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We used Grand canonical Monte Carlo simulation to model the hydrogen storage in the

primitive, gyroid, diamond, and quasi-periodic icosahedral nanoporous carbon materials and in

carbon nanotubes. We found that none of the investigated nanoporous carbon materials satisfy

the US Department of Energy goal of volumetric density and mass storage for automotive

application (6 wt% and 45 kg H2 m
�3) at considered storage condition. Our calculations indicate

that quasi-periodic icosahedral nanoporous carbon material can reach the 6 wt% at 3.8 MPa and

77 K, but the volumetric density does not exceed 24 kg H2 m
�3. The bundle of single-walled

carbon nanotubes can store only up to 4.5 wt%, but with high volumetric density of 42 kg H2

m�3. All investigated nanoporous carbon materials are not effective against compression above

20 MPa at 77 K because the adsorbed density approaches the density of the bulk fluid. It follows

from this work that geometry of carbon surfaces can enhance the storage capacity only to a

limited extent. Only a combination of the most effective structure with appropriate additives

(metals) can provide an efficient storage medium for hydrogen in the quest for a source of

‘‘clean’’ energy.

I. Introduction

Hydrogen, a source of ‘‘clean’’ energy, seems to be the ‘‘choice

for the future’’. The choice of hydrogen as the fuel of the

future is determined by the hydrogen’s high internal energy

(per unit of weight) and by the environmentally friendly and

efficient combustion. Production of hydrogen does not present

pronounced problems, as there are several efficient methods of

obtaining this element. Up to date, the main obstacle for using

hydrogen as a fuel is the lack of efficient and recyclable methods

of storage, removal and recharging of the containers. The US

Department of Energy (DOE) has established a series of

hydrogen storage targets for automobile applications.1 These

targets include minimum requirements for the gravimetric and

volumetric uptakes. The gravimetric and volumetric targets

are gathered toward providing a driving range of about

500 km between recharging of a storage medium. Thus, a

key factor in the use of hydrogen is to design and synthesize

lightweight storage media presenting large hydrogen storage

capacity. The hydrogen should also be delivered and taken out

of the medium at moderate temperatures and pressures. The

perfect storage medium for hydrogen should fulfil two condi-

tions simultaneously: high density of hydrogen per unit vo-

lume (volumetric condition) and per unit mass (gravimetric

condition) of the tank. The 2010 DOE goals for the system are

set to: 6 wt% and 45 kg m�3. The ultimate 2015 targets are

more demanding: 9 wt% and 81 kg m�3. As pointed out by

Garberoglio et al.2 the system density target should include all

hardware needed for fuel storage, so that the amount of

hydrogen in a storage medium must be significantly higher

than 6 wt% to meet the DOE 2010 target.

The search for a suitable porous material for the storage of

hydrogen by gas adsorption techniques is currently an active

area of research. To obtain the high efficiency of storage a

range of new materials have recently been proposed: super-

activated carbons (ACs),3 activated carbon fibers (ACFs),4

single-walled carbon nanotubes (SWNTs),5 single-walled car-

bon nanohorns (SWNHs),6 multi-walled carbon nanotubes

(MWNTs),7 graphite nanofibers (GNF),8 and organic–

inorganic hybrid porous complexes.2 The unifying feature of

these materials is that they all have pores of molecular

dimensions. Such nanomaterials can produce high packing

density of supercritical hydrogen, yet not high enough to

satisfy the DOE target.

As pointed out by Hirscher and Becher9 there are large

discrepancies in the experimental reports on the storage of

hydrogen in carbon nanostructures. The measurements of

hydrogen storage capacity performed in the late 1990s re-

ported a large hydrogen uptake in tubular GNFs or MWNTs

(up to 20 wt%).10–12 The improvement of accuracy of experi-

mental measurements, massive production of pure carbonac-

eous materials such as SWNTs or SWNHs,13,14 development

of reliable characterization methods for nanomaterials15 and

verification of the experimental results by molecular simula-

tions16–19 allowed determination of the storage capacity of

hydrogen very accurately,4,5 compared with earlier re-

ports.10–12 The high storage capacity reported earlier10–12 has

not been confirmed4,5 and the discrepancy was explained by

the adsorption of water.
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In the light of today’s knowledge, it is becoming less likely

that at moderate pressures around room temperature, simple

carbon nanostructures (without additives) can store the

amount of hydrogen required for automotive applications.9

To confirm this thesis we give some recent experimental

results. Lan and Mukasyan5 reported accurate microgravi-

metric measurements of hydrogen storage in a series of carbon

nanotubes. The researchers showed that at room temperature

and storage pressure up to 11.5 MPa the storage capacity of a

variety of carbon nanotubes is relatively low (o0.2 wt%).

Ning et al.20 confirmed very low hydrogen storage in MWNTs.

According to this study the hydrogen adsorption in MWNTs

at room temperature and storage pressure of 12 MPa is not

more than 0.3 wt%, while the hydrogen uptake at 77 K can

reach 2.27 wt%. It is worth noting that Ning et al. used

MWNTs of high purity exceeding 85%. In 2004 Takagi and

co-workers21 investigated the hydrogen adsorption at 77 and

303 K in series of ACFs, SWNTs, and zeolites. Interestingly,

the amount of hydrogen adsorbed in SWNTs was only 0.8

wt% at 77 K and 0.1 MPa. However, acid-treated SWNTs

were characterised by remarkably greater hydrogen uptake,

i.e. up to 1.8 wt%. ACFs adsorbed more hydrogen in the same

conditions, but the final hydrogen uptake at 77 K did not

exceed 2.5 wt%. The amounts of hydrogen adsorption at 303 K

were approximately by one-tenth larger than those at 77 K.

The amount of hydrogen adsorbed on the best ACF sample

(0.26 wt% at 303 K and 3.1 MPa) was the largest of all the

samples used in this study. The higher adsorption in acid-

treated SWNTs in comparison to raw ones was explained by

the open character of the carbon nanotubes and by creation of

additional adsorption sites in the interstitial spaces between

individual SWNTs comprising the bundle. Gogotsi et al.22

reported volumetric measurements of hydrogen uptake in

SWNTs and MWNTs at 77 K up to 1 atm. The maximum

hydrogen uptake for SWNTs and MWNTs was 0.92 and

0.25 wt%, respectively. For similar experimental reports of

hydrogen storage in nanoporous materials we refer to the

review papers.7,9,23

Large progress in computer simulations of bulk fluids and

fluids in confined geometry 24–27 made them a valuable and

cheap tool in the search of effective storage media for hydro-

gen. Levesque et al.16 studied the storage capacity of porous

materials made up of carbon nanotubes by Grand canonical

Monte Carlo simulation (GCMC) in the pressure domain

from 0.1 to 20 MPa at temperatures of 293, 150, and 77 K.

They showed that for a system made up of 16 aligned SWNTs

(nanotube diameter D = 1.33 nm and minimal distance

between the nanotube walls d = 0.6 nm) the storage by

adsorption is more efficient than by compression. They ob-

served the highest hydrogen uptake of 1.6 wt% and volumetric

density 16 kg m�3 at 293 K and 20 MPa. At 77 K and 20 MPa

the hydrogen storage amount increased to 5.2 wt% and

volumetric density to 50 kg m�3. This value seems to be

promising since weight percent and mass density of hydrogen

are close to the DOE 2010 target.

Similar investigations have been performed by Wang and

Johnson,28 who studied the amount of hydrogen adsorbed in

SWNTs with diameters 1.2, 1.6, and 2.4 nm with different

packing geometries at room temperature and 77 K. The

triangular and square lattices have been studied, but in neither

case the DOE target has been achieved. Guay et al.29 con-

firmed the results of Wang and Johnson and questioned the

applicability of the carbon nanotubes for hydrogen storage at

room temperature. According to this study performed by

classical GCMC the hydrogen uptake in SWNTs andMWNTs

was very low i.e. r1 wt% at 293 K and 10 MPa. Moreover,

Guay et al.29 found that the presence of metallic particles

enhances the hydrogen uptake, but not to a point where this

could be considered the promising storage solution. The

optimization of nanotube arrangement predicted maximum

gravimetric density of o1.5 wt%. In another work, Kowalc-

zyk et al.17 performed a systematic investigation of hydrogen

storage in different samples of ACFs at 303 K and storage

pressure up to 10 MPa by using GCMC algorithm with

quantum corrected potentials according to Feynman and

Hibbs method. The calculated maximum storage of hydrogen

was equal to E1.4 wt% for the best sample of ACF char-

acterized by the surface area of 2000 m2 g�1. Other examples

of the simulations of hydrogen storage in nanoporous materi-

als can be found in the review papers.7,9,23

In the light of the recent progress in nanotechnology, it

seems reasonable that the discovery of new types of carbon

nanostructures is only a matter of time. Indeed, in 2005 Zhang

et al.30 reported an experimental protocol for synthesis of the

gyroid (G) nanoporous carbon material (Ia�3d bicontinuous

cubic structure). This material is characterized by the uniform

pore size (B3 nm) which can be tuned to the desired size. In

this material carbon atoms are arranged on curved surfaces of

negative Gaussian curvature. Another example of novel nano-

porous carbon is C168 Schwarzite. Here the carbon atom

sheets have both positive and negative curvature.31,32 This

material is characterized by narrow pore size distribution, with

average pore size of approximately 0.5 nm (which is close to

the internal diameter of a C60 fullerene). Recently Terrones

and Terrones summarized the existing and hypothetical curved

nanostructured carbon materials.33–35 The primitive, gyroid,

diamond, and quasi-periodic icosahedral nanoporous carbon

materials and a stable family of fullerene-like structures

(perforated fullerenes and nanotubes with holes) are con-

structed exclusively from hexagons and heptagons. These

complex nanoporous carbon materials (P (primitive), G (gyro-

id), Q (quasi-periodic icosahedral), D (diamond)) exhibit

labyrinths of free spaces accessible to the adsorbed molecules

and thus it is believed that their storage capacity is much

higher than for carbon nanotubes. In order to test this belief

we performed simulations in the grand canonical ensemble to

predict the gravimetric and volumetric uptake of hydrogen.

Additionally, we investigated the adsorption mechanism of

hydrogen in the primitive (P), gyroid (G), diamond (D), and

quasi-periodic icosahedral (Q) nanoporous carbon materials.

We compared their adsorption capacity to a bundle of

SWNTs. In order to match our results to experimental condi-

tions we considered hydrogen storage at 77 and 303 K up to

20 MPa. In the case of hydrogen storage at 77 and 303 K in a

bundle of SWNTs we compared our calculations to those

reported by Levesque et al.16 and with the experimental results

reported by Gogotsi et al.22 Our results are presented in the

next section.
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II. Computer simulations of hydrogen storage in

the gyroid, primitive, diamond, icosahedral

structures and carbon nanotubes

We started the numerical investigation with comparison of our

results with known data obtained in simulations16 and experi-

ments22 for carbon nanotubes. Our results are very close to the

simulations of Levesque et al.16 as shown in Fig. 1a, 2a, 1b and

2b). Gogotsi et al.22 reported gravimetric uptake of hydrogen

at 77 K and 1 atm of 0.92 wt%, while we obtained 1.4 wt%.

Thus, similarly to the study of Levesque et al.,16 our GCMC

simulation slightly overestimated the recent experimental re-

sults. The discrepancy can be explained by the polydispersity

of the diameters of the nanotube diameters36 studied in

experiments. Additionally, the real bundle of SWNTs contains

some impurities (i.e. metals, amorphous carbon, etc.) and

defects in carbon structure which all influence the adsorption

properties.37,38 Despite all the simplifications (monodisperse

distribution of pure carbon nanotubes sizes) the simulation

methodology reproduced the experimental results reasonably

well.

The results of gravimetric uptake and volumetric density of

H2 in all investigated nanoporous carbon materials at 77 K are

displayed in Fig. 1a and 2a. For all considered nanoporous

carbon materials the isotherms are characterized by Langmuir

shape indicating enhancement of the solid–fluid interactions.

The quasi-periodic icosahedral nanoporous carbon material

can reach 6 wt% at 3.8 MPa and 77 K. High gravimetric

uptake of hydrogen at moderate pressures can be attributed to

the significant physical adsorption of hydrogen on the external

Fig. 1 (a) Simulated absolute value of adsorption (hydrogen gravi-

metric weight percent) at 77 K from the computer simulations.

Abbreviations: Q – quasi-periodic icosahedral nanoporous carbon

material, SWNT (C) – hexagonal bundle of SWNTs, SWNT (L) –

simulation results of hydrogen storage in SWNTs (single wall carbon

nanotubes) taken from Levesque et al.16 for comparison with our

results, D – diamond nanoporous carbon material, P – primitive

nanoporous carbon material, and G – gyroid nanoporous carbon

material. (b) Same at 303 K.

Fig. 2 (a) The mass density of hydrogen at 77 K in various structures.

Abbreviations: Q – quasi-periodic icosahedral nanoporous carbon

material, SWNT (C) – hexagonal bundle of SWNTs, SWNT (L) –

simulation results of hydrogen storage in SWNTs given by Levesque

et al.,16 D – diamond nanoporous carbon material, P – primitive

nanoporous carbon material, G – gyroid nanoporous carbon material,

and BL – bulk density of hydrogen. (b) Same at 303 K.
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surface of this nanostructure, as displayed in Fig. 4a. More-

over, the high gravimetric mass of hydrogen resulted from the

spherical shape of Q structure and volumes accessible for bulk

hydrogen (cf. Fig. 4a and 4b). Unfortunately, the volumetric

density of hydrogen in Q nanomaterial does not exceed 24 kg

H2 m�3. As a result, the DOE target is not reached by this

nanoporous carbon material.

At 3.8 MPa and 77 K the idealized model of a bundle of

SWNTs adsorbed 4.6 wt%, as shown in Fig. 3. At this

pressure we did not observe complete saturation (i.e. constant

gravimetric uptake and hydrogen mass density versus bulk

pressure), however, the increment of gravimetric uptake and

volumetric density of hydrogen was very slow. This slow

increase follows from the observation that at 3.8 MPa the

hydrogen molecules are densely packed in the bundle of

SWNTs (cf. Fig. 1a, 2a and 3). Further increase of the bulk

pressure of hydrogen slightly enhances the volumetric density

and gravimetric uptake of hydrogen due to compression of

adsorbed hydrogen. The DOE target for volumetric density of

hydrogen is achieved by the bundle of SWNTs at 2.5 MPa and

77 K, as presented in Fig. 2a. However, SWNTs reached the

highest gravimetric uptake of 5.6 wt% at 19 MPa. Please note

that above 20 MPa at 77 K the storage of hydrogen by

physical adsorption in any considered nanoporous carbon

material is not effective versus compression, since the volu-

metric density of adsorbed hydrogen approaches the density of

the bulk fluid (cf. Fig. 2).

We found the gravimetric uptake for primitive, diamond,

and gyroid nanoporous carbon materials to be around 3 wt%

at 3.8 MPa and 77 K. However, at this pressure for diamond

carbon nanoporous material we observe the highest volu-

metric density of adsorbed hydrogen of 47 kg H2 m�3.

Adsorbed hydrogen molecules fit the internal and external

channels of the diamond structure reasonably well, as dis-

played in Fig. 5a. On the contrary, for the primitive and gyroid

nanoporous carbon materials the hydrogen volumetric density

Fig. 3 A snapshot of hydrogen adsorbed in the idealized hexagonal

bundle of the (10,10) carbon nanotubes at 3.8 MPa and 77 K.

Fig. 4 (a) The quasi-periodic icosahedral nanoporous carbon materi-

al. Left figure shows carbon rings on the surface and right figure shows

eight unit cells of the structure decorated by carbon atoms. (b) A

snapshot of hydrogen adsorbed in the quasi-periodic icosahedral

nanoporous carbon material at 3.8 MPa and 77 K.

Fig. 5 (a) Diamond carbon nanoporous material. Left image shows

carbon rings on the surface and right image shows eight unit cells of

the structure decorated by carbon atoms. (b) A snapshot of hydrogen

adsorbed in the diamond nanoporous carbon material at 3.8 MPa and

77 K collected from the simulation (cross-section is shown).

This journal is �c the Owner Societies 2007 Phys. Chem. Chem. Phys., 2007, 9, 1786–1792 | 1789
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at 3.8 MPa and 77 K is reduced to 37 kg H2 m�3. The

lower volumetric density of hydrogen resulted from the

complexity of the pore shapes of the mentioned nano-

porous carbon materials (cf. Fig. 6a and 7a). In the figures

it is clear that the pore size was comparable to the size of

the hydrogen molecule. We discuss the issue further in

the summary.

The storage of hydrogen in all considered nanoporous

carbon materials at 303 K and pressure up to 20 MPa is a

factor of 3 lower than at 77 K, as presented in Fig. 1b and 2b.

The linear isotherms (Henry’s type) suggested very weak

solid–fluid interactions which lowered hydrogen uptake. Simi-

lar to 77 K we observed the highest gravimetric uptake of

hydrogen in quasi-periodic icosahedral nanoporous carbon

material. However, the DOE target cannot be reached up to

22 MPa. For all remaining nanoporous carbon materials the

gravimetric uptake of hydrogen at 303 K and pressure up to 22

MPa is lower than 2 wt% (cf. Fig. 1b). As one can see from

Fig. 2b, the efficiency of hydrogen storage by physisorption in

diamond nanoporous carbon material and bundle of SWNTs

is better than that based on pure compression in a tank.

Unfortunately, the volumetric density of hydrogen in all

investigated nanoporous carbon materials around room

temperature is below o18 kg m�3.

III. Summary and conclusions

We found that none of the investigated nanoporous carbon

materials can achieve the US Department of Energy goal of

hydrogen storage for automotive application (6 wt% and

45 kg H2 m
�3) at considered storage conditions. Our calcula-

tions showed that quasi-periodic icosahedral nanoporous

carbon material can reach 6 wt% at 3.8 MPa and 77 K, but

with density below 24 kg H2 m
�3. The bundle of single-walled

carbon nanotubes can store up to 4.5 wt% with high volu-

metric density of 42 kg H2 m�3. Primitive, diamonds, and

gyroid nanoporous carbon materials can reach around

3.0 wt% at 3.8 MPa and 77 K. At this condition the volu-

metric density of hydrogen for diamond nanoporous carbon

material is high reaching 47 H2 kg m�3, whereas for primitive

and gyroid ones it is below 37 kg m�3. At 303 K the hydrogen

uptake is reduced by a factor of 3 in comparison to 77 K. All

investigated nanoporous carbon materials are not effective

against compression above 20 MPa at 77 K since adsorbed

density approaches the density of the bulk fluid. Around room

temperature the gravimetric uptake and volumetric density of

hydrogen in considered nanoporous carbon materials is too small

to consider these materials as a potential medium for efficient

storage of hydrogen according to DOE standard.

In the following we consider the two following questions: (i)

In view of the obtained results, should we discard carbon as a

potential storage medium for hydrogen?, and (ii) What are the

possible improvements for enhancement of storage in carbon

structures?

The answer to the first question is ‘no’. The DOE standard

might be too demanding for the recyclable system and more-

over we are not too far away from the standard, at least at

temperature close to 100 K.

The possible improvements in the considered structures are

as follows. First of all, the Q structure has large gravimetric

Fig. 6 (a) Primitive carbon nanoporous material. Left image shows

carbon rings on the surface and right image shows eight unit cells of

the structure decorated by carbon atoms. (b) A snapshot of hydrogen

adsorbed in the primitive nanoporous carbon material at 3.8 MPa and

77 K collected from the simulation (cross section is shown).

Fig. 7 (a) Gyroid carbon nanoporous material. Left image shows carbon rings on the surface and right image shows eight unit cells of the

structure decorated by carbon atoms. (b) A snapshot of hydrogen adsorbed in the gyroid nanoporous carbon material at 3.8 MPa and 77 K

collected from the FH-GCMC simulation (cross section of the material).

1790 | Phys. Chem. Chem. Phys., 2007, 9, 1786–1792 This journal is �c the Owner Societies 2007

D
ow

nl
oa

de
d 

on
 2

4 
Ju

ne
 2

01
1

Pu
bl

is
he

d 
on

 2
3 

M
ar

ch
 2

00
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

87
47

A
View Online

http://dx.doi.org/10.1039/b618747a


storage but low volume storage. The synthesis of Q carbon

nanostructure (or analogous structures with internal volume

accessible for hydrogen) with optimized arrangement of in-

dividual Q nanostructures on a regular lattice should be within

experimental reach. The Q structure arranged on a compact

hcp or fcc lattices should enhance the volumetric storage

without losing the high gravimetric weight percent of hydro-

gen stored in the simple Q structure.

Based on the current results we can state that gravimetric

uptake and the volumetric density of hydrogen in primitive,

gyroid, and diamond nanoporous carbon materials can be

enhanced by optimizing the pore size. The pores in the

nanoporous carbon materials that we considered here are

too small to accommodate more hydrogen molecules, and,

as a consequence, the gravimetric mass of hydrogen per mass

of carbon is small. Since the production of carbon triply

periodic surfaces with tuned pore size is currently possible

(see Fig. 2 in ref. 30), further numerical tests should be done

for periodic surfaces with scaled unit cell (variable pore

diameters).

The last point which has not been explicitly stated in the

previous paragraphs is the adsorption enthalpy of hydrogen39

in the storage medium. In a proper storage system we are

concerned not only with charging, but also with recharging.

Large enthalpy of adsorption favors efficient charging and

small enthalpy of adsorption favors recharging. In this sense

the DOE standard is meaningless since not only do we have to

store a large amount of hydrogen, but also release it at

ambient conditions. For ambient temperature the thermody-

namic requirement sets the value of the adsorption enthalpy at

15 kJ mol�1,39 whereas this value for the pure carbon material

is only a few kJ mol�1.39 It leads to the conclusion that a

carbon material must be carefully doped with other elements.

Magnesium is one possible solution, since in zeolites it

increases the adsorption enthalpy of hydrogen from a few

kJ mol�1 to 18 kJ mol�1.40

Appendix

Computer simulation details

In the simulation of hydrogen adsorption we used the grand

canonical ensemble (i.e., fixed system volume V, temperature

T, and the chemical potential of the bulk fluid mp).
41 The excess

part of the chemical potential of hydrogen is calculated in the

canonical ensemble according to the Widom particle insertion

method.42 The corresponding bulk pressure of hydrogen is

computed from the virial theorem.43 The tail corrections for

the energy and pressure were added after simulation in cano-

nical ensemble.42,43 The cubic simulation box had the follow-

ing sizes: 54.5sff � 49.0sff � 30.7sff for bundle of SWNTs,

60sff � 60sff � 60sff for quasi-periodic icosahedral, 29.3sff �
29.3sff � 29.3sff for P structure, 37.1sff � 37.1sff � 37.1sff for

the gyroid structure, and 48.2sff � 48.2sff � 48.2sff for the

diamond nanoporous carbon material. The periodic boundary

conditions were used. Here sff denotes the Lenard-Jones

fluid–fluid collision diameter of hydrogen.

We constructed the idealized hexagonal bundle of (10, 10)

SWNTs. The individual (10, 10) SWNTs of diameter 1.356 nm

were separated by a van der Waals gap of 0.34 nm.16,44 The

cutoff distance for fluid–fluid interaction potential was equal

to 5sff
17 (sff is an effective diameter of hydrogen). No long-

range corrections were applied. The pressure and chemical

potential of hydrogen calculated in the canonical ensemble

was an input in the GCMC simulations. In order to mimic real

experiments the simulation box was empty at the beginning of

each simulation run. During the simulation runs we gradually

increased the chemical potentials. The resulting configurations

at the specified conditions were used to initiate the subsequent

calculations at higher chemical potentials. In the grand cano-

nical ensemble 8� 107 configurations were generated. The first

5 � 107 configurations were discarded to guarantee equilibra-

tion, whereas the latter 3 � 107 configurations were used to

obtain the desired thermodynamic properties. For arbitrary

selected points the fluctuations in the total energy were stored

and analyzed to ensure that the thermodynamic equilibrium

was reached.

In a series of works Levesque,16,45 Johnson et al.,18,19,26–28

Tanaka et al.,6,44,46 and Kowalczyk et al.,17 the importance of

the quantum effects at 77 K and at room temperature was

recognized. Generally, the adsorption of quantum molecules is

smaller than the classical ones due to the Heisenberg uncer-

tainty principle. The quantum correction enlarges an effective

diameter of a molecule in comparison to its classical counter-

part and therefore reduces the adsorption of molecules in

nanopores. To take into account the quantum effects for the

fluid–fluid interactions the second-order Feynman-Hibbs

(FH) effective potential was used.47–50

V ff
FHðrÞ ¼ V ff

LJðrÞ þ
�h2

24mmkbT

� �
r2V ff

LJðrÞ ð1Þ

where the classical potential is represented by the spherical

one-center Lennard-Jones equation,16,17,47

V ff
LJðrÞ ¼ 4eff

sff
r

� �12
� sff

r

� �6� �
ð2Þ

Here r is the distance between two interacting fluid molecules,

�h = h/2p, mm = m/2 is the reduced mass of a pair of

interacting fluid molecules, h denotes Planck’s constant, kb is

the Boltzmann’s constant, sff denotes LJ fluid–fluid collision

diameter, eff is the LJ fluid–fluid potential well depth, and T

denotes the temperature. For hydrogen we used sff = 0.2958

nm and eff/k = 36.7 K.16,17 According to eqn (1) the quantum

fluid molecule is represented by the Gaussian wave-packet of

width �h/(12 mkbT)
1/2 and the FH effective potential is an

average of classical potential given by eqn (2) over the wave-

packet. From the path integral Monte Carlo studies47–50 it

follows that the second-order Feynman-Hibbs effective poten-

tial is a valid approximation provided that the reduced de

Broglie thermal wavelength is smaller than the typical distance

between molecules, which in normal conditions leads to L* �
h/(12mkbT sff

2)1/2 r 0.5. The L* value for hydrogen at 77 K is

0.47 and the usage of FH approximation is justified.

The interaction potential between a quantum hydrogen and

carbon atom in considered nanoporous carbon materials was

calculated by assuming mm = m and using eqns (1) and (2).

The solid–fluid parameters were calculated from the Lorentz-
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Berthelot mixing rule,43

ssf ¼ ðsff þ sssÞ=2 ð3Þ

esf ¼ ðeff essÞ1=2 ð4Þ

The LJ parameters for carbon are, sss 0.34 nm, ess = 28 K.6,17

Gravimetric density of hydrogen (absolute value of adsorp-

tion per mass of adsorbent) was calculated from,6,16,17

rw ¼
NH2

mH2

NH2
mH2
þNCmC

� 100wt% ð5Þ

where NH2
and NC were the numbers of hydrogen molecules

and carbon atoms in the simulation box, respectively. The

molar masses of hydrogen molecules mH2
and carbons atoms

mC were taken as 2.0 and 12.0 g mol�1, respectively.

The volumetric density of hydrogen was given by6,16,17

r0 ¼
NH2

mH2

V
ð6Þ

where V denoted the volume of the simulation box. Please note

that adopted simulation methodology (numerical algorithm

and potential functions) was previously verified by direct

comparison to experiments.6,16,17,44,46
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