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Using standard GGA PBE as well as dispersion-corrected PBE-D3 and B3LYP-D3 functionals we have
theoretically studied the adsorption of a hydrogen molecule onto pristine and N-doped graphene. We have
found that the van der Waals interactions make an important contribution to adsorption energy (Ea) of Hs.
In graphene, the step-by-step substitution of carbon atoms with nitrogen modifies Ea values. All three
methods used predict the considerable increase in Ea for N-doped graphene, when the horizontal configu-
ration is considered. The results of the present study indicate that the introduction of the small number of
nitrogen atoms may increase the adsorption energy in graphene, but the increment, seemingly, is depend-

ent on the configuration of the interacting species.
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1. INTRODUCTION

The negative consequences of fossil fuels consump-
tion on the environment (air pollution, acid rains, oil
spills, and the greenhouse effect) will accelerate the
transition to the renewable energy sources. Molecular
hydrogen is generally recognized as one of the the best
candidates for ‘green’ energetics [1 — 3]. There are a lot
of problems, however, that decelerate the ultimate
conversion to hydrogen-based fuels: the mass hydrogen
production, purification, storage, and delivery.

One- (1D) and two-dimensional (2D) carbon materi-
als such as carbon nanotubes (CNTs) [4] and graphene
[5] have been extensively studied as the potential hy-
drogen storage systems. In order to increase the
quantity of hydrogen uptake by these materials,
different experimental techniques and various levels of
computations have also been involved to study carbon
nanostructures and their functionalized counterparts.
The experimentally obtained results are still controver-
sial due to lack of reproducibility. Besides this, pristine
graphene does not provide sufficient binding for hydro-
gen, namely less than 9.6 kJ/mol, compared with the
ideal binding range 15.3 — 38.6 kJ/mol at ambient con-
ditions [6]. It is believed that there is a possibility to
enhance the hydrogen adsorption onto graphene by an
elemental substitution. Thus, for example, the recent
works include the introduction of alkali metal atoms
(Li, Na) [7], 3d transition metals (Fe, Co, Ni, and Cu)
[8], and gas atoms (N) [9, 10]. Several experimental
efforts have been done to ascertain whether it is
possible to effectively substitute carbon atoms with
nitrogen, and thus advance the hydrogen storage.
Jeong et al. and Li et al. have synthesized N-doped
graphene and discussed the nitrogen influence on its
main properties [11, 12]. Nitrogen atoms have sizes
similar to those of carbon, and also they have the lone
pair of electrons. These facts are a motif of a nitrogen
selection as a dopant to increase the electron density of
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graphene, and, therefore, enhance the non-covalent
Ha/N-doped graphene interactions.

In view of our continuing interest in studying vari-
ous physical and chemical properties of carbon
nanostructures [13 — 16], in this paper, we focus on the
density functional theory (DFT) investigation of the
interaction between hydrogen molecules and nitrogen-
doped graphene, and the clarification of the role of step-
by-step nitrogen doping in hydrogen adsorption.

2. COMPUTATIONAL METHODS

All calculations were carried out using Orca 3.0.3
program package [17]. For the DFT calculations, the
pure GGA method, PBE, and dispersion-corrected (as
proposed by Grimme) GGA PBE-D3 and hybrid B3LYP-
D3 functionals [18 — 21] together with the SVP basis
set [22] were employed. These functionals has been
demonstrated to be reliable and commonly used in the
studies of adsorption phenomena [23, 24].

The coronene molecule (C24H12) is adopted as a gra-
phene model system (Fig. 1). It was predicted that cor-
onene is the smallest molecule that resembles proper-
ties of graphene [25, 26]. To obtain N-doped models, we
substitute carbon atoms in the central ring of coronene
with nitrogen atoms (Fig. 1). It is worth noticing that it
is not a focus of this paper to discuss the stability of the
involved N-doped structures but to analyze the substi-
tution effects on E, values of Hz. Firstly, pristine gra-
phene, N-doped graphene as well as a hydrogen mole-
cule were fully optimized at the respective level of theo-
ry. The geometries of these structures was then frozen.
Secondly, we fixed perpendicular orientation of a hy-
drogen molecule relatively studied systems and studied
the “hollow” (vertical hollow, VH) adsorption site
(Fig. 1, b). Thirdly, we fixed parallel orientation of hy-
drogen relatively studied models and then investigated
the same adsorption site (horizontal hollow, HH)
(Fig. 1, a). We selected the hollow adsorption site as it
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had shown earlier that the hollow positions are the
most favorable for hydrogen adsorption [27, 28]. The
distance between Hz and studied models is defined as
the length of a perpendicular line dropped from the
hydrogen center-of-mass to the plane of graphene. Fi-
nally, we varied the distance from 5.5 to 2 angstroms
and calculated single-point adsorption energies (Fq)
using equation 1:
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E, = E,(graphene / H,)  E,(graphene) - E,(H,), (1)

where FEi(graphene/Hz) denotes energy of the phy-
sisorbed graphene/Hz system, E:;(Hz) is the total energy
of Hz, and Ei(graphene) is the total energy of a gra-
phene model.

Fig. 1 — a — Horizontal configuration (HH) of hydrogen adsorption onto pristine graphene; b — Vertical configuration (VH) of hy-
drogen adsorption onto pristine graphene; ¢ — 1N-doped graphene; d — 2N-doped graphene; e — 4N-doped graphene; f — 6N-doped
graphene. Small balls are hydrogen, large balls are carbon. Nitrogen atoms are labeled as “N”

3. RESULTS AND DISCUSSIONS

Fig. 2 shows the graphs of Eu. vs. the distance
between graphene and the hydrogen molecule, which is
oriented vertically (VH) or horizontally (HH) relatively
the graphene plane and located on the hollow position.
All three calculation methods exhibit binding between
hydrogen and graphene. For studied models, adsorption
energies as well as equilibrium distances are
summarized in Table 1. The pure GGA method is
known poorly predicts adsorption energies. It yields
only a fraction of the whole energy value. Indeed, Fig. 2
and Table 1 show very small E, values in the case of

PBE calculations. Equilibrium distance between the
plane of graphene and hydrogen, seemingly, is overes-
timated (3.2 A). Thus, our results also confirm the
inadequacy of standard DFT in describing the van der
Waals interaction, as cited in [24, 27]. As for BSLYP-D3
and PBE-D3, they show much better performance. The
potential curves exhibit clear minima at the distances
of ~3.1 A. The absolute adsorption energy values are
larger in the case of the PBE-D3 functional larger in
the case of the PBE-D3 functional
(- 6.7 kd/mol), and B3LYP-D3 shows slightly smaller
values (— 5.9 kd/mol). Table 1 summarizes hydrogen
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Fig. 2 — Potential energy curves of He/graphene interaction (VH denotes vertical configuration, HH — horizontal configuration)
calculated by using PBE (A, yellow), PBE-D3 (¢, blue),and BSLYP-D3 (m, magenta) methods
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Table 1 — Hydrogen adsorption energies (E.) and separations (R) between a Hz molecule and graphene for vertical (VH) and hori-

zontal configurations (HH)
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VH HH
Method Model Ea, kJ/mol | R,A | Ea, kJ/mol | R, A
PBE Pristine -1.4 3.2 -1.2 3.2
1N- doped —1.2 3.2 —-1.4 3.2
2N- doped —-1.2 3.2 -1.5 3.2
4N- doped -1.4 3.2 -1.9 3.2
6N- doped —0.6 3.2 —2.2 3.1
PBE-D3 Pristine —6.7 3.1 —6.5 3.1
1N- doped —6.1 3.1 —6.6 3.1
2N- doped —6.2 3.1 —6.8 3.0
4N- doped —6.4 3.1 -7.1 3.0
6N- doped —5.3 3.1 —7.3 3.0
B3LYP-D3 Pristine -5.9 3.1 -5.5 3.1
1N- doped —5.4 3.1 -5.8 3.1
2N- doped —5.6 3.1 —6.1 3.0
4N- doped -5.9 3.1 —6.3 3.0
6N- doped —4.8 3.1 —6.7 3.0

adsorption energies and equilibrium distances between
a Hz molecule and graphene. First, we study the VH
configuration. The PBE functional yields the smallest
E, values and predicts very weak binding of hydrogen
onto graphene (Table 1). Moreover, the E. value of —
1.4 kJ/mol (H2 adsorption on pristine graphene) is the
largest among studied. Nitrogen doping does not lead to
the increase in Eq. Only one Eq value for 4N-doped gra-
phene (- 1.4 kdJ/mol) is equal to that of pristine gra-
phene. It should be noted, however, that we should use
results of PBE calculations with care as this method
improperly treats the long-range interactions. PBE-D3
and B3LYP-D3 exhibit the similar trend: the adsorp-
tion to pristine graphene is energetically favorable. The
E, value of — 6.7 kd/mol (— 5.9 kd/mol) is the maximum
among studied for the PBE-D3 (B3LYP-D3) method
(Table 1). The graphene doping with nitrogen dimi-
nishes adsorption on energies, and thus makes the ad-
sorption process unfavorable. Dispersion corrected
functionals yield equilibrium distances of 3.1 A, where-
as the pure GGA functional show R = 3.2 A. The values
are consistent with those of the previously published
works [24, 27, 28], the latter results are larger than
those of PBE-D3 and B3LYP-D3 calculations. PBE-D3
exhibits the larger absolute values among methods
used herein, and B3SLYP-D3 results fall between PBE-
D3 and PBE predictions. As a whole, one can see that
for the VH configuration, the nitrogen doping decreases
the adsorption energies.

Next, we turn to the HH configuration. All three
methods used predict considerable increase in E, on He
adsorption on going from pristine to 6N-doped gra-
phene (Table 1). Indeed, even the pure GGA functional
shows stronger binding between graphene models and
hydrogen. The data of Table 1 show large absolute in-
crease in Eq from — 1.2 (pristine graphene) to — 2.2 (6V-
doped graphene) kd/mol. The equilibrium distances
between Hs and graphene also converge to a more reli-
able value of 3.1 A. The overall double increase in Ea is
rather unrealistic as is was mentioned above, pure PBE
does not treat the van der Waals interactions properly,

therefore, furher we mainly focus on the results of dis-
persion-corrected functionals.

PBE-D3 results as in the case of VH studies are the
largest, PBE results are the smallest. BSLYP-D3 shows
intermediate values (Table 1). PBE-D3 predicts strong-
er binding of a Hsz molecule on N-doped graphene
sheets. The gradual increase in Eq values can be easily
seen from Table 1. Es (6N-doped graphene) is larger
than Eq (pristine graphene) on 0.8 kd/mol (12 per cent)
(Table 1). R values are in a close connection with
B3LYP-D3 calculations as well as results of literature
data. In the case of B3LYP-D3, E. (6N-doped gra-
phene) > E, (pristine graphene) on 1.2 kd/mol (22 per
cent) (Table 1). It speaks for an interesting effect of con-
siderable enhancement of Eq when N-doping is done.

We then directly compare the E, values of both HH
and VH configurations. The larger E. absolute value
can be explained in terms of electronic structures of
hydrogen. For the vertical configuration, the electronic
cloud of a hydrogen molecule is ellipsoid-shaped, there-
fore, at the equilibrium distance of 3.1 A it can ap-
proach closer to the graphene plane than the horizon-
tally aligned molecule. FE. values of-6.7 and
— 6.5 kd/mol corresponding to the VH and HH configu-
rations, respectively, reflect the fact that hydrogen ad-
sorption at a distance of 3.1 A is slightly stronger at VH
configuration than at HH one.

When one introduces more electronegative nitrogen
atoms into graphene, we increase the dipole moment of
a certain domains in a graphene sheet and thus in-
crease the induction interaction between a Hz molecule
(an induced dipole) and graphene (a permanent dipole).
For the HH configurations, the two hydrogen atoms are
in at the same distance above the graphene plane and
both contribute to the same interaction. On the contra-
ry, for the VH configurations, only one hydrogen atom
makes an input to the interaction. It is very possible
that nitrogen atoms, displacing the electron cloud of
the hydrogen molecule, stabilize it in the case of the
HH configuration as the nitrogen atoms interact simul-
taneously with two hydrogen atoms
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(Table 1). Alternatively, in the case of VH configura-
tion, the nitrogen atoms interact mainly with only one
lower hydrogen atom, and slightly destabilize the hy-
drogen molecule, which leads to smaller adsorption
energies. We should also discuss the interesting behav-
ior of H2 adsorption (VH configuration) on 6N-doped
model. Table 1 clearly shows that E, values of — 0.6
(PBE), — 5.3 (PBE-D3), — 4.8 kd/mol (B3LYP-D3) are
distinctly smaller than Ea for both pristine and other
N-doped models. However, it is worth noticing that in
this case adsorption occurs on the six-membered nitro-
gen cycle rather than the six-membered carbon cycle
which constitute graphene. It is the main reason of the
difference of the above-mentioned results.

All in all, gradual N-doping can promote the
hydrogen uptake and thus improve storage abilities of
carbon-based hydrogen storage systems. Our
predictions can pave the way for the employment of
high-capacity Hz storage materials for practical usage.

4. CONCLUSION

In summary, we have studied hydrogen adsorption
onto pristine and N-doped graphene using standard
PBE and dispersion-corrected PBE-D3 and B3LYP-D3
DFT methods. Our results show that PBE predicted
energies are strongly underestimated owing to the well-
known shortcomings of the pure DFT functionals. At
the same time, dispersion-corrected methods indicate
strong binding of the molecular hydrogen. All three
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methods used predict the considerable increase in Eq
values for N-doped graphene, when the HH configura-
tion is considered. PBE-D3 predicts that E, (6N-doped
graphene) > E, (pristine graphene) on 0.8 kd/mol (12
percent). In turn, BSLYP-D3 yields the following: E.
(6N- doped graphene) > E, (pristine graphene) on
1.2 kdJ/mol (22 per cent). Such an increase we ascribe to
larger dipole moments of N-doped graphene and thus
enhanced interaction between permanent dipole (V-
doped graphene) and induced dipole (hydrogen). Larger
E, values for HH configurations are explained by larger
interaction between the hydrogen molecule aligned
horizontally and graphene as both atoms of Hz are in-
volved into this interaction in such case. An effect of N-
doping leading to the increased FE., values should has
potential applications for engineering of novel hydrogen
storage media.
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HUccnenoranue meronom (hpyHKIHOHANA IVIOTHOCTH aacopounuu Bogopoaa Ha rpadene: agpdext qonupo-
BaHUA a30TOM

N.K. [lerpyiresko

Quauro-mexnuueckuii uncmumym, UpKymcKuil HQUuUOHAIbHbLL UCCTIe008QMENbCKUL MeXHU1eCK Ul yHusepcumem,
ya. Jlepmonmosa, 83, 664074 Upkymck, Poccus

Wcnonbsys cranmaprasii pyarimuonans GGA PBE, a taxke QyHKIMOHAIBI ¢ IHCIEPCHOHHON KOPPEK-
et PBE-D3 u BSLYP-D3, mbI Teoperunyeckn naydnsu afcopOIiio MOJIEKYJITPHOTO BOJOPOIA HA YHUCTHIN, U
IO POBAHHEIN a30ToM rpader. Mur o0HApyuUIM, YTo B3auMojielicTBusi Bau-nep-Baanbca BHOCAT BasKHBIN
BrJIaT B oHepruu ancopbimu (E.) Bomopoma. Ilomarosoe 3amerienre aTtoMoB yriiepoja a3oToM B rpadene
uamensier sauadenus Fq.. Bce Tpu merona mpenckassBAl0OT 3HAYNTEIbHOE yBemyenue E, 11 JoImmpoBaHHO-
0 a30ToM rpadeHa IpH W3yJYeHWH TOPU30HTAJILHON KOH(HUryparuu. Pe3ysibraTel TaHHOTO HCC/Ie0BAHUS
TOKA3BIBAIOT, YTO BBEJI€HNE HEOOIIBIIIOr0 KOJIMYECTBA aTOMOB a30Ta MOYKET YBEJIMUNTH JHEPIHIO aJICOPOIUY B
rpadeHe, HO IpUpAlleHUe, [10-BUINMOMY, 3HAUYUTEIHLHO 3aBUCUT OT KOH(MUTYpPAIUK B3AMMO/IEMCTBYIONIUX

YACTHIL,

Kmouessie ciosa: I'paden, Asor, Bomopon, DFT, AncopOrus
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