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A B S T R A C T

The incorporation of heteroatoms (i.e. N, O, S, F) into the microporous carbon framework is proposed to affect
the interactions between adsorbates and adsorbents and improve the efficiency of gas storage. We demonstrate a
facile synthesis of coal-derived activated carbons (ACs) modified with oxygen and nitrogen-containing groups
for CH4 and H2 storage application. The functionalised ACs showed to have a high surface area of
1617–1924 m2/g, and pore volume of 0.85–0.92 cm3/g. The AC samples prepared by pre-oxidation followed by
amination possess comparatively high CH4 adsorption capacity of 13.8 to 14.2 mmol/g at 298 K and 40 bar.
However, the pristine AC and the oxidised AC showed the maximum H2 adsorption capacity with 0.6 mmol/g
and 0.44 mmol/g, respectively, at 20 bar and 298 K. Density functional theory (DFT) calculations were per-
formed to study the adsorption of CH4 and H2 on the ACs with/without the surface functional groups. In
agreement with the experimental results, the computational analysis showed an increase in the gas–solid in-
teraction after surface modification. Finally, a well-known method of Grand Canonical Monte Carlo (GCMC) was
used to simulate the studied gas adsorption systems and calculate the adsorption isotherms of CH4 and H2 on
different ACs.

1. Introduction

Methane (CH4) and hydrogen (H2) counted as favourable fuels due
to the production of a higher value of energy content per mass with
minimal environmental impacts [1,2]. A considerable obstacle in the
application of these energy carriers as an automotive fuel is their re-
latively low energy density [3]. Although two conventional methods of
liquefaction and compression have been utilised to store these gaseous
energy carriers, these methods are associated with the disadvantages of
expensive investment costs and challenging operating conditions (high
pressure or cryogenic temperature). To overcome these imperfections,
the adsorption of CH4 and H2 in solid-state materials is currently at-
tracting a great deal of attention [3,4]. Among different types of porous
materials for gas storage application, carbon-based adsorbents are one
of the most cost-effective and available maters which have strong
thermal stability and high range of specific surface area (500–3800 m2/

g) [1].
Besides the direct effect of carbon’s microporosity on the gas storage

capacity [5–11], it is crucial to incorporate the role of structural het-
eroatoms (i.e. N, O, S, F) on the efficiency of gas storage [2,12]. The
modification of solid’s surface chemistry can improve the adsorbent-
adsorbate interaction and results in a higher gas adsorption capacity,
especially in the case of CH4 and H2 [2,13–20]. According to Im et al.,
the CH4 adsorption in electrospun carbon fibres increased up to 18.1 wt
% (defined as the ratio of the mass of stored gas to the total mass of the
storage system) after introducing fluorine to the carbon surface [18].
They have suggested that the non-polar structure of CH4 molecules near
carbon pores will be affected by the high electronegativity of fluorine,
which results in grabbing effects and higher uptake of CH4 molecules.
Xia et al. studied the influence of nitrogen doping on the H2 uptake and
storage capacity of high surface area carbon materials and reported an
increase of 4.1 and 6.9 wt% in the H2 absorption of the adsorbents after
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N-doping [21]. The presence of oxygen containing functional groups on
the surface of activated carbons and high microporosity were reported
as important parameters in the enhancement of the gravimetric H2

storage capacity of the adsorbents (total uptake of 8.1 wt% at 77 K and
20 bar pressure) [2].

In this study, we experimentally explored the relationship between
the oxygen and nitrogen-containing groups on a series of activated
carbons with their CH4 and H2 adsorption capacity. The structural
properties of the final adsorbents were characterised using elemental
analysis, Boehm titration, and surface area analysis. The density func-
tional theory (DFT) calculations were performed to study the gas ad-
sorption capacity of the functionalised AC samples using two well-
known approaches of (1) adsorption energy and (2) density of state
plots. Moreover, the gas (CH4 and H2) adsorption performance of the
functionalised ACs were investigated and compared to the current
benchmark porous materials. GCMC simulations were conducted to
investigate the effects of amine and hydroxyl surface groups on the
adsorption of CH4 and H2.

2. Materials and methods

2.1. Experimental adsorption

2.1.1. Materials
The high-grade anthracite was collected from Mazino mine in the

South Khorasan Province, Iran. High purity chemical substances such as
sodium bicarbonate (99.70%), sodium carbonate (99.90%), sodium
hydroxide (99.00%), potassium hydroxides (99.99%), hydrochloric
acid (37.00%), and nitric acid (65.00%) were purchased from Merck
KGA (Germany). Urea with stated purity of 99.00% was provided from
Khorasan Petrochemical Company, Iran. Methane and hydrogen with
the purity of 99.99% were obtained from Technical Gas Services, UAE.
To measure the free space during the adsorption process, helium with
ultra-high purity of 99.999% was provided from Sepehr Gas Company,
Iran. Nitrogen with stated purity of 99.9%, was supplied by Malaekeh
company, Iran.

2.1.2. Preparation of the carbon adsorbents
The activated carbons (ACs) were prepared by chemical activation

of anthracite as the raw material. The chemical activation process was
carried out according to the optimised activation conditions reported in
our previous study [22] to maximise the CH4 storage capacity of the
prepared adsorbents. The specific optimisation condition including
chemical impregnation ratio, activation temperature and retention time
were obtained via two different well-known methods of surface re-
sponse methodology and genetic algorithm to be 3 g KOH/g anthracite,
1003 K and 60 min, respectively. Also, the whole activation process was
described in the Supplementary Information.

The prepared ACs were oxidised using nitric acid to increase the
concentration of their surface oxygen groups [23]. In the acidification
step, 4 g of AC was added into 100 ml of 5 mol/L nitric acid and stirred
at 353 K for 3 h. The oxidisation setup includes a 500 ml round bottom
flask, a hot plate with magnetic stirring, a thermometer and an oil bath
with proper ability to heat up and control the temperature. Subse-
quently, the oxidised AC was filtered and rinsed with deionised water to
a neutral pH and dried at 393 K, overnight. The oxidised activated
carbon is called AC-OX.

Nitrogen-containing groups were introduced to the surface of the
prepared ACs by urea-functionalising the samples using a solution of
urea and ethanol. The suspensions were subjected to sonication for
45 min in an ultrasound bath at 323 K to improve the solubility of urea
in ethanol, before adding the adsorbent powder. The following three
final products were termed according to the type of raw samples, and
the amount of urea per mass of the used solid:

(i) AC-U: 4 g of AC was added to a homogeneous solution of 10 g of

urea in 40 ml of ethanol.
(ii) AC-OX-U1: 4 g of AC-OX was added to a homogeneous solution of

10 g of urea in 40 ml of ethanol.
(iii) AC-OX-U2: 4 g of AC-OX was added to a homogeneous solution of

15 g of urea in 40 ml of ethanol.

All reactions were completed in the pre-described setup for 12 h at
353 K. Then, the rotary evaporator was utilised for efficient and gentle
removal of solvents (ethanol) from the samples by evaporation. Urea-
functionalised ACs were dried in the oven at 393 K for 2 h. The calci-
nation process was carried out by heating the urea-impregnated ACs in
a tubular furnace from room temperatures to 573 K under the ultra-
pure nitrogen flow rate of 650 ml/min for an hour. At the end, the AC
samples were purified using excess boiling water to remove any water-
soluble decomposition material and dried at 393 K, overnight.

2.1.3. Characterisation of the activated carbons
Elemental analysis of the AC samples was performed by Thermo

Finnigan EA 1112 analyser (Thermo Fisher, USA). The packing density
of the ACs was measured according to the standard test method of
D2854 [24], summarised in the Supplementary Information. The mi-
cropore structure of the AC samples was characterised by N2 adsorp-
tion/desorption measurements at 77 K using an automatic adsorption
system of Belsorp Mini II (BEL, Japan). The Brunauer Emmett Teller
(BET) method was used to determine the surface area of the samples in
the relative pressure range of ≤ ≤P P0.05 / 0 0.3. The total pore volume of
the samples (Vtot) was calculated at =P P/ 0.990 and micropore volumes
(Vmic) were established based on the non-local density functional theory
(NLDFT) model from the adsorption data points up to =P P/ 0.10
(characterising the pores < 20 Å).

The presence of functional groups on all the prepared samples were
specified through Fourier Transform Infrared Spectroscopy (FTIR)
measurement by KBr pellet method using Thermo Nicolet Avatar-370
spectrometer (Nexus, USA). The infrared region in FTIR spectroscopy
was selected in the range of 500 cm−1 to 4000 cm−1 wave numbers.

A custom-built volumetric adsorption measurement apparatus was
used for the analysis of CH4 and H2 uptake on the prepared adsorbents
at 298 K and pressure up to 40 bar. We have described the details of this
sorption measurement system, calibration method and measurement
procedure in our previous studies [22,25] and briefly in the
Supplementary Information.

2.2. Simulation model and method

2.2.1. DFT calculations
The geometry of the studied system is built of coronene-shaped

graphitic basis units, where each unit includes 24 carbon atoms. The
plate was fully optimised using an unrestricted hybrid B3LYP func-
tional, consists of Becke’s three-parameter hybrid exchange functional
(B3) and the correlation functional of Lee, Yang, and Parr (LYP) in
conjunction with 6-31G(d) basis set. This level of theory was success-
fully applied to describe the structural and electronic properties of a
hexagonal flake of microporous activated carbon.

Three different functional groups of hydroxyl (OH–), amine (NH2–)
and amide (C(O)NH–) were considered influencing the gas adsorption
capacity of the ACs. The graphitic sheet and the functionalised ad-
sorbents were separately optimised using B3LYP/6-31G (d). CH4 and H2

can approach the functionalised carbon sheets directly above the centre
of the benzene rings. In the initial configuration, the carbon atom of
CH4 molecule or H2 molecule were separately located at a distance of
4 Å and 2 Å, respectively, far from the centre of the benzene plane as
illustrated in Fig. 1. Natural bond orbital (NBO) analysis was performed
to calculate the partial atomic charge at the same level of theory. The
Gaussian 09 package was used for all the calculations in this study [26].
Furthermore, to understand the interaction of gas molecules (i.e. CH4

and H2) and the surface of the edge-functionalised carbons, adsorption
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energy (ΔEads) is estimated using Eq. (1):

= − +E E E EΔ ( )ads adsorbate surf adsorbate surf/ (1)

where Eadsorbate/surf is the total energy of the gas molecule adsorbed on
the edge-functionalised carbon’s surface, Eadsorbate is the energy of the
gas species, Esurf is the energy of the edge-functionalised carbon’s sur-
face.

Introducing functional groups affects the electronic properties of the
adsorbents. Herein, we applied the density of state (DOS) analysis to
acquire electronic properties of the carbon materials using GaussSum 3
software at the same level of theory (i.e. B3LYP/6-31G (d)).

2.2.2. GCMC simulations
As a powerful and useful tool for investigation on adsorption of

gasses, Grand canonical Monte Carlo (GCMC) molecular simulation was
used to predict the adsorption isotherms of CH4 and H2 on the carbon
materials. In the Grand Canonical ensemble in this work, the chemical
potential, volume, and temperature are kept constant, while, molecules
could be inserted, rotated, displaced and removed in the simulation box
to obtain an optimal configuration with the lowest energy of the system
[27]. The adsorption isotherms of CH4 on the ACs were studied at 298 K
and pressures of 10, 20, 30 and 40 bar. Furthermore, the adsorption
isotherms of H2 were calculated at 10 and 20 bar, at the same tem-
perature. Equilibrium steps were performed with our optimised grand
canonical based molecular simulation codes. Then 106 Monte Carlo
steps were used to predict adsorption capacities to improve the accu-
racy of the simulations and reduce the number of iterations [28,29].
The chemical potential at the defined thermodynamic states can be
computed from the Peng-Robinson equation of state [32,33].

Intermolecular interaction energy (E) is calculated using the fol-
lowing equation. The electrostatic interaction between two particles is
determined via the Coulomb function, and the potential energy of in-
teraction is described by the Lennard-Jones (LJ) function.

⎜ ⎟ ⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

⎞
⎠

− ⎛
⎝

⎞
⎠

⎤

⎦
⎥ +E ε

σ
r

σ
r

q q
πD r

4
4ij ij

ij

ij

ij

ij

i j

ij

12 6

0 (2)
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computed by standard Lorentz-Berthelot mixing rules [27].

The interaction energy between a fluid molecule and activated
carbon atoms is represented by Steele’s 10-4-3 potential [30]:
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where ρs is solid density, Δ is the distance between the lattice planes of
the carbon activated, z is the distance between a gas molecule and one
of the carbon activated surfaces, σsf and εsf are obtained by Lorentz-
Berthelot mixing rules, similarly.

2.2.3. Molecular model
A slit pore model was used for activated carbon to simplify the

GCMC simulation [31]. In the recent studies on molecular simulations
of activated carbon, single-layer and three-layer graphite sheets models
have been widely used [31]. In this work, a three-layer graphite sheet
model was applied. The simulation box length in the case of slit pore is
at least 10 times of the collision diameter, which is 3.4 Å for a carbon
atom in the graphite layer [32]. Thus, the dimensions of the sheets were
considered to be (36 × 36) Å and periodic boundary conditions are
applied inx and y directions. The pore size of graphite lattice was
considered 10 Å and the cut-off radius was set to be 18 Å. To study the
effect of functional groups on adsorption properties of the solids, the
hydroxyl (OH–) and amine (NH2–) groups were positioned at the cor-
ners of slit pore walls.

Fig. 2 shows a schematic diagram of a three-layer graphite pore
model of activated carbon with different functional groups. The applied
forcefield parameters to represent graphite surfaces are based on the
work of Do et al. [32]. Also, the amine and hydroxyl functional groups
were described by classical OPLS forcefield parameters [33].

Mostly CH4 is modelled as a spherical particle with one interaction
site, the 1-site model is suitable for describing the adsorption proper-
ties, and it is cheaper in terms of computation time. However, to better
demonstrate the influence of functional groups in the adsorbent lattice
and obtain accurate results, the 5-site Kollman model was selected in
the simulation; one site was placed at the centre of the carbon atom,
and the other four sites were placed at the centre of four hydrogen
atoms [34]. The coordinates of the carbon site and hydrogen sites are
given in Table 1.

H2 was modelled as a spherical rigid molecule, and the forcefield is
taken from Cheng et al. [35]. For the H2 molecule, quantum effects on
the adsorption must be considered when H2 molecules are under con-
finement. So the Feynman–Hibbs equation (Eq. (4)) was employed for
molecular interactions to consider the quantum nature of H2 [36].

Fig. 1. Initial configurations of gas (CH4, H2) adsorption on edge-functionalised carbon basis unit. The top view (left) and side view (right) are illustrated.
Nomenclature: A, adsorbate position above the centre of a benzene ring in basis unit; R, attached functional group. Colour Code: Gray Pink -Carbon, Green -R, Yellow
-A.
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where = +− − −m m m( )r i j
1 1 1 is the reduced mass of a pair of interacting

molecules, KB and h are Boltzmann and Planck constants, respectively
[35].

The LJ parameters for both CH4 and H2 interacting with carbon
atoms of graphite and other functional groups were adjusted to match
the experimental data. The forcefield parameters of adsorbate mole-
cules and adsorbent lattice are presented in Table 2.

3. Result and discussion

This section can be divided into two distinctive parts: (i) experi-
mental results where CH4 and H2 adsorption capacity of the ACs were
reported and meticulously discussed, (ii) evaluating the GCMC simu-
lation output for predicting gas storage properties of the treated and
untreated ACs.

3.1. Experimental results

3.1.1. Characterisation of the prepared carbon materials
Table 3 shows the elemental analysis of the AC samples. The results

Fig. 2. Activated carbon model of (a) three-layer graphite, (b) graphite wall with amine groups, (c) graphite wall with hydroxyl groups, and (d) graphite wall with
amine and hydroxyl groups.

Table 1
Molecular Coordinates of the Five-Sites methane model.

Site X Y Z

Carbon 0 0 0
Hydrogen 1 0 d 3 /3* ∗∗-a/3

Hydrogen 2 -d/2 -d 3 /6 -a/3
Hydrogen 3 d/2 -d 3 /6 -a/3
Hydrogen 4 0 0 a

*d is the distance joining two sites and is obtained by = −d 2a (1 cosθ)2 2 and θ is
109.5°. **a is the carbon-hydrogen bond length which is considered 1.09 Å
[33].

Table 2
Lennard Jones parameters and atomic partial charges for adsorbates, adsorbent
and functional groups.

Molecule atom q ∊∊ /kB (K) σ(A) Ref.

Hydrogen H 0 36.70 2.95 [35]
Methane C −0.66 55.055 3.4 [32]

H 0.165 7.901 2.64
Amine group C 0.18 35.22 3.55 [33]

N −0.9 85.54 3.3
H 0.36 0 0

Hydroxyl group C 0.265 52.838 3.75 [33]
O −0.7 85.54 3.07
H 0.435 0 0

Graphite C 0 28 3.4 [32]

Table 3
Proximate analysis of raw anthracite as the precursor and ultimate analysis of
all the anthracite-based samples.

Sample Proximate analysis (%)
Carbon Ash Volatile matter Moisture

Raw Anthracite 86 8.10 5.40 0.50
Sample Ultimate analysis (%)

Carbon Hydrogen Nitrogen Sulfur Oxygen a

Raw Anthracite 86.10 1.90 0.79 1.70 9.51
AC 83.30 2.01 0.68 0.70 13.31
AC-U 83.91 1.87 0.77 0.97 12.48
AC-OX 61.64 1.70 1.01 0 35.65
AC-OX-U1 68.51 1.53 4.02 0 25.94
AC-OX-U2 66.92 1.66 5.37 0 26.05

a Calculated by difference.
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obtained from CHN analysis proves an increase in the nitrogen contents
after urea treatment, particularly for the pre-oxidised samples. With
nitrogen content of 5.37%, the incorporation of nitrogen on AC-OX-U2
(with pre-oxidation) is significantly higher than the loading on the AC
sample without oxidation (AC-U, the nitrogen content of 0.77%). The
main reason for the nitric acid treatment as an intermediate stage was
to enhance the oxygenated anchoring sites on the surface of the porous
carbon materials before the modification with nitrogen-containing
groups [37,38]. In the urea treatment, these oxygen surface groups play
a crucial role as a linking agent for grafting nitrogen-containing func-
tional groups [38]. Therefore, The substantial difference in nitrogen
contents between AC-OX-U2 and AC-U denotes the presence of func-
tional oxygen groups on the AC’s surface before urea nitridation [37].

The FTIR spectrums of the coal-based carbon samples, which are
demonstrated in Fig. 3, were used to investigate the impact of oxidi-
sation and amination treatment on the AC’s surface functional groups.
The peaks around 1000–1200 cm−1 can be assigned to the C-O or C-N

stretching vibration [15]. Moreover, the characteristic adsorptions in
the region of 1500–1600 cm−1 specifies the presence of an aromatic
C = C ring stretching in the carbon structure of the ACs [38].

For the un-treated activated carbon (spectrum (b)), a peak around
1037 cm−1 region can be attributed to the C-O stretching of ethers or
ester groups [38]. After the acid treatment (AC-OX), the characteristic
adsorption assigned to C = O stretching in carboxylic groups appears at
about the wavenumber region of 1550 cm−1.

Urea treatment makes some changes in the spectra of the AC-U and
AC-OX-U: a peak around 1600 cm−1 can be related to the vibration of
N-H from the primary amino groups (NH2–) for both of the samples
[39]. Also, for the spectrum (e), the presence of a peak at 1708 cm−1

may indicate the formation of amide (–CO-NH-) groups during the
contact of oxidised activated carbon with urea solution. Furthermore,
the broadband in the region of 3420–3452 cm−1 is assigned with
overlapping bands of O-H and N-H stretching vibrations, which might
be related to the formation of hydrogen bonds between the adsorbed
NH3 molecules and oxygen surface groups [2]. The current observations
by the FTIR analysis indicated that the desired functional groups (such
as N-H and C-N) were successfully incorporated into ACs structure.

N2 adsorption/desorption isotherms at 77 K for all five coal-based
samples are illustrated in Fig. 4, and their calculated surface area and
pore characteristics are summarized in Table 4. All the samples share

Fig. 3. FT-IR spectra of (a) raw anthracite, b) AC, c) AC-U, d) AC-OX and e) AC-OX-U.
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Table 4
Nitrogen contents, textural properties and packing density of the prepared AC
samples.

Sample N2 (%) SBET
(m2/
g)

Vtot

(cm3/
g)

Vmic

(cm3/
g)

dave (Å) Vmic/Vtot ρ*(g/cm3)

AC 0.68 2163 1.06 0.74 18.5 0.69 0.54 ± 0.03
AC-U 0.77 1924 0.92 0.62 18.9 0.68 0.57 ± 0.03
AC-OX 1.01 1878 1.14 0.59 19.1 0.51 0.58 ± 0.03
AC-OX-U1 4.02 1695 0.88 0.56 20.7 0.64 0.60 ± 0.03
AC-OX-U2 5.37 1617 0.85 0.53 21.0 0.62 0.60 ± 0.03

* Packing density or bulk density calculated by pressing the powder to
500 kg/cm2.
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almost similar isotherm shape of Type I (microporous solids), where the
N2 uptake rapidly happened at low relative pressures and gradually
occurred at medium P/P0 range. However, the adsorption isotherm of
AC (with no modification) is a combination of Type I and Type IV,
indicating a slight hysteresis loop at the central region of P/P0 [40].
These results imply the presence of an abundant number of micropores
along with the adequate amount of mesopores in the solid structure of
the ACs sample [41,42]. In general speaking, functionalisation has a
reducing impact on the BET surface area of the treated samples in the
order of AC-U > AC-OX > AC-OX-U1 > AC-OX-U2.

As it is clear from Table 4, nitric acid oxidation leads to enlargement
of the total pore volume and decreases the micropore volume and BET
surface area of the AC sample. Since nitric acid considered as a strong
oxidising agent, oxidation-rich groups will be introduced to the surface
of the carbon materials. This functionality has profound effects on the
matrix structure of the ACs, including (i) erosion and pore-widening,
(ii) blocking the pore entrance [13].

A comparison between AC-U and AC-OX-U series shows the pre-
oxidation of the AC sample before the amination step leads to a higher
decrease in the surface area, total pore volume, and micropore volume
of the corresponded AC samples. The higher density of the introduced
nitrogen-containing groups to the AC-OX-Us series causes the devel-
opment of steric hindrances and probably prevention of N2 diffusion
into the micropores [43].

Fig. 5 presents the pore size distribution (PSD) for five AC samples.
All the ACs share an almost similar trend of pores distribution: mainly
in the micropore range and only a small proportion is larger than 20 Å.
The PSD curves for the AC and AC-U samples follow a bi-modal trend;
for the AC at around 10.57 Å (sharp peak) and 18.96 Å (modest peak);
for the AC-U at about 9.8 Å (sharp peak) and 19.95 Å (weak peak)
[15,37]. The three modified adsorbents of AC-OX, AC-OX-U1, and AC-
OX-U2 possess a dominant pore size in the range of 9–11 Å, which is
desirable for CH4 adsorption [41,44,45]. On the other hand, the pore
diameter in the range of 5–20 Å is reported to be favourable for H2

uptake [46,47]. Accordingly, all the prepared samples are capable of
storing H2. Further explanations about the impact of PSD on the gas
storage properties of the activated carbons will receive attention later in
the gas adsorption section.

The Boehm titration analysis was recruited to study the surface
chemistry of the representative samples. A schematic of the Boehm
technique depicted in Fig. 6. Details of the method was reported before
[48,49] and briefly in the Supplementary Information. The results of
the acid-basic properties of all the samples are listed in Table 5.

From Table 5, it is evident that the chemical treatments have a
significant impact on acid-base surface values of the carbon materials.
While the extent of basic groups on AC decreases nearly to zero after the
oxidisation with HNO3, the number of acidic groups increases

considerably (about 5 times higher than the raw AC). On the other
hand, during the urea treatment, the surface nitrogen-containing
groups sharply increase the value of total basicity, especially for the
pre-oxidised samples (AC-OX-Us) [38,43].

3.1.2. Methane adsorption
Fig. 7 shows the gravimetric and volumetric CH4 adsorption iso-

therms for all five AC samples at 298 K and pressures up to 40 bar. Also,
the experimental data for the CH4 adsorption at different temperatures
T = (298, 310, and 320) K are reported in the Supplementary
Information (see Table (S1) and Fig. (S2)). The adsorption isotherms
resemble Type I (IUPAC isotherm, which is individual for the micro-
porous materials [15]. AC-OX shows the lowest amount of CH4 stored in
both gravimetric (9.41 mmol/g) and volumetric (125 cm3

(STP)/cm3)
basis. Although AC-OX has a higher surface area of 1878 m2/g and
micropore volume (0.59 cm3/g)) in comparison with the AC-OX-Us, AC-
OX shows the lowest CH4 uptake. These results suggest that the strong
electronegative O atom in the functional groups repels the electro-
negative C atom in the CH4 molecule, which possibly results in de-
clining the CH4 adsorption capacity of the sample [17]. Introducing the
nitrogen-containing groups to the surface of ACs has a positive effect on
the adsorption of CH4 and promotes the storage capacity in the se-
quence of AC-OX-U1 > AC-OX-U2 > AC-U over the high-pressure
range.

Closer inspection in Fig. 7(a) reveals that the adsorption isotherms
could be divided into three sections; where zone I, II and III happen in
the pressure ranges of 0–10 bar, 10–20 bar and 20–40 bar respectively.
At zone (I), the amount of CH4 uptake is almost equal in both samples of
AC and AC-U and exceeded the capacity of the other adsorbents. The
microporosity of AC and AC-U is one of the reasons for the relatively
high storage capacity of these adsorbents (see Table 4) [50,51]. A linear
relationship between the CH4 uptake capacity and porosity character-
istics of microporous carbons was reported in the literature [44,52].
Our previous studies showed adsorbents with well-developed micro-
pores and narrow mesopores, similar to the AC and AC-U samples in
this study, are favourable for CH4 storage application [22,25].

In zone (II), pressures between 10 and 20 bar, the CH4 storage ca-
pacity of the AC-OX-U series rises and becomes close to the CH4 uptake
values for AC-U (10.89 mmol/g) and AC (10 mmol/g) samples. Based
on these results, it can be concluded that the amount of adsorbed CH4 in
the second region, relies on the competition between two fundamental
properties of appropriate pore size distribution and the surface chem-
istry [15,17,18]. It needs to be noted that the CH4 adsorbed quantity of
10.95 mmol/g for AC-OX-U1 is among the highest storage capacities
reported for microporous carbon matters at similar experimental con-
ditions [1,15,41,42].

In the last section of the adsorption isotherm (zone III), despite a
high surface area and well-developed microporosity of AC, the modified
adsorbents show comparatively higher CH4 uptake in the order of AC-
OX-U1 (14.2 mmol/g), AC-U (14 mmol/g) and AC-OX-U2 (13.8 mmol/
g). The reason for such an enhancement is possibly due to the positive
effect of nitrogen-containing functional groups on the surface of these
samples. In comparison with all the prepared samples, the pre-oxi-
dised + aminated carbons display enhancement in CH4 adsorption at
room temperatures. These results were obtained at the condition that
the pristine AC and AC-U possess the highest micropore volume (0.74
and 0.62 cm3/g, respectively) among all the samples. Accordingly, it
seems the changes in the surface chemistry of the ACs can dominantly
affect their CH4 uptake capacity, particularly when the carbon surface
is saturated with basic oxygen and nitrogen functional groups [37,38].
The CH4 storage capacities of the AC-OX-Us and AC-U, which are ori-
ginated from inexpensive precursors and prepared via a cost-effective
procedure, are comparable or even exceeded those reported in the lit-
erature: 14.9 mmol/g on Anthracene Al-soc-MOF-3, 8.5 mmol/g for Co
(bdp), and 10.2 mmol/g on Fe(bdp) [53,54].

Although the gravimetric adsorption capacity of the adsorbents
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depends on their pore texture (microporosity) and surface chemistry
characteristics, the volumetric capacity is strongly affected by the
packing density of the materials [2,42]. The calculation method of CH4

volumetric capacity is presented in the Supplementary Information. As
it is depicted in Fig. 7(b), the volumetric capacity of AC-OX-U1 at
28 bar (173 cm3

(STP)/cm3) and 40 bar (190 cm3
(STP)/cm3) is higher than

the other samples. The volumetric CH4 storage capacity of these sam-
ples is more significant than many reported values for high surface area
porous carbons [41,42,55]. When the high packing density of the
modified samples, i.e. 0.60 g/cm3 (AC-OX-Us) and 0.57 g/cm3 (AC-U) is
accompanied with their significant gravimetric CH4 uptake capacity,
their volumetric CH4 storage capacity at 40 bar pressure become almost
equal or even higher than many well-known adsorbents such as
HKUST1 (193 cm3/cm3), MOF-205 (191 cm3/cm3), MOF-177
(181 cm3/cm3), MOF-210 (168 cm3/cm3) and MOF-200 (147 cm3/cm3)
[56,57]. The superior CH4 adsorption capacity of the AC-OX-Us series
and also AC-U makes them promising candidates for vehicular onboard
applications.

3.1.3. Hydrogen adsorption
Fig. 8 shows H2 adsorption isotherms at 298 K and pressures up to

20 bar in the gravimetric and volumetric basis for all the prepared
samples. The adsorption measurement data are also presented in Table
S2 of the Supporting Information. At the pressures up to 15 bar, all the
adsorption isotherms increase linearly with pressure following Henry’s
low, implying the H2 adsorption at ultra-micropores [58]. The AC
sample with 0.6 mmol/g (7 cm3

(STP)/cm3) and AC-OX-U1 with
0.26 mmol/g (3.50 cm3

(STP)/cm3) H2 adsorption at 20 bar show re-
spectively the maximum and minimum amount of H2 uptake in both
gravimetric and volumetric basis. The lowest H2 capacity of AC-OX-U1
can be interpreted by the steric hindrance effect of urea functional
groups on the surface of the corresponded adsorbent, which leads to a
diminishing chance for H2 molecules to entering into the micropores
[37,59]. The effect of oxygen-rich surfaces and urea modification on H2

adsorption is apparent on AC-OX (0.44 mmol/g, 5.71 cm3
(STP)/cm3) and

AC-U (0.39 mmol/g and 5 cm3
(STP)/cm3), respectively.

The H2 adsorption measurement results imply that larger micropore
volume is preferable to increase the H2 storage capacity of carbon-based
materials, mainly due to the strong interaction of carbon and hydrogen
molecules [2,60] and the inductive effect of surface chemistry has a
secondary role in H2 uptake.

3.2. DFT calculations and GCMC simulation

The effect of functionalisation were investigated for all the modified
activated carbons by using a systematic theoretical investigation in-
cluding adsorption energy, density of state and GCMC simulation.

3.2.1. Adsorption energy
The optimised adsorption configuration of CH4 and H2 on the AC,

AC-U, AC-OX, and AC-OX-Us samples depicted in Fig. 9(a-d) and

Fig. 6. Schematic of the recommended Boehm technique.

Table 5
Result of Surface groups on the treated and un-treated ACs samples obtained
from Boehm titrations.

Sample Carboxyl
(mmol/g)

Lactone
(mmol/g)

Phenol
(mmol/g)

Total
acidity
(mmol/g)

Total
basicity
(mmol/g)

AC 0.0595 0.0427 0.0803 0.1825 0.0675
AC-U 0.0590 0.0419 0.0775 0.1784 0.0685
AC-OX 0.3897 0.1167 0.4167 0.9231 0.0082
AC-OX-U1 0.0548 0.0643 0.1902 0.3093 0.0781
AC-OX-U2 0.0572 0.0652 0.1884 0.3208 0.0773
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Fig. 9(e-h), respectively. To understand the interaction between the
adsorbate and the edge-functionalised microporous carbon surface, the
adsorption energies were calculated, and the values are reported in
Fig. 9. The negative amounts of adsorption energy show a stable exo-
thermic reaction [61]. The results indicate that the functionalisation
has a considerable inductive impact on the gas adsorption properties of
the carbon unit surfaces.

In the case of the CH4/adsorbent systems, adsorption energy is
0.336 eV for the basic AC unit, which is slightly lower than the 0.342 eV
of the AC-U. The OH– group weakens the adsorption energy of AC-OX
to 0.328 eV [17]. Moreover, for a unit saturated with C(O)NH– (AC-OX-
U sample), the adsorption energy enhances up to 0.550 eV. When
comparing the adsorption energy of the CH4/AC-OX-U system with the
AC and AC-U systems, the enhancement percentages are 63.69% and
60.81%, respectively. These results confirm that the functionalised
surface site of C(O)NH– is energetically favourable for CH4 adsorption
[17,61].

Two strong electronegative atoms of O and especially N increase the
electron density of the carbon surface (AC-OX-U sample). These atoms
act as electron donors to the adsorbate molecules near the pore space
and effectively guide them to store on adsorbent porosity [17,62]. In
other words, the electronegative N and O atoms of the functional
groups contributing their electrons to the H atoms of CH4 and promote
the methane adsorption on the corresponded adsorbent, as shown in
Fig. 10. It is noteworthy that similar results were obtained experi-
mentally; the AC-OX-U carbons showed higher CH4 storage capacity in
comparison to the other samples (Fig. 7).

For the H2/adsorbent systems, the adsorption energy is affected by
the electrostatic interaction when the H2 molecule approaches the

surface functional groups (see Fig. 9(e-h)). The adsorption energy of H2

for the AC is 0.076 eV, which decreases to 0.010 eV for the AC-U. When
the unit is saturated with the C(O)NH– groups (AC-OX-U sample), the
adsorption energy is estimated to be 0.085 eV. From a theoretical point
of view, the embedding of the C(O)NH– groups can slightly increase the
H2 adsorption. Both nitrogen and oxygen-containing groups introduce
negative-charge characteristics to the carbon surface. As a result, the
non-polar H2 molecule may become momentarily polarised and get
attracted to the modified adsorbent. However, in the experimental
measurements, it was determined that the inductive effect of functional
groups does not improve the hydrogen adsorption on the adsorbents,
and micropore size distribution is the dominant parameter in the sto-
rage of H2 [46].

3.2.2. The density of state (DOS)
Besides the structural characteristics, the electronic properties of the

adsorbents play an essential role in the gas adsorption capacity of these
porous materials [17,63,64]. Every single adsorbent shows unique
electronic characteristics that can be identified by the DOS analysis.
The introduction of functional groups such as OH– or NH2– to the
surface of microporous carbons alters the electronic density, as is evi-
dent via the DOS plots (Fig. 11). The DOS of CH4/activated carbon
systems is continuously distributed within the range of −12 eV to
12 eV, which is consistent with the distribution range in the literature
[61,63]. The DOS plots for the CH4 and AC-OX (AC-OH), AC-U (AC-
NH2), and AC-OX-U (AC-OH-NH2) systems emerge significant peaks
comparing with the CH4/intrinsic AC. Below the Fermi level1 (in the
range of −12 to 0 eV), the electron density (intensity of the peaks) of
the CH4/AC-U systems and especially CH4/AC-OX-U system, is much
higher than the other carbons [65]. The electron density near the Fermi
levels (around −4 to 0 eV) is higher for the functionalised samples in
the order of AC-OX-U > AC-U > AC-OX.

According to Fig. 11(a), the CH4/AC-OX-U system exhibits four
pronounced peaks below the Fermi level, which represent high inter-
action between AC-OX-U and CH4. In other words, the current results
support the high CH4 capture ability of microporous samples functio-
nalised with OH– and NH2– groups [17,61]. These observations are
consistent with the adsorption energy analysis results and in good
agreement with the measured CH4 storage capacity of the AC-OX-U
sample presented in the adsorption measurements section. As discussed
in the experimental section, the maximum amount of CH4 uptake was
reported for the AC-OX-U, which is modified through pre-oxidation
(OH–) followed by amination (NH2–).

A detailed description of the electronic contributions for the H2

molecules near the AC samples was analysed using the DOS, and the
results are depicted in Fig. 11(b). After introducing the functional
groups to the solid’s surface, the value of the energy gap was slightly
changed near the Fermi level. Consistent with the adsorption energy
results, the DOS curves show relatively sharp peaks below the Fermi
level for the H2/AC-OX-U system. The main reason for the enhanced
reactivity can be related to the strong attraction of electronic forces
between the surface groups (i.e., oxygen and nitrogen) and the hy-
drogen orbitals [2,18,66]. On the other side, the presence of the minor
peaks for the AC-U and AC-OX carbons indicates that the effect of
functionalisation on the electronic density of these materials is almost
negligible. Although the DOS results are in favour of the promotion of
H2 adsorption on the surface of the AC-OX-U, simulation results are
inconsistent with the experimental findings. Under the real experi-
mental condition, it seems that the slight changes in the DOS plots of
the functionalised carbons do not promote the adsorption of non-polar
hydrogen molecules. It also appears that the structural properties (i.e.
BET surface area and microporosity) dominantly affect the H2

Fig. 10. Schematic display of the interaction between the adsorbate (CH4) and
charged atoms in the functional group of the AC-OX-U adsorbent (top view (up)
and side view (down)).

1 The highest energy level that an electron can occupy at the absolute zero
temperature is known as the Fermi Level.
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adsorption capacity of the adsorbents [46].

3.2.3. GCMC results
The simulated adsorption isotherms of CH4 and H2 on a series of slit

pore modelled activated carbons with amine and hydroxyl groups at
298 K are demonstrated in Fig. 12 (a-b), respectively. The results from
the GCMC simulations for CH4 are in an excellent agreement with the
measured isotherms over the range of investigated pressures (0–40 bar).
The CH4 adsorption capacity at the defined pressure and temperature
decreased in the order of AC-NH2 (AC-U) > AC > AC-OH-NH2 (AC-
OX-U1) > AC-OH (AC-OX). The addition of functional groups reduces
the accessible volume of activated carbons, and as a result, it is ex-
pected to reduce their CH4 adsorption capacity. For AC-OH, the strong
electronegative O atoms slightly weaken the CH4 adsorption, whereas,
for the AC-NH2, corner-functionalisation has a minor positive effect on
the CH4 adsorption capacity, which is different from the negative im-
pact of surface functionalisation on the adsorbed gas amount. In the
case of CH4, a rigid orderly tetrahedron model with five charged Len-
nard-Jones (LJ) interaction describes the adsorbate-adsorbent and the
adsorbate–adsorbate interactions properly and the simulation results
agree well with the experimental results and the DFT analysis.

As depicted in Fig. 12(b), the simulation results evidently can follow
the behaviour of H2 adsorption on the ACs under real conditions. The
GCMC simulation shows that the maximum and the minimum H2 up-
take capacity corresponded to the samples of AC (1.4 mmol/g) and AC-
OX-U1 (0.92 mmol/g), respectively. Similarly, the experimental mea-
surements reported maximum and minimum values of H2 storage for
the AC and AC-OX-U1 adsorbents.

However, as it is clear in all the isotherm curves, the simulated H2

adsorption data are greater than the experimental ones. For instance, at
pressure of 10 bar, the simulation result predicts the H2 adsorption
amount of 0.92 mmol/g for the AC sample, while the adsorption
measurements report the H2 storage of 0.39 mmol/g (~57% error). One
possible explanation for such a difference can be related to the effect of
true solid volume measurement, which was conducted using helium
with the assumption of negligible He adsorption. However, He can be
adsorbed on the small pores of the samples at ambient temperature and

moderate pressures that affects the measurement of solid’s true volume
and results in a deviation in gas adsorption measurements [58,67]. The
mentioned deviation is more evident in the adsorption of gasses with
small uptake such as H2. The other reason for the difference between
the measured and calculated H2 adsorption values is associated with the
small molecular size of H2 and the non-polar modelled H2 molecules in
slit pores. Although the Feynman–Hibbs equation predicts lower ad-
sorbed amount for H2 than classical Lenard-Jones equation, still ad-
sorption isotherms estimations are relatively high. Unlike CH4, none of
the functional groups help to improve the adsorption of H2 on the ACs.
Since amine groups take more space in the simulation box, the NH2–
group’s effect is more significant in reducing the adsorption capacity.

4. Conclusion

A series of nitrogen-doped coal-based activated carbons were syn-
thesized for CH4 and H2 storage application. The oxygen- and nitrogen-
containing functional groups were introduced to the surface of the
prepared activated carbons by oxidation and urea functionalisation of
the solids, respectively. The results of ACs characterisation proved that
urea and oxidised functional groups were appropriately introduced on
the surface of the porous carbons. The functionalisation has a reduction
impact on the BET surface area of the treated samples in the order of
AC-U > AC-OX > AC-OX-U1 > AC-OX-U2. The samples of AC-OX-
U1 with 14.2 mmol/g (190 cm3

(STP)/cm3) and AC-OX-U2 with
13.8 mmol/g (180 cm3

(STP)/cm3) showed comparatively high CH4 up-
take among the others; the enhancement is likely due to the positive
effect of the nitrogen-rich surface of these samples. The density func-
tional theory (DFT) calculations also were performed to study the gas
adsorption capacity of the functionalised ACs using two well-known
approaches of adsorption energy and the density of state plots. The
effects of amine and hydroxyl groups on the adsorption isotherms of
fthe unctionalised ACs were investigated by the GCMC method. The
theoretical findings provide relatively enhancement in CH4 adsorption
capacity of the modified samples in comparisons with intrinsic AC.
Unlike CH4, it was found that none of the functional groups help to
improve the adsorption storage of H2 on activated carbon.

Fig. 11. Density of states (DOS) plots for all carbonaceous adsorbents for adsorption of (a) CH4 and (b) H2 molecule. The dotted line represents the Fermi level that is
set to zero.
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