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The novel systems for hydrogen storage are of importance for the contemporary energetics. In this pa-
per, we investigate hydrogen adsorption on planar (coronene) and bent (corannulene) adsorbent models by
means of DFT-D3 and SAPTO calculations. We also use the ‘decoration’ of the adsorbents with M (M = Li, Na)
cations to improve H: uptake. It was founded that corannulene adsorbs Li and Na cations almost equally
compared with coronene. However, hydrogen adsorption is much more pronounced in the case of corannulene.
Thus, for instance, adsorption energies (E,) for the 1st and 4th Hs molecules adsorbed on Li*@coronene and
Li*@corannulene are — 4.387, — 1.336 kcal/mol and — 5.047, — 3.477 kcal/mol, respectively. We also employ the
independent gradient model (IGM) method to visualize interacting regions between cations, hydrogen and
studied adsorbents. We accurately show the strong interactions between M+* and the adsorbent molecules as
well as the weak ones between Hzand studied cations. The present results should provide in-depth analysis of
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the fundamentals of hydrogen storage using M+*-decorated polyaromatic hydrocarbons.
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1. INTRODUCTION

Hydrogen (Hg2) is a gas, which is considered as an al-
ternative source of energy. To make an ultimate transfer
to hydrogen economics, one should address the following
issues, namely, massive Hz production, its purification,
delivery and storage. Carbon nanostructures (fullerenes,
nanotubes, graphene etc.) have been regarded as conven-
ient and effective hydrogen storage media owing to their
low weight [1]. However, to store Hz in an effective way,
one should supply high pressures and low temperatures.
To overcome disadvantages of pure carbon systems for
H: storage, researchers involve different techniques, for
example, substitute C atoms with B and N atoms to in-
duce dipole moments in the adsorbent, and, thereby en-
hance Hs/adsorbent interactions [2, 3]. Another strategy
to increase the capacity of Hz storage is to decorate the
surface of the adsorbent with alkali metal atoms or cati-
ons (Li/Lit, Na/Na*, K/K* etc.) [4]. It leads to the increase
of the subsequent Hz/Me-decorated adsorbent interac-
tions. The strong binding of cations to the surface of the
adsorbent is based on the so-called cation-z interactions.
It is worth noticing here, that cation-z interactions, strong
attractive non-covalent interplay between the positively
charged cation and 7 system, are of importance in many
fields of contemporary science, such as physical chemis-
try, materials science, and related areas [5, 6].

There exist some works in the literature, which re-
port the study of the curvature effect on hydrogen phy-
sisorption. Our previous works on carbon and boron-
nitride (BN) hollows connected the pore depth with Hg
adsorption energy (Eo) [7, 8]. However, in those works
we involved the pristine structures without any decora-
tion. Different scientific groups investigated the curva-
ture effects on adsorption of various molecules. Emam-
pour et al. studied the effects of carbon nanotubes cur-
vature on their interactions with alkanethiols [9].
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Klauda et al. reported adsorption of N2 and Oz gases on
graphite, C60 and C168 nanostructures [10]. Sha and
Faller investigated the effect of curvature of BN nano-
tubes and nanosheets on their adsorption [11]. Bamdad
et al. studied H20 and H: adsorption on a graphene
sheet and nanotubes of various diameters to figure out
the effects of curvature [12].

We study here the coronene (C24Hi2) and corannu-
lene (C20H10) molecules as a flat and bent adsorbent
structure, respectively. They are in between the small
polyaromatic molecules (such as anthracene) and large
graphene nanoflakes (or even nanolayers), which have
been used as hydrogen storage media [13]. Using dis-
persion-corrected density functional theory (DFT-D3)
and Oth order symmetry-adapted perturbation theory
techniques (SAPTO) we unveil the influence of the ad-
sorbate curvature and the nature of decorating ions
(Li* and Na*) on the magnitude of Hz physical adsorp-
tion. Independent gradient model (IGM) method helps
to visualize the fields of the non-covalent interactions,
and gives an explicit way to obtain clear qualitative
knowledge on the adsorbed H2. The present results are
probably to be helpful for further investigations of in-
teractions between hydrogen molecules and cation-
decorated carbon nanostructures.

2. COMPUTATIONAL METHODS

Full geometry optimization of all structures has
been performed at the BLYP/def2-SVP level of theory,
using the Orca 4.0.1 program [14]. The D3 correction
for dispersion of Grimme et al. [15] was used in order to
properly model the dispersion interactions. BLYP has
been shown to be a very reliable density functional that
suits well for the adsorption studies [16]. Frequency
calculations have been performed to validate equilibri-
um geometries.
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Adsorption energies and energy decomposition
analysis has been carried out using the Oth order sym-
metry-adapted perturbation theory technique (SAPTO)
along with the jun-cc-pVDZ basis set [17]. A negative
adsorption energy value means that bonding is energet-
ically favorable. SAPTO calculation results are free
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from the basis set superposition error (BSSE). The dis-
tance (R) between the adsorbents and the metal cation
(M%) is a normal length between them. The distance
between Hz and M* (lu2-m+) is defined as the length of a
perpendicular line dropped from the hydrogen center-
of-mass to the cation.
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Fig. 1 - 1-4 hydrogen molecules adsorbed on Li*@coronene structures. Color code: Carbon — yellow, Hydrogen — blue, Lithium

cation — magenta

3. RESULTS AND DISCUSSION

3.1 Metal Cations Adsorption on Coronene and
Corannulene

First, we study metal cations adsorption on both cor-
onene and corannulene. Using SAPTO calculations, we
performed the expansion of the total interaction energy
into meaningful constituents. Eel, Eex, Eind, Eaisp repre-
sent electrostatic, exchange, inductive, and dispersion
contributions, respectively. Eq is the total adsorption
energy. Owing to different ionic radii (Na* > Li*), there
are two distinct equilibrium distances from these cati-
ons to the surface of the adsorbent (Table 1). Besides
this, the equal charges and the non-equal radii make
their ability to polarize neighboring atoms or molecules
various. As the favorable position of Li* is substantially
closer to the surface than that for Na*, the Eaisp term is
larger for Li* adsorption (Table 1). However, the contri-
bution to the total attraction energy is small in both
cases (~1-2%). The curved structure of corannulene
gives extra input into Faisp term, but it is almost negli-
gible (~ 0.050 kcal/mol). On the contrary, both Eina and
Eq terms play the major role in stabilizing interactions.
The Emnd term contributes nearly 4/5 and 2/3 into the
attractive interactions for adsorbed Li* and Na*, respec-
tively (Table 1). At the same time, the rest of the attrac-
tive energy is the share of the Ee term.

To validate the obtained results, we compare the Eq
values for both Li* and Na* adsorption. The work of

Adamo et al. has shown that BLYP is a very reliable
functional to describe Li*@benzene interactions [18].
The reference CCSD(T)/CBS method yields FEa of
37.6 kcal/mol~! at a Li*@benzene equilibrium distance
of 1.88 A. Our results on coronene adsorption (Table 1)
are in very good agreement with the previously obtained
ones. The previous work of Tsuzuki et al. [19] showed
the following results (at the HF/6-311G* level of theory):
E,=— 39.7°kca1/m01, R =1.869 A and E, =— 24.3 kcal/mol,
R=2.425 A for Li* and Na*, respectively. The benzene
molecule resembles the central ring of coronene, there-
fore, we can compare the aforementioned results. It can
be easily seen that the obtained results and those ob-
tained elsewhere coincide well, therefore we can state
that the results seem to be justified.

3.2Hydrogen Adsorption on M*@coronene

We, first, study hydrogen adsorption on the
M+*-decorated planar structure, namely, coronene. We
add one to four hydrogen molecules in the step-by-step
regime. For H2 molecules adsorbed on M*@coronene, we
should note the importance of Ee and Eind components
of the total adsorption energy, especially in the case of
the first adsorbed H2 molecule. Indeed, the contribution
of the Eid term into attractive energy reaches 48 % for
Lit@coronene and 43 % for Na*@coronene. It witnesses
that Li* can polarize hydrogen molecules better than
the Na cation. It is closely connected with the charge to
size ratio of both cations. The dispersion interactions
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play only a marginal role in the case of one molecule
adsorbed, but on going to four molecules, the Egisp term
becomes more significant. First, the relative contribu-
tion of the FEina decreases, and, second, the quantity of
the neighboring H2 molecules increases. Electrostatic
interactions play a major, but not prevailing role in non-
covalent interactions between Hz and M*@coronene sys-
tems as a hydrogen molecule has zero charge and dipole
moment, and, therefore, the interactions are mainly
governed by its quadrupole moment.

E.(H2) for Li*@coronene adsorption is significantly
larger (~ 2 kcal/mol) than that for Na*@coronene ad-
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sorption. However, the difference becomes smaller in
going to three adsorbed molecules (~ 0.7 kcal/mol).
Moreover, for the adsorbed four molecules, there arise a
substantial drop in E, for Li*@coronene, and the less
significant drop exists in the case of Na*@coronene ad-
sorption (Table 2). The fifth molecule uptake leads to
the larger equilibrium distance (3.528 A for Li* and
2.615 A for Na*), hence, we exclude them from the pre-
sent consideration. The H-H distances (Table 2) at low
coverage tend to enlarge, and they become equal to that
of the single Hz molecule at high coverage. It witnesses
lower polarization of the molecules in those cases.

Table 1 — SAPT0/jun-cc-pVDZ energies (kcal/mol) as well as M*-adsorbent (M*-ads, M* = Li* and Na*) distances (R, A), and
Mulliken charges (@, e-) for cations adsorbed on coronene and corannulene. The relative contributions into attractive interactions

are given in parentheses

Adsorbent M+ Eq Eex FEind Eaisp E. R (M+*-ads) Q, e-
Coronene Li* —9.522 (18) 13.604 —43.962 (81) -0.721 (1) —40.601 1.80 0.769
Na+* —13.532 (36) 9.118 —23.657 (63) —-0.529 (1) — 28.600 2.33 0.788

Corannulene | Li* | —10.038 (19) | 12.189 | —41.421(79) | —0.775 (1) | — 40.045 1.92 0.743
Na* | —12.234(35) | 6.360 | —22.193 (63) | —0.582(2) | — 28.649 2.48 0.713

Table 2 — SAPT0/jun-cc-pVDZ energies (kcal/mol) as well as Ho-M* (M* = Li* and Na*) distances (luzm+, A), H-H bonds (dun, A) for
hydrogen molecules adsorbed on M*@coronene. The relative contributions into attractive interactions are given in parentheses

Cation No.of Hs Eqa FEex Eina Eaisp Eq lH2-Li+ du-H
. —2.847 -3.696 | -1.214
Li 1H, @7 3.37 (48) (15) —4.387 1.979 0.769
2H, - (33;‘71)52 5.019 _(2# B (222)27 —4.299 2.042 0.769
—3.663 ~3.179 | —2.994
3H: 37 5.94 32) 31) - 3.897 2.101 0.767
4H, - (13'2)15 3.906 B (01'%7 6 B (242)5 1 —1.336 3.012 0.766
Na* 1H, - (14'2)23 1434 | ~ (14'%03 - (2‘543 ~9335 | 2484 0.769
- 2.62 -1.729 | -2.189
2H, (40) 3.31 ©6) 54) - 3.229 2.527 0.769
3H, - (24'3)02 2.997 - (12'%69 B (2?;3)61 —3.235 2.523 0.769
—2.305 ~1525 | —1.799
4H, (1) 3.346 ©7) 32) - 2.283 2.492 0.767
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Fig. 2 — Hydrogen molecules adsorbed on Li*@corannulene structures. Color code: Carbon — yellow, Hydrogen — blue, Lithium
cation — magenta
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3.3 Hydrogen Adsorption on M*@corannulene

We then investigate Hz adsorption on
Li*@corannulene (Fig. 2). On going from one to four
adsorbed molecules, we can see the increase in FEaisp
and the simultaneous decrease in Eina (Table 3). Dis-
persion contribution into attraction energy increases
owing to additional adsorbed H2 molecules, and the
corresponding decrease is attributed to the smaller
ability of a single cation to polarize four molecules ra-
ther than one. The relative magnitudes of the Ee term
show nearly constant trend, and it adds nearly 37-38 %
into attractive energy (Table 3).

For hydrogen adsorption on Na*@corannulene, we
can easily see the reverse situation. The Ee term de-
creases (the relative contribution to the attractive en-
ergy diminishes from 48 to 41 %), whereas the Fina
term undergoes a substantial decrease (from 42 to
25 %) and the Egisp contribution increases significantly
(from 10 to 34 %). The overall decrease in E, magnitude
is closely connected with reduced effective charge of the
cation centre, smaller charge transfer as well as in-
crease in repulsions of Hz molecules.

Let us compare the cases of H: adsorption on
Li*- and Na*@corannulene. When only one hydrogen
molecule is being adsorbed, for the former, the absolute
magnitude of Eq is about twice as high as for the latter
one. For different number of adsorbed molecules, the
ratio changes, but, generally, E, for adsorption on
Li*@corannulene is substantially higher. The reason of
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that is the larger charge to size ratio for Li cation. As it
was observed earlier, the smaller size of Li* renders it a
more effective cation for Hs uptake than the Na one [20].

The absolute Ea decrease is higher in the case of Li*
(> 1.5 kcal/mol) compared with Na* (~ 0.6 kcal/mol).
However, for the former, the E; values are in the opti-
mal range of energy values for hydrogen adsorption
(> 3.57 kcal/mol [21]), and for the latter, E, values are
beyond that range.

To better understand the interactions between Li*
and the adsorbent as well as between H2 molecules and
Li*@adsorbent, we carry out the visual analysis by IGM
method, which is described elsewhere [22]. We may sep-
arate various types of interactions, namely strong at-
traction (blue), weak van der Waals forces (green) and
repulsive interactions (red) (Fig. 3). For the Li* adsorp-
tion on corannulene or coronene (Fig. 3, left), the deep-
blue lobes prove strong attractive interactions due to
electrostatic/polarization forces. On the contrary, for the
adsorption of hydrogen molecules on Li*@corannulene
or coronene, the main non-covalent interactions are van
der Waals forces. The small admixture of the pale-blue
color denotes the polarization induced by Li* (Fig. 3,
right). A slightly larger size of the lobes reflects the
stronger adsorption for corannulene.

We suppose that the results obtained herein are
valuable for the understanding of the physical mecha-
nisms of hydrogen adsorption using cations-decorated
polyaromatic hydrocarbons.

Table 3 — SAPTO0/jun-cc-pVDZ energies (kcal/mol) as well as Ho-M*+ (M* = Li* and Na*) distances (luzm+, A), H-H bonds (du.s, A) for
hydrogen molecules adsorbed on M*@corannulene. The relative contributions into attractive interactions are given in parentheses

M+ No. of Hs Ea Eex Eaisp £, Toims din
Li* 1H, - (3?;%5 2 5.657 ~4165 |, 588(24)| —5.047 1.971 0.769
M. ) 213'471)3 B v ?23)7 8 1 _4207 | 2015 | 0768
3H: _ég)& 8546 | S0 _2);%04 ~3631 | 2002 | 0768
i ??;;)O * | ez | T | T éﬁf Y1 —3477 | 4096 | 0.766
Na* 1H> j (142)47 1.45 - 1626 _(01'3)05 —2.428 2.481 0.769
2H, |~ (242)0 O | 3939 | ~L763 | - (12:2)67 ~2690 | 2467 | 0.769
8H: | ~ (2 41)17 3573 | L7 _(;37)6 ~2.661 | 2471 | 0.769
4 j (Zﬁfl 4.084 - 1499 - (2?;2)0 ! —1.847 2.566 0.767
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4Ho/Li+@corannulene

Fig. 3 — IGM graphs for Li* and four H: molecules adsorbed on two types of adsorbents. Atomic color code: Carbon — light-blue,
Hydrogen — white, Lithium cation — pale red. Color code: green lobes denote weak van der Waals interactions, blue lobes denote

strong attraction. Isovalue = 0.005

4. CONCLUSIONS

To sum up, in the present paper, we theoretically
study the effects of adsorbents’ curvature and different
cations as anchoring points on hydrogen adsorption.
Using DFT-D3 and SAPTO methods, we obtain equilib-
rium geometries as well as adsorption energies (Eq) of
hydrogen molecules. Moreover, we decompose E, into
meaningful components (Fel, FEex, Eind, FEaisp) to get
deeper insight into Hz/adsorbent interactions. For the
planar adsorbent, the Li*@coronene model, we note the
decreasing trend for Hz adsorption energy (from — 4.387
to — 1.336 kcal/mol). In the case of Na*@coronene ad-
sorbent, the E. magnitude for 1 to 4 adsorbed H2 mole-
cules changes less significantly (from -2.335 to
—2.283 kcal/mol). For the bent structures, Lit@ and
Na*@corannulene models, we also show the close trends:
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Ancop6iia soguro Ha iomax Lit Ta Nat, 03100/1eHUX KOPOHEHOM TA KOPAHYJIEHOM:
DFT, SAPTO ta IGM pocaimxennsa

LK. Petrushenko

Irkutsk National Research Technical University, 83 Lermontov St., 664074 Irkutsk, Russia

Hogi cucremu fyist 36epiradis BOIHIO MAIOTh BeJIMKE 3HAYEHHS JIJIsI CyYacHOI eHepreTuku. Y poboTi Mu
JIOCITTKYEMO aJICOPOITII0 BOJHIO HA ILIOCKUX (KOPOHEH) Ta 3ITHYTHUX (KOpaHYyJIeH) MOJEJSIX aJICoOpOeHTy 3a
nomomoromo oourcsiens DFT-D3 ta SAPTO. st mokpaliieHHs IOrIMHAHHS BOAHIO MU TAKOK BUKOPHUCTOBYE-
Mo «03100sIeHH» amcopbenTiB kariomamu M (M = Li, Na). Byno BcraHoBieHo, 1110 KopaHyJieH amcopOye xa-
Tionm Li ta Na maiiske 0mHAKOBO HMOPIBHAHO 3 KopoHeHOM. OgHAK amcopOIia BOgHIO HabaraTo OLIbII BHpa-
JKeHA y BUIIAJKY KopauyseHa. Tak, HampurJIam, eHeprii agcopoinii (Fq) a1 1-1 Ta 4-1 MOJIeKyJI BOIHIO, aJIco-
pOoBammx ma Li*@coronene and Li*@corannulene, ckiagators Bimgmosiguo — 4.387, — 1.336 Kkas/Mos Ta
—5.047, — 3.477 kxasn/mosi. Mu Takox BHKOPHUCTOBYEMO METOI HeadasieskHOol rpamienTHol momesi (IGM) misa
BidyaJrizallil B3aeMOIII09nX 00JIacTell MiK KaTIOHAMU, BOJHEM Ta aJIcopOeHTaMu, 110 BUBYAKThHCA. Mu pere-
JIBHO ITOKA3yeMO CHJIBHY B3aeMojmiio Misk M* Ta MoJieKysaMu aicopOeHTy, a TaKoK CIa0Ky B3aeMOIII0 Mixk
BOJHEM Ta JOCTIKyBaHUMH KaTioHamu. OTpuMaHi pe3ysIbTaTH IOBUHHI 3a0e3MednTH TJIHO0KHUI aHaJIi3 oc-
HOB 30epiraHHs BOJHIO 3 BUKOPUCTAHHSIM II0JI1apOMATUYHUX BYTJIEBOAHIB, 03100 IeHIX M+,

Knrwouogi ciosa: Kopornen, Kopanyien, Bogeus, DFT, Ancop6iris.
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