exposed to the adsorbate, iϕ  is the 

solid-fluid interaction energy of particle i  with the solid and z  is the shortest 

distance between the adsorbate and the solid surface. 

2.4. Microscopic Analysis 

2.4.1. Local Density Distribution 

The local density at the distance z from the solid surface is defined as: 

( ) ( )
x y

N z
z

L L z
ρ

Δ
=

Δ
                                                                                                    (2.40) 

where ( )N zΔ  is the number of particles whose centres of mass are located in the 

segment between z  and z z+ Δ , xL  and yL  are the dimensions of the solid surface 

in the x- and y-directions, respectively.  
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2.4.2. Radial Density Distribution 

The radial density is calculated by finding the number of particles whose centres of 

mass are located at a radial distance r from the centre of any given particle: 

( )
( )3 3

( )
4
3

N r
r

r r r
ρ

π

Δ
=

 + Δ − 

                                                                                    (2.41) 

where ( )N rΔ  is the number of particles in the radial bin bounded between r  and 

r r+ Δ .  

2.4.3. Orientation Density Distribution 

The orientation density is calculated from the following equation: 

( ),
( , )

sinx y

N z
z

L L z

θ
ρ θ

θ θ
Δ

=
Δ Δ

                                                                                       (2.42) 

where ( ),N z θΔ  is the number of particles whose centres of mass are in the segment 

between z  and z z+ Δ , with angles between the molecular axis and the z  direction 

between θ  and θ θ+ Δ .  The orientation density distribution with z  and θ  can help 

to evaluate the preferential orientation of the particles located at various distances 

from the solid surface.  0θ =  means the particles are located perpendicular to the 

solid surface and 
2

πθ =  a parallel orientation.   

2.4.4. 2D Density Profile 

The 2D density is defined as the local density of a two-dimensional bin with the 

system divided into bins in the z- and y-directions: 

 
( ),

( , )
x

N z y
z y

L z y
ρ

Δ
=

Δ Δ
                                                                                            (2.43) 

where ( ),N z yΔ  is the number of particles in the bin bounded by [ ],z z z+ Δ  and  

[ ],y y y+ Δ .  The bin size in both dimensions is chosen to be 0.1 ffz y σΔ = Δ = .  The 
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results of the 2D density profile are smoothed by averaging the density within a 

radius of 0.5 ffσ .  

2.4.5. Local Solvation Pressure Distribution 

The local solvation pressure in the z-direction is defined as the sum of the forces per 

unit area exerted on the solid by particles in the segment bounded by z  and z z+ Δ : 

( )
( ),

1 i

i z z z

f z
S z

ϕ
∈ +Δ

∂= −
∂                                                                                        (2.44) 

where S  is the surface area of the solid, iϕ  is the solid-fluid interaction energy of 

particle i  with the solid.  

2.5. Setup of Simulation Systems 

2.5.1. Bulk Fluids 

To simulate bulk fluids, the simulation box is a cubic box with periodic boundary 

conditions imposed on boundaries in all directions.  For the initial configuration, 

particles are placed at randomly chosen positions in the box.   

2.5.2. Adsorption Systems 

The most important difference of simulations of the adsorption systems from those of 

the bulk phase is that the system is no longer isotropic.  In this study, the solid is 

placed on the plane perpendicular to the z-direction and there is no periodicity in this 

direction.   

Graphite Surface  

To simulate adsorption on a graphite surface, two approaches can be used to set up 

the simulation system.  The first is a slit pore with a pore width large enough so that 

there is no overlap between the potential energies exerted by the two opposite pore 

walls, which therefore can be treated as two independent surfaces.  The other is by 

putting a graphite surface at one boundary and a hard wall at the opposite end.  The 

latter approach is usually used for systems under sub-critical conditions.  However, 

for systems with high bulk gas density, the first approach is used to avoid the 

spurious effects at the hard wall.        
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Slit Pore  

Slit-shaped pores are set up with two graphite surfaces parallel to each other.  If the 

pore has infinite length (Figure 2.3a), periodic boundary conditions are applied in 

both the x- and y-directions.  For pores of finite length (Figure 2.3b), the two open 

ends of the pore are connected to bulk gas reservoirs in the y-direction and molecules 

within the pore can interact with the bulk phase to maintain a mechanical equilibrium 

between the pore and the surroundings.  In this model, periodic boundary condition is 

only applied in the x-direction.  In both pore models, the pore width is defined as the 

distance between the plane passing though the centres of carbon atoms in the 

innermost layer of one wall and the corresponding plane of the opposite wall 

(denoted as H in Figure 2.3).  

 

Figure 2.3 Schematic diagram of the slit pore model of (a) infinite length and (b) finite length.  
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Chapter 3. Adsorption on Graphite Surfaces 

3.1. Introduction 

Krypton at 77 K (well below its bulk triple point of 115.8 K) is the adsorbate of 

choice for measuring the surface area of low surface area solids [234].  At this 

temperature, the adsorption isotherm on homogeneous graphite surfaces is stepped, 

clearly indicating that adsorption proceeds by a layering mechanism, and for these 

reasons the system has attracted much attention both experimentally and theoretically 

[43, 44, 47, 50, 57, 72, 235-242].  The step-wise isotherm for Kr adsorption on the 

highly graphitized carbon black P-33 at 70 K, associated with the two-dimensional 

(2D) phase transitions occurring in both the first and second layers, was first reported 

by Clark [240].  Subsequently these transitions were observed experimentally by 

many other researchers.  In addition to the layer-by-layer character of the krypton 

isotherm on a homogeneous graphite surface, small sub-steps are observed in the first 

layer, suggesting some ordering of the adsorbed molecules [47, 235, 236].  

Simulations below the triple point have provided better insight into these various 2D 

transitions at the molecular level [80-82, 99, 241, 242].  However, little attention has 

been paid to the origin of the experimentally observed hysteresis associated with the 

2D transitions [64, 78].   

In this chapter, we studied the 2D-transitions in open and closed krypton-graphite 

systems, and the connection between them, using a variety of simulation tools, 

including: Grand Canonical Monte Carlo (GCMC), Canonical kinetic Monte Carlo 

(C-kMC) and the Mid-Density Scheme (MDS), to shed light on the adsorption 

behaviour and phase transitions during gas adsorption on a highly homogenous 

surface as well as the hysteresis phenomenon in the adsorption-desorption cycle that 

has rarely been studied.      

3.2. Simulation Details 

GCMC Simulation 

GCMC was used to simulate adsorption isotherms in open systems.  100,000 cycles 

were run for both the equilibrium and sampling stages.  In each cycle, 1000 moves 

were attempted for displacement, insertion and deletion with equal probability, for 

each pressure point, giving a Markov chain of 2 × 108 configurations, which is much 
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longer than commonly used in the literature to ensure the reliability of the simulation 

results.  The algorithm is assumed to be ergodic.  To show that we have used 

sufficient number of cycles, the plots of the instant number of particles as a function 

of number of cycles are shown in the Appendix 1.  To generate the adsorption branch 

of the isotherm, we started from zero pressure and an empty box, and the first point 

on the isotherm, corresponding to the lowest pressure, is simulated.  The final 

configuration of one pressure point is used as the initial configuration for the next 

pressure point, tracing the isotherm.  This has been the widely accepted methodology 

in the scientific community to generate adsorption isotherms with a Monte Carlo 

scheme because it mimics exactly the same way of how an actual experiment is 

carried out.  In the equilibrium stage, the maximum displacement step length in each 

direction was initially set as half the dimension of the simulation box in that direction, 

and was adjusted at the end of each cycle to give an acceptance ratio of 20%.  The 

lengths of the simulation box in the x- and y-directions parallel to the graphite 

surface were 20 times the collision diameter of Kr (0.3685 nm), and the dimension in 

the z-direction was 5 nm.  The graphite surface is positioned at z = 0 and the opposite 

surface is a hard wall.  The box size in the z-direction was large enough to prevent 

any spurious correlations in the temperature range studied.  Periodic boundaries were 

applied in the x- and y-directions.  

kMC Simulation 

kMC simulation in the canonical ensemble (C-kMC) was used to obtain adsorption 

isotherms in closed systems.  When the GCMC-isotherms show hysteresis, the C-

kMC isotherms exhibit a van der Waals-type loop, which is not necessarily S-shaped, 

and may contain a vertical segment in the unstable portion of the loop.   

The number of configurations in kMC simulation was 5 × 107 for both the 

equilibrium and sampling stages.  The generation of a configuration involves only 

one type of move: a particle is selected according to the Rosenbluth algorithm and 

moved to a random position in the simulation box.  The dimensions of the simulation 

box in the x- and y-directions were 10 and 40 times the collision diameter of Kr, 

respectively, and the size in the z-direction was 20 nm.  We chose a rectangular 

surface because the coexistence of two phases is more readily achieved.  The box 

size in the z-direction is much larger compared to that in GCMC simulations because 



Chapter 3.  Adsorption on Graphite Surfaces 

35 
 

the rarefied region in the z-direction is used to calculate the bulk gas phase pressure 

by the virial method.   

Mid-Density Scheme (MDS) 

MDS was applied to determine the equilibrium phase transition within the hysteresis 

loop of the GCMC-adsorption-desorption isotherm.  Full details of the MDS 

procedure can be found in [163, 164], but we summarise it briefly here.  At a given 

chemical potential, say µ*, within the range of the hysteresis loop, the low and high 

density states on the adsorption and desorption boundaries of the loop are referred to 

as NA and NB, respectively.  The MDS scheme involves three steps:  

(1) A state with (NA + NB)/2 molecules is generated by deleting molecules randomly 

from the high density (NB) state. 

(2) This mid-density state is then relaxed in the canonical ensemble to minimize the 

Helmholtz free energy by running 200,000 cycles. 

(3) The system having the last configuration of the second step is then exposed to an 

infinite gas surrounding of the same chemical potential µ*, and is allowed to evolve 

to an equilibrium state.   

The MDS scheme yields the equilibrium state because there are co-existing phases in 

the NVT stage (step 2), which have the co-existence chemical potential µcoexistence.  If 

µ* is either greater or smaller than µcoexistence the system will evolve to the high 

density state or the low density state. 

Fluid-Fluid and Solid-Fluid Potentials 

The potential energy of interaction was assumed to be pairwise additive.  The 

fluid−fluid interaction energy of Kr was described by the 12-6 Lennard-Jones (LJ) 

equation, with 0.3685ffσ = nm and 164.4ff Bkε = K [243], and the cut-off radius 

was taken as five times the collision diameter of Kr.  The graphite surface was 

modelled either as a smooth structureless solid or as a surface of discrete carbon 

atoms.  For the structureless surface, the solid-fluid interaction energy was described 

by the Steele 10-4-3 equation, with a surface carbon atom density of 38.2 nm-2, and 

molecular parameters for a carbon atom in a graphene layer, 0.34ssσ = nm and 
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28ff Bkε = K.  The cross collision diameter and the well-depth of the solid-fluid 

interaction were calculated by the Lorentz-Berthelot mixing rule.  When graphite 

was modelled as discrete carbon atoms, the interaction energy between a carbon 

atom and Kr was described by the 12-6 Lennard-Jones (LJ) equation.  

3.3. Results and Discussions 

3.3.1. Krypton Adsorption on Graphite Surface at 77 K 

We first carried out GCMC simulations for Kr adsorption on the two models of 

graphite detailed in section 3.2.  The simulated isotherms at 77 K are shown in 

Figure 3.1.  The structureless model cannot account for the incommensurate to 

commensurate transitions that have received much attention in the past, especially 

for very low temperature systems [235, 244].  However, the figure shows that the 

structureless surface model captures all the major features of interest, including the 

2D-transition and the sub-steps.  Hereafter, we shall use the structureless model to 

minimise the computation time needed to achieve a satisfactory description of the 

isotherm, and especially of the isosteric heat.  

 

Figure 3.1 The GCMC simulated adsorption isotherm at 77 K for Kr on a graphite surface:  Smooth 
surface model and the atomistic carbon model.  

 

Figure 3.2 shows that there is qualitatively good agreement between the GCMC-

adsorption isotherm for Kr on graphite at 77 K and the experimental data of Thomy 

and Duval [45].   
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   (a)                                (b) 
Figure 3.2 GCMC simulated adsorption isotherm at 77 K for Kr on a smooth graphite surface and 
experimental data on ex-foliated graphite from reference [45], (a) logarithm scale showing the 2D-
transition of the first layer, (b) linear scale showing the 2D-transition of the second and third layers.  

 

The general step-wise behaviour in the first three layers of the experimental isotherm 

is reproduced by the simulations.  The experimental isotherm rises gradually after the 

first condensation in the first layer, but the simulation results show two vertical steps, 

representing the liquid-solid transition followed by a molecular rearrangement to a 

more ordered 2D-solid.  The gradual rise in the experimental sub-step may be due to 

geometrical factors not accounted for in the molecular model, such as the finite size 

of the graphene basal plane on a polyhedral side of the graphitized thermal carbon 

black.  This may also be the reason why the pressures at which the transitions occur 

in the second and third layers differ from those in the simulation.  

Figures 3.3 and 3.4 show the 2D radial distributions and the 2D density contour plots 

respectively, for the first layer, at the points A-E marked on the isotherm.  At A, just 

before the 2D-transition, the first layer is gas-like characterized by a single peak in 

the radial distribution, and changes to a liquid-like structure at B, just after the 2D-

condensation.  This liquid-like structure is seen in the disordered 2D-density plot in 

Figure 3.4b.  The first sub-step, CD, corresponds to the transition from a liquid-like 

to a solid-like state, and as seen by the evolution of the second peak in the radial 

density distribution into two sub-peaks, signifying a hexagonal solid structure, as 

confirmed by the 2D-density plots in Figures 3.4c and d.  When the pressure is 

increased to Point E (the second sub-step), there is a further densification of the first 

layer, as seen in Figure 3.4e, where the molecules are localised into a 2D hexagonal 

crystalline packing.  
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Figure 3.3 Radial distribution of Kr adsorption on graphite surface at 77 K. 

 

3.3.2. Effects of Temperature on the 2D Transitions 

The effects of temperature on the 2D-transitions and sub-steps in the first layer are 

illustrated in Figure 3.5, which shows isotherms at temperatures from 60 to 88 K.  

At 60 K (well below the triple point), there is a 2D-transition from a gas-like to a 

solid-like state in the first layer, followed by a single sub-step which corresponds to 

the transition from a disordered solid-like state to an ordered one.  This interpretation 

is substantiated by plots of the radial density distribution in Figure 3.6 at: (1) point A, 

the gas-like state just before the 2D-condensation; (2) point B, just after the 

condensation; and (3) point C, just after the completion of the sub-step.  The double 

second peaks at points B and C just after the 2D-transition correspond to regular 

third neighbour locations and are characteristic of a solid-like structure of the 

adsorbate.  

At temperatures greater than 73 K (Figure 3.5) there is a 2D gas-liquid transition, and 

two sub-steps, corresponding to a liquid to disordered-solid transition and disordered 

to ordered-solid transition as seen in the 73 K radial distribution plots in Figure 3.7.  

It is interesting to note that the adsorbate densities for the disordered and ordered 

solids do not vary with temperature (see the two dashed lines in Figure 3.5a).  From 

this family of isotherms at different temperatures, we can deduce a critical 

temperature for the 2D gas-liquid transition in the first layer between 86 and 88 K 

(Figure 3.5b), which agrees closely with the value of 86 K reported experimentally 
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[50].  The 2D liquid to disordered-solid transition is first order and becomes less 

observed with the increase of temperature from 73 to 86 K due to the thermal motion 

of argon molecules, and changes continuously at 88 K as the isotherm in the 

monolayer region is supercritical.     

 

Figure 3.4 2D-Density Distribution of Kr adsorption on graphite surface at 77 K, (a) – (e) 
corresponding to points marked as A, B, C, D, E in the inset of Figure 3.3, respectively. 
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   (a)                                        (b) 
Figure 3.5 GCMC adsorption isotherms for Kr on a graphite surface at 60-88 K: (a) logarithm scale, 
(b) linear scale.  

 

 

Figure 3.6 Radial distributions for Kr adsorption on a graphite surface at 60 K. 
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Figure 3.7 Radial distributions for Kr adsorption on a graphite surface at 73 K. 

 

To probe the energetic behaviour of adsorption, we plot the isosteric heat versus 

loading for 60 and 77 K in Figure 3.8.  These temperatures were chosen to show the 

2D transitions from the gas-like state to the solid state (60 K) and from the gas-like 

state to a liquid-like state.  The isosteric heat increases linearly with loading up to the 

2D-transition, becomes constant across the transition, and then increases 

approximately linearly after the first transition.  At 60 K, after the gas-solid transition 

but before the sub-step, the isosteric heat decreases because adsorption begins in the 

second layer.  However, there is a spike in the heat curve at the sub-step, due to the 

squeezing of molecules into the disordered solid layer which is transformed into an 

ordered hexagonally packed array (an enlargement of the heat curve in the region of 

the monolayer is shown in the inset of Figure 3.8).  This phenomenon has been 

extensively studied [83, 84]; the spike is due to two factors: (1) the lowering of the 

solid-fluid and fluid-fluid energy as the incoming molecules pack into the partially 

completed first layer, and (2) the simultaneous rearrangement of the molecules 

already in the first layer, to form a close packed hexagonal configuration.  The heat 

spike phenomenon is not restricted to the first layer, but has also been observed 

experimentally in higher layers [63].  At 77 K, differs slightly after the first transition.  

The heat increases because of the compression of the liquid-like layer to point A 

(Figure 3.8) and then to disordered solid-like layer (Point B).  No spike is observed at 

the first sub-step because molecules continually adsorb into the first layer forming a 
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disordered solid.  After the first sub-step the layer is relatively dense, and adsorption 

begins in the second layer, resulting in a sharp decrease in the heat.  When the 

chemical potential is further increased a heat spike occurs due to molecules 

squeezing into the first layer, to give an ordered hexagonal packing at the second 

sub-step in the isotherm (see Figure 3.5).  

 

Figure 3.8 The isosteric heat of Kr adsorption on graphite surface at 60 and 77 K obtained with 
GCMC simulation.  

 

3.3.3. Hysteresis at Temperatures 73-91.8 K 

Conventional wisdom associates adsorption-desorption hysteresis with pores in the 

mesopore size range.  However, a number of experimental papers [64, 78], including 

one for Kr adsorption on exfoliated graphite have reported hysteresis in low pressure 

transitions [78].  

Figures 3.9a and b show the GCMC-adsorption and desorption isotherms at 77 K.  

Several interesting points arise: 

1. 2D-condensation and evaporation, with well-defined hysteresis, occurs in the 

first three layers.  

2. There is also hysteresis at the sub-steps, which suggests that hysteresis is an 

intrinsic feature of any first order adsorption-desorption transition.  
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         (a)                                                 (b) 
Figure 3.9 The adsorption isotherm of Kr on graphite surface at 77 K obtained with GCMC, (a) first 
layer, logarithm scale, (b) first to third layer, logarithm scale. 

 

We argue that it follows from this that the microscopic reason for the hysteresis lies 

in the restructuring and progressive cohesiveness of the adsorbate as loading 

increases.  As evidence, we have plotted in Figure 3.10 the local compressibility of 

the first adsorbed layer at 77 K from zero loading up to three adsorbed layers on the 

surface, with the position of the 2D-transitions in the first three layers marked as І, ІІ, 

ІІІ.  There is a sharp drop in the compressibility in the first layer at the first 2D-

condensation (І).  After the 2D liquid-solid transition (from A to B), the 

compressibility reaches that of solid Kr (5.6×10-10 Pa-1 shown as a black dashed line) 

[245].  The compressibility of the first layer continue to decrease even when there is 

adsorption in higher layers, implying that the cohesiveness in the first layer continues 

to increase towards a meta-stable state of lower energy.  Therefore when the pressure 

is reduced during desorption the adsorbate does not evaporate until the pressure is 

lower than the condensation pressure, and a hysteresis loop is formed.  
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Figure 3.10 Layer compressibility in the first layer during Kr adsorption on graphite at 77 K obtained 
from GCMC simulation.     

 

The effects of temperature on the size and position of the hysteresis loop are shown 

in Figure 3.11 for temperatures in the range between 73 and 91.8 K.  The hysteresis 

loop for the first layer, becomes smaller as temperature is increased, and disappears 

at 82.3 K, indicating that the critical hysteresis temperature is between 77 and 82.3 K.  

For the second layer, the hysteresis loop is present for all the temperatures 

investigated here, suggesting that the hysteresis critical temperature of the second 

layer is greater than 91.8 K.  However, at 91.8 K there is no hysteresis in the third 

layer, i.e., the 2D-critical temperature and the hysteresis critical temperature of the 

third layer are between 88 and 91.8 K, in agreement with the simulation results 

obtained by Nguyen et al. [241]; i.e. the 2D-critical temperature of the third layer is 

between those of the first and second layers.   
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(a) 

 

(b) 
Figure 3.11 The adsorption isotherm of Kr on a graphite surface at (a) 73-86 K, logarithm scale and 
(b) 86-91.8K, linear scale obtained with GCMC.  

 

The two sub-steps of the first layer for the isotherms at 73-86 K are shown in Figure 

3.11a.  The 2D ordered solid persists over a very wide range of pressure and only 

evaporates at a pressure that is lower, by two orders of magnitude, than the pressure 

of the ordering transition during adsorption.  This is further evidence that the ordered 

solid is in a highly cohesive low energy state.  When the pressure is decreased further, 

the 2D-disordered solid melts to a 2D liquid-like phase, and finally evaporates to a 

gas-like state.  This means that both the disordered solid and the 2D liquid are in 

more cohesive, lower energy states.  The hysteresis loop in the first sub-step of the 

liquid-disordered solid transition shrinks with temperature and disappears at 82.3 K, 
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while the second loop, associated with the rearrangement of adsorbate to form an 

ordered 2D solid, persists at all the temperatures studied here, indicating that the 2D-

crystalline solid is very stable.  

The hysteresis described above is associated with the first order transition in an open 

system (grand canonical), and the transition occurs at a pressure close to the spinodal 

point (its proximity depends on the temperature).  To understand how a closed 

system evolves and how it is distributed between the two phases, we carried out 

simulations in the canonical ensemble to locate the spinodals and to determine how 

far the transition is from the spinodal point.  We then applied the Mid-Density 

scheme (MDS) first proposed by Liu et al. [163, 164] to determine the pressure at the 

equilibrium transition. 

Figure 3.12 shows the canonical (C)-isotherm at 73 K obtained with the kinetic 

Monte Carlo scheme and the GCMC adsorption-desorption isotherm.  Since the 

GCMC isotherm shows transitions on both branches, the corresponding canonical 

isotherm has a van der Waals type of loop with a vertical segment in the unstable 

region.  This type of loop is a clear indication of the co-existence of two phases.  The 

equilibrium transition, determined by the MDS shows the overlap between this 

transition and the vertical segment of the C-isotherm.  Interestingly, but not 

surprisingly, the 2D-coexistence of two phases is not restricted to the first layer, but 

is also present in higher layers.  In open systems, the transition always occurs before 

the spinodal point has been reached because of thermal fluctuations; as noted in 

earlier publications [82, 162, 246].  
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Figure 3.12 The adsorption isotherms of Kr on a graphite surface at 73 K: comparison between the 
results of GCMC and kMC simulations; and the equilibrium phase transition obtained by the Mid-
Density scheme (MDS).  The surface was a surface of 10σff  × 40σff  rectangle.  

 

3.4. Conclusions 

In this chapter we have used GCMC, C-kMC and Mid Density scheme simulations to 

study the 2D transitions and hysteresis of Kr adsorption on a structureless graphite 

surface at temperatures below the triple point.  2D phase transitions (gas-solid, gas-

liquid and liquid-solid, disordered-ordered solid) are observed at temperatures less 

than the 2D critical temperature.  Hysteresis was found to occur in every layer at 

temperatures less than the corresponding 2D hysteresis critical temperature.  The 

existence of hysteresis was confirmed by the presence of van der Waals loops in the 

canonical isotherm.  This loop contains a vertical segment, which indicates the 

coexistence of two phases in the system, a conclusion that is supported by the 

location of the equilibrium transition, as determined with the Mid Density scheme. 

As the adsorption hysteresis on graphite has been observed experimentally for other 

gases, such as xenon, methane, chloroform, acetone and ammonia, the mechanism of 

the hysteresis might be influenced by gas species, which is worth further study. 
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Chapter 4. Adsorption in Graphitic Slit Micropores 

4.1. Introduction 

In Chapter 3, we have studied the two-dimensional (2D) transitions in the adsorption 

of gas on graphite.  The various 2D transitions that can occur include 2D gas-solid 

and 2D gas-liquid transitions followed by 2D liquid-solid transitions at temperatures 

below the 2D critical temperature, Tc,2D.  Above this temperature, a 2D-hypercritical 

fluid-solid transition is possible if the temperature is not far from Tc,2D.  The 2D 

liquid-solid and 2D hypercritical fluid-solid transitions can be viewed as 2D ordering 

transitions, which may be identified by a spike in the curve of isosteric heat versus 

loading.  This ordering transition has also been reported for adsorption in nanopores, 

and is related to the freezing/melting phenomena in confined fluids [11, 97].  In this 

chapter we extend our study to graphitic slit micropores to investigate the adsorption 

and phase behaviours of fluids under confinement.   

Adsorption-desorption hysteresis is generally observed in isotherms for mesoporous 

solids at temperatures below the critical hysteresis temperature.  The origin of this 

hysteresis is usually attributed to the different mechanisms of adsorption and 

desorption [139].  Experimentally observed hysteresis loops are classified into six 

types [4].  Although there is a large number of studies devoted to the hysteresis 

phenomena in mesoporous solids, little attention has been paid to pores of molecular 

dimensions (nanopore), and it is frequently stated that hysteresis does not occur for 

adsorption in pores in this size range.  Nevertheless ordering transitions can occur in 

such pores accompanied by the formation of solid-like phases even at temperatures 

above the bulk triple point [80, 91].  Understanding the hysteresis associated with 

ordering transitions in nanopores would be a further step in helping to unravel the 

behaviour of adsorbates in confined spaces and should improve the structural 

characterization of nanoporous solids. 

In this chapter we studied the order-disorder transitions and the associated hysteresis, 

for simple gas adsorption in narrow slit pores with two open ends.  Microscopic 

analysis of the local density distribution, radial density distribution, and local 

compressibility have been made as an aid to gaining greater insight into the 

mechanisms involved in these processes as a function of pore size and temperature.  
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4.2. Simulation Details 

Potential Models  

The intermolecular potential energy for argon was described by the 12-6 Lennard-

Jones (LJ) equation, with 0.3405ffσ = nm and 119.8ff Bkε = K [243].   

For pores of infinite length in the x- and y-directions, we applied periodic boundary 

conditions and the solid-fluid potential energy was calculated with the Steele 10-4-3 

equation.  For the finite slit pores the pore walls were composed of three 

homogeneous graphene layers, finite in the y-direction and infinite in the x-direction.  

The solid-fluid potential energy was calculated from the Bojan-Steele equation.  The 

molecular parameters for a carbon atom in the graphene layer are 0.34ssσ = nm and 

28ss Bkε = K, and the carbon density of a graphene layer is 38.2 nm-2.  The cross 

collision diameter and the well-depth of the solid-fluid interaction energy were 

calculated from the Lorentz−Berthelot mixing rule.  

Monte Carlo Simulation 

Grand Canonical Monte Carlo (GCMC) simulation was used to simulate the 

adsorption isotherms with 100,000 cycles for both the equilibrium and sampling 

stages.  For pores of infinite length, the dimensions of the simulation box in the x- 

and y-directions were 20 times the collision diameter of the adsorbate and the 

dimension in the z-direction was the same as the pore width.  For a finite pore, the 

dimension of the simulation box in the y-direction was set as 10 times the collision 

diameter of the adsorbate, and the dimensions of the other two directions were 

determined by the pore width and length.  The pore was connected to the bulk gas 

reservoirs of 3nm length at each end in the x-direction.   

To obtain the radial density distributions of bulk liquid and solid argon, Canonical 

Monte Carlo (CMC) simulation was conducted with periodic boundary conditions 

imposed on all boundaries.  For bulk solid argon, the initial configuration consisted 

of 2352 particles arranged on a Face Centred Cubic (fcc) lattice within the box of 

dimensions 3.81nm ×  6.54nm ×  3.81nm at 50 K.  To simulate bulk liquid argon at 

87K, 834 particles were placed on a simple cubic lattice within the box of 

dimensions 3.41nm ×  3.41nm ×  3.41 nm as the initial configuration giving a liquid 
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phase density equal to the experimental value [247].  100,000 cycles were used in the 

CMC for the system to reach equilibrium before the radial density distribution was 

collected.  The radial density distributions (RDD) of bulk liquid and solid argon are 

shown in Figure 4.1.  The RDD of the bulk solid shows distinct structuring at large 

atom separations and minor peaks between major ones separated by approximately 

one collision diameter corresponding to neighbour distances with lower populations.  

These minor peaks are absent in the RDD of the bulk liquid.  
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Figure 4.1 The radial density distributions of bulk liquid argon at 87 K and solid argon at 50 K.  

 

4.3. Results and Discussions 

4.3.1. Adsorption of Argon in an Infinite Pore at 87 K 

Figure 4.2 shows the adsorption isotherm and the local density distributions of 

adsorbed argon at 87 K in an infinitely long pore of width 1.5 nm.  The adsorption 

proceeds via the usual molecular layering mechanism, typical for simple molecules 

at subcritical temperatures, followed by a first order transition after the completion of 

approximately two layers.  There is also a steep first order transition in the desorption 

branch, typical of cavitation in pores of infinite extent where evaporation cannot take 

place from a gas-adsorbate interface.  The local density distributions in Figure 4.2b 

show that adsorption in this 1.5nm pore shows progressive build-up to four layers of 

molecules, followed by a sharp transition in these layers, especially in the two inner 
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layers.  This leads to a compression of the adsorbate, evidenced by the 

transformation of the overlapping inner peaks into two distinct peaks.  Upon 

desorption, this highly cohesive structure remains stable, as shown by the plateau of 

the desorption-branch, until the cavitation pressure has been reached.  Note that the 

pore density just after cavitation is less than that just prior to the ordering transition.   
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Figure 4.2 (a) The adsorption isotherm of argon at 87 K in an infinitely long pore of width 1.5 nm; 
the local density distributions in the pore (b) before and after the first-order transition in the adsorption 
branch, and (c) before and after the first-order transition in the desorption branch. 

 

To obtain insight at a microscopic level into the adsorbate structure across the first 

order transition along the adsorption branch, we show, in Figures 4.3a and b, the 

radial density distributions (RDD) of the contact and inner layers, respectively 

together with the RDD of bulk liquid and solid argon.  Just before the transition the 

RDD of the contact layer is similar to that of bulk liquid argon while the inner layer 



Chapter 4.  Adsorption in Graphitic Slit Micropores 

 

52 
 

resembles a compressed gas.  After the transition both the contact and the inner 

layers become solid-like.  Thus the first order transition along the adsorption branch 

is due to (1) a liquid-solid transition in the contact layer and (2) a compressed gas to 

solid transition in the inner layer.  It should be noted that the temperature 87 K is 

above the bulk triple point 83.78 K and the RDD shows that the 2D solid is square 

packed, as observed by other researchers [80, 97].  

The difference between the first order transitions for desorption and adsorption is the 

delay in evaporation, due to the metastability of the adsorbate, resulting in a 

hysteresis.  We can characterise this hysteresis as a consequence of both the ordering 

of the contact layer and of condensation/evaporation of the inner layer.  This implies 

that for pores smaller than 1.5 nm, hysteresis, if it existed, would be due to an 

ordering process, and for larger pores it would occur by condensation/evaporation, 

followed by an ordering process.  The results in Section 4.3.3 from our simulation of 

argon adsorption at 60 K demonstrate this latter process.  

When an ordering transition occurs in the first layer for adsorption of gases on a 

homogeneous graphite surface, for example argon and nitrogen at 77 K, a spike is 

observed in the heat curve versus loading [69, 84], and this raises a question about 

whether a heat spike is similarly observed in pores across the ordering transition.  

Figure 4.4 shows the isosteric heat and the contributions from the solid-fluid (SF) 

and fluid-fluid (FF) interactions, and we see a steep increase in the heat from points 

A to B labelled in Figure 4.4 which corresponds to loadings across the ordering 

transition.  This increase is mostly due to the contribution from the fluid-fluid 

interaction, brought about by the sharp increase in loading of the inner layers.  This is 

distinct from the spike observed in surface adsorption which is due to the combined 

increase in both the FF and SF interactions, resulting from the rearrangement of first 

layer molecules as additional molecules are squeezed into this layer. 
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Figure 4.3 The radial density distributions of the infinitely long pore at points before and after the 
first-order restructuring transition for (a) the contact layers and (b) the inner layers; before and after 
the first-order evaporation for (c) the contact layers and (d) the inner layers; (e) the contact and inner 
layers in the pore before restructuring, and bulk liquid argon; (f) the adsorbed solid phase in the pore 
after restructuring, and bulk solid argon.  
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Figure 4.4 The isosteric heat of argon adsorption at 87 K in the infinite pore with pore width 1.5 nm.  

 

 

Figure 4.5 The adsorption isotherm of argon at 87 K in a finite pore (pore length 20 nm) with 1.5 nm 
width.  

 

4.3.2. Adsorption of Argon in a Finite Pore at 87 K 

Figure 4.5 shows the adsorption isotherm for argon at 87 K in a finite pore of 1.5 nm 

width and 20 nm length.  It also exhibits hysteresis, but its characteristics are 

different from those of the infinite length pore; the transition in the hysteresis region 
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is now second order rather than first order, brought about by the presence of an 

interface separating the adsorbed and gas phases. 

To shed further light on the transition along the adsorption branch we show, in 

Figure 4.6, the 3D local density distribution (LDD) as a function of distance and 

pressure for the finite pore and the corresponding pore of infinite length.  It is seen 

that the 3D LDD of the finite pore show gradual changes in both the contact and 

inner layers.   
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Figure 4.6 The 3D plot of local density as a function of distance and pressure, (a) infinite pore and (b) 
finite pore both with 1.5 nm pore widths. 

 

Figure 4.7 shows the RDD of these layers at Points C, D, E and F marked on the 

isotherm in Figure 4.5.  Points C and D illustrate the evolution of the RDD across the 

transition along the adsorption branch, and Points C and F illustrate the difference in 

the structure along the adsorption and desorption branches at the same density.  The 

RDD at the saturation vapour pressure, Point E, is at the ultimate packing structure. 

 

 

 

 

 



Chapter 4.  Adsorption in Graphitic Slit Micropores 

 

56 
 

Point Contact Layer Inner Layer 

C 

Radial Distance (A)

0 5 10 15 20

R
a
di

a
l D

e
ns

ity
 (

-)

0.0

0.1

0.2

0.3

0.4

0.5

Point C

 
Radial Distance (A)

0 5 10 15 20

R
a

di
a

l D
e

ns
ity

 (
-)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Point C

 

D 

Radial Distance (A)

0 5 10 15 20

R
a

di
a

l D
e

ns
ity

 (
-)

0.0

0.1

0.2

0.3

0.4

Point D

 
Radial Distance (A)

0 5 10 15 20

R
a

di
a

l D
e

ns
ity

 (
-)

0.00

0.05

0.10

0.15

0.20

0.25

Point D

 

E 

Radial Distance (A)

0 5 10 15 20

R
a

di
a

l D
e

ns
ity

 (
-)

0.0

0.1

0.2

0.3

0.4

Point E

 
Radial Distance (A)

0 5 10 15 20

R
a

di
al

 D
e

ns
ity

 (
-)

0.0

0.1

0.2

0.3

0.4

Point E 

 

F 

Radial Distance (A)

0 5 10 15 20

R
a

di
a

l D
e

ns
ity

 (
-)

0.0

0.1

0.2

0.3

0.4

Point F

 
Radial Distance (A)

0 5 10 15 20

R
a

di
a

l D
e

ns
ity

 (
-)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Point F

 

 

Figure 4.7 The radial density distributions of the finite pore at Points C, D, E, F in Figure 4.5 for the 
contact and inner layers.  
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The RDDs in Figure 4.7 reveal the following features:  

1. The RDDs along the adsorption boundary of the ordering hysteresis loop 

(Points C to D) show that the contact and inner layers evolve from a liquid-

like state to a solid-like state, where the first peaks de-convolute into two 

peaks, and the isotherm shows a gradual increase (Figure 4.5), indicating that 

this transition is second order.  A similar continuous ordering transition has 

also been reported elsewhere for argon adsorption in slit pores [99].  

2. Further increase in loading from Point D to E (saturation pressure) results in a 

further densification and ordering of all layers.   

3. Along the desorption boundary of the hysteresis loop, the cohesiveness of the 

adsorbate persists to lower pressures, as shown by the solid-like RDD at Point 

F, compared to the liquid-like state at Point C on the adsorption branch at the 

same density as may be seen by comparing with the RDDs for bulk liquid and 

solid argon (see Figures 4.8a and b).  Although the position and relative 

magnitudes of the peaks are very similar, the absolute intensities are greater 

in the bulk phase because the number of neighbours (especially distant 

neighbours) is greater in the bulk phases. 
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Figure 4.8 The radial density distributions of (a) the contact and inner layers in the pore at Point C, 
and bulk liquid argon; (b) the adsorbed solid phase at Point F, and bulk solid argon. Points C and F are 
marked in Figure 4.5.  

 

To further understand the difference in the adsorbate structure along the adsorption 

and desorption boundaries of the ordering hysteresis loop, we show in Figures 4.9a 

and b the isosteric heat and the contributions from the solid-fluid (SF) and fluid-fluid 
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(FF) interactions, respectively.  Along the adsorption boundary from Point C to D 

where the continuous 2D liquid-solid transition occurs, there is a heat spike in the 

isosteric heat curve, contributed solely by the FF interactions.  After Point D where 

adsorption occurs at the pore mouth, the isosteric heat decreases because of the 

decrease in both the SF and FF interactions.  At Point F on the desorption boundary, 

the isosteric heat is higher than at Point C with the same density on the adsorption 

boundary, due to larger contribution from the FF interactions which gives further 

support to the concept of cohesiveness in the adsorbate.   

 

Figure 4.9 The isosteric heat of argon in the finite pore with 1.5 nm width and 20 nm length at 87 K 
during (a) adsorption and (b) desorption; Points A-D, F correspond to A-D, F in Figure 4.5.  

 

Absolute Pore Density (kmol/m3)

0 10 20 30 40 50

Is
o

st
e

ri
c 

H
e

a
t (

kJ
/m

o
l))

0

2

4

6

8

10

12

14

16

18

Total Isosteric Heat
Fluid-Fluid Isosteric Heat
Solid-Fluid Isosteric Heat

(a)

A 
D C 

Absolute Pore Density (kmol/m3)

0 10 20 30 40 50

Is
o

st
e

ri
c 

H
e

a
t (

kJ
/m

o
l))

0

2

4

6

8

10

12

14

16

18

Total Isosteric Heat
Fluid_Fluid Isosteric Heat 
Solid-Fluid Isosteric Heat

(b)

B 
F 



Chapter 4.  Adsorption in Graphitic Slit Micropores 

 

59 
 

Figure 4.10 shows the local compressibilities of the adsorbate for the whole pore, the 

contact layer and the core region.  The compressibility of the contact layer is the 

lowest because of the greatest SF interaction, and that of the contact and core layers 

decreases continuously during adsorption, because the increasing cohesiveness of the 

adsorbate means that molecules move through a shorter distance before encountering 

repulsive resistance.  At Point D where the transition from a liquid-like state to the 

solid-like state occurs, the compressibility drops steeply to below the compressibility 

of the bulk liquid (1.53×10-9 Pa-1) [248] by about one order of magnitude. 

 

Figure 4.10 Local compressibility of the pore, contact layer and core regions during argon adsorption 
in the finite pore of 1.5 nm width and 20 nm length at 87 K; Point D corresponds to D in Figure 4.5.     

 

4.3.3. Effects of Temperature 

The effects of temperature on the hysteresis and phase transitions in the isotherm for 

argon adsorption in a finite slit graphitic pore of 1.5 nm width and 20 nm length are 

illustrated in Figure 4.11a at temperatures of 60 K and 87 K.  At 60 K, there is a 

fused hysteresis loop, indicating that there are two mechanisms at play over the same 

pressure range, compared to the single ordering transition mechanism at 87 K.  The 

first transition (section I) is the 2D gas-liquid condensation in the contact layers, 

which is then followed by a second order transition from a 2D liquid-like (Point A) 

to a 2D solid-like state (Point B), as verified by the RDD of the contact layer in 
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Figure 4.11b.  A first order condensation of the inner layers is observed as the 2nd 

step in the isotherm (section ІІ) and from Point C to D there is a second order 

transition of the inner layers to a solid-like state.  Upon desorption, the adsorbate 

undergoes a disordering transition and there is a sharp first order evaporation from 

the inner layers, and the fused desorption branch of the hysteresis loop is due to a 

combination of condensation/evaporation and the ordering transition of the inner 

layers.  

 

Figure 4.11 (a) The adsorption isotherms of argon at temperatures of 60 and 87 K in finite pores of 
1.5 nm width and 20 nm length; (b) the radial density distributions of the contact layer at Points A, B 
at 60 K. 
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4.3.4. Effects of Pore Width 

Since the freezing temperature of a Lennard-Jones fluid confined to molecularly thin 

layers is reported to be a nonlinear function of pore width [97], we further 

investigated the effects of pore width on the behaviour of the isotherm, especially the 

order of the transitions in the hysteresis loop.  We chose a slit pore of 1.8 nm width, 

which can accommodate four adsorbate layers but with different packing from the 

1.5 nm pore.  The isotherm of the 1.8 nm pore in Figure 4.12 shows a steep capillary 

condensation/evaporation of the inner layers, and there is no second order stage in 

the hysteresis loop, which can be attributed to the incommensurate packing of these 

layers as shown in the local density distribution in Figure 4.13a.  The radial density 

distribution of the contact layers shows some solid-like features at the second 

neighbour distance but the inner layer distributions are liquid-like (Figure 4.13b), 

confirming the random nature of the incommensurate packing.  Similar features are 

also observed for larger pores (Appendix 2).  
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Figure 4.12 The adsorption isotherms of argon in finite length pores with widths of 1.5 and 1.8 nm; 
the pore lengths are 20 nm and the temperature is 87 K.   
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Figure 4.13 (a) The local density distribution; (b) the 2D radial density distributions for the contact 
and inner layers at the saturation vapour pressure of 87 K for the 1.8 nm pore.    

 

4.4. Conclusions 

In this chapter we have used GCMC simulations to study the order-disorder 

transitions and the restructuring of the adsorbate associated with the hysteresis loops 

in argon isotherms adsorbed in open slit pores of molecular dimensions.  The pore 

walls were constructed from homogeneous graphite.  When the pore is infinitely long 

the ordering transition is first order with a Type H1 hysteresis loop.  However, in 

finite length pores the transition is second order and hysteresis is entirely the result of 

adsorbate restructuring.  When a first order capillary condensation/evaporation is 

followed by an ordering transition, the both mechanisms contribute to the hysteresis 

loop.  The ratio of pore width to molecular size plays an important role in the 

ordering transition, and no ordering hysteresis loop is observed when the pore is 

incommensurate.  
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Chapter 5. Adsorption-Induced Deformation in Slit Micropores 

5.1. Introduction 

In modelling gas adsorption in porous solids it is customary to assume that the solid 

is a rigid body despite theoretical and experimental evidence that an adsorbate can 

induce adsorbent deformation due to the forces exerted by adsorbate molecules on 

the solid surfaces.  In Chapter 4, we have found that solid-like phases of argon could 

be formed in graphitic slit micropores at temperatures above the bulk triple point and 

this confinement effect could also induce high pressures in the pore, which can be 

enhanced by a factor of 1000 compared to the bulk phase pressure and would cause 

the deformation of the solid.  Studies have shown that adsorbent deformation can 

have significant effects on the adsorption capacity and on the heat of adsorption.  

Therefore, we extend our study to the adsorption-induced deformation in graphitic 

slit micropores to investigate its underlying mechanisms.    

Grand Canonical Monte Carlo (GCMC) was applied by Do and co-workers to 

investigate the adsorption-induced deformation due to argon adsorption in infinitely 

long graphitic slit pores [218, 219].  Subsequently, GCMC was applied to study the 

deformation in more realistic models of finite length pores connected to bulk gas 

reservoirs at the pore-ends, allowing the equalization of chemical potentials and 

mechanical pressure between the bulk gas and the adsorbate within the pore [249, 

250].  The effects of pore width, temperature and pore length on the deformation, 

were examined in this work and it was shown that molecules at different positions 

make different contributions to the solvation pressure, which has a direct relationship 

to the deformation.  The focus of the present chapter is on adsorption-induced 

deformation in micropores, for which commensurate or incommensurate packing of 

the adsorbate molecules is particularly significant.  

5.2. Simulation Details 

We used argon as the model adsorbate and graphitic slit pores as the model adsorbent.  

Each of the pore walls is composed of a number of graphene layers that are moveable 

normal to the pore width with the outermost layers fixed, as shown in Figure 5.1.  

The separation distances between adjacent layers are determined by minimizing the 

potential energy of the system under vacuum.  
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Figure 5.1 Schematic diagram of a slit pore with 4 movable layers and two fixed outermost layers; H 
and H’ denote the pore width and the distance between the fixed layers, respectively.  H varies with 
adsorbate loading while H’ is constant. 

 

Interaction Energies 

The potential energy of a system is comprised of three contributions: (1) fluid-fluid 

(FF), (2) solid-fluid (SF) and (3) solid-solid (SS) interactions.  

The fluid-fluid interaction energy of argon was described by the 12-6 Lennard-Jones 

(LJ) equation, with 0.3405ffσ = nm and 119.8ff Bkε = K [243].  

For pores of infinite length in the x- and y-directions (parallel to the surface), each 

wall has one fixed outermost layer and two or more movable interior layers.  The 

interaction energy between argon and each graphene layer was calculated with the 

Crowell 10-4 equation.  For pores of finite length, the interaction energy was 

calculated with the Bojan-Steele equation.  For both pore models, the molecular 

parameters for a carbon atom in the graphene layer are 0.34ssσ = nm and 

28ss Bkε = K, and the carbon density of a graphene layer is 38.2 nm-2.  The cross 

collision diameter and the well-depth of the solid-fluid interaction energy were 

calculated from the Lorentz-Berthelot mixing rule.  

In a deformable pore of infinite length, the solid-solid interaction energy has been 

given by Do et al. [218]  For pores of finite length, the solid-solid interaction energy 

between two layers was calculated by integrating the Bojan-Steele equation.  

Monte Carlo Simulation 

Grand Canonical Monte Carlo (GCMC) was used to simulate argon adsorption in 

deformable slit pores, with 100,000 cycles used in the equilibration stage and the 

same number for the sampling stage.  Each cycle has 1000 moves of four types: 

movable 
layers 

fixed layer 

fixed layer 

H H’ 
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displacement, insertion, deletion of argon molecule, and displacement of movable 

graphene layers, chosen at random with the following respective probabilities 

333:333:333:1.  In the equilibration stage, the maximum displacement step length for 

argon molecules in each direction was initially set as half the dimension of the 

simulation box in that direction, was adjusted at the end of each cycle to give an 

acceptance ratio of 20%, and then kept constant during the sampling stage.  For the 

displacement of a movable layer, one layer was chosen at random and displaced in 

the direction normal to the pore walls, with acceptance following the usual 

Metropolis rule.  The displacement step length for a movable layer was kept as 

1/1000 of the separation distance between adjacent layers (set initially 0.3354 nm) in 

both the equilibration and sampling stages.  The dimension of the simulation box in 

the x-direction was set as 10 times the collision diameter of argon.  For pores of 

infinite length, the dimension in the y-direction was set as 20 nm, with periodic 

boundary conditions applied in both the x- and y-directions.  For finite pores, the 

dimension in the y-direction was determined by the pore length with two bulk gas 

reservoirs of 3nm length connected at each end of the pore.  In the calculation of 

interaction energies, the cut-off radius was set as 5 times the collision diameter of 

argon.   

 

5.3. Results and Discussions 

5.3.1. Effects of Pore Width 

We first conducted GCMC simulations on argon adsorption at 87 K in deformable 

finite slit pores with four moveable layers, lengths of 20 nm and various widths in 

the micropore range.  We present in Figure 5.2 the maximum adsorbate density, the 

solvation pressure and the compressibility of the adsorbed phase at the saturation 

vapour pressure (P0) as functions of the initial pore width.  The minimum width 

accessible to argon molecules is 0.60 nm.  In pores of initial width 0.65 nm, only one 

adsorbate layer can be accommodated.  As the initial pore width is increased both the 

maximum density and the solvation pressure oscillate synchronously with a damped 

amplitude.  We noted that the solvation pressure is zero when the pore widths are 

initially 0.99 nm, 1.3 nm, 1.62 nm and 1.93 nm, indicating that there is no net force 

acting on the pore walls at P0.  This is tantamount to saying that the packing in these 
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pores is perfectly commensurate; i.e. an integral number of layers (2, 3, 4 and 5) can 

be accommodated in these pores, as confirmed by the location of the corresponding 

minima in the compressibility plot in Figure 5.2c.  It is worth pointing out that, even 

though the solvation pressure at P0 is zero for these commensurate pores, it is not 

zero at pressures less than P0, because of the variation in the local solvation pressure 

distribution with pressure.  It is only at P0 that the force pushing the pore walls apart 

is exactly balanced by the attractive forces pulling them together.  Figure 5.2 

distinguishes the commensurate from the incommensurate pore widths under the 

stated conditions.     

 

 

Figure 5.2 (a) The maximum loading, (b) the solvation pressure and (c) the compressibility as a 
function of the initial pore width for argon adsorption at 87 K and at the saturation vapour pressure, P0, 
in finite slit pores of 20 nm length with four movable layers and two fixed outermost layers.  The 
initial pore width with the corresponding distance between the fixed layers, H’, is shown in Table 5.1.  
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Table 5.1 The initial pore width and the corresponding distance between the fixed layers    

H (nm) 0.65 0.7 0.8 0.9 1.0 1.1 1.2 1.3 

H’ (nm) 2.0144 2.0610 2.1576 2.2566 2.3550 2.4545 2.5543 2.6541 

H (nm) 1.4 1.5 1.6 1.7 1.8 1.9 2.0  

H’ (nm) 2.7539 2.8537 2.9538 3.0536 3.1535 3.2535 3.3535  

 

Figures 5.3a and b show the solvation pressure and the fractional change of the pore 

width with loading (from zero to a maximum loading at P0) for argon adsorption at 

87 K in pores of various initial widths.  The stress-strain curve of fractional change 

in pore width (ΔH/H0, where ΔH equals H ‒ H0 and H0 is the initial pore width under 

vacuum) with loading (expressed as a percentage) is proportional to the solvation 

pressure, as confirmed by the linear plot of ΔH/H0 versus the solvation pressure in 

Figure 5.3c.  The inverse of the slope of this plot is the bulk modulus, which depends 

on pore width, pore length (Section 5.3.3) and the number of movable layers (see 

Section 5.3.4).  The bulk moduli of the 0.65 nm and 0.9 nm pores (with 4 moveable 

layers) are 12 and 20 GPa, respectively, indicating that the modulus increases 

moderately with pore width.  These values are comparable to the bulk modulus of 

most solids, for example the reported bulk modulus of graphite is 15.3 GPa and that 

of silica is 35 GPa.  From the behaviour of ΔH/H0 versus loading in Figure 5.3b, we 

can classify the deformation into four categories:  

1. Expansion of 0.65 nm pore 

Expansion is the only mode of deformation in this pore because it only 

accommodates one molecular layer, resulting in positive solvation pressures for all 

loadings.   

2. Contraction at all loadings 

The pattern of contraction at all loadings is exemplified by the 0.7 nm pore, which is 

wider than a monolayer, but not wide enough to accommodate two layers.  

Consequently, the adsorbate molecules pull the movable graphene layers on the 

opposite walls towards each other to optimise the solid-fluid interactions which over-

compensate the positive solid-solid potential energy. 

3. Contraction followed by expansion 
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This behaviour is found for most pore widths.  As an example, consider the pore with 

an initial width of 0.9 nm; this pore is too small to accommodate two distinct layers 

at very low loadings and molecules on opposite pore walls therefore overlap.  

Because of this the Gibbs free energy is lowered by pulling the movable graphene 

layers on opposite walls towards each other, thus lowering the solid-fluid energy by 

more than enough to compensate for the positive solid-solid potential energy.  As 

loading is increased, the pore expands sufficiently to accommodate two distinct 

layers, which lowers the fluid-fluid energy and also the solid-fluid energy because 

more molecules are closer to the potential energy minimum.  The combination of 

lower SF and FF energies is more than sufficient to compensate for the reduced 

attraction between the solid layers which resulted from pushing the movable 

graphene layers outward. 

4. Commensurate pores: 

Examples of commensurate pore widths are 0.99 nm, 1.3 nm and 1.62 nm.  These 

pores can accommodate an integral number of molecular layers at P0, at which 

pressure the solvation pressure is zero, as discussed earlier and shown in Figure 5.2b.   

The local density distributions and the local solvation pressure distributions, at the 

saturation vapour pressure P0, for pores of width 0.65 nm, 0.7 nm, 0.9 nm and 1.3 nm 

pores highlight the relative contributions from molecules pushing the walls apart and 

those pulling them together at the maximum loading.  These distributions form the 

basis for a microscopic explanation of the linear correlation between the solvation 

pressure and the percentage change in pore width.   
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Figure 5.3 (a) The solvation pressure versus loading, (b) the percentage change of the pore width 
versus loading, (c) the percentage change of the pore width versus the solvation pressure during argon 
adsorption at 87 K in slit pores of different initial widths and 20 nm length with four movable layers 
and two fixed outermost layers. 

 

With the exception of the 0.65 nm pore (Figure 5.4a), whose local solvation pressure 

is positive at all distances (i.e. all molecules have a tendency to push the pore walls 

apart), the local solvation pressure distribution shows two distinct regions.  In the 

region close to the pore walls the solvation pressure is positive, but is negative in the 

interior; i.e. molecules near the pore walls some of which are in the repulsive part of 

the SF potential have a tendency to push them apart while those in the interior tend to 

pull them together.  Since the total solvation pressure is the sum of the local 

solvation pressures, it could be either positive or negative.  The 0.7 nm pore is an 

example of a case where attraction of the pore walls by molecules in the interior (the 

cross hatched area in Figure 5.4b) dominates over the repulsion due to those adjacent 

to the pore walls (the red area), resulting in a negative solvation pressure and pore 

contraction at P0.  In the 0.9 nm pore (Figure 5.4c) we observe the opposite; the 
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positive local solvation pressure dominates at P0, and the pore expands.  For the pore 

with an initial width of 1.3 nm, the local positive solvation pressure balances the 

negative pressure at P0 (Figure 5.4d), resulting in zero solvation pressure and 

therefore there is no deformation.  We again emphasise that this behaviour is at P0 

and that at pressures less than P0 the behaviour is different, as discussed below. 

Figure 5.4 The local density distributions (black lines) and the local solvation pressure distributions 
(red lines) for argon adsorption at 87 K at the saturation vapour pressure P0 for pore widths (a) 0.65 
nm, (b) 0.7 nm, (c) 0.9 nm, (d) 1.3 nm pores.  

To illustrate the evolution of the local density distribution and the local solvation 

pressure distribution with loading (pressure), we show in Figures 5.5a and b these 

distributions at the Points A-C, marked in Figure 5.3a, for the 0.9 nm pore, with the 

corresponding snapshots shown in Figure 5.5c.  The local density distribution 

increases in area and shifts closer to the pore walls when the loading is increased 

from Point A to C (Figure 5.5a), and the corresponding local solvation pressure 

distribution also shifts closer to the pore walls (Figure 5.5b).  At the low loading 

(Point A) the contribution from the negative local solvation pressures is greater than 

that from the positive ones and the pore contracts.  On the other hand, at the higher 
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loading at Point C (the saturation vapour pressure, P0) the opposite is true, and the 

pore expands.  Therefore, there is an intermediate loading between these two values, 

where the contributions from the positive and negative local pressures cancel each 

other (Figure 5.5b), here the solvation pressure is zero and no change occurs in the 

pore width (Point B in Figure 5.3a).  

 

Figure 5.5 (a) The local density distributions, (b) the local solvation pressure distributions and (c) the 
snapshots of argon molecules at Points A, B, C of 0.9 nm pore in Figure 5.3a.  

 

5.3.2. Effects of Temperature 

At supercritical temperatures, the packing effect is different from that at sub-critical 

temperatures because of the increased thermal fluctuations.  Figures 5.6a and b show 
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function of the initial pore width for argon adsorption at 298 K and 100 MPa, and at 

87 K and P0 respectively.  For small pores (0.65-1.1 nm), both the solvation pressure 

and ΔH/H0 versus pore width exhibit the same pattern as those at the sub-critical 

temperature.  However, at the supercritical temperature they end in a plateau when 

the pore width is greater than about 1.1 nm.  This illustrates how thermal fluctuations 
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reduce molecular packing and shows that the reduction becomes greater as pore size 

increases.   

 

Figure 5.6 (a) The solvation pressure and (b) the percentage change of the pore width for argon in 
pores with different initial widths (0.65-2 nm) and 20 nm length at 298 K and 100 MPa, compared 
with argon at 87 K at the saturation vapour pressure P0.  The pores are composed of four movable 
layers and two fixed outermost layers. 

 

Figures 5.7a and b show the change in solvation pressure with loading as a function 

of temperature for argon adsorbed at different temperatures in pores with initial 

widths of 0.65 nm and 0.8 nm.  The corresponding fractional change in pore width, 

ΔH/H0, expressed as a percentage, is plotted as a function of loading in Figures 5.7c 

and d.  Both the solvation pressure and ΔH/H0 increase with temperature at a given 

loading, and are linearly related (Figures 5.7e and f).  The slopes (i.e. the inverse of 

the bulk modulus) for both pore widths are independent of temperature, which is 

consistent with the bulk modulus being an intrinsic property of the solid.   
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Figure 5.7 The solvation pressure versus loading in (a) 0.65 nm, (b) 0.8 nm pores; the percentage 
change in pore width versus loading in (c) 0.65 nm, (d) 0.8 nm pores; the percentage change in pore 
width versus the solvation pressure in (e) 0.65, (f) 0.8 nm pores for argon adsorption at different 
temperatures; the pores are composed of four movable layers and two fixed outermost layers and the 
pore length is 20 nm. 

 

To shed further light on the effects of temperature, we present in Figure 5.8 the local 

density distribution, and the local solvation pressure distribution, at the points A and 
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nm pore, both the local density distribution and the local solvation pressure 

distribution move closer to the repulsive region of the potential as temperature 

increases, increasing the tendency for the adsorbate to push the moveable layers apart 

and expand the pore.  It is interesting to see that the excursion of molecules towards 

the pore walls at high temperatures occurs at the expense of a decrease in the local 

solvation pressure at the centre of the pore.  The same conclusions also apply for the 

0.8 nm pore (Figures 5.8b and d), i.e. the contribution from the positive local 

solvation pressures increases while that from the negative ones decreases.  For this 

0.8 nm pore, where contraction occurs at all loadings, the effects of the temperature 

result in less contraction at higher temperatures.   

 
Figure 5.8 The local density distributions at (a) Point A of 0.65 nm, (b) Point B of 0.8 nm pores.  The 
dashed lines show the solid-fluid potential energy function.  The local solvation pressure distributions 
at (c) Point A of the 0.65 nm pore, and (d) Point B of the 0.8 nm pore, at different temperatures.  
Points A-B are marked in Figure 5.7.  

 

5.3.3. Effects of Pore Length 

Figure 5.9 shows the percentage change of the pore width with solvation pressure for 

argon adsorption at 87 K in pores of different lengths and initial widths of 0.65 nm 
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and 0.8 nm.  The deformation is greater and the bulk modulus is smaller in the 

shorter pores at the same solvation pressure.  However, the trend in deformation with 

pore width is the same, irrespective of the pore length.  A similar conclusion also 

holds for adsorption at the supercritical temperature of 298 K.  

 

Figure 5.9 The percentage change of the pore width versus the solvation pressure in (a) 0.65, (b) 0.8 
nm pores with different pore lengths for argon adsorption at 87 K.  The pores are composed of four 
movable layers and two fixed outermost layers. 

   

5.3.4. Effects of Number of Movable Layers 

The effects on the deformation, of changing the number of movable layers, are 

shown in Figure 5.10, where we plot the percentage change of the pore width versus 

the solvation pressure for argon adsorption at 87 K in pores of 0.65 nm initial width 

with different numbers of movable layers.  When the number of movable layers is 

increased from 2 to 4 on each wall, the pore deformation increases at a given 

solvation pressure as shown by an increase in the slope of the plot.  The bulk 

modulus decreases from 12 GPa to 6 GPa, as expected, because it is easier to 

compress a larger number of movable layers.   
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Figure 5.10 The percentage change of the pore width versus the solvation pressure in 0.65 nm pore 
with different number of movable layers on each wall for argon adsorption at 87 K; the pore length is 
20 nm.   
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Figure 5.11 (a) The pore width versus loading and (b) the solvation pressure versus loading before 
and after deformation at 87 K in 0.65 nm pore; (c) the local solvation pressure distributions at Point A 
as labelled in Figure 5.11(b) before and after deformation; the pore length is 20 nm.  The deformable 
pore has four movable layers and two fixed outermost layers and the rigid pore has a total of six layers. 

 

5.4. Conclusions 
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Molecules near the pore walls have positive local solvation pressure and tend to 

expand the pore, while those in the interior have negative local solvation pressure 

and tend to contract the pore.  At higher temperatures, the positive local solvation 

pressure is enhanced and pore expansion becomes more favoured.  Packing effects 

are important under subcritical conditions, but at supercritical temperatures, and in 

wider pores, thermal fluctuations play a more significant role.  Pore length also 
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affects deformation, especially in short pores, but it does not change the pattern of 

deformation as a function of pore width and temperature.  The majority of the 

simulations reported here were made with a graphitic pore model having four 

moveable layers.  When more moveable layers are added to the model, the 

deformation is increased.  
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Chapter 6. Adsorption-Induced Deformation in Slit Mesopores 

6.1. Introduction 

In Chapter 5, we have studied the adsorption-induced deformation in microporous 

solids and we extend the study to mesopore range in this Chapter, as the deformation 

behaviours of mesoporous solids are more complicated.  In general, the deformation 

of mesoporous solids usually exhibits alternative stages of expansion and contraction, 

and a significant hysteresis could be observed in the course of desorption 

accompanied with the adsorption-desorption hysteresis.   

We investigate systematically the deformation behaviours of graphitic slit mesopores 

with an aim of gaining better insight into the mechanisms of deformation.  Different 

deformation behaviours are observed at different stages in the adsorption process, 

with different mechanisms and effects from the pore width and temperature.  

6.2. Simulation Models 

We use argon as the model adsorbate and graphitic slit pores as the model adsorbent.  

The schematic diagram of the pore model is shown in Figure 6.1.  The pore is 

composed of two fixed outermost layers and a number of movable layers that are 

movable normal to the pore walls.  

 

Figure 6.1 Schematic diagram of a slit pore with 4 movable layers and two fixed outermost layers; H 
and H1 denote the pore width and the distance between the outermost fixed layers, respectively.  D, D1, 
D2 denote the distances between the 1st movable layer (the innermost layer) and the fixed layer, the 1st 
and the 2nd movable layers, the 2nd movable layer and the fixed layer, respectively.  H, D, D1 and D2 
vary with adsorbate loading while H1 is constant. 
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6.3. Results and Discussions 

6.3.1. Adsorption-Induced Deformation in a 3 nm Pore 

We define the strain as the fractional change in pore width ΔH/H0, where ΔH = H ‒ 

H0 and H0 is the initial pore width.  The isotherms for strain and for argon density at 

87 K, in a pore with an initial width of 3 nm, are shown in Figures 6.2a and b on 

linear and semi-logarithmic scales, respectively.  The adsorption isotherm is typical 

for mesoporous solids: (1) molecular layering on the pore walls, (2) a sharp increase 

in density on capillary condensation and (3) pore filling.  The strain isotherm exhibits 

three stages corresponding to these stages in the adsorption.   

1. In the molecular layering region, and especially at sub-monolayer coverages, 

the pore expands and the strain isotherm exhibits a shape similar to the 

adsorption isotherm. 

2. During capillary condensation, the pore contracts sharply. 

3. Beyond the capillary condensation pressure, the pore contracts further until 

saturation vapour pressure (P0) is reached.  

 

Figure 6.2 The adsorption isotherm (black line) and the strain isotherm (red line) for argon adsorption 
at 87 K in a slit pore of 3 nm initial width shown on (a) linear and (b) semi-logarithmic scales; the 
pore length is 20nm with four movable layers and two fixed outermost layers. 
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movable layer and the fixed layer δD = δD1 + δD2 are shown in Figures 6.3b and c.  

Also plotted in Figure 6.3a is the adsorption isotherm of the 3 nm pore, plotted in 

terms of the surface excess density, for comparison with the adsorption isotherm of 

the graphite.  The following observations may be made:   

1. The adsorption isotherms and the plot of δD versus pressure for these two 

systems (the 3 nm pore and graphite) agree with each other in the multilayer 

region, indicating that the two pore walls behave like independent surfaces, 

i.e. the deformation at one wall in the 3 nm pore is unaffected by the 

presence of the opposite wall.     

2. δD decreases with pressure in the multilayer region, which means that the 

graphene layers are compressed and the pore width expands.   

3. The changes in the interlayer spacings δD1, δD2 are the same in the 3 nm 

pore and the graphite (Figure 6.3b). 

 
 

Figure 6.3 Changes in the adsorbent for argon adsorbed at 87 K in a slit pore of 3 nm initial width and 
on a graphite surface; the length of the pore and the surface is 20 nm, both pore walls and the surface 
are constructed with two movable and one fixed outermost layers.  (a) The adsorption isotherm.  (b) 
The change in distances between the 1st movable layer and the 2nd movable layer (δD1), and the 2nd 
movable layer and the fixed layer (δD2) with bulk pressure.  (c) The change in distance between the 1st 
movable layer and the fixed layer with bulk pressure.  
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Figure 6.4a shows the distances between the 1st adsorbate layer and the 1st movable 

layer (ΔZ1), the 2nd movable layer (ΔZ2), and the fixed layer (ΔZ3) plotted against the 

bulk pressure for argon adsorption on a graphite surface at 87 K.  The position of the 

1st adsorbate layer is determined by averaging over the z-coordinate of the adsorbate 

molecules in this layer, (
1 1

ρ ρ
= =

= 
n n

ave i i i
i i

z z ).   

The interesting features summarized below, shed light on the microscopic 

mechanism resulting from the negative change in the SF potential due to the 

compression of the graphite surface, which balances the penalty of the positive 

change in the SS potential.  Due to the lowering of the total potential, the stability of 

the system becomes higher than that in fixed pores.  

1. In the sub-monolayer coverage region, ΔZ1 increases slightly (supporting 

information is given in Appendix 3) while ΔZ2 and ΔZ3 decrease.  The result 

is a lowering of the SF potential between the adsorbate molecules in the 

sub-monolayer and the 2nd graphene layer and to a lesser extent with the 

fixed layer.  

2. At the onset of the 2nd adsorbate layer (Point B in Figure 6.3a), ΔZ1, ΔZ2 and 

ΔZ3 decrease sharply with the increase of pressure until the saturation 

vapour pressure P0 is reached (Point C in Figure 6.3a).  This occurs because 

the multilayers are closer to all the graphene layers, resulting from the 

balance between the stronger SF interaction and the penalty from the more 

repulsive SS interaction.  The local density distributions at these loadings are 

shown in Figure 6.4b. 

 

After the initial expansion the pore width contracts across the capillary condensation 

to become smaller than its initial value of 3 nm pore.  This is because of the 

attraction between the condensate in the pore interior and the pore walls, which 

lowers the SF potential.  Because of the contraction of the pore, the interlayer 

spacings relax from their compressed state in the multilayer region, resulting in a 

decrease in the SS potential during the capillary condensation, as shown in Figure 

6.5a.  After completion of the capillary condensation, more particles are added into 
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the pore and the pore contracts to further lower the SF potential at the expense of the 

SS potential because of the expansion of the movable layers (i.e. a positive change in 

δD1 and δD2).  We have found that the deformation pattern after the capillary 

condensation is a function of both pore width and temperature and elaborate this in 

more detail in Sections 6.3.2 and 6.3.3 below. 

 

Figure 6.4 (a) The change of the distances between the 1st adsorbed layer and the 1st movable layer 
(ΔZ1), the 2nd movable layer (ΔZ2), and the fixed layer (ΔZ3) with bulk pressure, (b) the local density 
distributions at Points A-C as marked in Figure 6.3a for argon adsorption at 87 K in a slit pore of 3 nm 
initial width and on a graphite surface.    
 

 

Figure 6.5 (a) The change in solid-solid (SS) Energy with bulk pressure, (b) the change in solvation 
pressure with bulk pressure for argon adsorption at 87 K in a slit pore of 3 nm initial width.  

 

6.3.2. Effects of Pore Width 

To investigate whether the pattern of deformation observed for the pore of 3 nm 
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Figure 6.6 shows the strain isotherms (change of the pore width with bulk pressure).  

The following observations are derived from this figure: 

1. In the multilayer region, all the pores expand and the strain isotherms are 

identical, irrespective of the initial pore width.  This confirms that at low 

loading, the pore walls behave like two independent graphite surfaces.  In 

Appendix 4, the strain isotherms are plotted on semi-logarithm scales to 

illustrate the pattern of the strain more clearly in this region of the 

adsorption.      

2. During capillary condensation all pores contract, but the extent of the 

contraction depends critically on the pore width.  For pores in which the 

adsorbate packing is commensurate across the pore width at condensation, 

the contraction is minimal since any change in the pore size would alter the 

packing in such a way as to make the fluid-fluid interaction more repulsive.  

Pores of initial width 2.9 nm and 3.1 nm both give commensurate packing, 

but in the 3 nm pore the argon would be incommensurately packed if the 

pore remained rigid.  Therefore the 3 nm deformable pore undergoes a 

contraction during adsorbate condensation to achieve a packing which 

minimises the combined contribution from the lowered FF interaction and 

the increased SS potential energy.   

3. After completion of the capillary condensation the trend in deformation at 

the saturation vapour pressure (P0) is different for pores of different initial 

widths as summarised in Table 6.1.  Figure 6.7 illustrates these trends 

graphically as a function of the initial pore width.  The oscillatory 

behaviour of the plot emphasises the importance of adsorbate packing 

during the capillary condensation and the subsequent pore filling. 
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Figure 6.6 The strain isotherm for argon adsorption at 87 K in pores of length 20 nm with four 
movable layers and two fixed outermost layers and with different initial widths, (a) 2.5-2.7 nm, (b) 
2.8-3 nm, (c) 3-3.4 nm. 

 

 

Figure 6.7 The change in pore width at saturation vapour pressure for argon adsorbed at 87 K in 
graphitic slit pores of 20 nm length with four movable graphene layers and two fixed outermost layers, 
as a function of the initial pore width.  
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Table 6.1 The deformation behaviour after capillary condensation of slit pores with different initial 
widths.  

Initial pore width (nm) Expansion (E) or Contraction (C) 

2.5 E 

2.6 - 

2.7 C 

2.8 E 

2.9 - 

3.0 C 

3.1 E 

3.2 E 

3.3 C 

3.4 E 

 

 

 

Figure 6.8 The variation in solvation pressure with bulk pressure for argon adsorption at 87 K in 
pores of length 20 nm with four movable layers and two fixed outermost layers and initial widths, (a) 
2.5-2.7 nm, (b) 2.8-3 nm, (c) 3-3.4 nm. 
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As a further corroboration of our proposed deformation mechanism, we show that the 

solvation pressure is the driving force that is directly responsible for deformation.  In 

Figures 6.8a to c, corresponding to the strain isotherms in Figures 6.6a to c, the 

solvation pressure is plotted against the bulk pressure.  The complete match between 

the variation of the solvation pressure with pressure and the strain isotherm argues 

strongly that the solvation pressure is the driving force.  The same conclusion was 

reached in our earlier work on micropores [251]. 

 

6.3.3. Effects of Temperature 

The effects of thermal fluctuation on deformation were studied for temperatures in 

the range between 87 K and 100 K.  Again, we take the 3 nm pore as an example 

since this is the one that shows the largest variation in expansion and contraction.  

Figures 6.9a and b show the strain isotherms plotted on linear and semi-logarithmic 

scales, respectively; a plot of the fractional change in the pore width with loading is 

shown in Figure 6.9c.  Temperature has different effects on deformation at different 

stages in the adsorption process. 

1. In the multilayer region, pore expansion is the same at a given loading 

regardless of the temperature.  This suggests that fluctuations of the 

molecules in the first adsorbed layer are suppressed because of the strong SF 

interaction between the adsorbate layer and the graphite.     

2. During the capillary condensation, the pore contracts sharply at all 

temperatures, but the contraction is less at higher temperatures.   

3. After the capillary condensation, there are different patterns of deformation 

at different temperatures: there is a slight contraction at 87 K, but at higher 

temperatures, the pore expands and shows higher expansion at a given 

loading at higher temperatures (Figure 6.9c).   
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Figure 6.9 The strain isotherm for argon adsorption in a slit pore of 20 nm length and 3 nm initial 
width with four movable layers and two fixed outermost layers at different temperatures: (a) linear 
and (b) semi-logarithmic scales.  (c) The fractional change of the pore width with loading.  
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shown in Figures 6.10a and b for argon adsorption at 87 K in the 3 nm pore.  The 

Type H1 hysteresis in the isotherm is typical for mesopores and the hysteresis 

observed in the strain isotherm occurs over the same pressure range as in the 

isotherm, suggesting that the hysteresis in the strain is a direct consequence of the 

hysteresis in the adsorption isotherm.     
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Figure 6.10 (a) The adsorption isotherm and (b) the strain isotherm for argon adsorption at 87 K in a 
slit pore of length 20 nm and 3 nm initial width with four movable layers and two fixed outermost 
layers. 
 

 

Figure 6.11 (a) The adsorption isotherm, (b) the strain isotherm and (c) the strain as a function of 
loading for argon adsorption at 87 K in a slit pore of length 20 nm and 3 nm initial width with four 
movable layers and two fixed outermost layers. 
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adsorption branch, the pore contracts across the condensation, but to a much smaller 

extent than the 3 nm pore, and the pore width after this contraction is still greater 

than the initial width.  Once the condensation has been completed, pore filling 

continues, resulting in pore expansion because of the increase in the solvation 

pressure.  Upon desorption, the pore continuously contracts until the pore is emptied.  

The hysteresis is better described by plotting the percentage change in the pore width 

versus loading.  For a given loading, the percentage change in width on desorption is 

greater than during adsorption, indicating that the condensate is more metastable in 

desorption than in adsorption.   

 

Figure 6.12 (a) The adsorption isotherm and (b) the strain isotherm at 95 K.  (c) The adsorption 
isotherm and (d) the strain isotherm at 120 K for argon adsorption in a slit pore of 2.5 nm initial width; 
the pore length is 20 nm with four movable layers and two fixed outermost layers. 
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adsorption-desorption isotherm and the strain isotherm are reversible, again 

highlighting the fact that the presence or absence of hysteresis in the strain isotherm 

is related directly to the adsorption isotherm.  As the adsorption-desorption hysteresis 

at a given temperature shows the same behaviour for fixed and deformable pores, we 

suppose that they share the same mechanism for the disappearance of the hysteresis 

with increasing temperatures [252].     

 

6.4. Conclusions 

In this Chapter, we have studied the mechanisms of adsorption-induced deformation 

of an adsorbent solid in different stages of adsorption and desorption for argon at 87 

K in deformable graphitic slit mesopores using grand canonical Monte Carlo 

simulations.  In the multilayer region in a pore of width 3nm, the pore walls are 

slightly compressed (i.e. the pore expands) as the solid-fluid interaction increases.  

The pore walls behave as two independent surfaces at this stage and the extent of 

pore expansion is not affected by the changing the pore size within the range 2.5-3.4 

nm or temperature up to 120 K.  During the capillary condensation, the pore 

contracts sharply as attraction between the adsorbate molecules in the interior of the 

pore and the pore walls increases.  Different amounts of pore contraction are 

observed when the pore width or temperature is varied.  After completion of the 

capillary condensation, the pore can either expand or contract, depending on the 

whether the packing of the molecules across the pore width is commensurate or 

incommensurate, and their thermal motion.  These factors determine the balance 

between attraction from molecules in the pore interior and the solid, and repulsion of 

molecules close to the surface.  We find that strain is subject to hysteresis which 

closely follows the pattern of adsorption hysteresis.  
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Chapter 7. Conclusions and Recommendations 

This thesis has presented a fundamental study of simple gas adsorption and 

adsorption-induced deformation in carbonaceous materials including both graphite 

and porous carbon.  Monte Carlo simulation was conducted to obtain the behaviours 

of adsorption and adsorption-induced solid deformation that are comparable to 

experimental studies including the adsorption isotherm, the strain isotherm and the 

isosteric heat, as well as the relevant microscopic properties that facilitate the 

understanding of underlying mechanisms, such as the compressibility of the 

adsorbate, the solvation pressure, etc.   

7.1. Conclusions 

The first aim of this thesis is to study the adsorption and phase behaviours of simple 

gas on graphite surfaces.  We chose the Kr-Graphite system and used GCMC, C-

kMC and Mid-Density scheme as the simulation methods to investigate the 2D phase 

transitions and hysteresis for Kr adsorption on a structureless graphite surface at 

temperatures below the triple point.  The GCMC simulated adsorption isotherm 

shows qualitatively good agreement with the experimental data for Kr on a graphite 

surface at 77 K.  The general step-wise behaviour in the first three layers of the 

experimental isotherm is reproduced by the simulations.  The 2D phase transitions 

(gas-solid, gas-liquid, liquid-solid, disordered-ordered solid) are observed at 

temperatures below the 2D critical temperature.  The critical temperature for the 2D 

gas-liquid transition in the first layer is deduced between 86 and 88 K.  Upon 

desorption, hysteresis is found for the first three layers at temperatures less than the 

corresponding 2D hysteresis critical temperature.  The existence of hysteresis is 

further confirmed by the presence of van der Waals loops in the canonical isotherm.  

There is a vertical segment in the unstable region of the van der Waals loop, which 

indicates the coexistence of two phases.  This vertical segment in the canonical 

isotherm also overlaps with the equilibrium transition as determined by the Mid-

Density scheme.  

After the investigation of gas adsorption on graphite surfaces, we extended our study 

to adsorption in microporous solids with the simulation system of argon and 

graphitic slit micropores.  We particularly looked into the order-disorder transitions 

and the restructuring of the adsorbate associated with the hysteresis loops.  The 
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ordering transition is first order with a Type H1 hysteresis loop when the pore is 

infinitely long.  However, the transition is second order in finite length pores and the 

hysteresis is entirely resulted from adsorbate restructuring.  When a first order 

capillary condensation/evaporation is followed by an ordering transition, both 

mechanisms contribute to the hysteresis loop.  The ratio of pore width to molecular 

size plays an important role in the ordering transition and there is no ordering 

hysteresis loop when the pore is incommensurate.  The freezing temperature of the 

adsorbate is found to be a nonlinear function of the pore width and the contact layers 

could have different phase transitions compared with the inner layers.            

Another aim of this thesis is to investigate the adsorption-induced solid deformation.  

We developed a deformable graphitic silt pore model of finite length as the model 

adsorbent and argon was used as the model adsorbate.  The deformation behaviours 

of graphitic slit micropores were first studied, for which commensurate or 

incommensurate packing of the adsorbate molecules is particularly significant.  The 

maximum density and the corresponding solvation pressure at the saturation vapour 

pressure oscillate synchronously with a damped amplitude as the initial pore width is 

increased from 0.65 to 2 nm.  When the solvation pressure is zero at the saturation 

vapour pressure, the packing of the adsorbate in the pores is perfectly commensurate 

and these pores are called commensurate pores.  We further found four categories of 

pore deformation, i.e. expansion of the 0.65 nm pore, contraction at all loadings, 

contraction followed by expansion and no deformation at the saturation vapour 

pressure for commensurate pores.  Solvation pressure is found to be the driving force 

for the deformation and the local solvation pressure reveals how molecules at 

different locations of the pore contribute to the solvation pressure and deformation.  

Molecules near the pore walls have positive local solvation pressure and tend to 

contract the pore, while those in the interior have negative local solvation pressure 

and tend to contract the pore.  At higher temperatures, the positive local solvation 

pressure is enhanced and pore expansion becomes more favoured.  Packing effects 

are important under subcritical conditions and thermal fluctuations at supercritical 

conditions reduce molecular packing, and this reduction becomes greater when the 

pore size is increased.  The pore length and number of movable layers also affect 

deformation, and the pore shows greater deformation in shorter pores or pores with 

more moveable layers.   
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We finally extended our study to the deformation of graphitic slit mesopores and 

found different deformation behaviours at different stages of adsorption.  For 

pressures less than the condensation pressure, the pore walls are slightly compressed, 

which is brought about by the enhanced solid-fluid potential.  This mechanism holds 

irrespective of pore size and temperature, because the pore walls behave like two 

independent surfaces at low loadings.  However, at higher loadings during and after 

capillary condensation, the adsorbate molecules in the interior of the pore attract the 

pore walls while those close to the surface repulse the pore walls.  The pore contracts 

during capillary condensation and with different extent with the variation of pore 

width and temperature.  After capillary condensation, either pore expansion or 

contraction is observed as a function of pore width and temperature, indicating the 

important effects of packing and thermal fluctuations.             

7.2. Recommendations 

7.2.1. Ordering Transition in the Pore and Ordering Hysteresis 

As shown in Chapter 4, we studied the ordering transition and the ordering hysteresis 

for argon adsorption in graphitic slit micropores.  It is worthwhile to conduct more 

systematic and comprehensive simulation studies for different adsorbate, such as 

neon, krypton, methane and carbon dioxide, as well as different solid models.  

7.2.2. Proper Model for Solid Deformation    

The adsorption-induced solid deformation has been studied in Chapters 5 and 6.  The 

deformable graphitic slit pore model has rather homogeneous surfaces.  Therefore, 

we can develop more realistic solid models consisted of carbon atoms and further 

study the adsorption-induced solid deformation in more details with these solid 

models.  
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Appendices 

Appendix 1 

We plot in Figure A1b the instant number of particles as a function of number of 

cycles for points A-F, C’ and D’ as marked on the isotherm of krypton at 77 K 

shown in Figure A1a.  The system reaches equilibrium quickly in the equilibrium 

stage, and no indication of any deviation from the ensemble averages in the sampling 

stage during the 2D-condensation of the first and third layers from A to B, E to F, 

respectively, and for points C and C’, D and D’ which are at the same pressure in the 

adsorption and desorption branches, respectively.  This suggests that the run lengths 

are sufficient to reach stable convergence for both adsorption and desorption 

branches, supporting the observed hysteresis in our study.   
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Figure A1. (a) GCMC adsorption isotherm for Kr on a graphite surface at 77 K; (b) Control charts in 
the equilibrium and sampling stages for points A-F, C’, D’ as marked in Figure A1a; A and B, E and F 
correspond to the 2D-condensation of the first and third layer, respectively; C and C’, D and D’ are at 
the same pressure in the adsorption and desorption branches, respectively.  
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Appendix 2 

Figure A2 shows the adsorption isotherms of argon in finite length pores with pore 

widths from 1.9 to 2.5 nm.  Five, six and seven adsorbate layers can be formed in 

1.9-2.1 nm, 2.2-2.4 nm and 2.5 nm pores, respectively.  In pores with widths of 1.9 

nm, 2.0 nm, 2.2 nm, 2.3 nm and 2.5 nm, where the packing is commensurate, there is 

a fused hysteresis loop, but in the pores with widths of 2.1 nm and 2.4 nm there is 

only a capillary condensation/evaporation loop. 
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Figure A2. The adsorption isotherms of argon in finite length pores as a function of pore width; the 
pore lengths are 20 nm and the temperature is 87 K; (a) 1.9-2.1 nm; (b) 2.2-2.4 nm; (c) 2.5 nm. 
Isotherms for 2.0, 2.1, 2.3, 2.4 nm are shifted up by 30, 60, 30, 60 kmol/m3, respectively. 

 

Figure A3 shows the effects of pore length (10 nm, 20 nm and 30 nm) for argon 

adsorption in finite length pores of 1.5 nm width.  The features of the isotherm and 

the hysteresis do not change with pore length. 
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Figure A3. The adsorption isotherms of argon at 87 K in finite length pores of width 1.5 nm as a 
function of pore length.  
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Appendix 3 

To prove that the distance between the 1st adsorbate layer and the 1st movable layer 

ΔZ1 increases slightly in the sub-monolayer region of argon adsorption on a 

deformable finite graphite surface at 87 K, we show in Figure A4 the isosteric heat as 

a function of the bulk pressure.  It can be seen that the solid-fluid isosteric heat 

decreases during the formation of the 1st adsorbed layer, which indicates that the 

adsorbed molecules in the 1st layer are a little further away from the graphite surface 

with the increase of pressure.  

 

Figure A4. The isosteric heat as a function of the bulk pressure for argon adsorption on a deformable 
finite graphite surface at 87 K. 

 

We further conducted simulations for argon adsorption at 87 K on a rigid finite 

graphite surface having the same structures as the deformable graphite surface with 

the interlayer spacing between graphene layers of 0.3354 nm.  Figure A5a shows the 

distances between the 1st adsorbate layer and the 1st graphene layer (ΔZ1), the 2nd 

graphene layer (ΔZ2), and the outermost layer (ΔZ3) as a function of the bulk pressure.  

Interestingly, ΔZ1 increases slightly in the sub-monolayer region and we could also 

see this phenomenon at temperatures as low as 40 K, as shown in Figure A5b, which 

indicates that the increase of ΔZ1 in the sub-monolayer region is not a result from the 

deformation of the graphite surface.  Correspondingly, the solid-fluid isosteric heat 

decreases in the sub-monolayer region with the results at 40 K shown in Figure A5c.   
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(c) 

Figure A5. (a) The distances between the 1st adsorbate layer and the 1st graphene layer (ΔZ1), the 2nd 
graphene layer (ΔZ2), and the outermost layer (ΔZ3) as a function of the bulk pressure for argon 
adsorption on a rigid finite graphite surface at 87 K; (b) ΔZ1 as a function of the bulk pressure for 
argon adsorption on a rigid finite graphite surface at 40 K and (c) the corresponding isosteric heat with 
bulk pressure.   

 

To test if the increase of ΔZ1 in the sub-monolayer region is induced by the finite 

surface, simulations for argon adsorption at 40 and 77 K (87 K not available now, if 

needed, the results could be added later) on a rigid infinite graphite surface were 

conducted and the results of ΔZ1 as a function of the bulk pressure are shown in 

Figures A6a and b.  At 40 K, ΔZ1 stays constant during the formation of the 1st layer 

and begins to decrease at the formation of the 2nd layer.  However, ΔZ1 increases 

slightly in the sub-monolayer region when the temperature is increased to 77 K, 

which may be caused by the greater thermal motion of the adsorbed molecules at 

higher temperatures.  The difference between the results of the finite and the infinite 

surfaces at 40 K may indicate the increase of ΔZ1 in the sub-monolayer region in the 

first case is induced by the finite surface.  The solid-fluid isosteric heat as a function 

of the bulk pressure at 40 and 77 K, as shown in Figures A6c and d, respectively, 

could lend support to the variation of ΔZ1.   
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The variation of ΔZ1 in the sub-monolayer region in the case of argon adsorption at 

40 and 77 K on a deformable infinite graphite surface is similar to the corresponding 

situation on a rigid infinite surface.        
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(c) 

 

(d) 

Figure A6. (a) The distances between the 1st adsorbate layer and the 1st graphene layer (ΔZ1), the 2nd 
graphene layer (ΔZ2), and the outermost layer (ΔZ3) as a function of the bulk pressure for argon 
adsorption on a rigid infinite graphite surface at (a) 40 K and (b) 77 K and the corresponding isosteric 
heat with bulk pressure at (c) 40 K and (d) 77 K.   
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Appendix 4 

 

Figure A7. The strain isotherm in semi-logarithmic scale for argon adsorption at 87 K in pores of 
different initial widths, (a) 2.5-2.7 nm, (b) 2.8-3 nm, (c) 3-3.4 nm; the pore length is 20 nm with four 
movable layers and two fixed outermost layers. 
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Appendix 5: Permission of Reproduction from the Copyright Owner 
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