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Crossover between multipole Coulomb and Kubas interactions in hydrogen adsorption
on metal-graphene complexes
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The hydrogen adsorption on alkaline-earth metal dispersed in doped graphenes was studied through ab initio
calculations. Substitutional doping in graphenes is explored to control the ionic state of the metal atoms that
plays a crucial role for dispersion and hydrogen adsorption. It was found that the adsorption behavior, particu-
larly in Ca-dispersed graphene complexes, exhibits a crossover between the multipole Coulomb and Kubas-
type (or orbital) interactions as the ionic state of Ca and the number of adsorbed hydrogen molecules change.
The level exchange in s and d orbitals of Ca is responsible for the crossover. This finding enables the
optimization of hydrogen adsorption and metal dispersion in graphitic materials, which is useful for developing

solid hydrogen storage and efficient catalysts.
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The interaction of hydrogen molecules with metal atoms
is a key physicochemical process involved in many energy
related technology such as fuel cell catalysts and hydrogen
storage. For example, developing storage systems of hydro-
gen in nondissociative forms has been a great challenge in
hydrogen-based fuel cell research.'~* Transition metal (TM)
complexes have been studied extensively in this respect as
they were shown to be very promising in terms of hydrogen
binding strength and storage capacity at ambient
conditions.’>' Quantum mechanical simulations showed that
the hydrogen binding energy is about 0.3-0.7 eV depending
on TM and the storage capacity can reach as high as
6 wt %.>-'0 The Kubas-type (or orbital) interaction between
H, and TM is known to be responsible for such a large
number of H, adsorbed on TM with significant binding
energies.!! While many theoretical studies proved the strong
potential of TM dispersion, experimental evidence has not
been positive. The metal clustering was pointed out as a
probable source for degradation of TM complexes.!>!? Ad-
sorption or catalytic functionality of metal atoms with hydro-
gen so far has been directly associated with metal d orbitals.
Nontransition metals such as Li, Na, Mg, Al, and Ca usually
form hydrides, where H, dissociate to form chemical bond-
ing with metal atoms."? Lochan and Head-Gordon'# reported
interesting theoretical results, which show that ionic alkali-
metal atoms such as Li*, Na*, Mg?*, and AI** can hold up to
six hydrogen molecules. This indicates that, once alkali-
metal or alkaline-earth metal (AEM) exists as bare ion, it can
be a binding center for multiple H, without dissociation. As
the binding energy of metal atoms to substrate depends on
their ionic state, the metal dispersion can also be affected by
their charge state. While many studies have dealt with metal-
dispersed medium for hydrogen storage,>!? the detailed
mechanism and its practical implication are not comprehen-
sively addressed yet. Here we study the dispersion of non-d
metal atoms, such as Be, Mg, Al, and Ca, in doped graphenes
and the hydrogen adsorption on these metals with the use of
ab initio methods including the density-functional theory
(DFT) and the Mgller-Plesset second-order perturbation
method (MP2).!5 The adsorption property of hydrogen mol-
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ecules is particularly studied for Mg and Ca in doped
graphene as these metal atoms exhibit rich and better hydro-
gen binding characteristics than others.

The DFT calculations are performed using the spin-
polarized pseudopotential total-energy method as imple-
mented in the Vienna Ab initio Simulation Package (VASP).!®
The projector augmented pseudopotentials are used as pro-
vided in the software package.'” The electron exchange cor-
relation is treated within both the local-density approxima-
tion (LDA) and the generalized gradient approximation
(GGA) in the forms of the Ceperley-Alder and the Perdew-
Burke-Enzelhof type, respectively.!®!° The cutoff energy for
the plane-wave basis set is chosen to be 400 eV, and the
atomic relaxation is carried out until the Helmann-Feynman
forces of atoms are less than 0.01 eV/A. To simulate two-
dimensional (2D) isolated graphenes, a 4 X 4 graphene super-
cell method is used (see Fig. 1). The interlayer distance is set
to be 15 A, which is enough to minimize the artificial inter-
layer interactions. For hydrogen binding, the LDA and GGA
are known to provide an upper and a lower bound of a more
accurate energy obtained with highly correlated methods
such as MP2 or coupled-cluster with singles and doubles and
perturbative triples correction [CCSD(T)].7?° To investigate
the accuracy of the density-functional calculations, part of
calculations are repeated using the MP2 in graphene clusters
with various basis sets as implemented in NWCHEM
packages.?!?

Controlling the charge state is very crucial in designing
hydrogen storage materials based on metal dispersion. The
introduction of acceptor states is a straightforward way to
modify the ionic state of metal atoms. For graphenes, substi-
tuting boron for carbon is a well-known process in creating
the acceptor states.?® Figure 1 shows the atomic structure of
boron-doped graphenes and the calculated metal binding en-
ergy. One, two, or three carbon atoms in carbon hexagon
rings are replaced by boron to simulate the boron doping.
The binding energy of AEM on these doped graphenes is
found to be very sensitive to the boron doping level. Without
boron doping, AEMs do not bind to graphene at all (Mg) or
will bind very weakly (Ca) as shown in Fig. 1(c). The boron
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FIG. 1. (Color online) Optimized structure of (a) Mg and (b) Ca
attached to B-doped graphene (C5B,). Yellow, purple, large green,
and blue balls represent carbon, boron, magnesium, and calcium
atoms, respectively. (c) Calculated binding energies of AEM atoms
(Mg and Ca) on B-doped graphenes (each denoted by Bn with n
being the number of B atoms in a carbon hexagon ring without
forming B-B bonding). The upper and lower red lines in (c) denote
metal bulk and dimer cohesive energies, respectively.

doping, on the other hand, enhances the metal binding sig-
nificantly, which is crucial in preventing the metal clustering.
Our calculated metal binding energy in B-doped graphenes
exceeds the metal cohesive energy, which indicates the ab-
sence of such clustering. It is also found that segregated two
single Ca atoms in B defects are energetically more stable
than a Ca dimer by about 1 eV. Similar trends are also found
for TM in the doped graphenes.®® The acceptorlike states
generated by boron change the charge transfer between TM
and graphene, leading to a significant improvement in metal
dispersion and hydrogen adsorption.

Next, hydrogen adsorption is calculated on AEM atoms
dispersed in B-doped graphenes. Among AEMs studied here,
Mg and Ca exhibit meaningful hydrogen adsorption proper-
ties, and results for Mg- and Ca-graphene complexes are
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particularly presented here. Only one H, adsorbs on Be or Al
complexes at any doping condition considered here accord-
ing to our LDA calculations. Figure 2 summarized our cal-
culations of the hydrogen adsorption energy at different bo-
ron doping levels. The Ca complexes show the best hydrogen
adsorption property with respect to the number and binding
energy of H,. It is interesting to observe that the orientation
of adsorbed hydrogen molecules is not the same for pristine
and doped graphenes [see Fig. 2(d)] (its origin will be dis-
cussed below). The Mg complexes show a lower hydrogen
adsorption capacity than Ca complexes. Four hydrogen mol-
ecules can adsorb at maximum on each Mg atom in
Mg-C;,_,B, according to our LDA calculation (it is reduced
to three when GGA is used).

It is well-known that the H, adsorption is not correctly
described by either LDA or GGA.”?%?* Detailed comparison
with highly correlated methods such as CCSD(T) is neces-
sary to check the accuracy of the exchange-correlation func-
tionals. As such methods are feasible to very small systems
of a few atoms, we chose the MP2 with large basis sets that
gives almost the same level of accuracy as CCSD(T).”-?* Hy-
drogen adsorption energies obtained with DFT are tested in
accuracy for Mg- or Ca-C,,_,B,H;, complex (a cluster form
of AEM-graphene complex) using MP2 with available basis
sets implemented in NWCHEM.?!->> The counterpoise method
is employed to correct the basis set superposition errors
(BSSE).?2¢ In MP2 calculations, atomic relaxation was
done with 6-31G™ basis set. The MP2 binding distance for a
single H, adsorption to Ca in the coronene is about 2.66 A,
which is compared with GGA value of about 2.58 A
(whereas LDA gives the binding distance of about 2.48 A).
The H, binding energy to Mg and Ca in C,,B,H;, was ob-
tained to be about 0.31 and 0.21 eV in MP2 calculations with
correlation consistent polarized valence only triple-zeta (cc-
pVTZ) and 6-311++G(2d,2p) basis sets for Mg and Ca,
respectively. The GGA calculation gives about 10% smaller
values than MP2, whereas LDA values are almost two times
larger. The Ca-H, binding distance and H-H bond length on
average are 2.64 and 0.76 A, and 2.43 and 0.78 A for
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FIG. 2. (Color online) Con-
secutive H, binding energies to
(a) Mg- and (b) Ca-C3,_,B, com-
plexes in GGA. The label in the
abscissa is the same as in Fig.
1(c). The optimized structures of

B1 BO (c) 3H,+Mg-C3¢B, and (d) 6 (or

m1H m 2"H, 3H, @ 4"H, m5"H, m6"H,

5) H,+Ca-Cs,_,B, are also shown

below.
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FIG. 3. (Color online) Calcu-

lated partial density of states
(PDOS) of Ca-Cs,_,B, for x=(a)
0, (b) 1, and (¢) 2 in units of
state/eV cell. The Ca s states here
are enlarged twofold for a clear
view. The left and right panels in-
dicate PDOS for without H, and
with H, saturated, respectively.
The inset of (a) shows the planar

charge distribution of the states
just below the Fermi level in the
Ca-4H, plane, where the contour

interval is 0.004e/A3.
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6H,+Ca-C3)B, and 5H,+Ca-Cjy,, respectively (the bond
length of isolated H, is calculated to be about 0.75 A with
GGA). Since H, physisorption on graphitic materials is not
reproduced at all in GGA,”2%2# this observation implies that
H, adsorption on AEM is not in the physisorption regime.
Our calculations show that each Ca atom can hold up to
six H, (both in LDA and GGA), which is one H, more than
in previous reports?’ and for TM atoms.>~!* The calculated
H, adsorption energy in AEM-Cs,_,B, complexes is, on the
other hand, smaller than that in TM-graphene complexes (for
example, by about 50% on average for Sc complexes®®-19).
The H-H bond length (dy ) and the metal-H, binding dis-
tance (dypyp) consistently indicate a weaker binding of hy-
drogen in AEM-C3,_, B, complexes. The desorption tempera-
ture of H, will accordingly be lower than that for TM
complexes but it is still in an acceptable range for practical
application.>*”-2* The hydrogen adsorption on Ca exhibits
intriguing features. The adsorption energy of the first (the
fourth) hydrogen molecule increases (decreases) as boron
concentration increases. The order in binding energy of the
first four H, also changes as boron concentration increases.
Without boron doping, the H, adsorbed later has a larger
adsorption energy whereas it is opposite in C,9B3. Another
interesting observation is the orientation of H,. As Fig. 2(d)
demonstrates, the orientation of H, relative to graphene

Energy (eV)

plane makes a drastic change upon boron doping. Without
boron doping, H-H bond lies parallel to graphene plane.
However, it turns almost vertical to the plane for C5yB,. All
these features can be explained by a crossover in Ca-H, in-
teractions from Kubas to multipole Coulomb interactions.
The energy level and occupation of s and d orbitals of Ca is
significantly affected by hydrogen adsorption and boron dop-
ing, and so is the interaction between Ca and H,.

Of particular interest is the role of the empty d orbitals of
Ca for hydrogen adsorption on Ca complexes. In TM disper-
sion, it was shown that partially filled d orbitals strengthen
the H, binding to TM but reduces the number of bound H,.%°
In order to investigate the role of low-lying Ca d orbitals, the
electronic structure of Ca complexes is studied with or with-
out boron doping and also upon successive hydrogen adsorp-
tion. Figure 3 shows the calculated density of states (DOS)
projected onto atomic orbitals. When Ca atoms bind to pris-
tine graphenes, one s electron of Ca transfers to graphene.
The initial hydrogen adsorption on Ca atoms in this case is
mostly mediated by the dipole interaction between Ca* ion
and H, (induced) dipole moment. As more hydrogen mol-
ecules are adsorbed on Ca, the repulsive potential of hydro-
gen electrons pushes Ca s orbital into higher energy than that
of Cad orbitals, which then become partially occupied.
When this s-d level exchange occurs, Kubas interaction be-
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comes dominant providing stronger and a more stable con-
figuration. This explains the small adsorption energy of the
first hydrogen molecule and the increasing order in the ad-
sorption energy of H, on Ca in pristine graphene as shown in
Fig. 2(b). The inset of Fig. 3(a) clearly shows the bonding
characteristics of Kubas interactions between H, and Ca with
H, bond aligned parallel to graphene plane (such charge dis-
tribution is not observed when only the static Coulomb in-
teraction involves in H, binding, for example, at boron dou-
blet and triplet defects).

When boron replaces carbon, the crossover occurs in the
other way. Boron creates localized and partially occupied
states near the Fermi level at low boron concentrations. Once
metal (Mg or Ca) atoms bind to the defect sites, the boron-
derived states are filled by the electrons from metal s orbital.
This leads to a stronger metal binding to the substrates,®’
which, in turn, prevents metal clustering. The trend in charge
transfer from Ca s orbital to boron-induced acceptor states
changes drastically as H, adsorbs on Ca. Without hydrogen
adsorption, the relative position in energy level of graphene,
and Cas and d states remains almost the same except for
Fermi-level shift as boron concentration increases. When hy-
drogen adsorbs on Ca, on the other hand, a small peak from
Ca d level and the hydrogen o states are partially occupied
while the main peak from Ca d level shifts down in energy.
Moreover the Ca s states also rise in energy becoming unoc-
cupied as hydrogen s electrons are repulsive to Ca s elec-
trons as mentioned above. On the other hand, the small peak
of Ca d character disappears and hydrogen o™ states become
empty at larger boron concentrations {double [Fig. 3(c)] and
triple (not shown here) boron substitutions}. The ionic state
of Ca atoms also changes from +1 to +2. The Kubas inter-
action, which is mediated by electron backdonation to hydro-
gen o states, thus becomes less effective at this boron con-
centration. The multipole Coulomb interaction between Ca>*
ion, localized charges near boron defects, and hydrogen di-
pole and quadruple moments come into play. These features
are also confirmed by the MP2 calculations for Ca'* and
Ca* ions with hydrogen adsorbed. We note that the side-on
adsorption of H, to Ca?* can be well described by the inter-
action between the metal ion and H, quadruple moments as
discussed in literatures.'*?3

The adsorption energy in this regime is thus the most
significant for the first hydrogen molecule which is consis-
tent with the results in Fig. 2. Calculated DOS and the H,
orientation imply that the H, adsorption making a crossover
from Kubas to multipole Coulomb interaction occurs earlier
as boron concentration increases. For TM, the best metal
dispersion and hydrogen adsorption were obtained at large
boron concentrations (triple boron substitution), which was
found to be energetically unfavorable, if not serious.” For
AEM, the crossover in the interaction between Ca and H,, on
the other hand, makes the optimal hydrogen adsorption be
realized at smaller boron concentrations.

One practical issue is how to maintain pores large enough
for both Ca dispersion and hydrogen adsorption in graphene-
metal complexes. Intercalation of Ca atoms into graphite
separates the graphene layers by about 4.5 A but this is not
enough for having maximal H, molecules. Also a direct use
of graphenes for hydrogen storage may not be useful as they
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FIG. 4. (Color online) Optimized geometries of hydrogen
molecules maximally adsorbed on the Ca-decorated B-doped
(9,0) zigzag carbon nanotube whose chemical formation is
CeoB12[Ca(H,)gls. Here the storage capacity is about 6.2 wt %
with the average H, binding energy of about 0.13 eV/H,.

might cluster. Porous three-dimensional (3D) structures
based on graphenes should be utilized as meaningful hydro-
gen storage. The task of building 3D structures that have
large pores with structural stability is a real challenge. For
example, organic frameworks have been pursued extensively
but the chemical constraint in their structures limits the in-
corporation of various metal atoms with desirable coordina-
tion number. Separation of graphite layers by intercalation of
large molecules or atoms such as Cg (Ref. 29) was proposed
but the stability and the metal dispersion are still question-
able. A computational model of purely graphitic 3D structure
was also proposed, namely, covalently bonded graphene
(CBG),”* which can be constructed by linking edge atoms
of graphene stripes with sp® bonds. As the CBG structure
was shown to be very stable®” and also be effective in metal
dispersion at its sp>-bonded edge (vertex) sites,” they may
also be good candidates. Recently Dimitrakakis et al.3! intro-
duced 3D graphene structure whose interlayer separation is
sustained by carbon nanotubes (CNTs) which are covalently
bonded to pores in graphenes.

As such 3D templates are applicable to our study dealing
with B-doped graphenes and CNTs, we also tested B-doped
CNTs for Ca and successive H, bindings. With experimen-
tally available B concentration of about 25 at. % in graphitic
carbons,? the storage capacity can also be estimated from
calculated hydrogen adsorption on Ca (for example, CNT,
activated carbon, or graphene fragments doped with B can be
used as substrates to disperse Ca atoms). Figure 4 shows the
atomic structure of the Ca-dispersed B-doped CNT with mul-
tiple H, adsorbed on Ca atoms. The boron concentration here
is about 20 at. %, and the storage capacity is estimated to be
about 6.2 wt %. Previous reports on Ca-dispersed fullerenes
showed similar results.?” As their stability against clustering
is provided by such boron defect sites (and also with concep-
tion of CNT pillars between graphene layers’!), activated
carbon of high surface area with boron and Ca dopings can
be good 3D hydrogen storage materials. Again we note that
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building 3D structures for effective hydrogen storage sys-
tems is still an ongoing issue that must incorporate a number
of possibilities and trials to be solved.

In summary, boron-doped graphenes were found to be ef-
fective for dispersion of AEM, particularly Ca, and hydrogen
adsorption thereon, which is advantageous for hydrogen stor-
age. The H, adsorption in such complexes exhibits a cross-
over between Kubas and multipole Coulomb interactions de-
pending on the ionic state of AEM and the number of
adsorbed H,. Our study suggests that material characteristics
such as doping conditions can be optimized utilizing such an
understanding of the adsorption mechanism in AEM-
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dispersed materials. Based on our results, 3D structures with
CNT pillars between graphene layers is also suggested as
good templates for Ca dispersion and hydrogen storage sys-
tems.
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