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Abstract 

Hierarchical (micro, meso & macro) porosity in materials plays a crucial role in influencing 

the movement of ions which governs the energy and power density during energy storage and 

conversion. The extant available methods to characterise porosity across scales (nano to meso to 

macro) lacks rigour and accuracy. Having accurate assessment of the porosity in materials can 

unlock new designs of electrodes for energy efficient energy storage and conversion devices such 

as batteries, supercapacitors and fuel cells. Through this work, we report the systematic 

development of a method to fully characterise the carbon porous networks using a molecular 

dynamics simulation testbed. Our work entails modelling and simulation of porous carbon 

structures using quenched molecular dynamics (QMD) simulations using Gaussian Approximation 

potential (GAP) and benchmarking the results with prior literature. This modelling technique can 

reliably be used for quantitative characterisation of the interconnectivity in porous structures to 

study ionic movements and charge transfer mechanisms. A new parameter, namely nearest 

neighbour search (NNS) coefficient was introduced to quantify homogeneity and networking in 

the porous structures. NNS coefficient increased from 1.62 to 1.92 with decrease of the annealing 
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temperature from 8000 K to 4000 K in carbon. The procedure outlined was although tested on 

porous carbon networks, but adaptable to study any other material system at multi-length scales.  

 

Keywords: Molecular dynamics, Porous materials, Pore interconnectivity, Sphere pore model, 

Nearest neighbour search 

 

1. Introduction 

Carbon-based materials such as activated carbon, carbon nanotubes, fullerene, graphene, 

carbon aerogel etc. are ubiquitous to fabricate post-Moore’s law engineering components to drive 

newly emerging requirements in the area of energy storage, energy conversion, catalysis, 

electronics and many more. Porous carbon materials by virtue of their high surface area are also 

prime candidates for hydrogen storage [1] [2].  Tuneable porosity in porous carbon network is one 

of the key desirable properties as this can change the response of an electrode. 

Porosity in carbon-based materials refers to pore cavities and the interconnectivity of the 

pores to ease the ion transfer mechanism. This is turn facilitates their adsorption which is an 

essential property to use porous carbon as electrodes in energy storage and conversion devices 

such as batteries with different chemistries (Li/Na/Mg etc.), supercapacitors, fuel cells, hybrids 

etc. [3]. Capacity of energy storage devices are greatly affected by the interconnected pores and 

the number of solvated ions that can transfer to and from the electrolytic solution during charging/ 

discharging of the device [4]. The porous spaces are nested discontinuities in a solid matter [5]. 

As per the IUPAC, porous materials can be classified according to the size of the pores 

(< 2 𝑛𝑚, 2 𝑡𝑜 50 𝑛𝑚, > 50 𝑛𝑚) that constitute them, and the three main classes are micro-, 

meso- and macro- pores respectively [6].  
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Porous structures are generally bi-modal or multi-modal i.e., more than one class of pores 

can be present combining micro and meso-pores within the structure [7]. This makes them irregular 

and complex in their forms. Detailed insights into the pore architecture are extremely important in 

order to predict their behaviour during charge transfer which in turn provides a rationale to 

benchmark the device performance [8]. However, reliable techniques to characterise complex 

porous networks are extremely challenging, and limitations with existing methods to yield 

quantitative description of irregular pores is an impediment to de-novo design of energy efficient 

electrodes. The most important parameters that are usually required to characterise high energy 

density in energy storage and conversion devices include specific surface area (SSA), pore size 

distribution (PSD), pore volume (PV) and pore interconnectivity (PI) [9,10]. The most commonly 

used techniques used for characterising pore architectures include physisorption equilibrium 

isotherms of various gases such as nitrogen, argon or carbon dioxide adsorbates [11,12]. Brunauer-

Emmett-Teller (BET) is one of the most commonly used gas physisorption methods for evaluating 

the SSA of pores [13,14]. However, BET can only provide global information on the extent of 

pore volume and this method overestimates SSA which renders the method unreliable [15].  

Density Functional Theory (DFT) and Barrett-Joyner-Halenda (BJH) are exclusively used 

for estimation of PSD. Accuracy of DFT is much higher as compared to BJH [16]. X-ray micro-

computed tomography (XCT) has also been used to capture insights into porous carbon structures 

of materials [17,18]. XCT scanning can provide information about the interfacial morphology and 

porosity of catalyst layers of carbon system [19]. All these methods can provide one or more 

parameters and the rest of the parameters are usually approximated through post processing of 

data. One of the most important parameters i.e., pores interconnectivity (PI) cannot be estimated 

using the existing techniques. For developing numerical models in batteries/supercapacitors, the 
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PI is termed as tortuosity that takes into account the transport of ions in the porous materials [20]. 

The tortuosity factor is generally considered to be a constant value; while the PI in an electrode 

changes across the junctions of connectivity.  

Molecular dynamics (MD) simulations approach is widely used to model and investigate 

the feasibility of ion transport in electrodes and to study the formation of double layer/intercalation 

for charge storage, etc. [21,22]. Atomic-level studies can aid to reveal structure-property relations 

[23] with high fidelity. A number of simulation studies have been conducted to reveal the 

formation of porous structures based on different parameters. He et al. [24] investigated 

graphitisation mechanism during the thermal process and explained the dependence of temperature 

on the formation of pores. Bo et al. [25] used MD simulations to study the effect of doping on the 

specific surface area of an electrode which enhances the specific capacitance.   

Bryant et al. [26–28] introduced a new approach based on swelling of spheres to 

characterise porous materials. Their method suggested that by assigning equal sized pores into the 

throats in the network can lead to inaccuracy in estimating pore connectivity [28].  

Silin and Patzek [29] and Al-Kharusi et al. [30] developed methods to identify the largest 

spheres which could be inscribed within porous materials. However, the algorithm was 

computationally demanding. Bhattad et al. [31] studied the effect of pore density on the pore 

transportation. Their study identified that pore density affects the pore distribution and 

connectivity. Lombardo et al. [32] harnessed OpenPNM for performing modelling of the pore 

network  with assistance of 3D porous geometries reconstructed from X-ray computed tomography 

(XCT) images.  

A fundamental challenge in the field of network generation and modelling is the absence 

of a standard definition for non-uniform pores and their interconnecting throats in materials with 
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complex geometries. Moreover, the definition of pore morphology itself can differ, leading to the 

creation of different network structures for the same material. The lack of standardisation makes 

it very tough to identify which network model best represents the physical reality of a given porous 

material, adding to the complexity of the modelling process. This challenge is particularly pertinent 

when considering applications in energy storage and conversion devices, such as porous electrodes 

in electrochemical energy storage devices. Achieving a more precise and standardized approach 

to pore network characterisation can facilitate the development of electrode materials with 

enhanced energy storage and conversion capabilities, ultimately contributing to the advancement 

of clean energy technologies. 

In this work, we focus on developing a generic algorithm to quantitatively describe the pore 

channels in an electrode for applications in energy storage and conversion devices which can 

suitably be used as a criterion to screen ionic movements during charge transfer. The algorithm 

reported here is fully transferable to quantify the pores and ligands to investigate other porous 

materials including metallic foams for a wide range of engineering applications. The wider benefit 

of this method will facilitate the development of post-processing MD softwares such as “OVITO”, 

“VMD”, “AtomEye” to name a few. During the course of investigation, efforts were made to 

systematically explore the use of quenched molecular dynamics (QMD) simulations to develop a 

sphere pore model for detailed characterisation of pore architecture and interconnectivity. Unlike 

previous studies, this iterative method generates an exclusive sphere pore model for given 

annealing conditions. Nearest neighbor search for identifying throats and the throat aspect ratio for 

assessing their quality were introduced. These parameters facilitated the examination of throats 

and offer a computationally inexpensive approach for quantifying the degree of homogeneity and 

networking within porous structures. Our developed sphere pore modelling technique can help to 
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identify the interconnectivity of the pores to better understand the migration of ions during the 

charging and discharging process. To quantify the robustness of our proposed method, we 

performed two case studies: (i) we compared performance of our model with previously reported 

model in the literature [33] by obtaining pore specific information in a carbon network and (2) we 

simulated the BET method to analyse the surface area of the simulated porous carbon to benchmark 

our results against the published experimental literature.  

 

2. Simulation methodology  

2.1.  MD modelling 

 2.1.1 Potential energy function  

An interatomic potential or a force-field refers to the mathematical rule governing the 

interactions between the carbon atoms. The potential for a material with a highly ordered and 

crystalline structure may be different from a material with a more disordered and amorphous 

structure. In our previous study [34], we used an adaptive intermolecular reactive empirical bond-

order (AIREBO) potential [35]. A more recent formulation, namely, the Gaussian Approximation 

Potential (GAP) is a more general-purpose potential [36,37]. The recently developed GAP variant 

from Deringer and Csányi [38] can suitably describe the interactions in liquid and amorphous 

carbon with accuracy matching to DFT as it employed a kernel-based machine learning algorithm.  

To test the transferability of a carbon potential, the simplest method is to establish the linear 

relationship of sp3 or sp2 fraction of carbon atoms in a system with respect to the density of system 

[39] [40]. To screen the two potentials, namely, AIREBO and GAP, we performed test simulations 

to compare their performance for low density amorphous carbons (0.5 to 2 g/cm3) against the 

published experiments and the results are summarised in Fig. 1. We noticed that at low density of 
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0.5 g/cm3, both potentials showed comparable sp3 fractions but as the density of the system 

increases to about 1.75 g/cm3, significant deviations can be seen. For a density of 0.95 g/cm3, the 

sp3 fraction revealed by GAP was 64.2% higher than the AIREBO potential. Furthermore, this 

comparison highlighted that the GAP potential showed higher sp3 fraction values than the 

AIREBO potential in the density range of 0.5 to 2 g/cm3. This trend was in good qualitative 

agreement with the experimental [41] and DFT data [42,43]. Experimental results of Schwan et al. 

[44] compared and shown in Fig. 1 reinforce the argument that the GAP potential achieves better 

accuracy than the AIREBO potential for modelling of low density amorphous carbon system. For 

these reasons,  this work used GAP interatomic potential for performing the QMD simulations at 

three representative temperatures as an extended effort to the previous preliminary work [34]. 

Further, we study patches of graphitic-like ribbons obtained from the GAP-quenched structures 

and disordered sp2 network at different temperatures. As for the BET adsorption simulation, we 

used an LJ potential scheme to describe the nitrogen-carbon interactions with the force-field 

parameters shown in Table 1.  
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Fig. 1: sp3 fraction vs. density plots for AIREBO and GAP interatomic potential 

Table 1: LJ potential used to perform the BET test  

Interaction type LJ parameters 

C-C interactions σ = 0.34 nm and ε/kB = 32.9 K [45] 

N-N interactions σ = 0.375 nm and ε/kB = 95.2 K [45] 

C-N interactions σ = 0.336 nm and ε/kB = 61.4 K [45] 

 

 

2.1.2 MD simulation parameters 

LAMMPS simulation package (version 24-Mar-2022) [46] was used to perform the QMD 

simulations. A fixed cuboid of dimension 20.3 𝑛𝑚 ×  10.1 𝑛𝑚 ×  10.1 𝑛𝑚 containing 100,000 

carbon atoms at a density of 0.95 g/cm3 with periodic boundary conditions was used to simulate 

the system. All computations were performed with a timestep of 0.5 fs. For maintaining a constant 

temperature during the simulations, we used the canonical ensemble (NVT) [47]. The initial 
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temperature of the system was maintained at 10,000 K to reduce any bias that may come from an 

ordered initial state. This method yielded a carbon system with a fluid-like behaviour and assisted 

in randomly displacing the atoms within the system. From 10,000 K, the system was cooled to 300 

K at three different quench rates based on the type of porous structure required. We employed an 

annealing methodology that mimics the experimental synthesis of TiC-CDC [48] wherein we 

maintain the temperature at a constant value for a considerable amount of time during simulations. 

The carbon system was annealed for 30 ps at temperatures of 8000 K, 6000 K and 4000 K to form 

three porous carbon systems, namely AT8000, AT6000 and AT4000 respectively. This annealing 

procedure was critical for transitioning from a high-energy quenched structure to an equilibrated 

relaxed structure. The results from intermediate quench rates employed to form various carbon 

systems are provided as supplementary information (see Fig. S1). OVITO software was used for 

postprocessing of the simulated results [49]. Nearest neighbour count was performed to gather the 

information about the sp, sp2, and sp3 structural motifs using a cut-off distance of 1.735 Å for 

hexagonal ring bonds, which fully encloses the first-neighbours shell for porous carbons [50]. 

Furthermore, to study the graphitic ribbon, radial function distribution (RDF) analysis was carried 

out. 

 

2.2 Porous structure characterisation 

To estimate SSA and PSD, BET and DFT methods use an idealised geometric model which 

neglects the interconnectivity of the pores, coordination and the heterogeneity of the porous 

network [51]. Such pore models may not be suitable for predicting diffusion rates as they provide 

qualitatively incorrect heat of adsorption [52]. Knowledge of PSD is particularly important since 

it can determine whether the energy storage and conversion devices will be high energy 
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(microporous) or high power (meso & macro-porous) devices. The current limitations arise from 

the accurate analysis to arrive at the PSD which is computationally demanding. In this subsection, 

we outline a systematic process for estimating the PSD in an effortless manner. 

 

2.2.1 Sphere pore model 

One particular assumption considered while developing this model was that the boundary of 

pores is always in the shape of a curve that will fit a sphere of varying diameter depending on the 

size of the curvature of the pore boundary. The pore size at any location in the structure is defined 

as the largest sphere that can accommodate the pore without overlapping with the neighbouring 

atom. Fig. 2 (a) show a 2-D schematic illustration. The dotted circles are different sized spheres 

that can be constructed through a pore channel. The proposed approach is explained through a 

flowchart in Fig. 2 (b).  

The first step in this approach involves the creation of evenly distributed points separated by 

bond length of carbon in the entire structure (including the solid part). The next step involved 

removal of points overlapping with C-atoms (solid part). This leaves a database of all possible 

points forming the pores in entire structure. Thus, each point was considered as a centre to form a 

sphere around it. The size of the sphere was increased until the periphery of the sphere touches the 

pore boundary. This step continued until all points forming the centre of spheres touched the pore 

boundaries. A point closer to the pore boundary created a smaller sphere whereas a point far away 

from the pore boundary created a large sphere. Additionally, a database of all possible spheres 

overlapping with each other was also created; one of the key criteria was that the diameter of the 

sphere shall not exceed 0.154 nm because a typical carbon hexagonal ring has a side length of 

0.154 nm and a central void space to fit a sphere of diameter 0.154 nm [53]. Once the database 
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containing radius, centre and coordinates of all possible spheres was created, the next step was to 

rank the spheres in order of their decreasing radius. Starting from the largest sphere(s), all other 

spheres overlapping with it were removed. Subsequently, the second largest sphere(s) was 

considered and all possible spheres overlapping it were deleted. This iteration continued until the 

porous structures had all possible non-overlapping spheres with varying radii. This process yielded 

a configuration with partial filling of the porous structure with spheres. Subsequently, an iterative 

method was adopted such that the entire process was repeated starting from the creation of evenly 

distributed points until the formation of non-overlapping spheres. These iterations were carried out 

until no new spheres were left. The final result was an array of non-overlapping pores which 

completely filled the void space in the carbon system. The pore size distribution for different cases 

of carbon systems were calculated by the radii of best-fitted sphere pores.  

  

(a) 
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(b) 
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Fig. 2 (a) Schematic for sphere pore fitting across porosity of carbon system, (b) Proposed procedure to count the 

number of spherical pores. Here, O is a random sampling point inside the model volume, R(O) is the particle radius, 

respectively. (c) 2D representation of a system of sphere pore model with assigned NNS numbers for different 

neighbour throat possibility (i) Ideal case of uniform pore channel cross sectional area and shape, (ii) Realistic case 

with varying pore channel cross sectional area with NNS number, (iii) Realistic case with varying pore channel cross 

sectional area with diluted NNS number, (iv) A schematic showing a sphere connected to other spheres using throats. 

L indicates the centre-to-centre distance between the spheres; di indicates the size of throat; ri and rj indicates the radii 

of the spheres Si and Sj.  

 

2.2.2 Near neighbour search (NNS) study 

Complex pore structures can be reproduced using an equivalent pore network model of PI 

[54]. Pore network model simplifies the porous structure into pores and throats. Such models 

usually approximate pores and throats as spheres and cylinders respectively in order to analyse the 
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pore network [55]. Such a pore network extraction algorithm helps in overcoming the limitations 

posed in conventional network modelling predictions wherein the complex pore structures are 

oversimplified.  

In this study, pores and throats were identified using NNS analysis of the sphere pore 

model. NNS analysis can provide an accurate representation of the degree of interconnectivity in 

the porous structure. The NNS number of a pore represents the number of different pore spheres 

connected to a pore. An ideal model with uniform cross-sectional pore channels after the 

application of the sphere pore model would contain pore spheres of uniform radii packing the 

entire void space. A 2-D representation of this is shown in Fig. 2 (c). In such a case, each sphere 

will have a certain NNS number, i.e., the number of connecting spheres directly connected to the 

node. Spherical pores located at the middle of a channel would be surrounded by two other spheres, 

one in front and the other at the rear. Hence, the NNS number for this middle pore is two. A similar 

sphere situated at the junction of multiple channels would be connected with a higher number of 

spheres. The sphere at the junction, mentioned here onwards as a node, has NNS number equal to 

the number of coinciding channels. Fig. 2 (c) (i) explains this concept with few examples. Spheres 

numbered two are situated in the middle of a channel, whereas spheres numbered otherwise are at 

junctions for as many channels. A database of an ideal case involving the NNS data for all pores 

provides an excellent approximation of the degree of connectivity in the porous carbon.  

However, a real system contains pore spaces which are uneven in their cross-sectional area. 

Such a system would contain pore spheres of varying radii (Fig. 2 (c) (ii-iii)). Determining the 

NNS number in such a case is not straightforward. To extract NNS number for real systems, a 

sphere (Si) surrounded by spheres of varying radii (let one of the spheres be named Sj) (Fig. 2 (c) 
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(iv)) was assumed. The number of throats connecting Si with all its neighbouring spheres 

determines the NNS number of Si. The throat size (di) can be found using the following conditions: 

𝑑𝑖  =  𝐿 – (𝑟𝑖 + 𝑟𝑗)          (1) 

𝑑𝑖 < 0.154 𝑛𝑚          (2) 

Throat size ≥ 0.154 nm for two spheres indicated the presence of a single/multiple 

graphitic sheet present between the pores and therefore, removed from calculations. Using these 

conditions, the NNS number for each sphere in Fig. 2 (c) (ii) was calculated. A sphere assigned 

NNS number of X indicates that X neighbouring spheres are connected to it through its boundary. 

However, NNS number will not provide information on whether the ions moving in the porous 

network will have higher diffusion rates e.g., a large sized pore (higher charge storage) connecting 

to a smaller sized pore will lead to reduced diffusion rates since ions filling the larger pores will 

take longer to move through the network due to non-availability of space in the next sphere. For 

higher diffusion rates in the porous network, it is imperative to have PI such that a pore (or sphere) 

is always connected to an adjacent larger or comparable sized pore (or sphere). Due to this, the 

development of a diluted NNS number is required to ascertain the PI with higher diffusion rates. 

For this, an iterative method was adopted with three conditions in decreasing order of priority to 

determine the diluted NNS number.  

i) Choosing the throat with a higher priority defined by the following formula: 

𝑃𝑖𝑗  =  1 +  𝑓(𝑆𝑖) × 𝑓(𝑆𝑗)         (3) 

𝑓(𝑆𝑖) = 1 −
𝑛𝑖

𝑎𝑖
          (4) 

where 𝑃𝑖𝑗: significance of throat that joins 𝑆𝑖 and 𝑆𝑗, 𝑛𝑖: NNS number of sphere 𝑆𝑖, 𝑎𝑖: available 

number of connections for sphere 𝑆𝑖.  

ii) Choosing the throat with the smallest length. 
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iii) Choosing the throat which interlinks the sphere with a comparable or larger sized sphere. 

Through this the diluted NNS number was calculated. Fig. 2 (c) (iii) show the diluted NNS 

number of each sphere. A sphere with a higher NNS number contributes to higher diffusion rates 

leading to higher power density while a sphere with a lower diluted NNS number contributes to 

higher charge storage leading to higher energy density.  

 

2.3 Adsorption isotherm analysis 

An atomistic modelling used for nitrogen adsorption isotherm [56], and the obtained data 

was post-processed to calculate the SSA of the porous carbon structure. Nitrogen gas (adsorbate) 

at 77 K was routed through the carbon system. In the process, nitrogen was adsorbed onto the 

surface of the porous carbon structure because of interactions between carbon atoms and nitrogen 

molecules, resulting in multilayer nitrogen gas adsorption over the porous carbon structure. Once 

the nitrogen adsorption over the porous carbon structure completes, the BET surface area was 

calculated using the monolayer of nitrogen that was adsorbed into the surface of the porous carbon. 

The BET surface area was estimated as: 

𝐴 = 𝑁𝑚 × 𝐴𝑐 × 𝑁𝑎𝑣 .          (5) 

where 𝐴 is the BET surface area, 𝑁𝑚 is the monolayer of nitrogen adsorbed (number of molecules), 

𝐴𝑐 is the cross-section of the adsorbate (16.2 Å2 for N2) [57], 𝑁𝑎𝑣 is the Avogadro’s constant. The 

adsorbed monolayer of nitrogen was calculated using the BET equation [58] as: 

𝑃

𝑃0

𝑁[1−(
𝑃

𝑃0
)]

=  
1

𝑁𝑚×𝐶
+

𝐶−1

𝑁𝑚×𝐶
(

𝑃

𝑃0
).         (6) 
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where 
𝑃

𝑃0
 is the relative pressure with 𝑃0 = 1 bar, N is the total number of molecules of nitrogen 

adsorbed, and 𝐶 = 1 +
𝑠𝑙𝑜𝑝𝑒

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 is the BET constant.  

 

3. Results and discussions 

To generate atomistic models of the porous carbon structures, we adopted a QMD routine 

[59]. The quenching temperature was made to vary from 10,000 K to 300 K with varied annealing 

temperatures and the thermal responses were obtained from the simulations (shown as 

supplementary in Fig. S2). Fig. 3 (a) compares the simulated structures for three different 

annealing temperatures used (Case 1 – AT8000, Case 2 – AT6000 and Case 3 – AT4000). A 

comparison of image insets of Fig 3 (a) show that the carbon mesh becomes denser with increasing 

annealing temperature. At a higher annealing temperature of 8000 K, the simulated structure was 

seen to be comprised of relatively small and uniform pores. The curved structures were seen in the 

case of an annealing temperature of 4000 K, and larger pores begin to develop. For cases 2 and 3, 

the graphitic ribbons were long and straight compared to case 1.  For case 3, the simulated carbon 

structure formed stacked graphene nanosheets. However, stacking was absent in cases 1 and 2.  

The results complement the previously reported experimental work (TEM) as well as the 

simulation work reported by Tomas et al. [59].  

Our simulation strategy of annealing at different temperatures for 40 ps was adopted to 

mimic the experimental temperature of 1800 K. It is good to note an excellent agreement between 

the simulation results and the previously reported experimental results that reproduced large stacks 

of graphitic ribbons [59]. 
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Fig. 3 (a) Carbon systems obtained for different annealing temperatures (b-d) representation of spn (1 ≤ 𝑛 ≤ 3)  

motifs in C-C bonds: (b) sp motifs, (c) sp3 motifs, and (d) combined sp and sp3 motifs for AT4000. 

 

3.1 Analysis of carbon structures 

For qualitative validation of honeycomb nanostructure formations, we studied the cross-

sectional morphology of structures corresponding to annealing temperature of 4000 K (Case 3) 
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(Fig. 3 (b)). It can clearly be seen that the structures mostly comprise of curved graphene fragments 

with sp2 bonding as being most prevalent. Table 2 provides quantitative analysis for all the three 

cases simulated in this study.  

 

Table 2. Fractions of spn (1 ≤ n ≤ 3) bonds, NNS number coefficient, throat aspect ratio, and BET surface area obtained 

for different annealing cases. 

Parameter 

spn (𝟏 ≤ 𝒏 ≤ 𝟑) 

fraction (in %) NNS number 

coefficient 

Throat aspect 

ratio 

BET specific surface area 

(m2/g) sp  sp2 sp3 

Case – 1 (AT8000) 30.3 68.4 1.3 1.62 1.172 464.0 

Case – 2 (AT6000) 28.2 70.0 1.6 1.66 1.172 906.7 

Case – 3 (AT4000) 12.3 86.4 1.3 1.92 1.148 1485.0 

 

The small fragments were observed to link together to form an interconnected geometrical 

complex network, with edges containing sp motifs and planes to be interconnected by using the 

sp3 motifs (refer Fig. 3 (b-d)). This observation was analogous to the interstitial defects that are 

present in carbon-based materials (in this case graphite). Another feature that was identified from 

the interconnected network was the nanoscale arrangement of differently tangled graphitic ribbons, 

as shown in Fig. 3 (b-d). A detailed study about the pore morphology is presented in the later 

sections. With respect to the extremely significant sp2 fraction as shown in Table 2, the observed 

outcomes indicated predominance of the hexagonal ring motifs in the porous structure. It was also 

observed that a fraction of unstable defective rings remained present for all the cases studied here. 

It was seen that the graphitic ribbons were stacked in AT4000 as shown in Fig. 4 (a). Various 

structural parameters were calculated to study and ensure the stability of the developed structures. 

These features were compared to the experimental data from the published literature. 
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Characterisation of the experimental and computational porous structures using the radial 

distribution functions, g(r) is discussed next. 

𝑔(𝑟) = 4𝜋𝜌𝑎𝑡[𝑔(𝑟) − 1]        (7) 

where 𝜌𝑎𝑡 is the atomic density in atoms/Å3 

Fig. 4 (b) depicts the g(r) of the control experimental data and carbon samples simulated in 

this work. Based on the similarity with the mass density, 0.95 g/cm3 was chosen to be the closest 

to carbide-derived carbon (CDC) models [60]. As a result of the scaling process, oscillations 

remained, but its intensity decreases as the radius (r) increases.  

Fig. 4 (b) show the enlarged initial three peaks of the carbon sample spectrum. For all the 

simulated structures, the distance between the six-membered ring was similar to the indicated three 

initial peaks. These three peaks are represented as a, b, and c, where the distances they represent 

relates to the interatomic distances within a six-membered hexagonal ring of carbon. These peaks 

provide an idea about the defect free graphitic areas in the structure (i.e., made of hexagonal rings 

only). It was also observed that the relative intensities of peaks for all cases in this study are similar 

to the experimental g(r) spectra of CDC shown by Thompson et al. [61]. The initial three peaks at 

1.42 Å, 2.52 Å and 2.87 Å represents neighbours in a hexagonal ring and peaks at 3.77 Å, 4.32 Å, 

and 5.02 Å represents the location of carbon atoms in the neighbouring rings. However, non-

hexagonal rings were also present in the struts as indicated by the asymmetries in the peaks after 

the initial three. It was observed that the reduction in the annealing temperature caused an increase 

in the intensity of peaks and reduction in peak broadening. This could be due to the presence of 

higher level of impurities at higher annealing temperature samples. It brings defects within the 

hexagonal crystallinity of graphene nanosheets, which could effectively lower the medium-range 

order. In this sample, the graphitic sheets were stacked locally like a graphite crystal encompassing 
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multi-layers, as shown in Fig. 4(a). The results obtained here were in close proximity with the 

results published by Shiell et al [62] using Raman and TEM analysis.  

Next, a quantitative characterisation for pore volume, PSD and pore interconnectivity is 

presented followed by the BET analysis for estimation of the SSA. 

 

3.2 Sphere pore analysis 

Characterisation of pores and the porous architecture through our developed sphere pore 

model forms the crux of this work. Fig 5 (a) shows the partial carbon system for the case when 

the annealing temperature was 4000 K (AT4000). This system was further subjected to the 

proposed sphere pore method as already discussed in the previous section. Grey spheres represent 

the pores of best fitting size. Applying this method, we found that the structures yield a porosity 

of about 20.4% for AT8000 and 25.6% for AT4000. In carbon systems, voids between stacked 

graphitic ribbons led to the formation of micropores (refer Fig 3 (a)).  

Pore size distributions for different annealing cases are shown in Fig. 5 (b). A unique 

observation from the histograms shown was that only the AT4000 sample showed pores with 

relatively larger pore diameter > 1.5 nm. In general, these results are consistent with previous 

studies where pore size and dispersity increases with the rate of quenching [63]. PSD graphs 

showed the demarcation of pore sizes at different annealing temperatures. Although all three cases 

show mostly microporous distribution i.e. pore widths < 2 nm, their application as high energy 

storage devices largely depend on the corresponding ions size in the electrolytes. The maximum 

capacitance attainable in supercapacitors is ideally the case when the pore size is almost equal to 

the ion size [64], assuming no ion crowding. This is because of the strong electrode atom (say 

positively charged) – ion from electrolyte (say negatively charged) interaction that repels other 



22 

 

similar ions (negatively charged) near the pores, thereby allowing only single electrode atom – ion 

double layer formation. In case the pore size is larger than the ion size, capacitance will be lower 

due to multiple ions accumulating in the pores, thereby reducing the strong interaction between 

the electrode atoms – ions (similar charged ions will be repelling each other). On the other hand, 

if a pore size is smaller with respect to the ion size, then the ions will not be able to move inside 

the pores, thereby treating the pores as flat surfaces. This will greatly reduce the performance of 

the overall device. Therefore, an optimal PSD is extremely necessary for obtaining high energy 

density devices.  

The mean pore diameters for different cases were 0.48 nm, 0.49 nm and 0.51 nm for the three 

cases respectively. A small shoulder from 1 to 1.1 nm particularly for case 3 represent the largest 

pore which was located between stacked graphene layers at lower annealing temperatures. 

Therefore, increase in the mean pore diameter along with graphitic ordering was consistent with 

the current discussion. These results highlight the effectiveness of the proposed method in 

characterising the pore space and revealing the effects of underlying structural changes.  
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Fig. 4 (a) Hexagonal crystallinity obtained for various stacks of sp2 ribbons (light to dark colour coding from left to 

right is provided for better visibility or overlapping rings of carbon); (b) Reduced RDF analysis for different annealing 

cases, here, inset show the significance of a, b, and c peaks for the formation of hexagonal rings compared with 

standard and experimental graphs reported by Shiell et al. [62]. 
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Fig. 5 (a) Sphere pore filling model for the AT4000 carbon system, (b) PSD graphs for different annealing cases 

 

3.2.1 Pore network analysis 

Fig. 6 Diluted NNS number analysis for AT4000 carbon system. Red and white spheres represent carbon atoms and 

pore spheres respectively. Green bonds depict throats between two pore spheres (inset shows the magnified view of 

selected pores with their diluted NNS number). 
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NNS number can provide information about the transport properties within the porous 

structures such as the diffusion coefficient [55]. NNS number can be obtained by calculating the 

number of throats directly connecting the pores to their corresponding neighbour pore bodies. A 

higher value of NNS number indicates high degree of PI i.e., pores are well connected to each 

other. This indicates high tortuosity and increased diffusion [65]. We adopted a strategy to 

calculate diluted NNS number to further find the PI with varying sizes that contributes to higher 

energy or power density.  

Fig. 6 depicts the diluted NNS number of pores within a sliced section of AT4000. The 

carbon atoms are represented as red spheres, pores of different diameters are shown with white 

spheres and throats as green bonds. The inset alongside shows a magnified view of the fitted pores 

and throats with calculated diluted NNS numbers for each pore.  

Fig. 7 (a) presents the diluted NNS number distributions and mean diluted NNS number 

of three carbon samples. The distribution of the calculated diluted NNS number vary from a 

minimum of 0 to a maximum of 8. AT4000 showed a mean diluted NNS number value of 2.08, 

which is largest among the three annealing cases. The mean diluted NNS number of AT4000 was 

15.3% higher than the AT8000. The distribution of radii for each individual diluted NNS number 

is shown in Fig. 7 (b). The graph extracted for the three carbon samples, each containing total 

pores ranging from 5153 for AT4000 to 5461 for AT8000 with varying diameters. It is evident 

that the larger pores have lower diluted NNS numbers, whereas smaller pores dominate the curve 

for larger diluted NNS numbers. AT4000 showed highest peaks for all diluted NNS numbers larger 

than 2 compared to AT6000 and AT8000. It is evident from the NNS analysis that pores 

participating in the network channels had higher diluted NNS numbers. 
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Wider interconnected throats facilitated higher permeability in a porous carbon system. 

Size of throat is directly proportional to the diameter of its associated pores. Thus, the NNS 

coefficient was calculated to estimate the weightage of pore diameter in NNS analysis. A weight 

factor is associated with pore radius to interpret the true connectivity with a particular carbon 

sample. NNS coefficient is a promising way to quantify network structures in the carbon samples. 

It is a weighted average of diluted NNS numbers for all the pores. The NNS coefficient was 

obtained by characterising pore connectivity as: 

𝜁 = (
1

𝑁
𝐷𝑎𝑣𝑔) ∑ (𝐶𝑖 × 𝑑𝑖)𝑖         (6) 

where 𝑁 is the total number of pores, 𝐷𝑎𝑣𝑔 is the average diameter of pores, 𝐶𝑖 and 𝑑𝑖 are the 

diluted NNS number and diameter respectively for pore i. 
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Fig. 7 (a) Diluted NNS number distributions and the mean diluted NNS number of the three carbon samples. (b-d) 

Cumulative distribution of sphere pores as a function of pore radius for each diluted NNS number. (b) AT8000, (c) 

AT6000 and (d) AT4000. 

NNS coefficient compared earlier in Table 2 for all three carbon systems showed 

noticeable changes in the NNS coefficient for AT8000 (low porosity) and AT4000 (high porosity). 

One can see that the AT4000 revealed the largest NNS coefficient of 1.921, indicating that the PI 

for AT 4000 was largest compared to the other cases. AT8000 showed least NNS coefficient of 

1.629 which can also be verified by a low porosity of 20.4% as compared to 25.6% for AT4000. 

Low NNS coefficient is an indicator of low connectivity that may be due to two adjacent pores 

Diluted NNS number 

 Diluted NNS number 
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separated by solid structures instead of throats. This parameter can be taken as a qualitative 

indicator for diffusion of ions during charging and discharging for energy storage and conversion 

devices as higher diffusion is possible when throats are present in the porous structures. Low NNS 

coefficient will lead to ions getting stuck in the pores without any throats thereby leading to slow 

diffusion during charging and discharging. This indirectly affects the power density of the devices 

[66]. Additionally, the PI for the three porous carbon structures were further investigated using 

electrolyte transferability through the structures by using EMIM BF4  electrolyte as reference case 

study. From this study, it was observed that the AT4000 structure swiftly passed a large number 

of EMIM BF4 ions through the structure compared to the AT6000 and AT8000 structures. This 

electrolyte transferability through the AT4000 carbon structure is shown in the supplementary data 

(Fig. S3 – S4 and supplementary video). Detailed analysis on ion transferability through the 

porous structures will be discussed in a follow on study of this work.  

 

3.2.2 Throat aspect ratio (TAR) 

TAR provides information on the degree of homogeneity of the porous structure [67]. We do 

not claim to develop this new parameter, but we simply used this parameter to check the robustness 

of our MD simulation system.  

Global aspect ratio (GAR) indicates the ratio between the average of the two pore sizes that 

shares a throat and the length of the corresponding throat. The average TAR (τ) was calculated 

based on the equation: 

𝜏 = (
1

𝑁
) ∑ (

𝐿𝑘

𝐷𝑚𝑒𝑎𝑛
)𝑘          (7) 

where the length of throat k is denoted by 𝐿𝑘 and the average diameter of the two pores connected 

to throat k is denoted by 𝐷𝑚𝑒𝑎𝑛. 
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This study used TAR to analyse the differences pertaining to the dimension of pores and 

throats. As shown in Table 2, TAR ranges from 1.148 to 1.172 for AT4000 and AT8000, 

respectively. Compared to AT4000, the AT8000 samples showed a higher TAR, indicating that 

there were pores that may exist in the form of bottlenecks. Higher value of TAR for AT8000 is 

also an indication of poor connectivity in porous carbon structures. 

 

3.3 BET adsorption isotherm analysis 

In BET adsorption isotherm process, the relative pressure (𝑃
𝑃𝑜⁄ ) of the adsorbent (here, 

nitrogen) is directly related to their adsorption on porous carbon structure [68]. Thus, analysing 

the BET adsorption isotherm aids in calculating the surface area of the porous carbon structure in 

relation to the adsorbed volume of nitrogen inside the structure. The BET adsorption isotherm 

result is shown in Fig. 8. The BET adsorption isotherms of this study are in good agreement with 

the experimental reported results of Lee et al. [68]  and Mistar et al. [69].  

From the MD simulation of BET surface area analysis of porous carbon structure, it was 

observed that when nitrogen gas passes through the porous carbon structure, initially the nitrogen 

formed a monolayer (a single layer of nitrogen molecules) on the walls, and as the pressure of the 

nitrogen increases gradually, the volume of nitrogen filling he porous structure increases, leading 

to the formation of multi-layered nitrogen (nitrogen molecules forming multiple layers one over 

the other) over the structure. Gradually, the porous structure gets filled with nitrogen, and the BET 

adsorption isotherm was obtained and plotted. In general, there are six types of BET isotherms 

available based on the shape of the plot, which in turn, represents the volume of adsorbent that 

was adsorbed into the porous structure [70].  
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In our simulations, Type 1 isotherm was found, which showed that the porous carbon 

structure has micropores. This could be understood from the BET isotherm region, which 

corresponds to 0 to 0.2 relative pressure. Over this area, it could be seen that the amount of nitrogen 

that has been adsorbed by the porous carbon increases rapidly with pressure which resonates with 

the observations made by Khosrowshahi et al. [71]. The presence of micropores increases the 

surface area inside the porous structure for the nitrogen molecules to interact with, and this aids in 

spreading of the nitrogen molecules into the structure, which rapidly increases the adsorbed 

volume of nitrogen inside the porous carbon structure [69]. It was also observed that, in the relative 

pressure range of 0.2 to 1.0, the nitrogen adsorption was almost constant since the nitrogen gas's 

monolayer formation is complete. Now, the nitrogen just builds up layers inside the pores and fills 

the whole structure. Once the structure gets filled with nitrogen, the BET surface area was 

calculated using the BET isotherm. The calculated BET surface area of the three porous structures 

annealed at 8000 K (AT8000), 6000 K (AT6000), and 4000 K (AT4000) respectively were found 

to be 464 m2/g, 906.7 m2/g, and 1485 m2/g. These results were consistent with the experimentally 

derived surface area reported by Lee et al. [68] and Mistar et al. [69]. From the BET surface area 

values, it could be inferred that annealing at a lower temperature could significantly contribute to 

increasing the surface area of the carbon system. 
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Fig. 8: BET adsorption isotherm for three porous carbon structures. The graph is in the form of a Type I BET 

adsorption isotherm, which represents the presence of a large volume of micropores. Micropores allow fast initial 

adsorption of N2 molecules. Here, results are compared with the reported experimental results of Lee et al. [68]  and 

Mistar et al. [69]. 

 

3.4 Intellectual merit of our model compared to the models suggested in literature 

This study introduced a novel sphere pore modelling approach that differs from existing 

methods in several ways. We employ an iterative method to generate an exclusive sphere pore 

model. A summary of efforts comparing previously reported models in literature are anecdotally 

compared to our model in Table 3. A quantitative analysis was carried out to support this argument 

by comparing our model with Surface Geometry Reconstruction (SGR) model [33].  

Proposed parameters such as the NNS and TAR facilitate throat quality assessment and 

improved network characterisation. Our focus on energy storage applications, particularly in 

understanding ion migration at the electrode-electrolyte interface, highlights the practical 

relevance of our method.  
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Table 3. Comparison between our model and previous models 

Previous Models Our model 

1. Statistical reconstruction: This method analyses 

the 2D cross-sectional images of the porous 

material to identify the geometrical features and 

reconstruct the 3D images of the same. Porosity 

and spatial distance between pores are the 

features that are used to reconstruct he 3D images 

[72]. Further properties like length of the pore 

chord, and distribution of linear paths were also 

used to characterize pore geometry [73–75]. 

However, these techniques do not successfully 

capture the initial geometry of the pore over 

longer distances.  

One advantage of our model is the 

identification of long-range pore 

interconnectivity by using the concept of 

pores and throats that we adopted in this 

study (refer Fig. 6)  

2. Grain-based model: The method randomly packs 

equal sized spheres to characterize the porous 

structure. Then the spatial arrangement of the 

spheres is varied in the vertical direction until the 

spheres overlap and describes porosity and pore 

connectivity of the structure. The developed 

method aided in understanding various physical 

and elastic properties of different porous 

structures [26]. Later, this method was further 

modified by Bakke et al. [76] to characterize 

porous structures using spheres of different sizes.  

However, their model fails to capture 

microporosity of the porous media. Our 

current model has identified both these 

drawbacks and has been developed to 

incorporate different sized spheres as 

well as capture information of 

hierarchical pore size distribution. The 

algorithm works as per the flowchart in 

Fig. 2(b). 

 

3. Direct mapping model: This model is subdivided into two types as discussed below 

3a) Medial axis method: The method constructs an 

medial axis passing through the pore space to 

represent the structural framework of the pore 

network by a thinning algorithm or a pore-space 

burning algorithm [77]. By employing the concept of 

medial axis, the model conserves the mathematically 

representation of the structural framework of the 

porous space, however identifying pores is still an 

issue.  

Our model can measure both the pore 

size as well as the interconnected length 

of the porous structure using sphere pore 

model and NNS analysis 

3b) Maximal ball algorithm: The method fits 

maximal spheres to occupy the porous space in the 

structure. Overlapping spheres are removed from the 

structure and remaining spheres (maximal balls) are 

fixed to describe the porous structure. The biggest 

maximal balls are used to determine the pores, which 

are connected by smaller balls in between them 

(these balls are called throats) [29]. The model 

One of the problems with maximal ball 

algorithm is the specific identification of 

pores and throats in complex structures. 

Additionally, the algorithm identifies too 

many small throats that affects accuracy 

particularly if application is oriented in 

identifying microporosity. In our study, 

we have adopted two different steps to 
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utilizes high computer memory, time and was 

limited to be used in porous structures with relatively 

small and only has fewer pores less than thousand. 

Hence, Dong et al. [78] developed a search algorithm 

to identify the pore geometry. Bhattad et al. [31] used 

the same method to estimate the pore density of the 

medium.  

mitigate these issues. The first step is to 

develop the sphere pore model with radii 

of best-fitted sphere pores (sphere pore 

model). The second step in mitigating 

the issue of too many throats were 

addressed by using the concept of 

nearest neighbor search (NNS) 

algorithm. 

4. Regular network model: The model employs 

geometric shapes to capture the geometric 

features and characterize the pores and throats. 

Hence, the model is more efficient with respect to 

the time and also captures the minute features of 

the pores in the structure. Originally, a geometry 

with a cubic lattice and a constant coordination 

number of six was employed to characterise the 

porous media [79]. However, in porous media, 

the pore connectivity is distributed and can have 

a coordination number larger than six [78]. 

Therefore, models that employs the 26 pore 

coordination numbers concept were latter 

developed [80].  

One of the drawbacks of such models is 

to identify porous networks for irregular 

or complex structures. Our model can 

identify both regular as well as complex 

structures and determine all parameters 

related to the structure such as size, 

shape, interconnectivity in quick time.  

 

5. Two-scale pore network model: This model 

extracts features related to porosity (pore 

network) at different scales (micro, meso, etc.).  

The extracted features are latter merged by 

considering the cross-sectional similarities to 

create complete pore network. One disadvantage 

of this model is that it is computationally more 

expensive due to the number of network elements 

[81].  

A major advantage of our model is its 

robustness wherein the algorithm can 

incorporate hierarchical porosity 

distribution without the need for adding 

complexity to the system.  

 

6. Surface geometry reconstruction (SGR) model: 

SGR model is used to characterise porous 

structures by computing features such as surface 

area and porosity [33]. SGR model integrates the 

concept of Delaunay tessellation to fill the 3D 

porous structure with repeated tetrahedral regions 

of unit size that fit together closely without gaps 

or overlap. Afterwards, these regions are grouped 

and classified into spatially filled/empty regions 

by using virtual probe spheres of predefined fixed 

diameters. Tessellates are classified empty, if the 

probe sphere can be fitted into the region without 

overlapping with existing atoms in the porous 

structure. After classifying the tessellates into 

filled and empty regions, surface manifold will be 

SGR model focuses on determining total 

pore count and total pore volume rather 

than the size of pores present in the 

structure. Our model gives quantitative 

insights into the nature of porosity 

(macro, meso, micro, etc.) as well as the 

pore interconnectivity 
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developed to differentiate between these spaces. 

As these surface manifolds represent the 

boundaries of the porous atomic system, it aids in 

understanding about the filled and empty regions 

thus characterising porosity of the input porous 

structures.  

 

 Using SGR model, the features of the three porous carbon structures (AT4000, AT6000, 

AT8000) were quantitatively characterised. The respective porous carbon structures were 

tessellated into tetrahedral regions, and then these regions were classified as empty or filled to 

compute its features related to porosity. Furthermore, the results obtained from the SGR model 

was used to assess and compare with our model. SGR model was implemented using Ovito Pro 

[49]. The results computed by employing SGR model to characterise our three porous carbon 

structures (AT4000, AT6000, and AT8000) are shown in Fig. 9 and Table 4.  

 

Fig. 9: (a) Isometric view of the AT4000 porous carbon system which was given into the surface geometry 

reconstruction model. (b) The geometric surface which was generated by the model along with the closeup view of a 

corner with tetragonal tessellation.  
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Table 4. Porous carbon structure analysis using SGR model and our model.  

Porous 

structure 

Empty fraction 

(%) 
Total pore volume (Å3) 

Total number  

of pores 

NNS 

number 

coefficient 

(new 

detail 

from Our 

model) 

SGR 

Our 

model 

SGR 

Our 

model 

SGR 

Our 

model R1
* R2

* R1
* R2

* R1
* R2

* 

Case – 1 

(AT8000) 
23.3 21.5 20.4 483378 447050 422443 93 233 5461 1.62 

Case – 2 

(AT6000) 
24.3 23.3 22.9 504476 483470 474213 82 226 5307 1.66 

Case – 3 

(AT4000) 
30.5 39.4 25.6 632011 819567 530125 21 54 5153 1.92 

*R1 = 0.4 nm and R2 = 0.5 nm were the sphere radius used for calculating the SGR results 

From Table 4, it could be observed that the results obtained from the SGR model vary with 

the radius of sphere (required manual input) used for the calculation. Our model works 

automatedly by using the radii of best fitted spheres revealing optimal numbers. SGR model uses 

the concept of Delaunay tessellation to fill the three-dimensional porous carbon structure with 

repeated tetrahedral regions of unit size. These regions are fit together closely without gaps or 

overlap to compute characteristic features (pore count, pore volume and empty fraction) to define 

the porosity of the carbon structures (as shown in Fig. 10 (a)). On the other hand, our model uses 

the technique of filling the structure with radii of best-fitted sphere (sphere pore model) that are 

found using multiple iterations to completely occupy the pore volume structures (as shown in Fig. 

10 (b)).  

Compared to the SGR model, the optimal sized spheres fitted into the structure (sphere 

pore model) revealed more better measurable insights into the nature of porosity (macro, meso, 

micro, etc.). Additionally, our model also determined the total pore count and pore volume with 

better accuracy as compared to the SGR model as it takes into account all the representative spheres 

that constitute the pores while the accuracy of SGR depends on single pore size for calculations. 

Clearly, the proposed model outbids the SPR model and provide better estimates of the porosity. 
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Moreover, our model contrary to the SGR model provides insights into the pore connectivity and 

channels that are present in the structures, which is a significant factor in determining the 

performance of the electrodes for energy storage devices. Our model provided additional other 

details such as mean pore diameter, pore volume, pore size distribution and the NNS number as 

distinctive features which is in contrast to any of the previously reported models.  

     

(a)      (b) 

Fig. 10: (a) Tetragonal tessellation employed by the SGR model to estimate the empty region (porosity) in the given 

structure. (b) the newly proposed porosity estimation model after fitting spheres into the porous structure.  

 

4. Conclusion 

We propose the development of a novel sphere pore method for accurate quantitative 

assessment of porosity in a given material system. Building on a molecular dynamics simulation 

testbed performed on a porous carbon structure using the Gaussian Approximation Potential 

(GAP), we have thoroughly characterised the influence of annealing temperature and showed how 

porosity is influenced by the annealing parameters. Using our newly proposed strategy, we report 

a new nearest neighbour search (NNS) procedure, to quantify the interconnected throats. We 

characterised the pore sizes to estimate the ionic movement passing through the pores which would 
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aid in better design of electrodes for energy storage and conversion devices. The NNS coefficient 

was introduced to quantify the pore connectivity, networking, and degree of homogeneity of the 

pores and throats in porous carbon materials that could potentially be used to design porous 

electrodes. The NNS coefficient was highest for the annealing temperature of 4000 K as opposed 

to 8000K and that the formation of large pores in porous carbon material system in the size range 

of 1.4 nm to 1.7 nm is only likely for the annealing temperature of 4000 K but not for 6000 K or 

8000 K. We compared these results through a simulated BET analysis and the Surface geometry 

reconstruction (SGR) model to observe robustness in our proposed model.  This additional analysis 

revealed that more micropores formation is likely at higher annealing temperatures, whereas lower 

annealing temperature lead to an increased surface area through formation of larger graphitic 

ribbons.  
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