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Implementation of hydrogen storage systems requires moderate bonding strength. However,

this goal has remained a challenge, either due to the weak physisorption or extremely strong
chemisorption. Here, we report on a new phenomenon, namely that H, binding can be externally
enhanced (or weakened) via superimposition of a positive (or negative) electric field. We
demonstrate this concept using an 8-Li-doped carbon nanotube. The calculated adsorption

energy Enq =

—0.58 eV/H, under F = +0.010 au is 93.33% lower than that under 0.000 au

(F indicates the field intensity). This is because the positive field produces an extra dipole
moment. In contrast, E,4 increases from —0.30 to —0.20 eV/H, when F = —0.010 au. In view
of the fact that storage systems are insensitive to small unexpected field fluctuations, the
application of the electric field as a reversible switch makes practical sense.

Introduction

Nanostructured materials have emerged as potential
candidates for hydrogen storage, given their high surface to
volume ratios and diverse physical properties.!  For practical
applications, a moderate binding strength in the range
of —0.70 < E,q < —0.20 eV/H, was suggested at room
temperature, where E,q is the adsorption energy between the
H, molecules and the storage media.>® This presents a quandary,
since on one hand this requires enhancing the weak binding
between the H, and solid surfaces, which results from the
strong H-H bond and the closed-shell electronic configuration.”
On the other hand, an excessively strong bond is not ideal
either since ultimately both storage and desorption of H, are
necessary.®

Inspection of the published literature shows that H, is either
chemisorbed in the atomic form or physisorbed in the
molecular form. Carbon nanostructures, including single-wall
carbon nanotubes (SWCN),Q"4 Cso fullerene,®'>'% and
graphene,'®!'” are the most common storage media. In
addition, other storage media such as metal organic frameworks
(MOFs)'®!° and covalent organic frameworks (COFs)*” have
also been studied for hydrogen storage in recent years. Their
storage abilities can be largely improved via metal doping, due
to the enhanced charge transfer from metal to carbon.'”
Noteably, although the alkali®'®!>!32! and transition
metals®!7?>23 are often utilized as dopants, a recent work
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predicted that Ca is the most attractive metal for functionalizing
fullerenes.>* In comparison with carbon-based nanostructures,
the TiB,,%> WC,2% and BN"?* nanotubes were proven to be
better storage materials. This is because their inner hetero-
polar bonding, such as the ionic B-N in BN, is beneficial to the
H, straoge.” Moreover, it was reported that H, binding on the
cation Li (Li™) is much stronger than on the neutral Li-doped
nanotube.?” This behavior is derived from the fact that the
bonding of H, with the neutral Li is covalent, whereas that
with Li" is primarily caused by polarization.

It is evident from the above discussion that the binding will
be increased if the ionization can be further enhanced; hence,
storage materials tend to be complex, and impractical. We
propose the introduction of electric fields into hydrogen
storage models, because the fields are readily imposed and
they have been proven to be an effective approach to redistribute
charges.?® 3! In fact, a very recent paper has computationally
studied the electric field enhanced hydrogen adsorption
phenomenon on nano-scale BN sheet, where the calculated
E,q4 value drops dramatically from —0.07 to —0.48 eV/H, in
the presence of a 0.050 au field.*> In our recent published
work, an 8-Li-doped (8,0) SWCN (the Lig/SWCN system) has
been established as a hydrogen storage media.>® Our calculations
demonstrated that, at most, 64 H, molecules can be adsorbed
which renders a high gravimetric density of 13.45 wt %.
Therefore, the multiple Li doped carbon nanotube is still
employed as a model material to look into the influence of
electric fields on H, binding strength in this work. Although
field enhanced hydrogen adsorption has been studied on BN
sheets, the superimposition of electric fields to metal-decorated
carbon nanotubes has heretofore never been reported for
hydrogen storage. Notable is the fact that most previous
studies addressed the problem of bonding enhancement but
failed to address the problem of how to decrease the binding
during the desorption process. In fact, one can hypothesize
that the binding will weaken if the charges transfer in a
contrary direction, i.e., from the nanostructures to the
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dopants. In this study we propose that this can be
readily accomplished by simply changing the direction of the
superimposed electric fields.

In this contribution, several electric fields with different
directions and intensities are applied to the relaxed Lig/SWCN
storage materials. The adsorption structures are determined
in terms of their corresponding E,q values. The electronic
analyses are employed to investigate the binding mechanism.
The results of H; on the 8-Li-doped SWCN are compared with
those corresponding to pure and 1-Li-doped SWCNs.

Computational framework

Density functional theory (DFT) calculations were performed
with the DMol® code.***’ Li has an odd number of electrons,
in the entire system the number of spin-up and spin-down
electrons will not be equal, and thus the unrestricted spin-
polarized option is chosen during the entire calculation.
Despite the fact that it generally overestimates the H, binding
strength, the local density approximation (LDA) function is
both reliable and computationally efficient and hence it is
often used for the study of systems involving the van der
Waals interactions.*®® In particular, LDA has been proven
to be suitable for atoms with very few electrons (such as H, Li,
and C),*** and even for charged carbon nanostructures with
ions and electric fields.*"*** In view of the fact that both light
elements and electric fields are involved in our system, it is
appropriate to invoke LDA with the Perdew—Wang correlation
(PWQ)*® functional throughout the paper. An additional
argument that compelled our selection of the LDA approach
instead of the generalized gradient approximation (GGA) is
that electric field calculations are quite time-consuming, especially
for our relatively large system with 74 atoms. In this study, we
adopted all-electron calculations with double numeric plus
polarization (DNP) basis sets implemented in the DMol®
code.** Since in our systems the band gap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) is small and there are significant
occupied states in the vicinity of the Fermi level, the technique
of smearing was applied to the orbital occupation to speed up
self-consistent field (SCF) convergence.** Since the obtained
results are very sensitive to the accuracy settings under the
electric fields, the smearing was set to 0.002 Ha, the real-space
global orbital cutoff radius was chosen to be as high as 6.0 A,
and k-points was 1 x 1 x 8.

The adsorption energy E,.q is defined as the negative of
the value obtained by subtracting the total energy of the
fragments (Li,,/SWCN and H,) from the adsorbed system
(H»/Li,,/SWCN) at the equilibrium geometry. The E,q(F)
values are indicative of the energy obtained under the intensity
of field F. In this case, the energy of the fragments should also
be obtained in presence of the external F.** Thus,

Ei(F) = Ef(Ha/Li,,/SWCN) — Ex(Li,,/SWCN)
— E(Hy), M

where the subscript “m” indicates the numbers of Li atoms.
H, is docked into the vacuum with an initial bond length
diyy = 0.74 A* In view of the fact that our goal is to

Table 1 Electric field induced E,q values in eV/H,, and geometric
parameters in A (atomic distance d, and diameters & of the nanotubes)
for the stable configurations for the H,/Lig/SWCN, H,/Li/SWCN,
and H,/SWCN systems. The atomic coordinates and absolute energies
of optimized structures are provided in the ESF"/§

System Site F _Ead dLi—H dLi—C dH—H Qx(’ Q),C

+0.010 0.58¢ 1.80 1.56 0.78 6.55 6.13

Bridge 0.000 030 191 149 0.79 636 6.35

—0.010 0.20 1.99 1.62 0.78 8.27 4.33

+0.010 0.56 1.95 1.56 0.79 643 6.15

H,/Lis/SWCN Middle 0.000 025 198 1.51 0.80 6.38 6.33
—0.010 0.11 2.09 1.61 0.78 821 4.41

+0.010 0.16 1.98 1.54 0.77 6.50 6.14

Atop  0.000 0.15 198 151 0.78 637 6.35

~0.010 0.10 1.99 1.62 0.77 828 431

H,/Li/SWCN  Bridge +0.010 0.24° 1.98 1.61 0.78 6.47 6.14
0000 024 196 1.59 0.7 6.17 6.47

H,/SWCN  Atop  +0.010 0.10 — — 0.7 6.58 5.97
0000 0.10 — — 077 631 632

“ Convergence tests were done for this structure, where E,4 = —0.67 eV
when k-points and cutoff radius are 1 x 1 x 5 and 4.4 A, respectively;
E,q = —0.55 eV when settings increase to 1 x 1 x 8 and
5.5 A; E.q = —0.58 eV when settings increase to 1 x 1 x 8 and 6.0 A;
E,g = —0.55eVwhen 1 x 1 x 9and 7.0 A. All smearing values are
0.002 Ha.” E,q is still —0.24 eV when the accuracy settings are
increased to k = 1 x 1 x 9, and cutoff is 7.0 A. ¢ The subscripts “x”
and “y” indicate the diameter values along the horizontal and vertical
directions.

investigate the influence of electric fields on the H, binding
strength, only one H, molecule is studied throughout the
paper. The storage is primary physisorption with van der
Waals forces in nature, and thus H, maintains its molecular
identity.*” The negative value of E,q indicates that the adsorption
is exothermic and hence stable.** When no external field is
applied, F = 0.000 au in the above equation. Before calculating
the eight Li doped model, the small H,/Li/SWCN system is
chosen as a prototype to check the validity of our calculations.
After relaxation, E,y = —0.24 eV, dyny = 0.77 A, and
diig = 196 A listed in Table 1 are very close to other
LDA simulation results with E,y = —0.26 eV, dy. g = 0.78 A,
and di; g = 1.98 A" Since the E.q value only reflects the
stability of the H, molecule on the Li-doped nanotubes, we
selected the H,/Li/SWCN as a model system to determine the
energy barrier for this reaction. Our results showed that the
adsorption of hydrogen occurs spontaneously without an
energy barrier, which is consistent with previous findings that
no energy barrier has to be overcome when a Hj is adsorbed
by a Ti-decorated nanotube or a fullerene.?>*

To investigate the variations of H, binding induced by the
external electric fields, a storage model composed of Li doped
(8,0) SWCN was established for this simulation. As shown in
Fig. 1, four lines of Li atoms dispersed symmetrically at the
hollow positions above the hexagonal rings, and the length of
the tube equals to twice of the periodicity of the (8,0) SWCN,
where the z direction was taken to be along the axis of SWCN.
Thus, eight Li and sixty-four C atoms exist within the smallest
unit cell in total. Notable is the fact that this LigCgs model
represents a special configuration that strictly obeys the
arrangement rules for high coverage metals: if one carbon
hexagon has one dopant, all the neighboring ones do not.%3*!
This arrangement ensures both the large distances between the
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Atop

Middle

Fig. 1 A schematic plot for the Lig/SWCN storage material. The three insets show the possible adsorption sites of a H, molecule on this model.
The red, gray, and white spheres represent Li, C, and H atoms, respectively. Note that the H-H bond is vertical to the nanotube at the Middle site,

and thus only one H can be seen from the top view.

neighboring metals and the equilibrium of the entire system.
Otherwise, the metals delocalize from the center of the hollow
sites and intend to aggregate into a cluster when all the
neighboring six hexagonal rings are occupied by Li. In fact,
the concentration of Li: C = 1:8 in our model is far below the
critical doping value of 1:3 required to avoid Li segregation
on graphenes and nanotubes.’® In contrast, too low of a
concentration of metal dopants is not a good choice either,
since in this case the carbon atoms cannot be fully ionized and
the H, binding strength will be lowered. A cubic supercell of
20 x 20 x 8.52 A’ is used to avoid the interactions from
neighboring molecules. As shown in the insets of Fig. 1, three
possible adsorption sites exist around a dopant: 1. Atop site
(H» lies on top of a Li atom); 2. Bridge site (H, locates beside a
Li atom and on top of a C—C bond); and 3. Middle site
(H; locates between two neighboring Li atoms). Since the four
lines of Li atoms are symmetrically placed on the carbon
nanotube, the calculated result will not change when a H,
adsorbs on different Li atoms. However, to consider a uniform
arrangement the molecule is placed around the uppermost
Li(1) atom, as seen in Fig. 1. Electric fields with F = 0.010 au
are applied to all the storage models, in the upward (defined as
a positive field) or downward (defined as a negative field)
direction normal to the nanotube. In addition to the direc-
tions, a series of fields with F values between —0.010 and
+0.010 au are also utilized to study the intensity dependence.
The density of states (DOS) is determined to clarify the effect
of Li-doping on the H, storage in SWCNSs. For comparison
purposes, similar calculations are also carried out for the
pure SWCN (H,/SWCN) and the 1-Li-doped SWCN
(H,/Li/SWCN), where the most stable site for the hydrogen
storage is the Atop and Bridge site, respectively. The
adsorption mechanisms are discussed in terms of the Mulliken
population analysis, which can provide a clear and definitive
description for charge redistribution, even in the presence of
an electric field.>>*

Results and discussion

We first consider the results obtained in the absence of electric
fields. For the relaxed Lig/SWCN, the Li—C atomic distance
diic =148 A witha relatively strong binding of 1.82 eV/atom.
Charges transfer from the dopants to the SWCN in terms of
the Mulliken analysis: Li presents a net charge of +0.291 e,
while the neighboring C atoms present negative ones
of —0.088 and —0.013 e. These results verify the stability of
our 8-Li-doped models. The calculated E,q values for a H,
molecule on the Lig/SWCN systems are listed in Table 1. After
full relaxation, H, is parallel to SWCN at the Atop site with
E,q = —0.15 eV/H;. In contrast, the H-H bonds tilt at the
Bridge and Middle sites, whose corresponding E,q values
are —0.30 and —0.25 eV/H,, respectively. Thus, the Bridge
site is more preferable than the rest. This can be confirmed by
the geometric parameters in this table, where the dy; i = 1.91 A
at the Bridge site is less than dy; i = 1.98 A at the Middle and
Atop sites. The storage materials expand slightly after H, is
adsorbed in terms of the dj; ¢ values. The free H-H bond
increases from 0.77 to 0.78-0.80 A after adsorption, which is
consistent with other simulation results.'? As listed in Table 2,
the net charge of a H, molecule increases from 0 to +0.128 e
after adsorption, which implies that the interaction between
the H, and the media involves both physisorption and
chemisorption. Table 1 also provides the calculation results
for the Atop site in the H,/SWCN and the Bridge site in the
H,/Li/SWCN where E,q = —0.10 and —0.24 eV/H,, respectively.
The latter is very close to literature datum of E,q = —0.26 eV/H,.'?
In addition, it is discernable that the binding strength can be
enhanced by introducing more dopants. In our recent work,
the average E,q = —0.20 and —0.17 eV/H,, respectively, when
32 and 64 H, molecules are adsorbed on the same Lig/SWCN
material.*> Given that E,q = —0.30 ¢V/H, when a single
H, is studied, it is evident that the binding strength will be
lowered when more molecules are stored by the material.

This journal is © the Owner Societies 2009

Phys. Chem. Chem. Phys., 2009, 11, 9233-9240 | 9235


https://doi.org/10.1039/b907591g

Published on 17 August 2009. Downloaded on 7/6/2022 4:08:17 AM.

View Article Online

Table 2 The Mulliken charge analysis for the atoms before and after a H, molecule on the Bridge site in the Lig/SWCN system under
F = 0.000, +0.010, —0.010, +0.002, and —0.005 au, where the unit of the atom charge is one electron charge ¢

F = 0.000 au F = +0.010 au F = —0.010 au F = +0.002 au F = —0.005 au
Structure Atom Before After Before After Before After Before After Before After
H(l) 0.000 —0.001 +0.087 +0.048 —0.087 +0.014 +0.018 +0.001 —0.044 +0.012
H(2) 0.000 +0.129 —0.087 +0.139 +0.087 +0.142 —-0.018 +0.128 +0.044 +0.134
Li +0.291 +0.151 +0.423 +0.203 +0.385 +0.242 +0.333 +0.177 +0.379 +0.205
C(1) —0.088 -0.079 —0.118 —0.108 +0.011 +0.011 —0.116 —0.102 -0.077 —0.064
™ C(2) —-0.013 —0.027 —0.048 —0.050 +0.029 +0.033 —0.013 —0.023 +0.001 —0.003
C(3) —-0.013 —0.024 —0.048 —0.056 +0.029 +0.035 —0.013 —0.025 +0.001 —0.002
C4) —0.088 —0.081 —0.118 —0.105 +0.011 +0.013 —0.116 —0.101 —0.077 —0.065
C(5) —-0.014 —0.022 —0.048 —0.052 +0.030 +0.021 —0.015 —0.020 +0.004 +0.001
C(6) —-0.014 —0.022 —0.048 —0.047 +0.030 +0.022 -0.014 —0.020 +0.004 +0.001

The similar trend has also been observed in the H,/BN sheet,
where E,q = —0.07 eV for the single H,, while increases
to —0.03 eV/H, when a layer of H, molecules is adsorbed.*

Now, we address the effect of the electric fields on E,4 values
for the H,/Lig/SWCN. From Table 1, E 4 values at the Bridge
site decrease dramatically to —0.58 eV/H, under F = +0.010 au,
where F indicates the field intensity. This is almost doubled in
comparison with E,q4 = —0.30 eV/H, at F = 0.000 au.
Furthermore, it is even fivefold lower than E,q = —0.10 eV/H,
on a pure SWCN. The geometry of SWCN varies severely
under the field, where @, increases from 6.36 to 6.55 A and g,
decreases from 6.35 to 6.13 A. This renders the shape of the
cross section to change from circular to elliptical. dp;y
decreases from 1.91 to 1.80 A, which verifies the increase of
the binding strength. In addition, dy; ¢ increases from 1.49 to
1.56 A while dyy_y; decreases slightly. The question arises as to
whether only the most stable Bridge site presents such
phenomena. To examine this question, both the Middle and
Atop sites are further calculated under F = +0.010 au. For
the former, it is readily seen from Table 1 that the E,q value
also decreases significantly from —0.25 to —0.56 ¢V/H,. This
suggests that both the Bridge and the Middle are excellent
storage sites since their corresponding E,q values are similar.
Nevertheless, only 0.01 eV/H, variation is obtained at the
Atop site under the field.

When we observe dy ;_y values from different sites, there is a
sequence of Bridge < Middle < Atop, which is consistent
with the sequence of their corresponding E,4 values. Thus,
the binding strength between the H, and Li is inversely
proportional to their corresponding d values, even though in
the presence of fields. In contrast, the field seems to have no
obvious contribution to the E,q values for H,/Li/SWCN
and H,/SWCN systems. This may be due to the weak spin
variation around the nanotube induced by only one metallic
atom or even lack of any metallic atom. In fact, only a 2.36%
charge variation can be detected under fields for the Li atom in
the Li/SWCN system.

To understand the reason why the binding can be enhanced
under F = +0.010 au, the Mulliken charge analysis is carried
out for the Bridge site, and the results around the dopant are
listed in Table 2. On the one hand, the charge carried by each
Li increases considerably from +0.291 to +0.423 e for the
un-adsorbed system since the electrons will move downward
from Li to the carbon ring under a positive field. On the other

hand, the charges of the surrounding six C atoms decrease
from —0.088 to —0.118 e, or from —0.014 to —0.048 e.
Therefore, the positive field results in the enhancement of
charge transfer from Li to C, i.e. further jonization, ' which
increases the H, sorption. After adsorption, the H, loses
0.187 e while Li obtains 0.220 e charges, whereas small
changes can be found in C atoms.

Obviously, opposite binding trends might be achieved if the
negative fields are employed. In Table 1, E,4 = —0.20, —0.11,
and —0.10 eV/H, at Bridge, Middle, and Atop sites,
respectively. Comparing with the data without fields, all the
binding values are weakened under F = —0.010 au. All
their dp; y values increase after introducing the field, where
diing = 199 A at the Bridge site. The SWCN is severely
compressed along the direction of the field, where O,
considerably increases from 6.36 to 8.27 A and @, decreases
from 6.35 to 4.33 A. In terms of the charge analysis results in
Table 2, it is interesting to find that the C atoms are no longer
anions, but carries positive charges with values that range
from +0.011 to +0.030 e. Since both the Li dopants and the
carbon rings are positive under F = —0.010 au, it is obviously
not beneficial to the H, storage. However, this should be a
good result for the desorption process, since it weakens the
binding between the H, and the storage material.

Fig. 2a gives the Mulliken charge results for all atoms in
the cross section of the Lig/SWCN storage material under
F = +0.010 au. These results can be used to understand the
entire charge redistribution of the system. In this Figure, it is
readily seen that Li atoms possess different charge values
depending on their positions. To explain this phenomenon,
charge analysis was carried out for the surrounding six C
atoms of each Li in the presence of a +0.010 au field. The
results show that the hexagonal rings around Li(1) and Li(3)
carry negative charges (—0.428 ¢ for the former and —0.130 ¢
for the latter), whereas the ones around Li(2) and Li(4) carry
positive charges (+0.214 e for the former and +0.228 e for the
latter). Correspondingly, Li(1) and Li(3) become cations
whereas Li(2) and Li(4) are anions in order to maintain
electrical balance. Under the positive field, the uppermost Li
atoms transfer charges to the neighboring C atoms, and thus
it is further ionized with net charge increase from +0.341
to +0.423 e. However, it seems that the charges will not just
accumulate around these C atoms, but will go on moving
downward from C labeled 4 to D. Thus, the Mulliken analysis
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(b)

0. 244
Li(2

©

Fig. 2 Electronic analysis for the storage systems. (a) The Mulliken charge analysis for the atoms in the cross section of the Lig/SWCN system
under F = +0.010 au, where the unit of the atom charge is one electron charge e. (b) The plot of the electron density difference for the Lig/SWCN
system in the absence of field. (c) The plot of the electron density difference for the Lig/SWCN system under F = +0.010 au. In plots b and c,
the blue (or yellow) region shows where the electron density has been enriched (or depleted). The two insets show the side view.

shows that the entire C in the upper semicircle obtains
electrons and thus is more negative. This leads to a heteropolar
bonding between the SWCN and the Li dopants, and an extra
dipole moment can be produced. This is consistent with
the bonding mechanism suggested in prior studies.” On the
contrary, the lower semicircle of the nanotube loses electrons
and thus the most C atoms carry positive charges. In terms of
the charge analysis results, the electrons will still transfer
downward from E to [ in this half circle. Thus, C atoms
labeled E carried +0.620 e are the most positive. The charge
values decrease gradually from +0.620, +0.143, +0.022,
to —0.095 e for C atoms labeled E to /. This is not beneficial
to the storage of the H, molecules, since the Li is now also
a cation and can not induce an extra dipole moment between
Li and C. Note that the lower part of the nanotube under the
F = +0.010 au should be the same as the upper part of the
nanotube under the ¥ = —0.010 au. Therefore, Fig. 2a can
also be used to illustrate the storage mechanism under negative
fields.

The above results can also be visualized in the plots of
electron density differences. Fig. 2b shows the charge variation
without electric fields, where the blue area indicates where the
electron has been enriched while the yellow one presents where
the density has been depleted. Obviously, the C atoms gain
while the Li dopants lose electrons under F = 0.000 au. This
consists with the fact that the alkali metals would remain

positively charged when doped on the SWCNs, not depending
on their charge states or different carbon rings that they
interact with.>> However, when a positive field is introduced,
as we have discussed above, the upper part of the SWCN gain
electrons and appears blue, while the bottom part lose
electrons and appears yellow, see Fig. 2c. The largest yellow
and blue areas are around the C atoms labeled D and E in
Fig. 2a.

0.60

0.45

dii-H (A)

0.30

-Eagq (eV/Hp)

0.15

1.76

0010 -0.005 0000 0005  0.010
F (au)

Fig. 3 Influences induced by the intensity of fields for the Bridge site
of the H,/Lig/SWCN system. The plot shows the —F,4 (indicated by
the sphere line) and d;; y (indicated by the square line) values with
respect to F where the discrete data are fitted by a third-order
exponential function. When F = 0.000 au, the —FE,q value of
0.30 eV/H, and d; i value of 1.91 A are selected as references.
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Fig. 3 provides the field intensity dependent results for the
H,/Lig/SWCN system at the Bridge site, where E,q = —0.58,
-0.31, —-0.30, —0.29, —-0.27, and -0.20 eV/H, when
F = +0.010, +0.002, 0.000, —0.005, —0.008, and —0.010
au, respectively. Thus, the binding strength is enhanced
(or weakened) as the intensity of the positive (or negative)
field increases. Although the trend is that as the field increases
the binding becomes stronger, it is apparent that the F value
cannot be infinitely large. In addition to the energy consumption,
as F reaches 0.030 au the entire system was severely
compressed along the direction of the field, and the excellent
electronic properties of the Li-doped carbon nanotube would
be degraded. Note that in this Figure, a plateau can be seen
around —0.005 < F < +0.002 au in the E,q(F) curve.
To understand why the E,4 values remain almost constant in
such a large range, the Mulliken charge analysis was carried
out for the systems under F = +0.002 and —0.005 au, and the
obtained data are listed in Table 2. Under F = +0.002, E,q is
almost indeclinable compared with that under F = 0 where for
instance there is no change for C(2), C(3), and C(6) atoms
before adsorption while only 0.001 e variation is detected for
the adsorbed H, molecule. These results suggest that the weak
intensity cannot effectively “drive” the charge transfer within
the system. On the other hand, although there is larger
electronic redistribution occurs under ¥ = —0.005 au, it is
interesting to find that the C(1) and C(4) atoms carry negative
charges, whereas the C(2), C(3), C(5), and C(6) carry positive
ones, see Table 2. This is quite different from the case
corresponding to F = —0.010 au, namely that all C atoms
in the hexagon are completely positive, and thus render a
significantly decrease in the H, binding strength. It is also
different from those under F = +0.010 au that all the C atoms
are negative, and thus a strong heteropolar bonding can be
formed between SWCN and the Li dopant. Therefore, the
F = —0.005 au here seems as a “transition state”” during the
charge redistribution process, and the influence of the field is
“counteracted” by their own negative and positive C atoms to
some extent. This is presumably the reason why the E,4 value
is so “insensitive” to the F values in this range. Note that this
insensitivity is relevant for practical applications since any
small unexpected field fluctuation will not result in a state
change (adsorption or desorption).

In addition to energy, some regularity induced by electric
fields can also be observed in the geometric parameters for the
H,/Lig/SWCN systems. As we can see in Fig. 3, d; g = 1.80,
1.90, 1.91, 1.96, 1.97, and 1.99 A when F = +0.010, +0.002,
0.000, —0.005, —0.008, and —0.010 au, respectively. Similarly,
diic, and @, increase, while dy y and &, drop when a
stronger intensity is introduced into the storage materials.
This suggests that in addition to the direction, the intensity
of the fields is also an efficient parameter to adjust the
hydrogen storage.

Finally, to further understand the electronic hybridizations,
the DOS plots are determined and shown in Fig. 4 for the
H,/Lig/SWCN system. When F = 0.000 au, on the one hand,
the main peak of Li-2s located at —9.40 eV hybridizes with the
o bonding of the H, molecule in the lower energy range, see
Fig. 4a. On the other hand, the bands of Li interact with those
of C at the higher energy range, where a sharp peak can be

0.50

0.25 4

0.00

0.25 4

0.25 +

Average DOS per atom (states/eV)

0.00

Energy (eV)

Fig. 4 The DOS plots under different fields. (a) F = 0.000 au,
(b) F = +0.010 au, and (¢c) F = —0.010 au for the H,/Lig/SWCN
system at the Bridge site. The Fermi level is set to zero and indicated
by a dotted line.

observed around —7.75 eV. This suggests that Li acts as a
“bridge” in this reaction, which interacts with the molecule
and the SWCN simultaneously. The peak around —2.06 eV
corresponds to the hybridization of the Li-2s orbital with the
n orbital of the SWCN, which is responsible for the bonding of
the dopant to the nanotube.? It is known that all structures of
SWCNs are made up of the sp® orbital of C atoms. After the
Li and H, adsorptions, this orbital will change from the sp® to
sp>-like bonding, although the degree is not as large as that of
the hydrogenation.>®*” In addition, the chemisorbed Li atoms
would partially donate their 2s valence electrons to the lowest
conduction ©* band of the SWCN, which binds H, in a
molecular form due to the polarization mechanism.>® Fig. 4b
shows the bands interactions under F = +0.010 au, from
which it is clear that although the orbitals under F = 0.000
and F = +0.010 au are quite similar, the former should be
more stable since it has more evident peaks at the lower energy
range. Comparing with Fig. 4a, the main peak of Li under
fields moves toward the Fermi level and hybridizes with of the
o bonding of H, at —6.49 eV. Similarly, the n orbital of the
SWCN varies from —2.06 to —0.90 eV under F = +0.010 au,
and overlaps with the Li-2s orbital just below the Fermi level.
Notably, the amount of C electrons near the Fermi level
(around —5.00-0 eV) in Fig. 4a is much smaller than that in
Fig. 4b, whereas larger than that under F = —0.010 au in
Fig. 4c. These results may due to the fact that the C atoms
obtain charges under the positive fields, whereas lose charges
under the negative fields. In Fig. 4c, the orbitals of H, Li, and
C interact tightly with each other at the lower energy range. In
comparison with Fig. 4b, the bands of Li further move to the
Fermi level and the sharpest peak hybridizes with H at —0.88 eV.
In addition, the = orbital of the SWCN hybridizes simultaneously
with the s orbitals of H and Li around —1.33 eV. These DOS
changes confirm the strong effect of Li dopants in the
hydrogen storage systems, even under electric fields.

In light of the above discussion, it is readily seen that the
electric fields can be imposed to realize the ideal case for H,
storage: increasing the bonding in the adsorption process and
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decreasing it during the desorption one. Compared with other
approaches, the fields have many advantages for practical
applications, they are clean, easily acquirable, and adjustable
in both direction and intensity. Although the carbon nanotube
was selected as a prototype here, it is clear that this idea can be
extended to other weak storage systems such as the graphene
sheets. In addition, this idea may also be utilized to solve the
releasing problem for the extremely strong binding systems,
such as the Ti-doped nanostructures and the metal organic
frameworks. In summary, our present work clearly
demonstrates that the electric fields can be used as a useful
reversible switch to control adsorption and desorption
processes of Hj.

Conclusions

In conclusion, the DFT calculations with electric fields are
employed to study the interactions between the H, molecules
and the Li-doped SWCNs. For the Lig/SWCN storage system,
it was found that the E,q at the Bridge site drops as high
as —0.50 eV/H, under F = +0.010 au, whereas increases
to —0.20 eV/H, under F = —0.010 au. These changes were
interpreted by the results of charge analysis. The entire C
atoms in the upper semicircle of SWCN obtains electrons and
thus is more negative under the positive fields, which leads to a
heteropolar bonding between the SWCN and the Li
dopants, and an extra dipole moment can be produced.
The opposite charge transfer depiction can be used to
explain the binding mechanism under the negative fields.
In addition, it is discernable that the binding strength increases
(or decreases) as the enhancement of the positive (or negative)
fields.
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