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A B S T R A C T

In an ideal hydrogen storage system, binding strength should increase during adsorption

whereas the opposite should be the case during desorption. These two seemingly contra-

dictory requirements limit the types of systems that can be utilized. Density-functional

theory (DFT) calculations are carried out to investigate hydrogen physisorption on Li-doped

single-layer and bilayer graphenes. We propose that the superimposition of an electric field

can be used to effectively control hydrogen adsorption. More specifically, we report that

hydrogen binding can be enhanced under a positive electric field, whereas it can be weak-

ened under a negative electric field. Our results show that the binding strength increases by

88% when a field with a magnitude of +0.020 au is imposed. Hirshfeld charge analysis

results suggest that an increase in the binding strength will occur as long as the Li (or C)

carries more positive (or negative) charges. Our calculations demonstrate that, in the case

of Li-doped graphene, the application of a positive electric field yields an increase in bind-

ing strength during adsorption while a negative field decreases the binding strength during

desorption.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Environmentally, hydrogen is of interest as a clean energy

source since it does not create air pollution or generate green-

house gas emissions [1]. One of the key challenges that needs

to be overcome before the so-called hydrogen fuel economy

becomes a reality is how to store hydrogen safely and eco-

nomically [2,3]. Initial interest in metal hydrides, such as

LaNi5H6 was dampened by their low gravimetric capacity

(�1.4 wt.%) and high cost [4]. More recently, lightweight car-

bon-based nanostructures (including nanotubes, fullerene,

nanofibers, and graphene) have emerged as attractive hydro-

gen storage materials, partly because of their high surface-

volume ratio [5]. Among these different forms of carbon, the

properties of the recently discovered graphene phase repre-
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sent a quandary. On one hand, its super-high strength and

unusual electronic properties are attractive properties for a

hydrogen storage media [6–8]. On the other hand, their flat

surfaces may adsorb fewer hydrogen molecules than those

corresponding to structures with curvatures, such as nano-

tubes [9]. Since relatively large graphene sheets, up to

100 lm in size, have been successfully synthesized [10], the

hydrogen storage behavior of graphene is actively being stud-

ied and compared to those of carbon nanotubes and fuller-

enes [11–13].

In cases when hydrogen is chemisorbed in atomic form,

the transition from sp2 to sp3 hybridization is widely accepted

as the mechanism responsible for carbon hydrogenation [14].

In this case, large binding strengths can be achieved between

C–H, with adsorption energy Ead values on the order of �0.67
.
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to �0.77 eV/H atom [15,16]. The magnitude of these binding

strength values can be decreased to �2.13 eV/H atom, by dop-

ing two boron atoms in the graphene sheets [17]. However, a

strong binding strength will be detrimental when hydrogen

release is required [18]. Hence, physisorption and chemisorp-

tion of molecular hydrogen represent more viable mecha-

nisms for hydrogen storage applications [19]. The main

challenge is that the binding between hydrogen and graphene

is quite weak (merely on the order of �0.10 eV/H2), which

effectively yields a low storage capacity [20–22]. Therefore,

the attainment of moderate adsorption energy has remained

a challenge, either due to weak physisorption or, at the other

extreme, due to strong chemisorption that renders hydrogen

release difficult. More recently, a few novel approaches have

been proposed to enhance the storage ability of graphene-

based systems. For example, by doping the graphene with

Li, the binding strength increased twofold (E = �0.184 eV/H2)

over that of the undoped material [20]. Similarly, Ti decoration

reportedly increased the hydrogen storage capacity of graph-

ene, where up to four molecules can be adsorbed around per

adatom [23]. In related work, it was reported that Li and Ti

atoms can be adsorbed on graphene forming an uniform

and stable coverage on both sides, which can serve as a

high-capacity hydrogen storage media [12,24]. Noteworthy is

the recent report of a novel storage model comprised of

three-dimensional pillared graphene [25]. Although this

material was anticipated to reach the volumetric target of

the US Department of Energy (45 g/l for mobile applications),

fabrication issues have precluded experimental verification.

In the cases reviewed here, the mechanism responsible for

the increase in hydrogen physisorption energy involved en-

hanced charge transfer from the metallic dopants to the car-

bon-based nanostructures [20,26].

In light of the above discussion, we hypothesize that the

imposition of an electric field on Li-doped graphene, can be

used to control the binding strength during adsorption and

desorption. There appears to be some support to this hypoth-

esis, since the imposition of an electric field has been proven

to be an effective approach to redistribute charges [27–30]. In

particular, graphene has been shown to exhibit a pronounced

response to a perpendicular external electric field due to its

high electronic behavior [10]. A notable fact is that in addition

to studies on single-layer graphene, prior experiments indi-

cated that bilayer graphenes are also very sensitive to the

presence of electric fields [6,31]. For example, the electronic

gap of a bilayer graphene can be controlled externally by

applying a gap tunable by the electric field [32]. In addition,

angle-resolved photoemission results showed that an electric

field is associated with the charge transfer from dopants to

the carbon atoms in a K-doped graphene bilayer [33]. Based

upon these findings, both single-layer and bilayer graphenes

will be chosen as prototypes in our calculations; inspection

of the scientific literature fails to reveal prior studies on bi-

layer graphenes. Since the directions of the imposed fields

can readily be altered, we can not only increase the bonding

in the adsorption process, but also decrease it in the desorp-

tion process. In this case, the electric field effectively yields a

‘‘reversible switch’’ for hydrogen storage.

In this contribution, Li-doped single-layer and bilayer

graphenes are utilized as hydrogen storage models. External
electric fields, with different intensities and orientation are

superimposed into the relaxed systems. The variations of

the hydrogen binding strengths are compared in terms of

their corresponding adsorption energy Ead values. In addition,

charge redistribution behavior is discussed based on Hirsh-

feld charge analysis.

2. Computational framework

In this study, all calculations were performed using the spin-

polarized first-principle method as implemented in the

DMol3 code [34,35]. Exchange–correlation functions were

computed within a local density approximation (LDA) with

the Perdew–Wang–correlation (PWC) throughout the paper

[36]. This strategy was adopted because the strong sp2 bonds

inside graphene layers can be accurately described by the

LDA approach [24,37]; moreover, the physisorption results

calculated by LDA are in good agreement with experimental

results [20,38]. In this work, the H2/Li/graphene system was

selected as a model material to test the rationality of the

functional. Our LDA calculations predicted that a single H

can be adsorbed by the Li-doped graphene with E =

�0.153 eV/H2, which agrees with previous theoretical and

experimental results [20,39,40]. In contrast, the generalized

gradient approximation (GGA) with Perdew–Wang 91

(PW91) functional [41] produced a purely repulsive interac-

tion between H and the storage media (a similar GGA result

has also been reported for the H/graphene system [42]),

which is contradictory to the widely accepted conclusion

that graphene functionalized by Li atoms enhances H stor-

age capacity [20,24]. All electrons were chosen as the core

treatment method and a double numeric basis with polariza-

tion set was adopted as the basis set [34]. Since the obtained

results are very sensitive to the accuracy settings under the

electric fields, the k-point was set to 8 · 8 · 1 for all the slab

models, the real-space global orbital cutoff radius was cho-

sen to be as high as 6.0 Å, and smearing was 0.002 Ha. Each

atom in the storage models was allowed to relax without

any constraints.

A uniform (2 · 2) graphene supercell was established with

an in-plane lattice parameter of 4.920 Å. In the case of the sin-

gle-layer model, graphene is a planar sheet of sp2-bonded car-

bon atoms that are densely packed in a honeycomb crystal

lattice, as seen in Fig. 1. Although different doping sites were

considered, our calculations showed that the most stable po-

sition for Li is above the center of a hexagonal carbon [24]. The

equilibrium distance between Li and the graphene layer is

determined to be 1.747 Å, which is consistent with other the-

oretical results [20]. For comparison purposes, the above sys-

tem was recalculated by the GGA functional. In this case, the

distance increased to 1.870 Å, since LDA overbinds atoms

when it is compared with GGA. In the case of the bilayer mod-

el, two graphene monolayers are stacked in the natural

graphite order with an interlayer space of 3.268 Å (see

Fig. 2). After relaxation, the Li–graphene distance is 1.671 Å

and the metal atom position remains above the center of a

carbon ring. A vacuum thickness of 20 Å was employed along

the z direction of the carbon sheets to avoid the interactions

from neighboring molecules. Three initial hydrogen adsorp-

tion sites were considered around the dopant: (1) Atop Parallel



Fig. 1 – The relaxed hydrogen storage systems based on the Li-doped single-layer graphene. The plots a–d show the relaxed

models when hydrogen number increases from 1 to 4. The white, purple, and green spheres represent H, Li, and C atoms,

respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Fig. 2 – The relaxed hydrogen storage systems based on the Li-doped bilayer graphene. The plots a–d show the relaxed

models when hydrogen number increases from 1 to 4. The white, purple, and green spheres represent H, Li, and C atoms,

respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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site (AP: hydrogen lies above a Li atom and parallel to the

carbon sheet); (2) Bridge Parallel site (BP: hydrogen located be-
sides a Li atom and parallel to the carbon sheet); and (3)

Bridge Vertical site (BV: hydrogen located besides a Li atom
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and vertical to the carbon sheet). Considering a stable system

can store a maximum of four molecules [24], the hydrogen

number increased gradually from one to four in our storage

systems, as shown in Figs. 1 and 2. Electric fields with a field

intensity of F = ±0.020 au were applied perpendicular to the

carbon atom planes, in the upward (defined as ‘‘+’’) or down-

ward (defined as ‘‘�’’). The Ead(F) values are indicative of the

adsorption energy obtained under the intensity field F. In this

case, the energy of the fragments should also be obtained in

presence of the external F [43]. Thus,

EadðFÞ ¼ ½EFðnH2 þ Liþ CmÞ � EFðLiþ CÞ � nEFðH2Þ�=n; ð1Þ

where n and m indicates the numbers of hydrogen molecules

and C atoms, respectively. The physical storage mechanism is

primarily physisorption with van der Waals forces in nature,

thus hydrogen maintains its molecular identity [44]. The neg-

ative value of Ead indicates that the adsorption is exothermic,

hence stable [45]. To further study the intensity-dependent

behavior, a series of fields with F = +0.020, +0.015, +0.010,

0.000, �0.010, �0.015, and �0.020 au were imposed on the

2H2 adsorbed bilayer graphenes. The field-induced changes

in electronic properties were determined by Hirshfeld popula-

tion analysis and Density of States (DOS) plots.

3. Results and discussion

We first address the Ead values for single-layer graphene in the

absence of a field. It is readily seen from Table 1 that our cal-

culated results agree nicely with those in [24], except for the

case of the one-H2 adsorption system. In this study, the

hydrogen molecule was found to lie on top of the Li dopant

(i.e. AP site here) with Ead = �0.09 eV/H2 [24]. However, we

revisited all three hydrogen adsorption sites and obtained

Ead = �0.153, �0.107, and �0.076 eV/H2 for the BV, BP, and AP,

respectively. Thus, BV here should be more stable than AP

and BP sites, where hydrogen is vertical to a C–C bond besides

the Li, as shown in Fig. 1a. In fact, our value of Ead =

�0.153 eV/H2 is close to another literature datum of

Ead = �0.184 eV/H2 [20]. Similar configurations can be
Table 1 – Calculated average �Ead(F) values in eV/H2 for the Li-dop
n increased from 1 to 4. Other simulated results are also listed fo

Li/graphenes n F = 0.000 au

�Ead Other [24]

Single-layer 1 0.153 0.09a

0.184 [20]
2 0.225 0.22
3 0.219 0.21
4 0.197 0.20

Bilayer 1 0.188
2 0.244
3 0.230
4 0.202

a This �0.09 eV/H2 corresponds to the AP site, which is close to our 0.07

b D% indicates the percent change of the Ead values induced by fields, w

respectively.

c Ead = �0.154 eV/H2 when the GGA–PW91 functional is used.
achieved when two or more hydrogen molecules are intro-

duced. As shown in plots b–d of Fig. 1, all relaxed H–H bonds

tilt at the bridge site and located symmetrically around the Li

dopant, which is consistent with the corresponding geome-

tries reported in literature [24]. The average Ead value in-

creases slightly as n increases, where Ead = �0.225, �0.219,

and �0.197 eV/H2 for the 2H2, 3H2, and 4H2-adsorbed systems,

respectively. Given the weak binding strength of �0.09 eV/H2

for hydrogen on pristine graphene [20–22], the hydrogen stor-

age ability of graphenes can indeed be significantly enhanced

via Li doping.

Now we address the binding results in the presence of an

electric field. As listed in Table 1, the E value for the H2/Li/sin-

gle-layer graphene decreases dramatically to �0.288 eV/H2

under F = +0.020 au. This value is almost twice that of

Ead = �0.153 eV/H2 in the absence of a field and is a factor of

two lower than Ead = �0.09 eV/H2 on pristine graphene [20–

22]. For comparison purposes, the above system was recalcu-

lated using the GGA–PW91 functional. From Table 1, the deter-

mined Ead = �0.154 eV/H2 from GGA compared to �0.288 eV/

H2 as determined from LDA, is almost twice as large. As men-

tioned above, GGA predicts that H2 cannot be stably adsorbed

without a field. Therefore, the negative E value under

+0.020 au further confirms that a positive field can evidently

enhance the interactions between H and the Li-doped graph-

ene. Similarly, the E value decreases from �0.225 (or �0.219)

to �0.288 (or �0.277) eV/H2 in the case of two (or three) mol-

ecules, leading to an approximate 30% binding enhancement.

Nevertheless, the 4H2/Li/single-layer graphene seems to be

‘‘insensitive’’ to the presence of external fields. To explain this

phenomenon, a Hirshfeld charge analysis was carried out for

this system, and the results showed that Li carries a +0.191 e

charge in the absence of the field. This value only increases to

+0.208 e when F = +0.020 au. Since only a 2.23% charge varia-

tion can be detected for each hydrogen, it is safe to argue that

the field indeed has a limited influence on the 4H system. In

contrast, opposite binding trends are observed when

F = �0.020 au. As listed in Table 1, Ead = �0.110, �0.101,

�0.184, and �0.192 eV/H2 in the cases of one, two, three,
ed single-layer and bilayer graphenes, with hydrogen numbers
r a comparison purpose.

F = + 0.020 au F = �0.020 au

�Ead D+%b �Ead D�%b

0.288c +88.24 0.110 �28.11

0.288 +28.00 0.101 �55.11
0.277 +26.48 0.184 �15.98
0.201 +2.10 0.192 �2.54

0.294 +56.38 0.131 �30.32
0.295 +20.90 0.105 �56.97
0.285 +23.91 0.165 �28.26
0.212 +4.95 0.194 �3.96

6 eV/H2 for the AP site.

here the subscripts + and � indicate the positive and negative fields,
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and four molecules. The negative field results in a

2.54–55.11% binding strength decrease as compared to the

cases in the absence of a field. Therefore, the imposition of

a negative field is beneficial to the release of a hydrogen

molecule.

To understand the above E variations induced by the pres-

ence of an electric field, Hirshfeld charge analysis was carried

out for the H2/Li/single-layer graphene. As listed in Table 2,

the charge Li carried in the H2-free system increases signifi-

cantly (nearly doubled) from +0.219 when F = 0.000 au to

+0.417 e when F = +0.020 au. In contrast, the charges C(1)

and C(4) carried decrease from �0.014 to �0.037 e, and the

remaining C atoms decrease from �0.032 to �0.057 e. These

results make physical sense, since the electrons will move

downward from Li to the carbon sheet after the superimposi-

tion of an upward field. Since Li is more positive and graphene

is more negative, F = +0.020 au renders an extra dipole mo-

ment and thus enhances the hydrogen adsorption. After

adsorption, it is readily seen from Table 2 that the molecule

obtains 0.003 e whereas Li loses 0.043 e in the absence of a

field. This is consistent with results from a prior study which

show that H atoms receiving a charge from Li become nega-

tively charged and the covalent H–H bond becomes polarized

[24]. In contrast, both H(1) and H(2) become cations and the

charge of Li decreases from +0.417 to +0.334 e when F

= +0.020 au. These results are attributed to the downward

charge transfer (from H2 to Li) in the presence of a positive

field. Note that although many methods in prior studies have

been proposed to enhance the charge transfer, the original

idea introduced in this paper, namely the imposition of an

electric field, should represent a breakthrough in hydrogen

storage.

For the case when F = �0.020 au field is imposed, the

charge Li carried decreases significantly from +0.219 to

+0.033 e, as shown in Table 2. The corresponding charges car-

ried by C are approximately zero, ranging from �0.009 to

+0.007 e. This charge redistribution is evidently attributed to

the upward charge transfer induced by a negative field. Since

the ionizations of both Li and C have decreased considerably,
Table 2 – Hirshfeld charge analysis for the single-layer graphene
unit of the atom charge is one electron charge e.

Structure Atom F = 0.000 au

Before After

H(1) 0.000 �0.004
H(2) 0.000 +0.001
Li +0.219 +0.262
C(1) �0.014 �0.015
C(2) �0.032 �0.036
C(3) �0.032 �0.042
C(4) �0.014 �0.015
C(5) �0.032 �0.037
C(6) �0.032 �0.037
C(7) �0.032 �0.042
C(8) �0.031 �0.035
the hydrogen binding will be weakened and this is presum-

ably the reason why a negative field facilitates the release of

hydrogen. In contrast to the cases when F = 0.000 and

+0.020 au, a notable point is that C(1) and C(4) become cations

while the remaining C atoms continue to be anions when F

= �0.020 au. Thus, the ionization might be further degener-

ated since the influence from C atoms may counteract each

other in the graphene sheet. In addition, the adsorbed C(5)

and C(6) atoms always carry the same amount of charges,

which are located symmetrically beside the adsorbed hydro-

gen molecule.

Similar to the situations in the single-layer systems, Li

transfers a portion of its charge to bilayer graphene and thus

carries +0.245 e in the absence of a field. Three possible hydro-

gen adsorption sites were considered when a hydrogen mole-

cule is adsorbed, and the corresponding Ead = �0.188, �0.139,

and �0.115 eV/H2 for the BV, BP, and AP sites, respectively.

Hence, BV is also the most preferable site for the H2/Li/bilayer

graphene system. The average E = �0.244, �0.230, and

�0.202 eV/H2 when n increases from 2 to 4. The relaxed

hydrogen geometries on the single-layer graphene (see

Fig. 1) and bilayer graphene (see Fig. 2) are very close to each

other. In fact, regardless of the initial molecular configura-

tions, the same finial structures are achieved. Since all hydro-

gen molecules are tilted after full relaxation, one of the two H

atoms of each adsorbed hydrogen molecule becomes rela-

tively closer to the Li dopant [24].

Comparing the Ead data in Table 1, we can note that bilayer

graphene has a slightly stronger binding strength than that of

the single-layer graphene system. For example, Ead

= �0.153 eV/H2 for the H2/Li/single-layer graphene is 22.88%

larger than E2 = �0.188 eV/H2 for the H2/Li/bilayer graphene.

Fig. 3a can be used to explain this phenomenon, in which

not only the C atoms in the upper layer, but also those in

the lower layer carry negative charges, although the amount

is quite small (merely around �0.005 to �0.006 e). Since both

of these two layers can ‘‘adopt’’ charges, the Li dopant is more

ionized on the bilayer graphene. The above results can also be

visualized in the plots of electron density differences. As
storage systems in the presence of different fields, where the

F = +0.020 au F = �0.020 au

Before After Before After

0.000 +0.054 0.000 �0.066
0.000 +0.012 0.000 �0.066

+0.417 +0.334 +0.033 +0.128
�0.037 �0.034 +0.007 +0.014
�0.057 �0.054 �0.009 �0.002
�0.057 �0.055 �0.008 �0.005
�0.037 �0.034 +0.007 +0.014
�0.057 �0.056 �0.007 �0.005
�0.057 �0.056 �0.007 �0.005
�0.057 �0.055 �0.008 �0.005
�0.057 �0.054 �0.009 �0.002



Fig. 3 – Hirshfeld charge analysis for the Li-doped bilayer graphene under: (a) F = 0.000 au, (b) F = +0.020 au, and (c) F

= �0.020 au, where the red arrows indicate the possible charge transfer directions within these systems. In plot (a), insets

I and II show the electron density difference for the upper and lower carbon layer, respectively. The red (or blue) region

shows the location where the electron density has been enriched (or depleted). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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shown in the insets of Fig. 3a, all carbon atoms in both sheets

turn to red after doping, which indicates that the electron has

been enriched in these areas.

On the basis of our results, it is apparent that charge redis-

tribution occurs in the above system after superimposing an

electric field. As shown in Fig. 3b, the charge carried by Li in-

creases considerably from +0.245 to +0.449 e under a positive

field. Partial electrons move from Li to the neighboring C ring.

Interestingly, slight variations (0.001–0.003 e) can be observed

in comparison with the C atoms shown in Fig. 3a. This is pre-

sumably because the electrons obtained from Li are not accu-

mulated in this hexagonal ring, but will flow to the remaining

C atoms in the same layer and the lower C sheet. This hypoth-

esis is confirmed by the considerable charge variations in the

second layer, where the charges of C atoms increase from

�0.006 to �0.029 e, for example. Correspondingly, the Ead va-

lue for the H2/Li/bilayer graphene system decreases largely

from �0.188 to �0.294 eV/H2 when F = +0.020 au, as listed in
Table 1. Similar binding enhancement can also be observed

for the storage models in the case of 2 to 4H2 molecules,

although the variations are not as significant compared to

the one-H system.

In contrast, electrons move upward from C to Li in the

presence of a negative field. As shown in Fig. 3c, the carbon

atoms in the upper layer remain anions but carry fewer neg-

ative charges when F = �0.020 au. Surprisingly, all C atoms in

the lower layer become cations. Thus, the two layers may

counteract each other and reduce the polar moments of the

entire graphene. In addition, it is readily seen that the charge

carried by Li becomes merely +0.012 e, which is much smaller

than +0.245 e in the absence of field. Therefore, the negative

field may significantly weaken the hydrogen adsorption. As

listed in Table 1, the E values under �0.020 au field increase

from �0.188, �0.244, �0.230, and �0.202 to �0.131, �0.105,

�0.165, and �0.194 eV/H2 for the 1 to 4H2 on the Li-doped bi-

layer graphenes.
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From the above discussion, we can conclude that the

external electric field can be utilized as a switch to control

the entire adsorption and desorption in the hydrogen storage

systems, as proposed in our original hypothesis.

One may assume that, in addition to the field direction, the

intensity of the fields may also be an essential parameter to

adjust the effect of the switch. To check the validity of this

hypothesis, Fig. 4 gives the intensity-dependent results for

the 2H2/Li/bilayer graphene system, from which the binding

strength is gradually enhanced when F increases from 0.000,

+0.010, +0.015, to +0.020 au. In contrast, the E value increases

from �0.159, �0.131, to �0.105 eV/H2 when F changes from

�0.010, �0.015, to �0.020 au. The average H–H bond length

dH–H decreases as the positive intensity increases, whereas

it increases as the negative intensity increases. Since the

curve of dH–H(F) is inversely proportional to that of �Ead(F)

(see Fig. 4), one can estimate the trends of hydrogen binding

strength in terms of their corresponding bond length values.

After full relaxation, entire systems are elongated even in

the presence of upward or downward fields, which agrees

with a prior result showing that clusters of particles are ex-

panded along the direction of the field [46]. The rational is

that although opposite electrostatic forces are superimposed,

charge separation occurs which renders an elongation of the

unconstrained system. Therefore, both the direction and the

intensity of the external electric field play important roles in

hydrogen storage systems.

To further understand the electronic hybridization, the

DOS plots are analyzed for the single-layer and bilayer storage

systems and depicted in Fig. 5. Three-layer and four-layer

graphenes are also determined for comparison purposes.

For the single-layer graphene, it is readily seen from Fig. 5a

that the peaks of Li overlap with C in the lower energy range

from �18.00 to �8.00 eV. Then, the main peak of Li-2s hybrid-

izes with the r bonding of the hydrogen molecule at �7.23 eV,

which confirms the interaction between the dopant and the

molecule. The neighboring three peaks of Li solely hybridize

with C again at �5.84, �5.33, and �4.55 eV. All of the bands

of H, Li, and C strongly overlap each other in the higher en-

ergy range. Similar hybridization behavior can be observed

in the bilayer, three-layer and four-layer graphenes. Compar-

ing the four plots in this figure, the main peak of H shifts left
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Fig. 4 – Intensity-dependent �Ead and dH–H results in the

2H2/Li/bilayer graphene system, where the discrete data are

fitted by a third-order exponential function.
from �7.23 to �8.29, �8.64, and �8.83 eV in sequence, and

overlap with their corresponding Li peaks. Although the orbi-

tals of Li still hybridize with C below these main peaks, differ-

ent from the single-layer graphene, H, Li, and C interact

simultaneously in the energy range between the main peak

and the Fermi level, as shown in Figs. 5b–d.

Fig. 6 shows the intensity-dependent DOS plots for the

2H2/Li/bilayer graphene. We first address the hybridization

situations for the system without field. Basically, the behavior

illustrated in Fig. 6c is similar to that in Fig. 5b for the H2/Li/

bilayer graphene, namely that Li orbitals overlap with C in

the lower energy range, whereas all Li, H, and C interact
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Fig. 6 – Intensity-dependent DOS plots for the 2H2/Li/bilayer

graphene systems under different fields: (a) F = +0.020 au,

(b) F = +0.010 au, (c) F = 0.000 au, (d) F = �0.010 au, and

(e) F = �0.020 au. The Fermi level is set to zero and

indicated by a dotted line.
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perfectly with each other in the higher energy range. Differing

from one-H system in Fig. 5, there are two main Li peaks in

Fig. 5c, which are located at �8.69 and �7.29 eV. This is pre-

sumably because two H molecules are adsorbed simulta-

neously. Fig. 6a and b represents the DOS plots in the

presence of positive fields where the orbitals are quite similar

to that under F = 0.000 au. If the plot in Fig. 6c is selected as a

reference, the sharpest peak of Li shifts from �8.69 to

�11.20 eV when F = + 0.010 au, and further moves left to

�12.28 eV when F = + 0.020 au. In all cases, these peaks con-

tinue to be hybridized strongly with r bonding of hydrogen.

These DOS changes confirm the strong effect of Li dopants

in the hydrogen storage systems, even under the presence

of electric fields. Since the entire orbitals are shifted to lower

energy ranges, the enhancement of the hydrogen binding in

the presence of a positive field is confirmed. In contrast, the

peaks under �0.010 and �0.020 au move toward the Fermi le-

vel and hybridize with the r bonding of hydrogen at �5.45 and

�4.10 eV, which reflect that the entire system becomes unsta-

ble in the presence of a negative field; consistent with the

trends of our calculated E values.

4. Conclusions

In conclusion, DFT calculations with electric fields are em-

ployed to study the interactions between the hydrogen mole-

cules and the Li-doped single-layer and bilayer graphenes.

Since lower layers also participate in the charge redistribu-

tion, the bilayer graphene is found to have slightly larger

hydrogen binding strength than that of the single-layer. When

F = +0.020 au, 88% binding enhancement is achieved for H2/Li/

single-layer graphene, where the E value decreases consider-

ably from �0.153 to �0.288 eV/H2. When F = �0.020 au, on

the contrary, more than 50% binding weakness can be ob-

served for 2H on Li-doped single-layer and bilayer graphenes.

The charge analysis indicates that all C atoms achieve elec-

trons from Li, which may render extra dipole moments be-

tween graphenes and the Li dopant. The opposite charge

transfer happens in the presence of a negative field, where

all carbon atoms in the lower layer of the bilayer graphene be-

come cations. Our calculated results show that both the direc-

tion and intensity of field play important roles to characterize

the hydrogen storage ability of graphenes.

Acknowledgements

Liu and Jiang acknowledge the financial support from the Na-

tional Key Basic Research and Development Program of China

(Grant No. 2010CB631001). Zhao, Nguyen, Li, and Lavernia

would like to acknowledge support by the Office of Naval

Research of the USA (Grant No. N00014-08-1-0405) with

Dr. Lawrence Kabacoff as program officer.
R E F E R E N C E S
[1] Liu C, Fan YY, Liu M, Cong HT, Cheng HM, Dresselhaus MS.
Hydrogen storage in single-walled carbon nanotubes at room
temperature. Science 1999;286(5442):1127–9.
[2] Morris RE, Wheatley PS. Gas storage in nanoporous materials.
Angew Chem, Int Ed 2008;47(27):4966–81.

[3] Meng S, Kaxiras E, Zhang ZY. Metal-diboride nanotubes as
high-capacity hydrogen storage media. Nano Lett
2007;7(3):663–97.

[4] Siegel DJ, Wolverton C, Ozolin� š V. Thermodynamic guidelines
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