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The effect of edge-functionalization has been investigated, for the first time, on the competitive 

adsorption of binary CO2/CH4 mixture in nanoporous carbons (NPCs) by combining density functional 

theory (DFT) and grand canonical Monte Carlo (GCMC) simulation. Our results show that edge-

functionalization has a more positive effect on the single-component adsorption of CO2 than CH4, and 

therefore significantly enhancing the selectivity of CO2 over CH4, in the sequence of NH2–NPC > 

COOH–NPC > OH–NPC > H–NPC > NPC at low pressure. The enhanced adsorption originates 

essentially from the effects of (1) the conducive environment with large pore size and effective 

accessible surface area, (2) the high electronegativity/electropositivity, (3) the strong adsorption energy, 

and (4) the large electrostatic contribution, due to the inductive effect/direct interaction of the embedded 

edge-functionalized groups. The larger difference from these effects results in the higher competitive 

adsorption advantage of CO2 in binary CO2/CH4 mixture. Temperature has a negative effect on the gas 

adsorption, but no obvious influence on the electrostatic contribution on selectivity. With the increase of 

pressure, the selectivity of CO2 over CH4 first decreases sharply and subsequently flattens out to a 

constant value. This work highlights the potential of edge-functionalized NPCs in competitive 

adsorption, capture, and separation for binary CO2/CH4 mixture, and provides an effective and superior 

alternative strategy in the design and screening of adsorbent materials for carbon capture and storage. 

1. Introduction 

Carbon capture and storage (CCS), as a promising approach to 

mitigate the greenhouse gas emission, has attracted considerable 

attention during the past several years.1 Adsorbent materials with 

high CO2 adsorption capacity and excellent selectivity of CO2 over 

other gases are essential for CCS. Through materials, such as natural 

geological coalbeds and organic components of gas-shale, CO2-

injection can effectively replace or displace CH4 to enhance CH4 

recovery and CO2 storage as a best-of-both-worlds solution.2-4 

Experimentally, a wide diversity of adsorbent materials, such as 

graphite/graphene, carbon nanotubes (CNTs), porous organic 

polymers (POPs), covalent organic frameworks (COFs), and metal  

a College of Science, China University of Petroleum, Qingdao, Shandong 

266580, P. R. China 
b Department of Physics, Shanghai Jiao Tong University, Shanghai 200240, 

P. R. China 
E-mail address: luxq@upc.edu.cn and wyguo@upc.edu.cn; Tel: +86 532 

8698 3372; Fax: +86 532 8698 3363 

†Electronic Supplementary Information (ESI) available: Optimized 

CO2/CH4 structures. Validation of computational methodology. 

Computational method of pore volume. Atomic partial charge. Stable 

adsorption configures of CO2/CH4 on coronene. Absolute adsorption 

isotherms of CO2/CH4 in their mixture. See DOI:10.1039/b000000x/ 

organic frameworks (MOFs) have been designed and synthesized 

for potential use in CCS process.5,6 Among these materials, 

nanoporous carbons (NPCs) have been proven to be competitive 

candidates by virtue of their effective surface modification and 

functionalization,7-11 due to their high specific surface area, 

moderate heat of adsorption, low-cost preparation, relatively easy 

regeneration, and less sensitivity to humidity effect than the other 

CO2-philic materials. 

Research on the adsorption behavior of single-component 

CO2/CH4 and their binary mixture in NPCs is conducted 

continuously.12-22 Jain et al.15-17 developed a new molecular 

modeling on NPCs by using the reverse Monte Carlo (RMC) 

method, and found that the calculated adsorption amount and 

isosteric heat were in good agreement with the experimental 

results. Brochard et al.18 studied the competitive adsorption of 

binary CO2/CH4 mixture in NPCs, and described the desorption 

behavior of CH4 with the CO2-injection in detail. Tenney et 

al.19 performed structurally and chemically heterogeneous 

modification on graphite surface, and observed that CO2 

adsorption generally increased with the increase of surface 

oxygen content because of the enhanced adsorbate-adsorbent 

interactions. We20 investigated the effect of surface-

functionalization on CH4 adsorption in graphitic pores, and 
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found that the effect from electrostatic interaction of a gas 

framework decreased the adsorption capacity in the sequence of 

perfect > carbonyl > carbonyl–hydroxyl > hydroxyl–hydroxyl > 

hydroxyl > carboxyl > epoxy at a pressure range of 0.0–0.2 

MPa. Wilcox et al.1,21,22 indicated that the introduction of O-

containing functional groups on graphite surface could enhance 

the adsorption capacity of CO2 and the selectivity of CO2 over 

CH4 and N2. More interestingly, the embedded position of 

functional groups has a significant effect on their gas 

adsorption behaviors. Kandagal et al.23 reported that functional 

groups embedded on the edge of graphene nanoribbons would 

be preferable sites for CH4 adsorption. Furthermore, 

competitive adsorption behavior of gas mixture is dependent on 

the surrounding or operational conditions, such as temperature 

and pressure. Kurniawan et al.8 explored the competitive 

adsorption of binary CO2/CH4 mixture in an idealized slit pore, 

and found that with the increase of pressure, the selectivity of 

CO2 over CH4 initially increased to a maximum value and then 

decreased to a constant value. However, investigation on the 

effects of edge-functionalization on the adsorption capacity and 

selectivity of CO2 over CH4 in NPCs is still scarce, not to 

mention studies under complicated surrounding conditions. 

The present work investigates the effect of edge-

functionalization on the competitive adsorption of binary 

CO2/CH4 mixture in NPCs at a wide range of pressure and 

temperature. DFT calculations are performed to optimize the 

geometries of CO2/CH4 and edge-functionalized basic units. 

GCMC simulations are carried out to predict the 

thermodynamic equilibrium properties of single-component 

CO2/CH4 and their binary mixture in edge-functionalized 

NPCs. The intrinsic enhancement mechanisms of the adsorption 

capacity and selectivity of CO2 over CH4 are elucidated, 

including the effect of edge-functionalization on (1) pore 

topology and morphology, (2) atomic partial charge, (3) 

adsorption energy, and (4) electrostatic interaction of gas-

framework. This theoretical approach elucidates the intrinsic 

enhancement mechanism, and highlights the potential use of 

edge-functionalized NPCs in the competitive adsorption, 

capture, and separation of binary CO2/CH4 mixture, and 

therefore offering an effective and superior alternative approach 

in the design and screening of adsorbent materials for CCS 

application. 

2. Model and Computing Methodology 

2.1 Density Functional Theory (DFT) 

Four functional groups were considered to improve gas adsorption 

capacity and selectivity performance of NPCs, i.e., hydrogen (H–), 

hydroxyl (OH–), amine (NH2–) and carboxyl (COOH–). As shown 

in Fig. 1, a coronene-shaped graphitic basis unit was chosen as the 

electron structure model for quantum-chemistry calculation. 

Mulliken charge analysis was performed to calculate the atomic 

partial charge, as basic input parameters in molecular simulation to 

describe the electrostatic interaction. The B3LYP functional in 

conjunction with the 6-31+g (d, p) basis set in Gaussian 09 

 

Fig. 1 Initial configurations of CO2/CH4 adsorption on edge-

functionalized basis unit. Nomenclature: H, position above the center 

of a benzene ring in basis unit; T, position at the top of C atom or the 

atom connected to the functional group; B, position above the bond 

center; and S, side position in the plane of the functional group. 

package24 was adopted due to the good balance of accuracy and 

efficiency on the atomic charge analysis.25-27 

Single gas molecule adsorbed on the basis unit was arranged as 

the gas-framework interaction model to investigate the relative 

reactivity. Fig. 1 illustrates the possible adsorption sites, i.e., one 

side (S), four bridge (B), four top (T) and four hcp (H) 

configurations (marked as 1, 2, 3 and 4, respectively). A single C–H 

bond of CH4 directly toward the basis unit was chosen as the initial 

configuration based on previous ab initio studies;28 and linear CO2 

was perpendicular and parallel to basal plane for S and other sites, 

respectively. The minimum energy configurations of single CO2/CH4 

molecule adsorbed on edge-functionalized basis units were 

calculated by Dmol3 program package.29,30 Generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)31 

functional, which was widely adopted to describe the gas-graphene 

interaction due to the high accuracy in the description of long-range 

distance force like van der Waals potential, was used for describing 

the exchange-correlation interaction.32,33 The density functional 

semicore pseudopotential (DSPP)34 method in conjunction with the 

localized double-numerical basis with polarization (DNP) functional 

was chosen for all the atoms. 

2.2 Force fields 

CH4 was modeled as a rigid regular tetrahedron molecule with five 

charged Lennard-Jones (LJ) interaction sites, and CO2 was modeled 

as a rigid linear molecule with three charged LJ interaction sites. The 

5-site CH4 model is more accurate to describe the absorbate-

adsorbent interaction than the 1-site model since the latter misses the 

atomic partial charge information. For CO2 and CH4, the LJ potential 

parameters were taken from the TraPPE model, which were 

developed by Potoff, Siepmann35 and Sun36; and atomic partial 

charge and geometrical configure were taken from our ab initio 

results, as shown in Fig. S1 (see ESI†). For NPCs framework, the 

atomic LJ potential parameters were taken from the universal force  
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Table 1 Lennard-Jones parameters and atomic partial charges for CH4, CO2, and NPCs 

 Gas molecule models  UFF force field 

Atom C(CH4) H(CH4) C(CO2) O(CO2) C H O N He 

σ (Å) 3.40 2.65 2.80 3.05 
 

3.40 2.57 3.12 3.26 2.64 

ε (K) 55.05 7.90 27.00 79.00 29.13 22.12 34.72 34.75 10.90 

q (e) -0.612 0.153 0.748 -0.374 -- -- -- -- 0.000 

Table 2 Atomic partial charges by Mulliken charge analysis 

Functional 

group 

C of basis unit  Functional group 

direct-connected peripheral others  C O H N 

None -0.096 ~ -0.095 0.223 ~ 0.224 -0.033 ~ -0.030  -- -- -- -- 

H– -0.244 ~ -0.243 0.435 ~ 0.436 -0.206 ~ -0.202  -- -- 0.127 -- 

OH– -0.228 ~ 0.175 0.650 ~ 0.967 -0.490 ~ -0.449  -- -0.739 ~ -0.548 0.404 ~ 0.456 -- 

NH2– -0.790 ~ -0.094 0.530 ~ 1.160 0.010 ~ 0.113  -- -- 0.267 ~ 0.367 -0.879 ~ -0.577 

COOH– -0.410 ~ 0.796 0.109 ~ 0.490 -0.298 ~ 0.246  -0.407 ~ 0.743 -0.455 ~ -0.251 0.370 ~ 0.404 -- 

(a)

(d)

(b) (c)

(e)

C (NPCs) H (NPCs) O (NPCs) N (NPCs)  
Fig. 2 Visualization of unit cell of edge-functionalized NPCs: (a) NPC; (b) 

H–NPC; (c) OH–NPC; (d) NH2–NPC; (e) COOH–NPC. 

field (UFF) 37, which was proven to use successfully in metal 

complexes38, organic molecules39, and main group40, etc. The LJ 

potential parameters and atomic partial charges used were provided 

in Table 1, and the atomic partial charges of NPCs framework were 

provided in Table 2. All the interaction parameters conform to 

Lorentz-Berthelot mixing rules, i.e., εij = (εii εjj)
1/2, σij = (σii + σjj)/2. 

Physisorption processes of CO2/CH4 were predominantly associated 

with van der Waals interaction (pairwise dispersion) and electrostatic 

interaction in molecular simulations. Therefore, a combination of 

site-site LJ41,42 potentials and Columbic potentials was used to 

calculate the intermolecular interaction (including CH4-CH4, CH4-

CO2 and CO2-CO2) and the gas-framework interaction. The site-site 

LJ potential was described by the LJ (12, 6) model, and the 

electrostatic interaction was calculated via the Coulomb law. 

2.3 Grand canonical Monte Carlo (GCMC) simulations 

As shown in Fig. 2, hypothetical edge-functionalized NPCs with 

periodic boundary conditions were assumed as the simulation boxes. 

The NPCs was constructed from a collective of flat coronene-shaped 

graphitic basis units.12 The mass density of all edge-functionalized 

NPCs was kept as 0.542 g/cm3.12 Five NPCs structures were 

considered, including (a) NPC, a collective of flat coronene-shaped 

graphitic basis units; (b) H–NPC, a collective of flat coronene; (c-e) 

OH–NPC, NH2–NPC, and COOH–NPC, a collective of basis units 

with hydroxyl, amino, and carboxyl groups, respectively. The Peng-

Robinson equation of state was chosen to calculate the gas-phase 

density and experimental fugacity.43,44 GCMC simulations were 

performed to estimate the adsorption isotherms and the selectivity 

consisting of 25 state points at temperatures of 298, 313 and 373 K 

and at pressures up to 20.00 MPa. For each state point, the 

configuration number of 4 × 106 was chosen to guarantee the 

equilibration of the gas-framework system, followed by 6 × 106 

configurations sampled to analyze the thermodynamic properties. All 

the molecular modeling was carried out by an object-oriented 

multipurpose simulation code (MuSiC).45 

Benchmark of the computational methodology, including pore 

topology and morphology, DFT, Mulliken charge analysis, and 

GCMC simulation are provided in ESI†. The combination of DFT 

and GCMC was calibrated in detail in our recent investigation.20 

3. Results  

The adsorption capacity of single-component CO2/CH4 in edge-

functionalized NPCs is first estimated. Thereafter, the competitive 

adsorption of binary CO2/CH4 mixture is determined by using the 

selectivity analysis. 

3.1 Single-component adsorption of CO2/CH4 

Fig. 3 shows the absolute adsorption isotherms of the single-

component adsorption of CO 2 /CH4 ,  which are modeled 

independently using the GCMC simulation. The total uptake 

represents the total molar amount of gas per g (including both 

condensed and gas phases). Figs. 3a-c show the absolute adsorption 

isotherms of CO2 in edge-functionalized NPCs at 298, 313, and 373  
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Fig. 3 Absolute adsorption isotherms of CO2 (a-c) and CH4 (d-f) in 

edge-functionalized NPCs. 

K, respectively. The total CO2 uptake in edge-functionalized NPCs 

is obviously higher than the corresponding value in NPC, which 

indicates that edge-functionalization can significantly enhance CO2 

adsorption capacity. The total CO2 uptake follows the sequence of 

NH2–NPC > OH–NPC > COOH–NPC > H–NPC > NPC at low 

pressure (0-5 MPa), and follows the sequence of OH–NPC > NH2–

NPC > COOH–NPC > H–NPC > NPC at relatively high pressure (5-

20 MPa). Obvious intersections are observed between the adsorption 

isotherms of NH2– and OH–NPCs, and the intersection appears 

nearby the saturated adsorption pressure of 3, 4, and 16 MPa at 298, 

313, and 373 K, respectively. That is, the intersection shifts towards 

a higher pressure (i.e. the increase of saturated adsorption pressure) 

with the increase of temperature. 

Figs. 3d-f illustrate the absolute adsorption isotherms of CH4 in 

edge-functionalized NPCs at 298, 313, and 373 K, respectively. 

With the exception of COOH–NPC, the introduction of functional 

groups can enhance the CH4 adsorption capacity at whole pressure in 

the sequence of OH–NPC > H–NPC > NH2–NPC > COOH–

NPC/NPC. For COOH–NPC, two strong electronegative O atoms 

slightly weaken the CH4 adsorption, whereas for the other NPCs, 

edge-functionalization has little positive effect on the CH4 absolute 

adsorption capacity, which is different from the negative effect of 

surface-functionalization on CH4 adsorption density and excess 

adsorption amount.1,20  

Fig. 3 shows that the absolute adsorption isotherms of CH4 and 

CO2 exhibit type-I Langmuir adsorption behaviour, which is a 

typical characteristic of nanoporous materials.46 Obviously, the 

adsorption capacity of CO2 is significantly larger than that of CH4. It 

is thus expected that CO2 molecule is superior relative to CH4 to 

adsorb in all the edge-functionalized NPCs, especially at low 

pressure (0-5 MPa). For the temperature effect, the gas adsorption 

capacity decreases along with the increase of temperature as a result 

of the exothermic nature of the adsorption process. For instance, at 

pressures above 5 MPa, the total CO2 uptakes in edge-functionalized 

NPCs are within the range of 20.4-30.9, 17.9-29.8 and 8.6-23.9 

mmol/g at 298, 313, and 373 K, respectively (see Figs. 3a-c),  
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Fig. 4 Selectivity of CO2 over CH4 in edge-functionalized NPCs at 

low (a-c) and high (d-f) pressure. 

whereas the total CH4 uptakes are within the range of 6.5-16.9, 5.7-

15.8, and 3.7-12.0 mmol/g under the same conditions (see Figs. 3d-

f). Note that the total CO2 uptake in edge-functionalized NPCs can 

reach up to ~10.0 mmol/g at 298 K and 0.1 MPa, which is 

comparable to the current state-of-the-art MOFs (2-12 mmol/g) and 

greater than other porous carbons (4-8 mmol/g) at similar 

temperature and pressure.47,48 

3.2 Competitive adsorption of binary CO2/CH4 mixture 

Selectivity is a good indication for porous materials in the capture 

and separation of certain species from mixed gas systems in CCS 

process.49 The selectivity of CO2 over CH4 is defined as follows: 

2 4

2 4

2 4

CO CH

CO / CH

CO CH

x / x
S =

y / y

                                     (1) 

where 
2 4CO / CH

S donates the selectivity of CO2 over CH4, 
2COx and 

4CHx  are the molar fractions of CO2 and CH4 in the adsorbed phase, 

and 
2COy and 

4CHy are the corresponding molar fractions in the 

bulk gas phase. In the present study, the molar fractions of CO2 and 

CH4 are both kept as 0.5, and thus, selectivity larger than 1.0 

indicates that CO2 preferentially adsorbs over CH4 throughout the 

competitive adsorption process. 

Fig. 4 shows the adsorption selectivity of CO2 from an equimolar 

CO2/CH4 mixture in edge-functionalized NPCs at low (0-5 MPa) and 

high (5-20 MPa) pressures at 298, 313, and 373 K. In Fig. 4, the 

selectivity of CO2 over CH4 in NPC is ~2, which is well consistent 

with that in the perfect graphite slit pore as reported by Wilcox1 and 

that in mesoporous carbon as reported by Lu48. The introduction of 

functional groups significantly increases the selectivity of CO2 over 

CH4, especially at ultra-low pressure. At 0.05 MPa and 298 K, the 

selectivity of CO2 over CH4 increases in the sequence of NPC (~2) < 

H–NPC (~7) < OH–NPC (~19) < COOH–NPC (~26) < NH2–NPC 

(~33) (see Fig. 4a). This enhancement originates mainly from the 

induced polarity of functional groups, which have a stronger 

influence on CO2 with a quadrupole moment than on CH4 with a  
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C H O N

NPCs
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(e)

(j)

(d)

(i)

(h)

(b)

(g)(f)

P = 0.05 MPa

P = 12.00 MPa

 

Fig. 5 Snapshots of an equimolar CO2/CH4 mixture in NPCs at 298 

K and P = 0.05 (a-e) and 12.00 (f-j) MPa. 

permanent octupole moment.1 The selectivity in low pressure 

regions decreases sharply with the increase of pressure, and the trend 

of selectivity at relatively high pressure shows a small degree of 

difference with that at low pressure. In addition, the gas adsorption 

behaviour is sensitive to temperature, and thus, temperature may 

have a significant influence on the selectivity of CO2 over CH4 in 

edge-functionalized NPCs. Figs. 4d-f indicate that with the increase 

of temperature, the selectivity of CO2 over CH4 in NPC decreases 

gradually from ~4 to ~3 and ~2. Moreover, temperature does not 

affect the selectivity sequence in edge-functionalized NPCs, thus, 

NH2–NPC > COOH–NPC > OH–NPC > H–NPC. This effect may 

be ascribed to the fact that the electrostatic interaction of gas-

framework is independent of temperature. Similar findings about the 

effects of functional groups in porous carbons were also reported by 

Wilcox1 and Lu48. 

To understand further the distribution of gases adsorbed in edge-

functionalized NPCs, the snapshots of equilibrium configurations of 

binary CO2/CH4 mixture at low (0.05 MPa) and high (12 MPa) 

pressures are provided in Fig. 5. At low pressure, CO2 molecules 

adsorb on the pore surface prior to CH4 molecules. As the pressure 

increases, CO2 starts to occupy the pore space, and CH4 tends to fill 

the void space left by CO2 molecules. At high pressure, the 

selectivity of CO2 over CH4 flattens out to a constant value and 

keeps a relative balance. 

To sum up, edge-functionalization would significantly enhance 

the single-component adsorption of CO2/CH4, and effectively 

improve the selectivity of CO2 over CH4, exhibiting potential as an 

effective and superior alternative strategy in CCS process. The 

single-component adsorption capacity and selectivity of CO2 over 

CH4 in edge-functionalized NPCs decrease with the increase of 

temperature. The single-component adsorption capacity increases, 

while the selectivity of CO2 over CH4 decreases with the increase of 

pressure. 

4. Discussion 

To provide original insight into the intrinsic essence of edge-

functionalization on single-component adsorption and selectivity, the 

effects on (1) pore topology and morphology, (2) atomic partial 

charge, (3) adsorption energy, and (4) electrostatic contribution are 

discussed in this section. 

4.1 Pore topology and morphology 

Pore topology and morphology play a crucial role in the porosity of 

gas-accessible framework.50 How the functional groups affect pore 

physical characteristics, such as pore shape, structure, and accessible 

surface area, is estimated by using the Sarkisov51 and Duren52 

methods. These methods evaluate the (1) available pore volume, Vp, 

(2) pore limiting diameter, DL, (3) maximum pore diameter, DM, (4) 

porosity, Φ, (5) accessible surface area, A.53 Among these variables, 

Vp is expressed in two terms, namely, available pore volume per unit 

mass of adsorbent or that in unit cell. Porosity Φ is estimated by 

Vp/VTotal, where VTotal is the total volume of the edge-functionalized 

NPCs unit cell. Physical characterizations of pore topology and 

morphology are provided in Table 3, and the relevant computational 

method of Vp is elaborated in ESI†. 

Table 3 indicates that OH– and COOH–NPC exhibit relatively 

large pore spaces of 1.43 and 1.36 cm3/g and maximum pore 

diameters of 17.99 and 16.97 Å, respectively. The available pore 

volume of NH2–NPC (1.35 cm3/g) is very close to that of COOH–  

Table 3 Physical characteristics of the edge-functionalized NPCs 

R None H– OH– NH2– COOH– 

Number of basis units (atoms) in unit cell 
60 

(1440) 

60 

(2160) 

60 

(2880) 

40 

(2400) 

40 

(2880) 

Dimensions (Å3) 37.563 38.073 44.893 38.903 46.653 

VP
c ( × 104 Å3/uc) 3.47 3.17 6.92 4.17 7.26 

VP
c (cm3/g) 1.25 1.28 1.43 1.35 1.36 

DL (Å) 7.06 8.33 11.90 8.19 8.52 

Dm (Å) 12.87 11.26 17.99 12.44 16.97 

Porosity, Φc (%) 65.5 57.5 76.5 70.8 71.5 

Surface areaa
 (m

2/g) 3580 3451 3184 3598 3548 

Surface areab(m2/g) 3588 3459 3188 3600 3553 

Gas probe molecule a, b, c = CH4, CO2, and He.  
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NPC, whereas its maximum pore diameter is close to those of NPC 

(12.87 Å) and H–NPC (11.26 Å). The available pore volumes for 

NPC and H–NPC are 1.25 and 1.28 cm3/g, respectively. The 

porosity of edge-functionalized NPCs ranges from 57.5% to 76.5% 

(see Table 3), which is slightly smaller than that of COFs.54,55 All the 

pore limiting diameters of edge-functionalized NPCs are ~8.00 Å  

(see Table 3). Porous carbonaceous materials with a pore size of 

~8.00 Å are proven to possess the ability to gain the highest gas 

adsorption density.56-58 Therefore, these structures may be excellent 

candidates for CO2/CH4 adsorption and separation due to their 

superior adsorption capacity. The accessible surface area of NPC by 

CH4 probe molecule is 3580 m2/g, consistent well with the previous 

result of ~3610 m2/g.12 The high degree of agreement of our result 

with previous finding demonstrates the reliability of our model and 

levels of theory. The accessible surface area of edge-functionalized 

NPCs as determined by CH4 probe molecule ranges from 3184 to 

3598 m2/g, which is significantly larger than the BET surface areas 

of zeolites (260-590 m2/g) and mesoporous silicas (450-1070 

m2/g),59 within the range of activated and hypothetical high-surface-

area carbons (2000-4600 m2/g),60 but lower than those of the 

benzene and representative MOFs and COFs (above 6000 m2/g).60 

Note that the minimal differences in the surface area are observed 

using two probe molecules because of the small difference in their 

kinetic diameters (CH4, 3.7361; CO2, 3.7262), as indicated in Table 3. 
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Fig. 6 Geometric PSDs as a function of pore diameter for edge-

functionalized NPCs. 

To understand further the aforementioned pore structures, pore 

size distributions (PSDs)63 are analyzed as a function of pore size in 

Fig. 6. All the PSDs start at a pore size of ~3.52 Å, and contain few 

small ultramicropores (< 7.00 Å) and large micropores (within 7.00 - 

20.00 Å) based on IUPAC classification.64 These results agree well 

with the single-component adsorption isotherms. The PSDs of NPC, 

H–NPC, and NH2–NPC, although estimated with different functional 

groups, exhibit similar pore shapes and structures. Aside from the 

similar narrow PSDs, OH– and COOH–NPCs also exhibit an 

isolated large pore with broad PSDs (see Fig. 6). This result 

demonstrates that OH– and COOH–NPCs own large pore structures. 

Particularly, OH–NPC falls within the range of micropore size of 

(7.50-18.00 Å), exhibiting a fairly dense micropore structure. In 

addition, the values of DM and DL of NPCs are confirmed in Fig. 6. 

In summary, the effect of edge-functionalization enhances the 

effective accessible surface area and enlarges the pore spaces and 

diameters, especially for the O-containig edge-functionalization 

NPCs. It therefore creates a favorable environment conducive to gas 

adsorption for gas-framework systems. 

 

Fig. 7 Atomic partial charges for the OH–basis unit. 

4.2 Atomic partial charge 

Atomic partial charges are required as input parameters, which 

would determine the energy contributions in the statistical molecular 

simulations. Mulliken charge analysis of these edge-functionalized 

NPCs surfaces are therefore taken into account, as shown in Table 2 

and Figs. 7 and S4 (see ESI†). A negative value represents that the 

relevant atom gains partial electron from the surrounding atoms, 

therefore exhibiting electronegativity; whereas a positive value 

indicates the contrary. The distribution of atomic partial charge 

changes immensely because of the strong potential of accept/donate 

electrons for the functional groups. As shown in Fig. 7, the O atom 

in the OH– group exhibits an electronegative potential by accepting 

electrons of 0.548-0.739 e from the neighboring and peripheral C 

and H atoms, while the outermost H atoms in functional groups 

exhibit high electropositivity by donating electrons of 0.404-0.456 e. 

The inductive effect results in a dramatic electron transfer, and 

further affects the atomic partial charge of the basal plane.20 Table 2 

shows that some C atoms in the basal plane nearly lose an electron 

and show an ultra-strong electropositivity. Stronger electronegativity 

of the functional group results in more influence on the atomic 

partial charge of edge-functionalized basis units. The N and O atoms 

in the functional groups exhibit strong electronegativity by gaining 

extra electron densities, especially for N atoms, whereas C and H in 

the functional groups exhibit opposite effects. 
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Fig. 8 Schematic display of the interaction between gas molecules 

and charged atoms in the functional group or basal plane. 

Wilcox et al.1,21,22 have pointed out that an electronegative atom has 

an increased potential to donate an electron to the proximal 

adsorbate molecule in the pore space. The O-containing functional 

group enables strong electron donation, and the transport process 

depends on the acid-base65,66 nature of the adsorbate molecule. Fig. 8 

illustrates the interaction between the gas molecule and the charged 

atoms. As shown in Fig. 8a, the electronegative O and N atoms in 

functional groups serve as basic adsorption sites on the basal plane, 

and function as Lewis bases by donating their electron to the acidic 

C atom of the CO2 molecule. Therefore, the C atom is attracted and 

rotates parallel to the functional groups, and the strong Lewis 

basicity in O- and N-containing functional groups significantly 

enhances the CO2 adsorption in edge-functionalized NPCs. On the 

contrary, the CH4 molecule is a regular tetrahedron molecule, and 

the central C atom exhibits high electronegativity because it is 

surrounded by four electropositive H atoms. The electronegative N 

and O atoms donating their electron to the acidic H atoms of CH4 

would result in a minor enhancement of CH4 adsorption. However, a 

strong repulsive force is also observed between the C atom in CH4 

molecule and the electronegative atoms in the functional groups, 

thereby offsetting the enhancement of CH4 adsorption. The 

electropositive H and C atoms in the functional groups that act as 

Lewis acids also have a significant influence on gas adsorption, as 

shown in Fig. 8b. One of the O atoms in the CO2 molecule is 

attracted and rotates perpendicular to the functional groups, therefore 

leading to CO2 adsorption enhancement. For the CH4 molecule, the 

electropositive H atom in the functional groups repels the 

electropositive H atom, but attracts the C atom in CH4. More 

importantly, surface C atoms on the basis unit would serve as basic 

adsorption sites because of the strong inductive effect caused by the 

functional groups and act similar roles in gas adsorption behavior, as 

indicated in the cases of the functional groups.  

Overall, the introduction of functional groups enhances CO2 

adsorption by changing the packing pattern of the adsorbed linear 

CO2 molecule, whereas CH4 adsorption relies on the competition 

between the attractive and repulsive interactions. 

4.3 Adsorption energy 

To understand the interaction between CO2/CH4 and the edge-

functionalized NPCs surface, the adsorption energy, Eads, is obtained 

 by equation (2): 

Eads = Eadsorbate + Esurf – Eadsorbate+surf                          (2) 

(a) R = None

Eads = 34.77 meV

(d) R = -NH2

Eads = 73.57 meV

(c) R = -OH

Eads = 56.14 meV

(b) R = -H  

Eads = 50.28 meV

(e) R = -COOH 

Eads = 90.70 meV

(f) R = None

Eads = 38.64 meV

(i) R = -NH2

Eads = 41.69 meV

(h) R = -OH

Eads = 42.56 meV

(g) R = -H  

Eads = 49.90 meV

(j) R = -COOH 

Eads = 50.04 meV

C NH O C(CH4) H(CH4) C(CO2) O(CO2)  

Fig. 9 Stable adsorption configurations (side view (up) and top view 

(down)) of CO2 (a-e) and CH4 (f-j) on edge-functionalized basis unit 

at the B1 site. 

where Eadsorbate is the energy of the gas species, Esurf is the energy of 

the edge-functionalized NPC surface, and Eadsorbate+surf is the total 

energy of the gas molecule adsorbed on edge-functionalized NPC 

surface. Based on the definition, a larger positive value implies more 

stable adsorption. CO2/CH4 molecules can approach the edge-

functionalized NPC surface in every direction (T, B, and H). 

However, exploring all possible stable adsorption structures is a 

tremendous and unfeasible task. Herein, specific directions are 

selected by optimizing a single CO2/CH4 molecule adsorbed on 

coronene, as illustrated in Figs. S5 and S6 (see ESI†). Noted that 

adsorption energies and configurations may provide a basic insight 

into the adsorbate-adsorbent interaction, like that in Jiang’s work.67 

The B direction possesses the largest number of stable sites for 

CH4/CO2 adsorption, therefore, B1 is chosen first to investigate the 

effect of edge-functionalization on adsorption energy, as shown in 

Fig. 9. Results show that the introduction of functional groups has a 

significant influence, through the inductive effect, on the gas 

adsorption on the basis unit surface. For the basis unit, the 

adsorption energy of CO2 is 34.77 meV, which is slightly lower than 

38.64 meV for CH4. This difference indicates that the surface site is 

energetically favorable for CH4 with respect to CO2, similar to 

CO2/CH4 adsorbed in the (10, 0) and (5, 5) single-walled carbon 

nanotube (SWNT).68 While the basis unit is saturated with H, 

namely, coronene, the adsorption energy for both gas molecules is 

enhanced by at least 29%, reaching 50.28 meV for CO2 and 49.90 

meV for CH4. The OH– group increasess the adsorption energy of 

CO2 to 56.14 meV and weakens that of CH4 to 42.56 meV. When 

comparing the adsorption energy for the OH–basis unit with that of 

the basis unit, the enhancement percentages of CO2 and CH4 are 

61.46% and 10.14%, respectively. Therefore, the embedding of the 

OH– group could effectively increase the discrimination between 

CO2 and CH4 adsorption. This contribution is clearly from the 

cooperative effect of electronegative O atoms and electropositive H 
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(a) R = None

Eads = 14.35 meV

(d) R = -NH2

Eads = 59.77 meV

(c) R = -OH

Eads = 47.39 meV

(b) R = -H  

Eads = 5.57 meV

(e) R = -COOH 

Eads = 142.43 meV

(f) R = None

Eads = 16.71 meV

(i) R = -NH2

Eads = 18.70 meV

(h) R = -OH

Eads = 14.29 meV

(g) R = -H  

Eads = 17.40 meV

(j) R = -COOH 

Eads = 24.08 meV

C NH O C(CH4) H(CH4) C(CO2) O(CO2) 

Fig. 10 Stable adsorption configurations (side view (up) and top 

view (down)) of CO2 (a-e) and CH4 (f-j) on edge-functionalized 

basis unit from the initial S direction. 

atoms, as shown in Fig. 8. The introduction of the NH2– group 

improves the adsorption energy of CO2 up to 73.57 meV, but only 

has a slight influence on the adsorption energy of CH4 to 41.69 meV. 

Compared with the OH–basis unit, two strong electronegative O 

atoms in the COOH– group further boost this trend, therefore 

increasing the adsorption energy of CO2 on COOH–basis unit to as 

high as 90.70 meV and that of CH4 to 54.04 meV. 

Along the S direction, the adsorption energy is directly affected by 

the electrostatic interaction when the gas molecule approaches the 

functional group, as shown in Fig. 10. Similar to the cases at the B1 

site, the adsorption energy of CH4 at the S site is 16.71 meV, slightly 

larger than 14.35 meV for CO2 on the basis unit. For coronene, the 

emergence of electropositive H atoms in functional groups decreases 

the adsorption stability of CO2 to 5.57 meV and slightly increases 

the adsorption energy of CH4 to 17.40 meV. Compared with the H– 

group, the OH– group significantly enhances the adsorption energy 

of CO2 to 47.39 meV, and slightly decreases the value of CH4 to 

14.29 meV. From another point of view, the O atom in the OH– 

group significantly increases the CO2 adsorption energy by 750.81%, 

and slightly decreases that of CH4 by 17.87% relative to the 

corresponding value on the coronene. For the COOH– group, the 

emergence of two strong electronegative O atoms in a functional 

group further increases the adsorption energy of CO2 up to 142.43 

meV, but slightly increases that of CH4 to 24.08 meV. Hence, 

stronger group’s electronegativity indicates more stable adsorption 

for CO2 at the S site. The electronegativity of the NH2– group falls 

between those of the OH– and COOH– groups, correspondingly, the 

adsorption energy of CO2 (59.77 meV) and CH4 (18.70 meV) also 

fall between them. 

In summary, the introduction of functional groups has a more 

positive influence on CO2 than on CH4 for surface/edge adsorption  
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Fig. 11 Electrostatic contribution of edge-functionalized NPCs with 

atomic partial charge on the selectivity of CO2 over CH4. 

enhancement through inductive effect/direct interaction. Combined 

with atomic charge analysis, stronger electronegativity leads to more 

stable adsorption for CO2, but has a slight influence on surface/edge 

adsorption for CH4. Therefore, the stronger electronegative group 

embedded in edge-functionalized NPCs would lead to the higher 

competitive adsorption advantage of CO2 in CO2/CH4 mixture. 

4.4 Electrostatic contribution 

To grasp the effect of electrostatic interaction on the adsorption 

selectivity of CO2 over CH4, GCMC simulations with or without 

electrostatic interaction of gas-framework are performed. The 

corresponding absolute adsorption isotherms of CO2/CH4 in edge-

functionalized NPCs with or without electrostatic interaction are 

presented in Figs. S7 and S8 (see ESI†), respectively. The 

electrostatic contribution can be evaluated by applying equation 

(3):69 

with without

with

S S
Electrostatic contribution 100%

S


 

                (3) 

where Swith/Swithout is the selectivity with or without the gas-

framework electrostatic interaction. Fig. 11 shows the electrostatic 

contribution of gas-framework on the selectivity of CO2 over CH4 at 

three temperatures. Edge-functionalized NPCs clearly show an 

extraordinarily large electrostatic contribution at low pressure, 

reaching even up to 98% at the ultralow pressure level, which 

indicates that electrostatic interaction plays a more significant role in 

the selectivity at low pressure than at high pressure. Subsequently, 

electrostatic contribution decreases with the increase of pressure, 

until reaching a constant value after ~5 MPa. The results are easy to 
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understand by analyzing the filling process. The gas molecules first 

occupy the region close to the pore surface due to the strong 

electrostatic interaction at low pressure. In this process, the 

functional groups exhibit stronger electrostatic interaction because of 

their higher accepting/donating electron densities, and therefore, 

enhance the total CO2 uptake. With the increase of pressure, the gas 

molecules are gradually filled in the whole pore space, and the gas-

gas interaction becomes stronger and stronger, thereby increasing the 

influence from PSDs at high pressure. In general, larger pore spaces 

with higher atomic partial charge show larger gas total uptakes, as 

with NH2– and OH–NPCs. These results originate from the 

synergetic effects of PSDs and electrostatic interaction. 

Atomic partial charge has a great effect on the electrostatic 

contribution and the selectivity of CO2 over CH4. The higher atomic 

partial charge in the specific functional group leads to the stronger 

electronegativity/electropositivity, and generates a larger 

electrostatic contribution on the selectivity of CO2 over CH4. At 

equilibrium level, the electrostatic contribution of gas-framework 

systems follows the sequence of NH2–NPC (~50%) > COOH–NPC 

(~42%) > OH–NPC (~30%) > H–NPC/NPC (~12%) (see Fig. 11). 

This result is well consistent with the analyses of the atomic partial 

charge and adsorption energy: (1) The NH2– group with the highest 

atomic partial charge has the largest electrostatic contribution; (2) 

the electrostatic contribution of the COOH– group with two 

electronegative O atoms is obviously larger than that of the OH– 

group with a single electronegative O atom; (3) the OH– group has a 

larger electrostatic contribution than the H– group because of the 

existence of a strong electronegative O atom; (4) the electropositive 

H atom in functional groups has a positive effect on the selectivity of 

CO2 over CH4, and therefore, H–NPC exhibits a slightly larger 

electrostatic contribution relative to NPC; and (5) NPC with only a 

small atomic partial charges has little influence on the electrostatic 

contribution, and thus the selectivity is kept almost as a constant 

value in the whole pressure region. In addition, temperature has no 

obvious influence on the electrostatic contribution considering that 

electrostatic interaction is independent of temperature. 

These results clearly support that edge-functionalization may be 

an effective and superior alternative strategy to enhance CO2 

adsorption and separation performance in CCS process. Edge-

functionalized NPCs are comparable to the most effective strategy of 

doping metal ions, such as Li–modified MOFs (~80%),48 in 

enhancing the gas-framework interaction and selectivity.  

5. Conclusions 

The effects of edge-functionalization on the competitive adsorption 

of binary CO2/CH4 mixture in NPCs have been systematically 

investigated by combining DFT and GCMC simulation. The main 

points are summarized as follows: 

(1) Edge-functionalization significantly enhances CO2 adsorption 

but has a less influence on CH4 adsorption for single-component 

CO2/CH4 adsorption, and therefore significantly improving the 

selectivity of CO2 over CH4, in the sequence of NH2–NPC > 

COOH–NPC > OH–NPC > H–NPC > NPC at low pressure. 

(2) Edge-functionalization creates a conducive environment with 

large pore size and effective accessible surface area. Higher atomic 

partial charge in the functional groups leads to stronger 

electronegativity/electropositivity, which generates a larger 

electrostatic contribution on the selectivity of CO2 over CH4. The N 

and O atoms in the functional group exhibit strong electronegativity 

by gaining electron densities, whereas the C and H atoms in the 

functional group show the opposite effect. 

(3) The edge-functionalized NPCs are energetically favorable for 

CO2 adsorption due to the strong electronegative atoms changing the 

packing pattern of the adsorbed linear CO2 molecules, but have less 

effect on CH4 adsorption because of the competition between the 

attractive and repulsive interactions through the inductive 

effect/direct interaction on surface/edge adsorption. 

(4) Temperature has a negative influence on the gas adsorption 

because of the exothermic nature of the adsorption process, but has 

no obvious influence on the electrostatic contribution on selectivity. 

With the increase of pressure, the selectivity of CO2 over CH4 first 

decreases sharply and subsequently flattens out to a constant value, 

corresponding to the influence of electrostatic contribution on 

selectivity. 

This work not only highlights the potential of edge-functionalized 

NPCs as excellent candidates for the competitive adsorption, 

capture, and separation for binary CO2/CH4 mixture, but also 

provides an effective and superior alternative strategy in the design 

and screening of adsorbent materials for CCS application. 
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