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A B S T R A C T

We perform a molecular simulation study on methane and carbon dioxide storage in car-

bon nanoscrolls. The effects of temperature and pressure, interlayer spacing, VDW gap

and innermost radius on the gas storage have been examined extensively. It is found that

the adsorption of gases on pristine carbon nanoscrolls is relatively low. However, once the

interlayer spacing is expanded, both adsorption capacities of methane and carbon dioxide

exhibit a significant improvement. In particular, the excess uptake of methane reaches

13 mmol/g at p = 6.0 MPa and T = 298.15 K and VDW gap D = 1.1 nm, which is about 3.5

times of uptake of the pristine carbon nanoscrolls; while the uptake of carbon dioxide

could also be raised by 294.9% at T = 298.15 K and p = 3.0 MPa and D = 1.5 nm, reaching

30.21 mmol/g at 6.0 MPa. This work demonstrates that carbon nanoscrolls with an expan-

sion of interlayer spacing may be a suitable material for methane storage and carbon diox-

ide capture.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, exhausted exploitation of fossil fuel in industrial

process has been increasing the concentration of carbon

dioxide in atmosphere and leading to more and more serious

problem about global warming [1]. Carbon dioxide capture

and storage (CCS) [2] thus becomes one of the most urgent

and significant topics worldwide. On one hand, methane

steam reforming reaction [3], which uses methane and water

vapor as raw materials to produce hydrogen, is a major indus-

trial source of carbon dioxide as a by-product. On the other
er Ltd. All rights reserved
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hand, methane and carbon dioxide are the primary compo-

nents in natural gas [4,5], except nitrogen and heavier hydro-

carbons. The existence of carbon dioxide will reduce the

energy content of natural gas and corrupt the transportation

and storage system [1,4]. For the purposes of effective utiliza-

tion of energy and sequestration of the greenhouse effect, re-

moval of carbon dioxide from the resultant of methane steam

reforming reaction or from natural gas is necessary for both

cases. In the meantime, storage of methane is of equal impor-

tance as carbon dioxide. To achieve the above goals, adsorp-

tion technique using suitable porous materials is still a
.
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Fig. 1 – Structural model of carbon nanoscrolls: (a) the unit;

(b) bundle in square array; (c) bundle in hexagonal array.
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prospective candidate for its high energy efficiency, low oper-

ating cost and ease of control over a relatively wide range of

pressures and temperatures [1,4–6].

To date, a great deal of effort has been contributed to the

development of novel porous materials and their applications

in gas storage and separation, for example, metal–organic

frameworks (MOFs) and covalent-organic frameworks (COFs)

[7–12]. Even though, carbon-based materials are still preferred

as gas adsorbents for the classic merits of hydrothermal and

chemical stabilities, and temperature and high pressure resis-

tance. A large number of carbon members, for instance, acti-

vated carbon [13–17], single-walled carbon nanotubes

(SWCNTs) [18–20], graphite nanofibers (GNFs) [14,21] and car-

bon nanohorns [22,23] have been synthesized and accordingly

attempted for use in this area. Recently, a new kind of carbon

materials named carbon nanoscrolls [24] has attracted our

attention. Despite the pristine carbon nanoscrolls are made

up of 25–55 layers of carbon with an interlayer spacing of

0.34 nm, the interlayer spacing can be easily controlled by

particle intercalation method during the preparation process

[25]. Another important characteristic is that carbon nanosc-

rolls occupy considerable high and fully accessible surface

area, with a theoretical value of 2630 m2/g for individual

sheets [24]. These features are potentially advantageous to

adsorption storage of methane and carbon dioxide.

To the best of our knowledge, however, there are solely a

few research papers reported on carbon nanoscrolls [24–30].

Furthermore, most of the works focus on hydrogen storage

by theoretical prediction [28–30]. In 2007, Coluci et al. pio-

neered the classical grand canonical Monte Carlo (GCMC)

simulations to study the hydrogen storage on carbon nanosc-

rolls [28]. They found that the gravimetric uptake can be dou-

bled to 5.5 wt.% at 150 K and 1 MPa and an expanded

interlayer spacing of 0.64 nm. A sequent molecular dynamics

study by the same group revealed that at low temperatures

significant hydrogen storage is possible, while this capacity

is drastically reduced due to thermal energies at higher tem-

peratures [29]. In the same year, Mpourmpakis et al. used a

multiscale theoretical approach to investigate the hydrogen

storage on carbon nanoscrolls with and without lithium dop-

ing [30]. By combining ab initio calculations with GCMC sim-

ulations, they found that carbon nanoscrolls with an

opening of the spiral structure about 0.7 nm followed by alkali

doping gives an uptake of 3 wt.% at ambient temperature and

pressure.

On the basis of the previous works, it seems that carbon

nanoscrolls with an expansion of interlayer spacing could

be very promising materials for gas storage, not only limited

to hydrogen. However, to our surprise, we did not find any

experimental and theoretical studies related to the adsorp-

tion storage of methane and carbon dioxide on this material.

Accordingly, we intend to explore adsorption of methane and

carbon dioxide in the carbon nanoscroll. The paper is orga-

nized as below. First, we present the structural model for iso-

lated and bundled carbon nanoscrolls. Then, we describe the

interaction potential model and the details of molecular sim-

ulations. Finally, we systematically simulate the storage of

methane and carbon dioxide on carbon nanoscrolls by vary-

ing operating conditions and structural parameters of

material.
2. Theoretical descriptions

2.1. Structure of carbon nanoscrolls

By rolling up a single sheet of graphite into a truncated Archi-

medean spiral, a unit of carbon nanoscrolls was constructed

[26–30], as shown in Fig. 1a. In this study, only armchair

nanoscrolls were considered with a chiral vector of (100, 100).

Accordingly, the perimeter corresponding to the arc length of

AC is 42.6 nm. In the simulations, the structural stability of car-

bon naonoscrolls is not considered, and the innermost radius

was fixed at 1.2 nm on the basis of the quantum mechanics cal-

culations [27]. The interlayer spacing is defined as the distance

between the two adjacent points A and B intersected by any ra-

dial line and the Archimedean spiral. The isolated nanoscrolls

were obtained by duplicating the unit 10 times along the z-

direction perpendicular to the paper plane, having a length of

2.46 nm and a number of 4000 carbon atoms. The square and

hexagonal arrays for SWCNTs [31] were used to characterize

the structure of carbon nanoscrolls bundles, as seen in

Fig. 1b and c. The bundles consist of nine and seven isolated

carbon nanoscrolls, total 36,000 and 28,000 carbon atoms for

square and hexagonal arrays, respectively. To investigate the

adsorption in the interstices among nanoscrolls [20,31], a

parameter of the van der Waals (VDW) gap was introduced

here, which is defined as the distance between the centres of

outermost carbon atom layers on two adjacent nanoscrolls.

For a specific bundle, we randomly generated the angular ori-

entations of isolated nanoscrolls [28].

2.2. Potential models

For methane molecules, we used an one-site rather than five-

site model, because the former produces almost the same re-

sults as the latter at the supercritical condition [32]. Further-

more, it takes advantages of less computation cost than the
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latter. Thus, methane molecules are regarded as spherical

Lennard-Jones (LJ) particles. The cut-shifted potential was

employed to describe the pair interactions between methane

molecules and between methane molecule and carbon

nanoscrolls [33,34]

/ ¼
/LJðrÞ � /LJðrcÞ r < rc

0 r � rc

�
ð1Þ

where r denotes the inter-site distance, rc ¼ 3:5r is the cut-off

radius with r being the LJ size parameter. In Eq. (1), /LJðrÞ rep-

resents the full 12–6 LJ potential

/LJðrÞ ¼ 4e
r
r

� �12

� r
r

� �6
� �

ð2Þ

where e denotes the LJ energy parameter.

To take into account the quadrapolar effect and linear

geometry of carbon dioxide molecule, we used the three-site

EPM2 potential model as a three-center LJ plus, a set of partial

point charges distributed at three electrostatic sites [1,35].

The fluid–fluid interaction of carbon dioxide is composed of

the LJ potential and electrostatic interaction of sites m on

molecule i with the site n on molecule j [1]

/ff ðrÞ ¼ 4
X
im

X
jn

eim;jn
rim;jn
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þ
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X
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�
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where the subscripts i and j denote different molecules; m

and n are the sites on the molecules i and j, respectively.

and r are the energy and size parameters of site–site from

the LB combining rule, q is the charge of different sites, is

the inter-site distance. The potential between a carbon diox-

ide molecule and the carbon atoms on nanoscrolls is de-

scribed by the site-to-site method [1]

/fcðrÞ ¼ 4efc

XNf

i¼1

XNc

j¼1

rfc

rij

� �12

� rfc

rij

� �6
" #

ð4Þ

where rij is the distance between a site of carbon dioxide mol-

ecule and a carbon atom on nanoscrolls, efc and rfc are the

cross interaction parameters, Nf and Nc are the site numbers

of carbon dioxide molecules and carbon atoms of nanoscrolls,

respectively. All the potential parameters used for fluid mole-

cules and carbon nanoscrolls were given in Table 1.

2.3. Simulation details

In the simulation, the structure of the nanoscrolls is assumed

to be rigid without geometrical variation. Simulations

were independently conducted in a box with the sizes
Table 1 – Potential parameters for methane, carbon dioxide and

Species Atom bl (nm) q

Methane – – –
Carbon dioxide C 0.0 0

O 0.1149 �0
Nanoscrolls C – –

Note: bl is the distance from the interaction site to molecular mass cente
of 12 · 12 · 2.46 nm3 for isolated nanoscrolls and 28 · 28 ·
2.46 nm3 for bundles. We used a standard GCMC technique

[33,34] to study the adsorption of methane on carbon nanosc-

rolls. The modified Bennedict-Webb-Rubin (MBWR) equation

of state (EOS) was adopted to convert chemical potential into

pressure and to determine the bulk density [36,37]. The calcu-

lated bulk density was rigorously verified by the experimental

data [38] and the average relative error is less than 1%. Initial

configurations of methane molecules were randomly gener-

ated without overlaps with the adsorbent.

The adsorption of carbon dioxide molecules in carbon

nanoscrolls was studied by the constant pressure Gibbs

ensemble Monte Carlo (GEMC) method [1,39,40]. One attract-

ing advantage of the technique is that it uses the pressure of

bulk phase as an input parameter to avoid the specification of

chemical potential or fugacity in GCMC method, where it is

usually be converted to the pressure either through an accu-

rate equation of state (EOS) for fluids or by Widom particle

inserting method during the simulation process. In the GEMC

method, two simulation cells, one of which stands for the

pore phase and the other for the coexisting bulk phase, are

performed simultaneously. The total number of particles, N

in both cells, the box volume containing nanoscrolls adsor-

bent, VP and the temperature, T are fixed in the simulation.

A GEMC procedure includes three types of move, namely, par-

ticle displacement (including translation and rotation) in

both cells with the usual Metropolis scheme, particle ex-

change to ensure the chemical potential equilibrium between

bulk and pore phases, and the random perturbation in the

volume of the bulk cell to ensure the bulk pressure is fixed.

At the beginning of the simulation, about 4000 of carbon

dioxide molecules were generated in the bulk phase. With

the process of the simulation, these molecules gradually en-

ter the pore phase under the criteria of the GEMC. The cut-off

radius is set to 3.4 nm for the LJ and electrostatic potentials to

ensure the electrostatic contribution beyond this cut-off not

more than 2% of the total energy by performing an additional

simulation in bulk phase with Ewald technique. The accep-

tance criteria of three trial moves are depicted elsewhere

[39,40].

For all the simulations, the periodic boundary conditions

were imposed in three directions of the simulation box. A to-

tal number of 2 · 107 configurations were generated at each

state. The first 1 · 107 moves were discarded to guarantee

the equilibrium, and the followed 1 · 107 moves were divided

into ten blocks and accumulated for ensemble average. The

standard deviation of the properties such as the average num-

ber of fluid particles and the total potential energy is esti-

mated to be less than 2%.
carbon nanoscrolls.

(e) r (nm) (e/kb) (K) Ref.

0.381 148.2 [5]
.6512 0.2757 28.129 [1,35]
.3256 0.3033 80.507 –

0.34 28.0 [5,20]

r.
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2.4. Calculation of adsorption amount and heat

Because the simulations were carried out in a box that filled

with the bulk gas, the storage performance of carbon nanosc-

rolls was evaluated by the definition of excess adsorption [12]

nex ¼ nabs � qbVav ð5Þ

where nabs is the absolute adsorption amount of methane in

the simulation box, qb is the bulk density and Vav is the avail-

able volume to methane molecules. To calculate the Vav, a

Monte Carlo integration with the reentrant surface definition

[41] were performed, where the required size parameter for

carbon dioxide was adapted from the one-site potential mod-

el [1].

The gravimetric uptake was expressed as the weight ratio

of adsorption amount of fluid molecules to carbon atoms on

carbon nanoscrolls (mmol/g), while the volumetric uptake is

calculated according to the volume of fluid adsorbed at stan-

dard temperature and pressure (STP) per volume of nanosc-

rolls adsorbent (v/v). The volume of carbon nanoscrolls is

equivalent to their length in z-direction multiplied by cross-

sectional area. By integrating over the region that enclosed

by the outermost and second outermost carbon layers, the

cross-sectional area A is obtained as follows:

A ¼
Z

r2dh ¼ 1
2

Z 2p

0

ðDhþ rout � 2pDÞ2dh

¼ 4
3

D2p3 þ 2Dðrout � 2pDÞp2 þ ðrout � 2pDÞp ð6Þ
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Fig. 2 – Adsorption of methane on isolated carbon nanoscrolls a

volumetirc adsorption isotherms, (c) effect of interlayer spacing

volumetric adsorption.
where r is the polar equation of spiral, r ¼ Dhþ rin, rin and rout

are the radii of innermost and outermost layers, respectively.

In adsorption studies, the isosteric heat qst is a thermody-

namic property that reflects the strength of the interaction

between adsorbent and fluid molecules. It is commonly

approximated by using multiple isotherms and Clausius–Cla-

peyron equation [10]

qst ¼ �R
dðln PÞ
dð1=TÞ ð7Þ

where R, P and T are the universal gas constant, pressure and

temperature, respectively. For methane, three adsorption iso-

therms were selected at 288.15, 298.15 and 308.15 K, while for

carbon dioxide they are 273.15, 298.15 and 323.15 K.

3. Results and discussion

3.1. Storage of methane on isolated carbon nanoscrolls

According to the TEM images of carbon nanoscrolls where

both isolated and bundled structures had been observed

[25], we intend to explore the adsorption behaviour of meth-

ane on the isolated one first, and then on the bundles.

Fig. 2a shows the adsorption isotherms of methane on iso-

lated carbon nanoscrolls at 298.15 K. We can see that at the

interlayer spacing D = 0.34 nm, the gravimetric and volumet-

ric uptakes are relatively low, less than 3.0 mmol/g and

129 v/v over the whole pressure range. It means that the pris-
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tine carbon nanoscrolls with D = 0.34 nm cannot meet the

requirement of methane storage at ambient temperature.

However, adsorption capacity will be significantly improved

once the interlayer spacing is expanded. For instance, at

3.5 MPa and D = 0.7 nm, the gravimetric and volumetric up-

takes exhibit a 250% and 109% increment, giving a value of

9.7 mmol/g and 255.6 v/v, respectively. A further observation

in Fig. 2a reveals that at P 6 1.5 MPa, the gravimetric uptake

at D = 0.7 nm is higher than those at other interlayer spacings,

while a greater uptake is obtained at D = 1.1 nm in a higher

pressure range P P 2.5 MPa. In contrast, the volumetric

adsorption always gives the largest uptake at D = 0.7 nm in

the pressure range studied (Fig. 2b). Obviously, there exists

an optimal interlayer spacing for the gravimetric and volu-

metric adsorption independently. As a consequence, we plot-

ted the variation of storage capacity with interlayer spacing at

different pressures in Fig. 2c and d.

For all the curves, the volumetric uptakes decline more

quickly with interlayer spacing than the gravimetric uptakes

at D 6 0.6 nm. This is a consequence of the increase of

nanoscrolls volume with interlayer spacing while the vacancy

between the carbon layers is too small to accommodate any

methane molecules. The observation is consistent with that

for hydrogen adsorption in carbon nanoscrolls [30], where

an interlayer spacing more than 0.6 nm is needed in the

hydrogen physisorption. However, once the interlayer spacing

expands from 0.6 to 0.7 nm, sudden jumps of the uptakes are

observed for both cases, in which the adsorption takes place

among the carbon layers. Interestingly, at a low pressure of

1.0 MPa, only a single peak is found at D = 0.7 nm for both

cases, but at a higher pressure, a main and second peaks ap-

pear at D = 1.1 and 0.7 nm for gravimetric uptake but they are

in reverse for volumetric uptake. In particular, at 6.0 MPa the

maximum uptake can reach 13 mmol/g at D = 1.1 nm and 264

v/v at D = 0.7 nm, respectively. For gravimetric adsorption, the

existence of an optimal interlayer spacing at D = 1.1 nm is a

consequence of the summation of the interaction with two

walls and this effect is practically the same for slit pores (even

quantitatively). However, for volumetric adsorption, the opti-

mal interlayer spacing is at D = 0.7 nm rather than at

D = 1.1 nm, because the nanoscrolls at D = 0.7 nm have a

smaller material volume than that at D = 1.1 nm. In summary,

under high pressure conditions, it is impossible to achieve the

greatest gravimetric and volumetric capacity at a single value

of interlayer spacing, simultaneously.

We performed a further analysis at microscopic level by

combining local density profiles (Fig. 3) and snapshots

(Fig. 4). Fig. 3 shows that the adsorption occurred inside and

outside the nanoscrolls would lead to a couple of strong peaks

in the local density profile for each interlayer spacing. The

snapshots in Fig. 4 also confirm this observation. At

D = 0.34 nm, the local density between the two peaks is trivial,

consistent with the snapshot (Fig. 4a) where no methane mol-

ecules are adsorbed in the inner of the carbon layers. In con-

trast, the local densities at D = 0.7 and 1.1 nm show high

plateaus between the two peaks, corresponding to one and

two completely adsorbed layers in the interlayer space,

respectively (Fig. 4b and c). Clearly, these two cases are most

efficient for molecule packing, and thus provide a reasonable

explanation for the two peaks shown in Fig. 3. It is well known
that the optimum pore width is about 1.1 nm for methane

storage in a slit pore [13,17,19]. From the gravimetric adsorp-

tion point of view, it agrees well with the carbon nanoscrolls

at D = 1.1 nm. However, if the volumetric definition is used,

the optimal pore size may shift from the formation of the

two molecule layers to the monolayer.

The isosteric heat is shown in Fig. 5 as a function of meth-

ane adsorption amount. At D = 1.1 nm, the isosteric heat grad-

ually increases with the loading, which gives the similar trend

to the activated carbon at the pore width of 1.14 nm and 298 K

[13]. Furthermore, the isosteric heat at zero coverage is 12.1 kJ/

mol, which is among the range of 11.8–13.3 kJ/mol for acti-

vated carbon. Different from D = 1.1 nm, the isosteric heat at

D = 0.34 nm rises drastically in a narrow loading region, while

at D = 0.7 nm the isosteric heat first levels off below the load-

ing of 4 mmol/g, then exhibits a slight maximum of 23.7 kJ/

mol at the loading of 5.2 mmol/g, and finally levels off again

at high loadings. In fact, the variation of the isosteric heat

comes mostly from the intermolecular (methane–methane)

interaction which gives different values as a function of the

density of adsorbed methane. As suggested in the literature

[19], an ideal adsorbent for methane storage exhibits not only

an optimum isosteric heat of 18.8 kJ/mol at 298 K, but also is

energetically homogeneous. Accordingly, the carbon nanosc-

rolls with D = 1.1 nm is a good candidate adsorbent, not only

because the greatest adsorption amount is obtained at this

interlayer spacing, but also because the isosteric heat is slowly

increased with loading and the average value of 15.7 kJ/mol is

also close to the optimum one.

3.2. Storage of methane on carbon nanoscrolls bundles

The previous simulations for SWCNTs indicate that at the

optimal VDW gap of 0.8 nm, about 60% of the total amount

can be adsorbed in the interstices of tubes [20]. With the same



Fig. 4 – Snapshots of methane adsorbed on isolated carbon nanoscrolls at 298.15 K and 9.0 MPa: (a) D = 0.34 nm; (b) D = 0.7 nm;

(c) D = 1.1 nm. The blue and red spheres denote carbon atom on nanoscrolls and methane molecule, respectively. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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expectation, we examined the uptakes on the carbon nanosc-

rolls bundles with the optimized interlayer spacing D = 0.7

and 1.1 nm. However, as seen in Fig. S1 (see Supporting

Information), any remarkable enhancement of uptakes are

not found with the decrease of VDW gap from 0.9 to

0.34 nm. This is because adsorption on external surface has

already been taken into account for the isolated carbon

nanoscrolls, while it was not considered in the literature

[20]. The snapshots in Fig. S2 (see Supporting Information)

also confirm this conclusion.

The remaining factor that can influence adsorption is the

innermost radius, if the nanoscroll structures are stable.

Fig. S3 (see Supporting Information) shows that all the up-

takes increase slightly with innermost radius at D = 0.34 nm,

while at D = 0.7 and 1.1 nm, the decrease of innermost radius

will not affect the gravimetric uptake pronouncedly, but is

slightly advantageous to the volumetric adsorption. This is

because at D = 0.34 nm, the adjacent carbon layer can also

make a contribution to the adsorption inside the innermost

space. However, at the expanded interlayer spacing of

D = 0.7 and 1.1 nm, the contribution become gradually trivial

due to the decay of LJ potential interaction between carbon

layer and fluid molecules.
3.3. Capture of carbon dioxide on isolated carbon
nanoscrolls

Based on the above simulations for methane adsorption, we

concluded that the effects of VDW gap and innermost radius

on adsorption are trivial. Therefore, we did not make effort to

explore the effect of these variables on carbon dioxide stor-

age. Instead, we only paid our attentions to the adsorption

of carbon dioxide on isolated carbon nanoscrolls.

Fig. 6 shows the adsorption isotherms of carbon dioxide at

three temperatures of 273.15, 298.15 and 323.15 K and different

interlayer spacings. The simulations at 273.15 and 298.15 K

were confined no more than the saturated vapor pressures of

3.47 and 6.44 MPa, respectively. At 298.15 K, the loading of car-

bon dioxide can reach 28.97 mmol/g at 5.0 MPa and D = 1.5 nm,

approaching to that of Mg-IRMOF1 (30.58 mmol/g) and Be-IR-

MOF1 (33.12 mmol/g) where the adsorption was greatly im-

proved by doping metal cation [42]. More importantly, it is

higher than 3.5 times than that of (10, 10) SWCNTs with a

diameter of 1.356 nm [42], although both of them belong to

the same carbonaceous family. Nevertheless, if the interlayer

spacing of carbon nanoscrolls is not expanded, the capacity

is only comparable to that of SWCNTs, exhibiting an uptake

of 7.47 mmol/g. As expected, the uptake at 273.15 K is always

the highest among the three temperatures, approximating to

34.6 mmol/g at 3.0 MPa and D = 1.5 nm. By contrast, if the tem-

perature is raised to 323.15 K, the uptake will fall down to

22.3 mmol/g at D = 1.5 nm even at a high pressure of 9.0 MPa.

The influence of these factors on adsorption was further

analyzed by the adsorption data (see Fig. S4) and the snap-

shots of carbon dioxide molecules at 3.0 MPa (see Fig. 7). It

is shown that a lower temperature and wider interlayer spac-

ing obviously make the adsorption better, giving a 260–310%

and 90–150% increment, respectively. From the snapshots in

Fig. 7a and b, we find that the increased uptake at

D = 1.5 nm mostly arises from additional adsorption occurred

in the interlayer space, whereas it is prohibited at D = 0.34 nm.

Differently, at D = 1.5 nm (see Fig. 7c and d), the volume be-

tween the interlayer spacings had already been filled with car-

bon dioxide molecules for both temperatures. In this case, the

uptake increment by decreasing temperature is mainly owing

to the densification of carbon dioxide in the space surrounded

by the innermost nanoscrolls sheet.
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Fig. 6 – Adsorption isotherms of carbon dioxide on isolated carbon nanoscrolls (a) 273.15 K, (b) 298.15 K, (c) 323.15 K.

Fig. 7 – Snapshots of carbon dioxide adsorbed on isolated carbon nanoscrolls at 3.0 MPa, (a) 323.15 K and D = 0.34 nm; (b)

323.15 K and D = 1.5 nm; (c) 323.15 K and D = 0.9 nm; (d) 273.15 K and D = 0.9 nm.
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Due to the adsorption isotherm at 323.15 K exhibiting a

maximum for each interlayer spacing (see Fig. 6), we further

plotted the optimal pressure and corresponding maximum

uptake at the temperature in Fig. 8. It is seen that the optimal

pressure slightly increases with interlayer spacing, concen-

trating on the range of 6.5–7.5 MPa, compared to the rapid

ascending of maximum uptake. Fig. 9 shows the isosteric heat

of carbon dioxide at different interlayer spacings. Depending

on the uptake, the isosteric heat varies in a wide range of 8–

23 kJ/mol. Furthermore, the ascending rate of isosteric heat

gradually becomes moderate when the interlayer spacing is

expanded from 0.34 to 1.5 nm.
4. Conclusion

Adsorption storage of methane and capture of carbon dioxide

on isolated and bundled carbon nanoscrolls have been inves-

tigated by GCMC and GEMC simulations. The isolated carbon

nanoscrolls are constructed by rolling up a single sheet of

graphite into a truncated Archimedean spiral. The structures

of the bundles are characterized by the hexagonal and square

arrays of isolated nanoscrolls. We have systematically inves-

tigated the effects of the pressure, temperature, interlayer

spacing, VDW gap and innermost radius on the adsorption

of methane and carbon dioxide on carbon nanoscrolls. The
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VDW gap and innermost radius have no evident influences on

the adsorption, while interlayer spacing plays the most

important role in the adsorption. By further analysing the lo-

cal density profiles and snapshots of methane, we find that
optimal pore size for methane storage is achieved in double

adsorbed layers. We recommend the carbon nanoscrolls with

D = 1.1 nm as a candidate adsorbent for methane storage, not

only for the greatest uptake, but also because the average

isosteric heat of 15.7 kJ/mol is close to the optimum one.

As to carbon dioxide, both interlayer spacing and temper-

ature have distinct effects on its adsorption capacity. For

example, although a high temperature of 323.15 K is not good

for adsorption, the uptake of carbon dioxide at 3.0 MPa pre-

sents a threefold increase due to the expansion of interlayer

spacing from 0.34 to 1.5 nm. Similarly, when the temperature

is lowered from 323.15 to 273.15 K, the uptake could be en-

hanced doubly for different interlayer spacings. Especially,

at D = 1.5 nm, the adsorbent exhibits a quite high uptake of

30.21 mmol/g at 298.15 K and 6.0 MPa, and 34.6 mmol/g at

273.15 K and 3.0 MPa, respectively. It is worthwhile to note

that the adsorption is not saturated yet for both tempera-

tures, indicating a latent probability to improve the storage

capacity. In view of the fact that the adsorption of carbon

dioxide with a quadrapolar moment would be definitely fa-

voured on polar adsorbents, modification of materials by

intercalating functional groups into interlayer spaces and

loading the active species on the surface might be a good

choice for such applications. In conclusion, this work sug-

gests that carbon nanoscrolls with an expansion of interlayer

spacing could be a suitable material for methane and carbon

dioxide storage at room temperature. It is expected that our

simulations will be verified experimentally in the future.
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