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Mayfield Road, Edinburgh, EH9 3JL, Scotland, United Kingdom. 

We use the term ‘virtual porous carbon’ (VPC) to describe computer-based 
molecular models of nanoporous carbons that go beyond the ubiquitous slit 
pore model and seek to engage with the geometric, topological and chemical 
heterogeneity that characterises almost every form of nanoporous carbon. A 
small number of these models have been developed and used since the early 
1990s. These models and their use are reviewed. Included are three more 
detailed examples of the use of our VPC model. The first is concerned with 
the study of solid-like adsorbate in nanoporous carbons, the second with the 
absolute assessment of multi-isotherm based methods for determining the 
fractal dimension, and the final one is concerned with the fundamental study 
of diffusion in nanoporous carbons. 

Keywords: Adsorption; anomalous diffusion; elevated freezing; nanoporous 
solids; microporous carbons. 
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1. Introduction 

We use the term ‘virtual porous carbon’ (VPC) to describe computer-based molecular 

models of nanoporous carbons that go beyond the ubiquitous slit pore model and seek to 

engage with the geometric, topological and chemical heterogeneity that characterises 

almost every form of nanoporous carbon. We differentiate these from the many other 

complex models that have been proposed for nanoporous carbons since the early 20th 

century [1, 2] by requiring them to be computer-based and, thus, open to further 

analysis or use in molecular simulations. 

VPC models first started to appear in the early 1990s. Since that time, a number of 

other models have been advanced and used. Whilst such use has lead to increasing 

recognition by the community of the various roles VPC models can play, there are some 

who still argue their complexity makes them of limited use. In light of this and the fact 

that there is now a reasonable number of reports available in the literature on such 

models and their use, it is timely to undertake a review and look forward to the future. 

A brief overview of molecular models of nanoporous carbons will first be 

undertaken so as to provide the context for the VPC model developments. The various 

VPC models will then be briefly reviewed. This will be followed by an overview of 

their usage to date along with more detailed consideration of three examples drawn 

from our own work. We conclude with a discussion of future challenges both with 

regards further development of VPC models as well as their application. 
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2. Background 

As recent reviews [1, 2] demonstrate, the history of modelling what we now term 

nanoporous carbons is a long one starting with the work of Debye and Scherrer [3] in 

the early 20th century. Many of these models have, of course, never been used directly 

in the molecular simulation context, but rather as a basis for understanding these solids 

and phenomena associated with them. 

The first molecular simulation studies relating to nanoporous carbons [4, 5] were 

based on the slit pore model, which was itself first proposed by Emmett [6] in 1948 and 

subsequently confirmed quantitatively as an appropriate model for carbons by others in 

the mid-1970s [7, 8]. In its most basic form, this model is defined by two parallel semi-

infinite blocks of graphite whose separation is equal to the pore width. A nanoporous 

carbon is typically described in terms of a collection of such pores of varying width 

whose intersections are unimportant. 

The slit pore model has been the workhorse of the field since its introduction and 

is still used regularly (see, for example, refs. [9, 10] for recent reviews). It is, however, 

widely recognised that its omission of the many complexities of nanoporous carbons 

leads to significant errors and limits its usefulness. For example, experimental evidence 

suggests that the walls of carbon micropores are just a few graphene layers thick [11, 

12], which have been shown to yield significantly different adsorption behaviour 

compared to pores with thick walls [12, 13]. Experimental evidence also suggests that 

the pore extents are of the same order as the pore width, leading to significant additional 

accessible surface area and energetic heterogeneity from graphene edge sites [14, 15]. 

These sites additionally play an important role in diffusion processes [16-18], as does 
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pore system topology (i.e. pore connectivity, loops and deadend pores) [19]. Pore 

system topology is also an important source of isotherm hysteresis [20]. Nooks and 

crannies arising from surface defects can trap molecules [17] and thus be a source of 

experimentally observed irreversible adsorption [21]. Finally, heteroatoms such as 

nitrogen, sulphur and oxygen are all likely to cause disruption of pore surfaces [22] and 

are active sites for polar molecules such as water [23-25]. 

The slit pore model, despite its inherent shortcomings, is here to stay because of 

its relative simplicity, comparatively low computational cost, and its indispensable role 

in the day to day characterisation of carbons where substantially more complex models 

are unlikely to play a significant part for the foreseeable future. It is for reasons such as 

these that many workers have endeavoured to address the shortcomings of the model 

whilst still retaining the same basic framework. Some have recently incorporated pore 

wall thickness distributions within the context of pore size distribution determination 

[12], for example. Several workers have included chemical heterogeneity by adding 

active sites of various types to the pore surfaces (e.g. [23-25]). Others have used non-

rectangular cross-sections [26]. Single pore junctions formed by the intersection of slit 

pores have been used to investigate what effect these may have on adsorption and 

transport behaviour [17]. A variety of workers have used etched pore surfaces [27, 28]. 

Finally, Seaton and co-workers [27] have attempted to include the effect of pore system 

topology by combining the slit pore model with networks. 

Whilst these models address to a greater or lesser extent various shortcomings 

associated with the basic slit pore model, there is still a significant gap between the 

model and reality. This fact is the motivation for the development of more complex 

models that seek to bring us closer to reality. By doing this, we gain several capabilities, 
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which will be demonstrated with examples in the latter part of this paper. Before doing 

this, however, we briefly review the various VPC models that have been proposed to 

date. 

3. Overview of existing VPC models 

Attempts to address the various deficiencies of the slit pore model in a more 

unified manner – i.e. in a single model framework – were long prevented by the 

computational challenges arising from the complexity of carbons and the length scales 

that must be spanned to capture everything from the individual atoms through to the 

pore system topology. Such challenges were, at least in part, solved by the arrival of the 

parallel supercomputer in the early 1990s and, more recently, commodity high speed 

CPUs and large memory chips. There are now several models which go well beyond the 

ubiquitous slit pore model and seek to engage with the various complexities of real 

carbons, although the level of engagement inevitably varies across the models and, in all 

cases, is still far from complete. These models are briefly reviewed here. 

The first model that could be reasonably termed a VPC was that of Biggs and 

Agarwal [29], which was motivated by understanding arising from transmission 

electron microscopy (TEM) studies (e.g. [30]). These studies suggest that carbons are 

hierarchical in nature, where polyaromatic molecules combine to form basic structural 

units (BSUs) that in turn aggregate to form regions of local molecular orientation 

(LMO) which finally assemble to create the mesoporous structure typical of nanoporous 

carbons [2]. The dimensions of the BSUs and regions of LMO, the average inter-layer 

distance within the BSUs and the mis-orientation of the BSUs with the regions of LMO 

can all be determined experimentally [30-33]. Large uniform BSUs and regions of LMO 
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are associated with more ordered, less or even non-porous, carbons. Smaller BSUs and 

regions of LMO accompanied by greater intra- and inter-LMO disorder are, on the other 

hand, typical of nanoporous carbons. If the BSUs are sufficiently small in such carbons 

(i.e. 1-2 layers each of less than 10 rings), then greater curvature will arise from the 

increased number of 5- and 7-membered rings formed between mismatched BSUs. 

The VPC models of Biggs and co-workers are constructed from databases of so-

called basic building elements (BBEs). The precise definition of the BBEs has varied 

over the years. The earliest variant [29] used a relatively small database of 26 different 

BBEs based on crystallites of five small (4 × 5 rings) graphene layers. The BBEs, which 

are modelled atomistically, were differentiated by the removal of those carbon atoms 

that would have overlapped when adjacent to any of the other 25 BBEs. The BBEs were 

randomly assembled on a cubic lattice to yield solids with a particular porosity. By 

allowing large volumes to be simulated with relative ease (e.g. 100 × 100 × 100 nm3), it 

was possible to capture not only a variety of different pore shapes and surfaces, but also 

a very wide range of pore sizes and pore system topology effects in a single framework. 

Improvements in computer power and memory sizes in recent years have removed any 

real constraints on the nature of the BBEs and, therefore, databases of graphene layers, 

heterocyclic polyaromatic molecules and functional groups are now used. A variety of 

methods have been used to assemble these into VPC models. In much of the recent 

work, which will be discussed in more detail below, an algorithm [34] is used to build 

fully atomistic models that possess a particular average BSU interlayer spacings, pore 

wall thicknesses, BSU mis-orientation and porosity. 

Another early VPC model was that of Segarra and Glandt [35], which was once 

again motivated by understanding from TEM studies. The basic building element for 
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this model is a circular platelet consisting of a finite number of circular graphene layers 

with polar edges. These platelets are akin to the BSU. The interaction between the 

platelets and any interstitial fluid was modelled with a potential function obtained from 

integration of the solid-fluid pair interaction over the platelet volume and edges (i.e. the 

atomic detail of the platelets was smeared out). The VPC consisted of an isotropic 

assembly of non-overlapping randomly orientated and placed platelets obtained by a 

MC process. The VPC model is defined by four parameters – the platelet radius and 

thickness, which may be both distributed although this was not done in ref. [35], the 

overall density of the carbon and the polarity of the platelet edges, all of which can, 

once again, be measured experimentally. 

The late 1990s saw the deployment of a number of algorithms that build models 

that match, within certain limits, specific atomic-level experimental data. The first such 

model was that of Foley and co-workers [36], who used the SIGNATURE algorithm 

[37] to construct through a stochastic process candidate structures with a specific 

number of carbon and hydrogen atoms by joining together fragments drawn from a 

library of polyaromatic molecules (they infact describe them as graphene sheets of 

m × n hexagons, but both their Figure 6 as well as the existence of hydrogen atoms 

suggest they are in fact better described as polyaromatic). The candidate structures 

yielded by the SIGNATURE algorithm often contained unsaturated carbon atoms. 

Bonds between unsaturated atom pairs from different fragments were, therefore, 

systematically formed – it is through this process that five and seven membered rings 

were formed, and hence local curvature in the structure was brought about. Using a 

classical potential model, the structure was finally relaxed by a local optimiser. 
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The SIGNATURE-based approach of Foley and co-workers was not able to 

produce any model when the H/C ratio fell below ~20%, which are typical of many 

nanoporous carbons. In an attempt to model such carbons, these workers used the 

PDFFIT algorithm [38] to determine structures that matched the pair distribution 

function (PDF) obtained from neutron scattering [39]. This algorithm minimises the 

difference between the PDF of the model and the experimental PDF by a deterministic 

minimisation least-squares fitting process operating on the unit cell constants, atom 

positions, atomic site occupancies, and effective thermal factors for a single unit cell of 

graphite under periodic boundary conditions. Contrary to the SIGNATURE-based 

approach of Acharya et al. [36], PDFFIT was more successful at modelling carbons 

prepared at higher temperatures because their PDFs contain significant detail arising 

from their more ordered structure. 

Thomson and Gubbins [40] used a stochastic process to build model carbons that 

match the experimental PDF of the target carbon. In this method, a solid of required 

density is built in a fixed volume under periodic boundary conditions. This is done by 

randomly placing polyaromatic plates of variable shape and distributed size into the 

volume, roughly aligned in the same direction but with random tilts about their in-plane 

axes. Each polyaromatic plate is formed from an initial hexagonal ring by 

adding/deleting hexagonal rings to/from the edge so as to achieve the target solid 

density and plate size distribution, which is specified by a desired Gaussian mean and 

standard deviation. Once formed, this initial solid is then subject to a so-called reverse 

Monte Carlo (r-MC) process in which the polyaromatic plates undergo the following 

three MC moves until the PDF (or the related structure factor) of the model solid 

matches its experimental counterpart: (1) translation and re-orientation; (2) ring 
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creation/deletion from the plate boundaries, and (3) occasional plate deletion/addition to 

counteract the effect that ring creation/deletion has on the overall solid density. The 

attempted MC moves were only accepted if they lead to a reduction in the difference 

between the model and experimental PDF or structure factor. More recently Gubbins 

and co-workers [41] have extended the model to randomly incorporate lactone groups at 

the plate edges so as to enable the fundamental study of systems where polar groups are 

important (e.g. water adsorption). The approach of Thomson and Gubbins [40] has also 

been recently used to define the microporous structure of a carbon aerogel model 

defined by a random assembly of partially overlapping microporous beads [42]. 

The major problem associated with building models by forcing them to match 

specific experimental data is their lack of uniqueness – there are potentially many 

models that will satisfy the experimental data. The classic example of this is the wide 

spread use of the porosity to build solids where it is obvious that there is an infinite 

number of ways in which the porosity may be configured, many leading to profoundly 

different adsorption and transport behaviour. Addressing this lack of uniqueness has 

characterised much of the most recent work in VPC model development. In principle 

this can be done by bringing to bear extra discriminating information. The extra 

information may come in three different guises. The first is to apply constraints that 

capture various experimental observations or physics. An example of this approach is 

seen in the latest models from Gubbins and co-workers [43] and in the recent work of 

Zetterström et al. [44] who both impose constraints that allow the C-C-C bond angles to 

take on values distributed around 120° to maintain the strong sp2 character of 

nanoporous carbons yet allow the formation of five and seven-membered rings which, 

on the basis of experimental observations, are now thought to exist in carbons. A variety 
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of other constraints have also been imposed including the imposition of specific mean 

coordination numbers on the carbon atoms commensurate with the chemistry of the 

target solid [43], and exclusion of certain C-C separations [44]. An alternative approach 

is to use additional experimental data as part of the objective function – this approach 

has not been practised in its most general from (e.g. fitting spectra from multiple 

experimental methods) but Zetterström et al. [44] have used Raman spectra data to 

establish a better starting structure for the reverse MC process compared to the 

completely random structures used by others. The final choice is to bring to bear some 

further physics or chemistry – this is done by Peterson et al. [45] who use an 

environment-dependent potential function in conjunction with the experimental PDFs 

and static structure factor. 

All the approaches reviewed so far are so-called reconstruction methods – they 

seek to build structures that match experimental characteristics of existing carbons. The 

alternative is the mimetic approach, where the model is built by mimicking the process 

used to manufacture the solid. This approach has the advantage that it will, at least in 

principle, lead to a unique model. The complexity of nanoporous carbons and the 

processes involved in their production mean, however, that such an approach is very far 

from trivial. It is, therefore, not surprising that little work has been done in this 

direction. Relevant quantum [46] and classical [47] molecular simulations of 

carbonization have both been reported, but none have been concerned with building 

VPC models for nanoporous carbons. One group has, however, recently published a MC 

based mimetic approach for the production of nanoporous carbon from polyfurfuryl 

alcohol (PFA) precursors [48]. 
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The reconstruction methods may be broadly divided into two groups. The first 

group [29, 34, 35] aims to build structures that satisfy meanfield experimental quantities 

such as porosity, density, average inter-layer spacing and so on. As they build molecular 

models from super-molecular and mesoscale-level data, this approach can be reasonably 

termed ‘top-down reconstruction’. These top-down reconstruction methods are 

computationally inexpensive, thus allowing large volumes and mesoscale structure to be 

modelled rapidly and with relative ease. The second group of reconstruction methods 

[36, 39, 40, 43-45] build molecular models by engaging directly with the atomic 

characteristics of the target solid in the form of, for example, the pair distribution 

function. This direct engagement with the atomic details, or ‘bottom-up reconstruction’, 

means the correct detailed atomic structure is likely to be captured provided sufficient 

information is included.  This gain comes at the price of much higher computational 

expense which limits the volumes that can be reasonably modelled, at least currently. 

As we will show in the following section, the models obtained from top-down 

reconstruction can be used in a variety of very useful ways that inform fundamental 

understanding and potentially advance practise. They do, however, suffer from the 

problem that they are unlikely to capture accurately the detailed microstructure of real 

carbons and, therefore, they will be of limited use in some applications such as, for 

example, the design of processes that follow the manufacture of the carbons (e.g. 

catalyst impregnation). In such cases, the bottom-up reconstruction methods will come 

to the fore, but many improvements in these models are still necessary. For example, the 

models cannot currently capture mesoscale structure except, possibly, in special cases 

(e.g. carbon aerogels perhaps). For this to happen, multiscale modelling approaches 

must be developed, further improvements in the experimental data must come (e.g. high 
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resolution and longer-range PDFs), more mesoscale experimental data must be used 

(e.g. that from SANS and analysis of TEM images), and multiple data must be 

exploited. 

4. What can VPC models be used for 

4.1. Overview 

Virtual porous carbon models can be used in four different ways: structural elucidation, 

fundamental study, assessment of simpler models, and design. Examples of the first 

three may be found in the literature. A brief review of this literature follows here along 

with three, more detailed, examples drawn from our own work. 

The activity of structural elucidation of carbon structure is as old as the first X-ray 

experiments on carbons [2]. A large range of models for carbons have been proposed 

since this time. Whilst some of these are remarkably similar despite their development 

being independent, many are also fundamentally very different. Computer-aided 

structural elucidation offers the chance to address this situation by allowing more data 

to be used when building the models and by speeding the search for possible structures. 

Whilst arguably all VPC models derived by the bottom-up reconstruction or mimetic 

approaches may be viewed as attempts at structural elucidation, just a few studies were 

specifically concerned with this issue. Foley and co-workers were interested in 

elucidating how the structure of a char derived from polyfurfuryl alcohol (PFA) 

changed with pyrolysis temperature. They used two approaches. The first, which 

exploited the H/C ratio (see above) [36], lead to structures whose order increased as the 

pyrolysis temperature decreased, counter to most experimental evidence including their 

own (viz. compare Figure 15 in ref. [36] with Figure 2 in ref. [39]). By using PDFs 
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rather than the chemistry, Foley and co-workers in their second approach [39] obtained 

more satisfactory results, indicating that the use of the PDF is preferential, although it 

was also noted that PDFs are not sufficient for highly disordered carbons. Peterson et al. 

[45] used additional data and an environment-dependent potential function in their 

structural elucidation studies to overcome this problem. 

Both the groups of Biggs and Gubbins have used VPC models extensively for the 

fundamental study of adsorption within carbons, and revealed phenomena that cannot 

be obtained by the slit pore model. For example, Thomson and Gubbins [40] found 

evidence for capillary condensation in pores of ~14.5 Å which the slit pore model 

would not predict – Biggs et al. [34] found similar behaviour and proposed the concept 

of pore space convexity to explain this phenomena. In studying the adsorption of water 

in a VPC model containing lactone groups, Brennan et al. [41] showed how small 

amounts of water adsorption on these groups may block pores leading to significant 

reductions in accessible porosity, a phenomena that is often seen in practise.  As will be 

outlined below in more detail, Biggs et al. [34] found that adsorbate densities of atomic 

or spherical molecular fluids can significantly exceed those of the bulk liquid and 

approach those of the bulk random solid despite the disruptive effects of complex pore 

structures. A similar finding was recently reported by Pikunic et al. [49] using their 

VPC model. 

Whilst it has received less attention, VPC models have also been used in the 

fundamental study of mass transport in carbon nanopore spaces. The first such studies 

were those of Biggs and Agarwal [29, 50], who considered the mass transport of atomic 

and diatomic gases within complex carbon pore spaces using equilibrium molecular 

dynamics – they showed that transport of gases in carbons is sub-diffusive when the 
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porosity approaches the percolation threshold, which is itself a function not only of the 

solid, but also the fluid and temperature. As we will see below, this work has been more 

recently extended to higher pressures using equilibrium and non-equilibrium molecular 

dynamic methods. Pikunic and Gubbins [51] also recently reported on a study of 

diffusion of fluids as a function of loading in their VPC model using equilibrium 

molecular dynamics. They observed a maximum in the self-diffusion coefficient with 

loading and obtained diffusivities over an order of magnitude smaller than those 

obtained from a slit pore model with the same mean pore size. 

Simple models such as the slit pore model still have a real role to play despite the 

development of the more complex VPC models reviewed here. Perhaps one of the areas 

where simple models will long be used into the future is characterisation of carbons. 

This continued use of simple models means it is important to assess them and determine 

where they are likely to fail. Motivated by this, Biggs and co-workers have used their 

VPC models to extensively assess both carbon characterisation methods [52, 53] and, 

more recently, pore network models for diffusion [53]. 

4.2. More detailed examples 

4.2.1. Model and simulation details 

We have worked with nearly 40 different VPC models in our recent studies. We restrict 

attention here to just two of these models, which are shown in Figure 1 along with their 

cavity size distributions as measured by MC integration with hard spheres. Both models 

were generated following the procedure given in Biggs et al. [34]. The first, termed 1P 

(this code is consistent with all other publications), is built using small BSUs of 

1 3m = −  parallel evenly spaced graphene domains of size 9.82 12.76×  Å2 arranged 
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randomly in such a way as to achieve a desired porosity and average d002. The second 

model, 1P(15, 15) is derived from the first by simply randomly tilting the BSUs up to 

15± ° about the xa and xb' axes to create a porosity in which no pores are parallel-sided 

slits and where opposing pore walls can be of differing character (e.g. an armchair 

surface may in part be opposed by a basal surface). The complex microporosity of both 

solids effectively decouples the rigid link between pore size and energy that exists in 

simpler models [34]. Whilst these models have not been built to match the 

characteristics of any specific carbon, previous work [34] has demonstrated that these 

and similar models can produce a wide range of isotherm shapes and heat of adsorption 

loading dependencies that match those observed experimentally. 

The fluids were all modelled by a spherical Lennard-Jones (LJ) molecule. Both 

the fluid-fluid and fluid-solid atom interactions were modelled with a truncated and 

shifted pair potential [54] 

 ( ) ( ) ( ) for

0 for
LJ LJ c c

c

r r r r
r

r r

φ φ
φ

� − <
= � ≥�

 (1) 

with 

 ( )
12 6

4 ij ij
LJ ijr

r r

σ σ
φ ε

� �� � � �
= −� 	
 � 
 �

� 	�  � � �

 (2) 

where r is the distance between the pair of interacting centres, cr  is the cut-off radius, 

and ijε  and ijσ  are the LJ energy and length parameters respectively for interaction 

between species i and j. 
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The carbon interaction parameters 28C bkε =  K and 3.4Cσ =  Å [55] were used. 

The interaction parameters for the fluids are given below for each example. Fluid-solid 

interaction parameters were derived using the Lorentz-Berthelot combining rules [54]. 

Adsorption was simulated by the cavity biased grand canonical Monte Carlo 

(GCMC) method of Mezei [56]. Points on the adsorption and desorption isotherms are 

generated in this method by changing the chemical potential, which is related to the 

bulk phase pressure by standard thermodynamic relations acting on a suitable equation 

of state for the bulk fluid, details of which also follow below for the various fluids 

considered. The simulation for each point on the adsorption and desorption isotherms 

was started using the final state of the previous point, with the first point of the 

adsorption and desorption isotherms starting from an empty pore structure and the last 

point of the associated adsorption isotherm respectively. Each point was determined 

using 350 10×  equilibration steps per molecule, where a step is one attempted move and 

one attempted insertion/deletion, followed by at least max( 610 , 350 10×  steps per 

molecule, 10 insertions/deletions per molecule) production steps; the first of these 

applies at low loadings, the second at moderate loadings and the last at high loadings 

where insertion and deletion are difficult. In the case of suspected phase transitions and 

other special cases, up to fifty times this number of production steps were used. 

Diffusion was simulated using canonical equilibrium molecular dynamics (EMD) 

[57]. The number of molecules corresponding to the desired bulk pressure were initially 

inserted using GCMC.  Once equilibrated, the molecules were allocated random 

velocities from a Maxwellian distribution with a mean appropriate to the desired 

temperature. The net velocity of the ensemble was set to zero and the ensemble 

temperature re-set to the desired value by direct rescaling of the molecule velocities. 
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350 10×  timesteps were used for equilibration followed by a further 3100 10×  timesteps 

for production. The timestep size in all cases was set at * 0.01t∆ = , where 

*
f f ft t mσ ε=  is the reduced time [54]. 

4.2.2. Fundamental study of adsorption in carbons 

The use of the slit pore model both before and following the take-up of molecular 

simulation has greatly improved out understanding of adsorption in porous carbon – the 

idea that there is an optimal pore ‘width’ that maximises the storage of a gas on carbon 

is one good example of improved understanding. The model, however, imposes a 

symmetry that is unlikely to exist in most (any?) real carbons. This symmetry has 

several implications, but the one of particular interest here is the structural order that 

this symmetry places on the adsorbate and the consequent phase behaviour, especially 

so-called elevated freezing in carbons, where the adsorbed fluid is believed to freeze at 

temperatures well above that of the bulk freezing point [58]. This freezing phenomena 

has been well studied using the slit pore model (see Biggs et al. [34] for a recent brief 

review). Whilst there is some experimental evidence that supports some of the results 

obtained from the slit pore studies [58, 59], there is the question of what happens if the 

pore symmetry is broken as one would expect in a real carbon – how significant is 

elevated freezing in this case? We undertook a study of this by carrying out an extensive 

study of adsorption of N2 at 77 K on our VPC models. The N2 interaction model 

parameters 
2

95.2N bkε =  J and 
2

3.75Nσ =  Å [60] were used with the bulk phase 

equation of state of Smit [61]. An overview of this work and some more recent results 

are given here whilst the reader is referred to Biggs et al. [34] for more fuller details. 

[insert Figure 2 about here] 
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The predicted N2 densities at saturation in the solids P1 and P1(15, 15) substantially 

exceeded that of the bulk liquid state and in fact approached that of a random close 

packing of spheres. These densities clearly suggest the adsorbate is unlikely to be 

entirely liquid-like, and may well be solid-like in places, especially if size exclusion 

effects are accounted for [62]. Further investigation was undertaken by consideration of 

the singlet distribution function (i.e. the local density distribution) throughout the pore 

space to reveal solid-like adsorbate did indeed exist in these solids despite the 

temperature being well above the bulk freezing point, Figure 2. The figure for model 

1P(15, 15) shows that solid-like adsorbate can even be found in solids where parallel-sided 

slit pore geometry is virtually non-existent. 

[insert Figure 3 about here] 

Inspection of the singlet distribution function throughout the filling process shows 

that solid-like regions exist even well below saturation (e.g. points A on Figure 3).  The 

point B in this figure shows a region where the adsorbate undergoes a freezing-melting-

refreezing process as the pressure increases. It appears as if this is caused by the need 

for locally-frozen regions to re-arrange themselves as the space around them fills. These 

local phase transitions were observed to be reversible with pressure. 

4.2.3. Absolute assessment of characterisation methods 

Characterisation of the porosity of carbons is essential to their design and 

utilisation. Although adsorption is by far the most widely used means of providing such 

characterisation, it is not without its problems [63]; these may be broadly described in 

terms of correctness, consistency (i.e. is the parameter purely related to what it purports 

to represent or does it ‘include’ more), and meaningfulness (e.g. what does ‘surface 

Page 18 of 46

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

Biggs and Buts Virtual Porous Carbons 

 18 

area’ mean in a microporous solid) [52]. Much effort has been directed towards 

addressing these concerns using relative assessment in which data obtained from two or 

more methods for a solid are compared (e.g. [64, 65]). This approach is rarely satisfying 

for a variety of reasons including, amongst others, the difficulty faced in understanding 

any observed differences [52]. 

An alternative to relative assessment is to use a solid whose characteristics are 

exactly known and for which the interstitial fluid behaviour can be probed in detail. 

Whilst such an absolute assessment process is (perhaps) experimentally feasible for 

solids such as  zeolites, it is clearly not for ill-defined solids like carbons, which are 

most in need of assessment. We have, therefore, developed and applied a molecular 

simulation based methodology for the absolute assessment of adsorption-based 

characterisation methods, which is illustrated in Figure 4. Briefly, GCMC simulation is 

used to determine the sorption isotherms for a model fluid in a VPC for which measures 

of the characteristics are known exactly. The sorption isotherms are then submitted to 

the method to be assessed and estimates obtained. These estimates are compared with 

the corresponding exactly known measures and conclusions are drawn regarding the 

correctness (closed loop in Figure 4) and, if appropriate, meaningfulness and 

consistency of the methods for the particular model system. Reasons for lack of 

correctness can be identified and assessment of meaningfulness and consistency can be 

made by probing the adsorption process at the molecular level; such analysis can be 

used to suggest improvements to the characterisation method (feedback loop in Figure 

4) or an entirely new method that can in turn be assessed. 

[insert Figure 4 about here] 
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We have applied the absolute assessment methodology illustrated in Figure 4 to a 

wide range of characterisation methods including the comparison and SPE methods 

[52], methods based on the Langmuir and BET models [66] and the Polanyi-Dubinin 

isotherms [67], and methods for determining the pore size distribution [53, 68], 

connectivity [53, 68], adsorption energies [69] and fractal dimension [53, 70] – an 

example from the last study is presented here. 

The actual fractal dimension and the range of fractility against which the 

adsorption-based methods are compared are determined using the so-called box-

counting method, which exploits the basic definition of a fractal [71] 

 bD
bN L−∝  (3) 

where, in the current context, ( )bN L  is the number of cubes of size L in a cubic 

tessellation that intersect the pore surface when it is superimposed on the porous solid, 

and Db is box-counting dimension, which is in general equal to the fractal dimension. 

The range of fractility, l f uw w w≤ ≤ , is defined by the bounds of the linear region of the 

log bN  vs. ( )log 1 L  plot where the slope, which is equal to Db, falls between 2 and 3. 

Application of the box counting approach to model 1P leads to the fractal dimension and 

range of fractility given at the top of Table 1. The fractal dimension indicates that the 

surface thoroughly explores 3D space, as expected, whilst the range of fractility 

corresponds to the size of the nitrogen molecule at the lower end and somewhat below 

the maximum pore size at the upper end. 

[insert Table 1 about here] 
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A wide range of different adsorption-based methods have been proposed for the 

determination of the fractal dimension, D. The earliest involves exploiting the extension 

of equation (3) to adsorption on porous solids [72, 73] 

 D
mN σ −∝  (4) 

where Nm is the monolayer coverage for molecules of size σ. By determining the 

monolayer coverage for a range of different sized adsorbates, the fractal dimension and 

range of fractility can be derived from a plot of log mN  vs. ( )log 1 σ  in much the same 

way as in the box counting approach. There are a number of key challenges in applying 

this multi-isotherm approach to microporous solids. By using spherical molecules with 

the same LJ energy parameter, one of the main potential reasons for failure of the 

approach can be removed. The second main challenge is accurate determination of the 

monolayer coverage, which is thought to be not possible (or even sensible some argue) 

for microporous materials [63]. To avoid this issue in the first instance, the monolayer 

coverage was determined directly from the predicted adsorbate structure (see Biggs et 

al. [52] for details of how this is evaluated). This is, of course, not feasible in the 

laboratory, but it will provide an indication of the best performance possible from the 

multi-isotherm approach. The log-log plot of the actual monolayer coverage, Nm(a), 

against the inverse of the molecule size, Figure 5, is linear across most of the molecule 

size range considered. The best straight line fit to this data (i.e. when the coefficient of 

determination, R2, is maximal) is obtained by omitting the points associated with the 

two largest molecules, thus indicating that the lower and upper limits of fractility are at 

least 3 Å and somewhere between 8.25-9 Å respectively.  Inspection of Table 1 shows 

that the predicted fractal dimension is correct within the degree of uncertainty, 
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suggesting that in the best case scenario the multi-isotherm approach will be able to 

yield a fractal dimension that is accurate to within 5%, and that it reasonably estimates 

the fractility bounds. 

[insert Figure 5 about here] 

Practical application of the multi-isotherm approach requires use of the BET or 

Langmuir isotherms to determine the monolayer coverages. Whilst this is not 

recommended for microporous solids [63], it is still widely practised. In such cases, one 

of the main problems is over what pressure range should the BET or Langmuir 

isotherms be applied to determine the monolayer coverage. To assess this in the case of 

the Langmuir isotherm (see [66] for fuller analysis of these isotherms), we considered 

the: (1) entire pressure range, (2) 00.001 0.2P P≤ ≤ , where the upper limit was always 

above the knee, and (3) 00.001 0.01P P≤ ≤ . The last of these pressure ranges yielded 

the most accurate monolayer coverages and fractal dimension, Table 1. The less 

accurate monolayer predictions obtained from the other two pressure ranges in this 

instance lead to nonsensical fractal dimensions, Table 1. These results suggest that the 

correct fractal dimension can be determined by the multi-isotherm approach provided 

the pressure range for determining the monolayer coverage is correctly identified. 

4.2.4. Fundamental study of diffusion in carbons 

We have recently extended our earlier diffusion work [29, 50] to consider the effect of 

pressure. By way of example, we present here some results obtained for diffusion of 

methane (
4

3.7327CHσ =  Å and 
4

149.92CH bkε =  J) [74] in models 1P and 1P(15, 15) from 

1-40 bar. 
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The components of the mean square displacement (MSD) are shown in Figure 6 

for solid 1P at 1 bar (these functions are qualitatively similar for all the other 

conditions). The monatomic increase of the MSD in each direction indicates that the 

solid is percolating in all directions. The diffusion rate, which is related to the slope of 

these lines (see below), clearly differs in the three directions, however, with the rate 

being substantially less in the xc-direction (i.e. the direction normal to the basal plane). 

This indicates that fluid largely diffuses parallel to the basal planes in the solid (note 

that this does not mean that pores defined by basal planes are the dominant carriers of 

the fluid). 

[insert Figure 6 about here] 

The mean square displacement scales with time as [75, 76] 

 ( )2R t tα∝  (5) 

At 0t → , the exponent takes a value of α = 2, corresponding to Newtonian dynamics, 

whilst as t → ∞  the exponent takes a value of α = 1, corresponding to normal (or 

Fickian) diffusion. The time required to transition between these two regimes is 

typically very short in the bulk phase, thus making the Fickian diffusion model valid. 

This need not be the case for diffusion in porous media, however [29, 50, 75, 76]. In 

order to determine how rapidly the systems considered here make this transition, we 

plot ( ) ( )2ln lnd R d t tα=  against time in Figure 7. This figure clearly shows that the 

transport behaviour is sub-diffusive (or anomalous) over comparatively long times that 

increase with pressure. Extrapolation of the data available here suggests the sub-

diffusive timescale is ~2 ns at 1 bar, ~4 ns at 10 bar and an even longer, but 
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indeterminate, value at 40 bar. The sub-diffusive timescale is also somewhat longer for 

model 1P(15, 15) compared to its more regular counterpart, model 1P. 

[insert Figure 7 about here] 

The normalised velocity autocorrelation functions (VACFs) in the three 

directions, which are qualitatively independent of pressure, are shown in Figure 8 for 

both solids at 1 bar. The strong negative tails indicate the molecules do not always 

move ‘forward’, but will ultimately double back on themselves. This is caused by 

tortuous nature of the pore space and the presence of deadend pores. The oscillations in 

the xc-VACF indicates the molecules ‘bounce’ between the walls of the pores as they 

move in the other two directions; these frequent collisions mean the velocity in this 

direction de-correlates rather quickly compared to the other two directions. The 

oscillations in the xc-VACF of the model 1P(15, 15) are smoother because the random 

titling of the plates leads to a distribution of characteristic wall-to-wall distances. 

[insert Figure 8 about here] 

The diffusion coefficients can be determined from the MSD using the Einstein 

relationship [31] 

 
( )2lim 1

6

d R
D

t dt
=

→ ∞
 (6) 

and also from the VACF using the Green-Kubo integral [31] 

 ( )
0

1
3

D t dtψ
∞

= �  (7) 

The diffusion coefficients obtained by these two routes were essentially the same 

except at the highest pressure where there was some difference caused by the fact that 
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the MSD and VACF have not been accumulated for a period that exceeds the sub-

diffusive timescale. The diffusion coefficient estimates for methane at 298 K in both 

solids are shown in Figure 9 for the three pressures investigated. The diffusion 

coefficients are consistent for fluid diffusion in a percolating porous solid.  It appears as 

if the diffusion coefficients do decrease with increasing pressure, although the change is 

not large. The 20-30% higher diffusion coefficients of the solid 1P relative to its 

counterpart arises from the more restricted pore space that comes from tilting of the 

BSUs. 

[insert Figure 9 about here] 

5. Conclusions and the future 

The last decade or more has seen the development of a small number of computer-based 

nanoporous carbon models that attempt to engage more with the complexities of these 

solids. There are two broad approaches that may be taken to building these Virtual 

Porous Carbon (VPC) models – reconstruction where the models are built to match 

experimentally determined characteristics of the carbons, and mimetic where the model 

evolves by simulating the actual production process. The complexity of carbon 

precursors and the production process means little work has been done on the latter. Of 

the former, there are two groups. The first, which we have term top-down, build models 

from pre-defined basic structural elements to match super-molecular and mesoscopic 

experimental data. The second, bottom-up, approach builds models from atomic-level 

units by matching experimental data such as the pair distribution function of the solids 

as determined by, for example, X-ray diffraction. 

Page 25 of 46

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

Biggs and Buts Virtual Porous Carbons 

 25 

The bottom-up reconstructive models engage most with the experimental data and 

are likely to lead to the most realistic and correct structures. However, none of the 

current models yet engage sufficiently with the experimental data to yield reliable 

models of nanoporous carbon structure. Engagement with a wider range of experimental 

data is required in order to make the inverse process more robust. It is also necessary to 

use experimental data that is capable of informing on the mesoscopic length scales (e.g. 

SANS; analysis of TEM images) so that the mesoporosity may be captured; this will 

require a multiscale approach. Whilst a few of the models have included the effect of 

heteroatoms to some extent, much greater engagement is required with these both in 

terms of their effect on the structure (e.g. cross-linking) and on phenomena such as 

adsorption where they can play a significant role. 

These complex nanoporous carbon models have been used several times both for 

fundamental investigation of phenomena associated with carbons, and in assessment of 

simpler models such as the slit pore. They have also been used for structural 

elucidation, although there is till significant work required before VPC models can be 

used in this role satisfactorily.  Perhaps the biggest contribution these models can make 

into the future is in design of value-added nanoporous carbon technologies such as 

catalysts and electrodes, and the processes that are used in their manufacture. This will 

become a possibility once sufficiently representative VPC models exist. 
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Tables 

Parameter 
Method 

D wl (Å) wu (Å) R2 

BC1 2.8445±0.0095 3.84 11.16 0.9999 

MI2a 2.8704±0.1275 3.00 8.25-9.00 0.9845 

MI2b 3.2396±0.0841 3.00 8.25-9.00 0.9947 

MI2c 3.2738±0.0918 3.00-3.375 8.25-9.00 0.9945 

MI2d 2.8994±0.0863 3.00 8.25-9.00 0.9930 

Table 1. Fractal dimensions, D, lower and upper bounds on the ranges of fractility, wl 

and wu respectively, and the coefficient of determination, R2, obtained for the model 1P 

using various methods. Notes: (1) Estimates from box-counting (BC) method; all other 

results should be compared against these. (2) Estimates from multi-isotherm (MI) 

method using a number of different monolayer coverages derived from isotherms for a 

range of spherical LJ molecules where 95.2 bkε =  J and 3.00 9.75σ≤ ≤  Å: (a) actual 

monolayer coverage; (b) monolayer coverage obtained from fitting Langmuir isotherm 

to 0 0.95P P ≤ ; (c) monolayer coverages obtained from fitting Langmuir isotherm to 

00.001 0.2P P≤ ≤ ; (d) monolayer coverages obtained from fitting Langmuir isotherm 

to 00.001 0.01P P≤ ≤ . 
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Figure captions 

Figure 1. Top and side views, isoenergy surface (with corner cut-away to reveal nature 

of porosity inside) and cavity size distribution for models 1P (upper) and 1P(15, 15) 

(lower).  

Figure 2. Three xa-xc planes ∼1.875 Å (i.e. ~0.5σf) apart through the singlet distribution 

function (SDF) for model 1P (left) and model 1P(15, 15) (right) at saturation. A log colour 

scale has been used to facilitate presentation of solid-like and fluid densities in a single 

plot. The solid atoms within ±1.875 Å of the plane are shown in red and the inaccessible 

regions of each plane are shaded to demonstrate that all the accessible volume is 

occupied (note that many of the unfilled spaces in one plane are matched by highly-

localised adsorbate in adjacent planes). The circled regions indicate liquid-like (A), 

well-localised high density (B) and solid-like (C) adsorbate (after Biggs et al. [34]). 

Figure 3. A plane ( 74.06cx =  Å) through the singlet distribution function (SDF) of 

model 1P for a number of loadings: (a) 5
0 2.0 10P P −= × ; (b) 4

0 1.4 10P P −= × ; (c) 

4
0 9.0 10P P −= × ; (d) 3

0 5.9 10P P −= × ; (e) 2
0 4.0 10P P −= × ; (f) 1

0 1.0 10P P −= × . A log 

colour scale has been used to facilitate presentation of solid-like and fluid densities in a 

single plot. The solid atoms within ±1.875 Å of the plane are shown in red. See text for 

discussion pertaining to the circled regions. 

Figure 4. Absolute assessment methodology (after Biggs et al. [52]). 

Figure 5. Actual monolayer coverage at 77K for model 1P as a function of adsorbate 

molecule size (the LJ energy parameter is equal to that of N2, 
2

95.2N bkε =  J, in all 
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cases). The line of best fit with the maximal coefficient of correlation is shown along 

with the resultant range of fractility. 

Figure 6. The three components of the reduced mean square displacement (MSD) for 

methane in model 1P at 1 bar and 298 K. 

Figure 7. Variation of the exponent α (see equation (5)) with time for methane at 298 K 

in models 1P (left) and 1P(15, 15) (right) at the three pressures considered. 

Figure 8. The xa (solid line) xb' (dotted line) and xc components of the normalised 

velocity autocorrelation function (VACF) for methane at 298 K and 1 bar in models 1P 

(left) and 1P(15, 15) (right). 

Figure 9. Variation of diffusion coefficient with pressure of methane at 298 K in 

models 1P (closed circle) and 1P(15, 15) (open circle). 
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