
Metalized T graphene: A reversible hydrogen storage material at room temperature
Xiao-Juan Ye, Chun-Sheng Liu, Wei Zhong, Zhi Zeng, and You-Wei Du 
 
Citation: Journal of Applied Physics 116, 114304 (2014); doi: 10.1063/1.4895778 
View online: http://dx.doi.org/10.1063/1.4895778 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/116/11?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Curvature and ionization-induced reversible hydrogen storage in metalized hexagonal B36 
J. Chem. Phys. 141, 194306 (2014); 10.1063/1.4902062 
 
Polylithiated (OLi2) functionalized graphane as a potential hydrogen storage material 
Appl. Phys. Lett. 101, 243902 (2012); 10.1063/1.4772208 
 
Li-doped B 2 C graphene as potential hydrogen storage medium 
Appl. Phys. Lett. 98, 173101 (2011); 10.1063/1.3583465 
 
Al doped graphene: A promising material for hydrogen storage at room temperature 
J. Appl. Phys. 105, 074307 (2009); 10.1063/1.3103327 
 
Hydrogen storage in alkali-metal-decorated organic molecules 
Appl. Phys. Lett. 93, 063107 (2008); 10.1063/1.2971201 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

202.127.206.120 On: Wed, 15 Jul 2015 02:41:31

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/931178889/x01/AIP-PT/Asylum_JAPArticleDL_070815/AIP-JAD-Trade-In-Option2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Xiao-Juan+Ye&option1=author
http://scitation.aip.org/search?value1=Chun-Sheng+Liu&option1=author
http://scitation.aip.org/search?value1=Wei+Zhong&option1=author
http://scitation.aip.org/search?value1=Zhi+Zeng&option1=author
http://scitation.aip.org/search?value1=You-Wei+Du&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4895778
http://scitation.aip.org/content/aip/journal/jap/116/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/141/19/10.1063/1.4902062?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/24/10.1063/1.4772208?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/98/17/10.1063/1.3583465?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/7/10.1063/1.3103327?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/93/6/10.1063/1.2971201?ver=pdfcov


Metalized T graphene: A reversible hydrogen storage material at room
temperature

Xiao-Juan Ye,1 Chun-Sheng Liu,2,a) Wei Zhong,1,a) Zhi Zeng,3 and You-Wei Du1

1Nanjing National Laboratory of Microstructures, Nanjing University, Nanjing 210093,
People’s Republic of China
2Key Laboratory of Radio Frequency and Micro-Nano Electronics of Jiangsu Province,
Nanjing University of Posts and Telecommunications, Nanjing 210023, People’s Republic of China
3Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences,
Hefei 230031, People’s Republic of China

(Received 28 July 2014; accepted 3 September 2014; published online 16 September 2014)

Lithium (Li)-decorated graphene is a promising hydrogen storage medium due to its high capacity.

However, homogeneous mono-layer coating graphene with lithium atoms is metastable and the

lithium atoms would cluster on the surface, resulting in the poor reversibility. Using van der

Waals-corrected density functional theory, we demonstrated that lithium atoms can be homogene-

ously dispersed on T graphene due to a nonuniform charge distribution in T graphene and strong

hybridizations between the C-2p and Li-2p orbitals. Thus, Li atoms are not likely to form clusters,

indicating a good reversible hydrogen storage. Both the polarization mechanism and the orbital

hybridizations contribute to the adsorption of hydrogen molecules (storage capacity of 7.7 wt. %)

with an optimal adsorption energy of 0.19 eV/H2. The adsorption/desorption of H2 at ambient tem-

perature and pressure is also discussed. Our results can serve as a guide in the design of new hydro-

gen storage materials based on non-hexagonal graphenes. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4895778]

I. INTRODUCTION

Hydrogen has been considered as a clean alternative

energy carrier because of its efficiency, abundance, and envi-

ronmental friendliness. Materials suitable for hydrogen stor-

age must meet the requirements of high gravimetric/

volumetric storage density, fast kinetics, favorable thermo-

dynamics, and good reversibility.1

Recently, many studies have been performed on carbon-

based nanostructures due to their light weight and interesting

properties.2–8 However, hydrogen molecules bind weakly to

pristine carbon materials via van der Waals interactions.

Therefore, metal atoms coated the carbon surfaces have been

presented to improve storage performance. For example,

coating carbon nanostructures with early transition-metals

(TM) can enhance the hydrogen adsorption energies via the

Kubas interaction.3–5 After releasing hydrogen, however, the

isolated TM atoms would cluster together easily, which is

unfavorable for reversible hydrogen storage.7 In addition, ex-

cessive charge transfers from TM to the antibonding r state

of H2 frequently lead to the first hydrogen dissociation. On

the other hand, alkali metals such as Li can coat uniformly

due to the cohesive energy of Li being substantially smaller

than that of TMs (�4 eV).8 However, it is not always true for

Li to bind strongly to all carbon nanostructures. Especially,

the binding energies of Li on ethylene (0.69 eV/Li)5 and gra-

phene (1.10 eV/Li)9 are smaller than the cohesive energy of

bulk Li, namely, 1.63 eV/Li. The clustering of metal atoms

may come from the uniform charge distribution on pristine

graphene with a regular hexagonal symmetry. Therefore, it is

necessary to enhance the Li binding on these carbon materi-

als, since the Li atom is lightweight which can help to

achieve a higher gravimetric density of hydrogen.

In the search for the reversible hydrogen storage media,

we now turn to the graphene allotrope without hexagonal

symmetry owing to its nonuniform charge distribution which

can enhance the metal bonding and improve the hydrogen

storage performance. Very recently, a novel T graphene (a

two-dimensional carbon allotrope with tetrarings) has been

predicted.10 However, Kim et al.11 demonstrated that the

fully relaxed buckled T graphene cannot be distinguishable

with the planar one, indicating that the buckled T graphene

will only be stable at high temperatures. These results

inspired us to consider a series of calculations to explore

whether hydrogen storage performance in Li-decorated T
graphene can be significantly improved compared with that

in Li-decorated graphene. To address this issue, we investi-

gated the Li-decorated T graphene and found that it is a good

reversible hydrogen storage material.

II. COMPUTATIONAL METHODS

The first-principles density-functional theory (DFT) cal-

culations were carried out using the linear combination of

atomic orbital and spin-unrestricted method implemented in

DMol3 package.12 The generalized gradient approximation

(GGA)13,14 in the Perdew-Burke-Ernzerhof (PBE) functional

form15 together with an all-electron double numerical basis

set with polarization function (the DNP basis set) were cho-

sen for the DFT calculation. We performed van der Waals

calculations based on the Tkatchenko and Scheffler (DFT-
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TS) approaches.16 The real-space global cutoff radius was

set to be 4.10 Å. In the case of T graphene, we chose 2� 2

(namely, C16) and 4� 4 (namely, C64) supercells. The inter-

layer distance was set to be 25 Å, which is enough to mini-

mize the artificial interlayer interactions. The Brillouin zones

were sampled k-points with 0.02 Å�1 spacing using

Monkhorst-Pack scheme.17 For geometric optimization, the

forces on all atoms were optimized to be less than

0.02 eVÅ�1.

III. RESULTS AND DISCUSSIONS

We first examine the adsorption of Li atoms on the T
graphene. This is modeled by one Li atom adsorbed on each

(2� 2) cell of T graphene (namely, C:Li¼ 16:1). After fully

relaxation, the most energetically favorable adsorption site

for the Li atom is the hollow site above the center of octagon

(see Fig. 1(a)). The nearest Li-Li distance is about 6.9 Å

which is larger than that in Li-doped graphene (4.92 Å) and

Li-doped B2C sheet (5.12 Å), indicating that each Li atom

can adsorb the hydrogen molecules. The binding energy

(2.34 eV) of Li on C16 is much higher than the cohesive

energy of bulk Li (1.63 eV/Li). Due to the repulsive interac-

tion between positively charged Li atoms, the binding energy

of LiC16 is smaller than that of LiC64 (4� 4) cell. It is known

that the diffusion of metal atoms on the substrate might lead

to clustering,7 which will limit the hydrogen storage. As

shown in Fig. 1(b), our model is energetically favorable due

to the repulsion between Li atoms, which can effectively

hinder the mobility of Li on the substrate. Therefore, one

individual Li atom bound to the T graphene will reside stable

at the original site.

To understand the nature of the binding of Li on T
graphene, analysis of the electronic properties is essential.

Figure 1(c) illustrates the partial density of states (PDOS) of

LiC16, where Li 2 p orbitals participate in the bonding. The

attached Li first donates the 2 s electrons to the T graphene

(see Fig. 1(d)), leading to partially filled lowest unoccupied

molecule orbitals (LUMO). Meanwhile, the empty Li 2 p
orbitals split under the strong ligand field generated by the T
graphene. Then the T graphene back-donates some electrons

to the low-lying Li 2 p orbitals, resulting in strong p-p and s-
p hybridizations between Li and T graphene in the energy

range from �10 to �2 eV. Note that T graphene and gra-

phene generate different ligand fields because of their dis-

tinct symmetries. The bonding nature of Li adsorbed on

graphene is mostly mediated by the ionic interactions.9 This

bonding mechanism has also been observed in the case of Li

binding onto the boron-doped graphene6 and the B80.18

We now enter the next phase of our calculation, namely,

to study the adsorption of H2 molecules on Li-decorated T
graphene. Figures 2(a) and 2(b) present the optimized

FIG. 1. (a) Top view and side view of

optimized geometry for 2� 2 cell of

LiC16. (b) The variation in total energy

as the top-left Li atom moves through

the position S1, S2, and S3 indicated in

(a). As this Li atom moves in the direc-

tion, its z coordinate is optimized,

whereas the remaining three Li atoms

are fully relaxed. Beyond the positions

S1, S2, and S3 of this Li atom, the

Coulomb repulsion will push the top-

right Li atom to maintain a distance

with the top-left Li atom. Similarly,

the variation in total energy as the top-

left Li atom moves in the other direc-

tion beyond the positions S4, S5, and

S6 is shown in the (b). (c) The PDOS

of C and Li atoms corresponding to the

system in (a). The Fermi level is set to

be zero. The panel (d) shows the defor-

mation electron densities of LiC16

(molecular charge densities minus

atomic charge densities). The

deformed density marked in blue cor-

responds to the region that contains

excess electrons, while that marked in

yellow indicates electron loss.) The

isovalue equals 0.1 e/Å3.
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geometries and average hydrogen adsorption energies (Ea),

where Ea¼ [E(Li þ T graphene) þ n�E(H2) - E(nH2 þ Li

þ T graphene)]/n. In contrast with previous studies on Li-

decorated graphene (0.09 eV),19 the adsorption energy for

the first hydrogen molecule on Li-decorated T graphene is

calculated to be as high as 0.23 eV, and the H-H bond length

is slightly elongated from 0.749 Å to 0.757 Å. Up to four H2

molecules in succession can be bound to the Li atom with a

distance of � 2.63 Å, as shown in Fig. 2(a). As the number

of H2 molecules increases, the binding energy of the H2 mol-

ecules decreases slightly due to the steric interaction between

adsorbed H2 molecules. This adsorption is still much stron-

ger than previously reported H2 adsorption (�0.075 eV/H2)

on Li-C60 systems based on the GGA functional.8 Recently,

unphysical overbinding by DFT calculations in the Ca-H2

system has been revealed with the correct description of

hybridization involving the d orbital on Ca being impli-

cated.20 However, this is not expected to be problematic in

the Li-H2 system, due to the absence of d orbitals on the Li

atom. Previous MP2 calculations have indeed also shown

favorable adsorption of H2 in Li-H2 system.21

There are two main factors responsible for the H2 binding.

The first is polarization. Because of the charge transfer

between Li and T graphene, Li atoms are positively charged,

which polarizes the H2 molecule. In the Fig. 2(c), we plot the

isosurface of differential charge density for Li-decorated T gra-

phene in the presence of four adsorbed hydrogen molecules.

The charge depletion and accumulation at both sides of the H2

molecule clearly indicate that hydrogen molecules are strongly

polarized by the highly charged Liþ ion. The second is orbital

interactions. Through the PDOS analysis (see Fig. 2(d)), we

find that the peak of Li 2 p orbitals hybridizes with the H s
orbitals, resulting in the electron transfer between H2 r orbitals

and Li 2 p orbitals. The consequences of the orbital interactions

are as well reflected in the charge variations of the Li. The

effective charge of the Li atom decreases as the number of

adsorbed hydrogen molecules per Li atom increases from 1 to

4 (see Table I). For example, the Hirshfeld charge of the Li

atom in the 4H2-C16Li complex has been reduced to 0.20 e.

To estimate the usable capacity of hydrogen at ambient

conditions, we considered the thermodynamics of adsorption

of H2 molecules on the Li þ T graphene complex. The occu-

pation number of H2 molecules as a function of the pressure

and temperature from the grand canonical partition function

is as follows:22

f ¼ kT
@lnZ

@l
¼
P

l¼0 lgle
l l�el=kTð Þ

P
l¼0 glel l�el=kTð Þ ; (1)

where Z is the grand partition function, l is the chemical

potential of H2 in the gas phase at given pressure p and tem-

perature T, k is the Boltzmann constant, el is the adsorption

energy per H2 molecule when the number of adsorbed mole-

cules is l, gl is the multiplicity (degeneracy) of the configura-

tion for a given l. Here we set the degeneracy factor gl to be

1, since it was turned out to give a minor correction to the

result. Figure 3(a) shows the occupation number f as a func-

tion of p and T for H2 adsorbed on LiC16. When the pressure

increases from 1 atm to 50 atm, the release temperature will

be shifted to around 350 K, which is suitable for the on-

board storage of hydrogen. To obtain the usable amount of

hydrogen, we propose to use the adsorption condition of

50 atm and 200 K, and the desorption condition of 1 atm and

350 K. The usable numbers of hydrogen molecules per Li is

defined to be f (p¼ 50 atm, T¼ 200 K) minus f (p¼ 1 atm,

T¼ 350 K). In the case of Li-decorated T graphene, 2.2 H2

molecules remain used when p and T change from the

FIG. 2. (a) The optimized configura-

tions of LiC16-(H2)n ¼ 1–4. Large, me-

dium, and small balls represent Li, C,

and H atoms, respectively. (b) The var-

iation in the calculated Ea of LiC16-

(H2)n ¼ 1–4. The panel (c) presents a

plot of charge density difference with

an isovalue of 0.03 e/Å3 for (H2)4-

LiC16. (d) PDOS of Li and H2 in

(H2)4-LiC16.

TABLE I. The Hirshfeld and Mulliken net charge of the Li atom in C16Li,

C16Li-H2, C16Li-2H2, C16Li-3H2, and C16Li-4H2.

Structure Hirshfeld charge (e) Mulliken charge (e)

C16Li þ0.40 þ0.46

C16Li-H2 þ0.36 þ0.40

C16Li-2H2 þ0.33 þ0.37

C16Li-3H2 þ0.30 þ0.35

C16Li-4H2 þ0.20 þ0.24

114304-3 Ye et al. J. Appl. Phys. 116, 114304 (2014)
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adsorption condition to the desorption condition. This is

ascribed to the fact that the binding energy of the fourth

adsorbed H2 molecule is relatively small [see Fig. 2(b)].

Lithium atoms can form a dense coverage on T graphene

with a Li-Li distance of 6.90 Å and are expected to resist

clustering due to electrostatic interaction between the cati-

onic adsorbed Li atoms. To further test the stability of the

isolated Li8C64 complex, we carried out molecular dynamics

simulations at room temperature (T¼ 300 K) with a time

step of 1 fs and massive generalized Gaussian moments ther-

mostat with Nos�e chain length of 2 and a Yoshida parameter

of 3.23 After running 5000 steps, these four configurations

are still kept and each Li bind on its site stably.

The maximum number of adsorbed Li atoms in (4� 4)

cell of T graphene is four for each side. We examine the case

of four adsorbed hydrogen molecules around each Li atom

since this ratio retains the higher adsorption energies. Figure

3(b) shows the optimized geometries for 32 H2 molecules

adsorbed on 8Li-C64, with the average binding energy

around 0.19 eV. The H2 gravimetric density corresponding to

the (H2)32-Li8C64 complex is 7.7 wt. %, which is much

higher than the limit (6 wt. %) set for the feasible hydrogen.

Although the high H2 storage capacity was also achieved in

the Li-decorated graphene, the preferable clustering of Li

atoms on graphene significantly reduces the weight percent-

age of hydrogen storage.

IV. CONCLUSIONS

In summary, our first-principles studies have demon-

strated Li as a potential coating metal element for function-

alizing T graphene into a feasible hydrogen storage

medium. The Li atoms remain isolated due to the strong

binding between Li and T graphene which is attributed to

an intriguing charge transfer mechanism involving the

empty Li 2 p levels. The adsorption of hydrogen molecules

on Li-decorated T graphene is significantly enhanced with

up to a 7.7 wt. % hydrogen storage capacity potentially fea-

sible. We anticipate that the theoretical results here will

provide a useful reference for designing new hydrogen stor-

age media based on 2D carbon allotropes without hexago-

nal symmetry.
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