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M
olecular hydrogen (H2) sorbents
are appealing materials for stor-
ing hydrogen fuel onboard ve-

hicles. The uptake and release of H2 fuel in
the sorbent materials can be fast and re-
quire less heat transfer. To use the H2 sor-
bents at near ambient conditions, the bind-
ing energy of H2 in these materials must be
within certain range (e.g., 20�40 kJ/mol).1,2

Theoretical studies predicted3,4 that Kubas-
like interactions between transition metal
(TM) centers and coordinated H2 could fall
within this desirable energy range. Such
predictions are consistent with recent ex-
perimental studies by using metal�organic
frameworks (MOFs) with under-coordinated
TM.5�8 Attempts to anchor TM directly on
carbon nanostructures, however, have not
yet been successful. Recently, Hamaed et al.
used organometallic precursor to success-
fully graft Ti onto the inner surface of meso-
porous silica.9 Though this work demon-
strated the feasibility of individually
dispersing Ti and the capability of binding
multi-H2 by dispersed Ti, mesoporous silica
has a relatively small surface-to-volume ra-
tio and may be too heavy for practical hy-
drogen storage.

So far, no practical H2 sorbent is avail-
able. Finding the right material for on-
board storage is still a grand challenge. Con-
cerning TM-based organometallic sorbents,
several conditions are required at the same
time: First, the substrate materials possess
high surface-to-volume ratio and are light-
weight. Second, the TM atoms are under-
coordinated and well-exposed to accom-
modate multi-H2. Third, these unsaturated
TM atoms, despite their high chemical reac-
tivity,10 do not form clusters. These require
that the anchoring bonds between the TM
atoms and the substrate are strong and the
TM coverage is also optimized. Along the

line of strengthening the anchoring bonds,
several strategies have been suggested,
such as functionalizing organic molecules,11

employing defect sites in carbon
materials,12,13 and directly integrating metal
atoms into the skeleton.14,15

Alternatively, graphene oxide (GO) can
be a potential substrate to covalently an-
chor TM atoms by simultaneously satisfy-
ing all these three conditions. GO has large
surface-to-volume ratio and is intrinsically
lightweight (condition 1). GO possesses
ample O sites on the surfaces. Oxygen is
the key in anchoring under-coordinated Ti
(condition 2) and enhancing the TM�

substrate binding (condition 3), as having
been experimentally demonstrated on
mesoporous silica.9

Although GO has been routinely synthe-
sized and extensively studied,16�24 currently
its precise atomic structures are still under
intense investigation. In fact, the O content
of GO can vary greatly, depending

*Address correspondence to
zhangs9@rpi.edu.

Received for review June 24, 2009
and accepted September 16, 2009.

Published online September 22,
2009.
10.1021/nn900667s CCC: $40.75

© 2009 American Chemical Society

ABSTRACT Organometallic nanomaterials hold the promise for molecular hydrogen (H2) storage by providing

nearly ideal binding strength to H2 for room-temperature applications. Synthesizing such materials, however,

faces severe setbacks due to the problem of metal clustering. Inspired by a recent experimental breakthrough

(J. Am. Chem. Soc. 2008, 130, 6992), which demonstrates enhanced H2 binding in Ti-grafted mesoporous silica, we

propose combining the graphene oxide (GO) technique with Ti anchoring to overcome the current synthesis

bottleneck for practical storage materials. Similar to silica, GO contains ample hydroxyl groups, which are the

active sites for anchoring Ti atoms. GO can be routinely synthesized and is much lighter than silica. Hence, higher

gravimetric storage capacity can be readily achieved. Our first-principles computations suggest that GO is primarily

made of low-energy oxygen-containing structural motifs on the graphene sheet. The Ti atoms bind strongly to

the oxygen sites with binding energies as high as 450 kJ/mol. This is comparable to that of silica and is indeed

enough to prevent the Ti atoms from clustering. Each Ti can bind multiple H2 with the desired binding energies

(14�41 kJ/mol-H2). The estimated theoretical gravimetric and volumetric densities are 4.9 wt % and 64 g/L,

respectively.
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on the experimental conditions in which H usually co-

exists. Under the O-rich conditions, GO contains epoxy,

whereas under the H-rich conditions, hydrogenated

graphene will form. In the intermediate region, GO usu-

ally contains both epoxies (�O�) and hydroxyls (�OH).

In this paper, we report first-principles studies of

GO with comparable �O�, �OH, and sp2 carbon (C) ra-

tios. We identify a basic structural motif that consists

of one �O� and two �OH as the basic building blocks

of low-energy GO for such compositions. We investi-

gate how to securely anchor Ti on GO without having

to compromise the required exposure of metal to H2.

The calculated Ti�O binding energies are, in fact, com-

parable to those on mesoporous silica, suggesting that

Ti clustering is no longer a problem. We then calculate

the binding energies of H2 to Ti. Despite the signifi-

cantly enhanced metal�substrate binding via the O,

the anchored Ti atoms are still able to bind multi-H2

with suitable energies for room-temperature storage.

The theoretical gravimetric and volumetric densities are

4.9 wt % and 64 g/L, respectively.

RESULTS AND DISCUSSION
Structural Models. As mentioned before, GO structural

model from experiment is not available. Recently, Cai

and co-workers investigated the structure of GO by

solid-state NMR experiments.25 They found that �O�

and �OH are the two dominant O groups on the sur-

face by clearly distinguishing three types of C atoms,

namely, the sp2 carbon and two types of sp3 carbon

bonded to hydroxyls and epoxies, respectively. The

concentrations of these three types of carbon are com-

parable, suggesting that the C(sp2)/C(�O�)/C(�OH) ra-

tio of 1:1:1 is representative of the GO. Moreover, it sug-

gests that the two types of O groups are in proximity,

possibly as nearest neighbors.

Using a large 10 � 10 supercell, we have
performed a comprehensive search for the
most stable local structural motifs consisting
of �O� and �OH. First, we put an �O� at the
center of the supercell and then place an �OH
at the three inequivalent nearby carbon sites
shown in Figure 1a. The lowest-energy motif is
the one where the �O� and �OH are the
nearest neighbors but located at the opposite
sides of the graphene sheet, as shown in Figure
1b. In general, the (�O�, �OH) pairs are high-
energy motifs because the creation of a dan-
gling bond (DB) by the attachment of a single
�OH. To stabilize them, we can add another
�OH to the labeled sites in Figure 1c to form
an (�O�, 2�OH) motif. There are two such
configurations with low energy, labeled as site
1 and site 3.

There are four major factors that need to
be considered for optimal stability: (i) the ac-
commodation of hydrogen bonding within

an (�OH, �OH) pair or an (�OH, �O�) pair, (ii) the

reduction of strain and Coulomb repulsion among

negatively charged oxygen ions, (iii) the elimination

of DB, and (iv) the proximity of �OH to �O�. In Fig-

ure 1c, the second �OH at site 3 or site 7 is on the

opposite side of the graphene sheet with respect to

the first �OH and forms a hydrogen bond with the

�O� on the same side; the second �OH at the other

sites is on the same side of the first �OH and forms

a hydrogen bond with the first �OH. This is corre-

sponding to condition (i). Taking the structure in Fig-

ure 1d as an example, we find that hydrogen bond-

Figure 1. (a) Possible positions to form an (�O�, �OH) pair, (b) the most stable
(�O�, �OH) pair, (c) possible positions to form an (�O�, 2�OH) complex start-
ing from (b), and (d) one of the most stable (�O�, 2�OH) motifs, which is used
throughout the paper.

Figure 2. GO model constructed by spatially repeating
the motif in Figure 1d. (a) Top view. (b) Side view (along
the armchair direction). Dashed lines define the 2�3 �
�3 supercell. Note that all the �OH form H bonds with
neighboring �OH or �O�, and both �O� groups are
distributed evenly on both sides of the graphene sheet.
The Ti sites are Z2.5, Z2.5=, or A3, where Z stands for zig-
zag and A stands for armchair, and the number indicates
the separation between O atoms (in units of C�C bonds
along the carbon chain). Due to the high O packing den-
sity, each Ti always binds to two O.
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ing between two �OH lowers the energy by 28 kJ/
mol. The corresponding OH · · · O distance is 1.88 Å.
These values are similar to those calculated for a wa-
ter dimer (22 kJ/mol and 1.91 Å, respectively) at the
same theoretical level. Condition ii suggests that the
�O� and �OH should be evenly distributed on
both sides of the graphene sheet. Taking again the
example in Figure 1d, if we flip the �O� from one
side to another, indeed the total energy would in-
crease by 27 kJ/mol. A careful examination shows
that condition iii can only be fulfilled by sites 1, 3,
and 5. As it turns out, site 5 is higher in energy than
site 1 by 62 kJ/mol. Condition iv is fulfilled by sites
1, 2, and 3, which are in the same hexagonal carbon
ring. Among all the considered sites in Figure 1c,
site 1 and site 3 have the lowest-energy and are al-
most the same in energy.

Thus, these two motifs are exceptionally stable
and should be abundant on GO at least when the
oxygen group coverage is low or modest. In this pa-
per, we will use one of them, as shown in Figure
1d, as a representative to construct an extended GO
structure. The smallest cell with the 1:1:1 carbon ra-
tios would be a �3 � �3 cell containing six C atoms
(or one motif unit). When repeating this surface
cell, however, all of the epoxies would have to be
on the same side of the graphene sheet. Similarly,
all the hydroxyls would have to be on the other side.
This turns out to be energetically unfavorable. To
avoid such a situation, we double the cell size to

2�3 � �3 (see Figure 2). Note that in Figure 1d

there is on average only half hy-

drogen bond per �OH. By dou-

bling the cell, each hydroxyl can

form a hydrogen bond either with

another hydroxyl or with an ep-

oxy. Thus, there exists now one

hydrogen bond per �OH. The

doubling of the cell lowers the sys-

tem energy by 170 kJ/mol-C12 (or per

2�3 � �3 cell). About 60 kJ/mol-

C12 can be accounted for by the two

extra hydrogen bonds to the ep-

oxies. The remaining 110 kJ/mol-C12

comes from the long-range even dis-

tribution of the O groups on both sides of the graphene

sheet. Its physical origin is presumably also the reduction

of strain energy and Coulomb repulsion.

Ti Anchoring on GO. The binding energy of Ti is defined

by

where E(GO), E(Ti), and E(Ti/GO) are the total energy of

GO, Ti atom, and Ti on GO, respectively. On the GO sur-

face, there are three possible Ti sites labeled Z2.5, Z2.5=,
and A3 (see Figure 2a and its caption). In all three cases,

the Ti, upon bonding to an O, will form another bond

with a second neighboring O. As a result, the Ti always

straddles in a bridge site between two O. This is be-

cause the relatively high O density.

GO is different from mesoporous silica. It possesses

reactive epoxy oxygen, as well as open sp2 carbon.

These differences may result in Ti reactions with GO

that are not present on mesoporous silica surface. In-

deed, we find that, when the Ti is on either the Z2.5 or

Z2.5= site, the epoxy is detached from the graphene.

Figure 3 shows what happens at Z2.5 in three frames.

Initially, the Ti is anchored onto one �O� and one

�OH (frame a). It lifts up the epoxy oxygen (frame b),

which allows the Ti to bind directly to the C atoms un-

derneath (frame c). The entire process is barrierless, and

the final structure is more stable by 2 eV.

For hydrogen-storage purpose, such a Ti-epoxy reac-

tion may not be desirable. As storage takes place in a

relatively H-abundant environment, we may eliminate

this reaction by hydrogenating the epoxy, which at the

Figure 3. Ti reaction pathway at the Z2.5 site. (a) Initial structure, where the H atom (of the �OH group) on the far-left top-
layer oxygen atom has migrated to the Ti atom, (b) the uplift of the epoxy oxygen, and (c) the direct binding of the Ti to car-
bon atoms.

Figure 4. Stable Ti/GO motifs at three possible Ti sites in Figure 2a. Due to the hydrogenation
of epoxy, however, the O�O distance, and hence the numerical labeling, has changed. A Ti
dimerized motif at A3 site is also shown.

Eb(Ti) ) E(GO) + E(Ti) - E(Ti/GO)
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same time may also eliminate sp2 carbon. Hydrogena-

tion of sp2 graphene into full sp3 graphane has been ex-

perimentally demonstrated recently.26 Our computa-

tions show that the hydrogenation of epoxy by H2 not

only converts it to a hydroxyl but also simultaneously

converts an sp2 carbon to sp3 carbon. This is energeti-

cally more favorable by 0.2 eV per H over the hydrog-

enation of graphene.

Similar to the untreated GO, there are three Ti an-

choring sites on hydrogenated GO (HGO): they are la-

beled as Z2, Z3, and A3 in Figure 4. Due to the hydrog-

enation, the Z2.5 and Z2.5= sites in Figure 2a become

the Z3 and Z2 sites, respectively. Table 1 summarizes

the results. Ti@Z2 has a binding energy of 481 kJ/mol-Ti

and is most stable. The anchoring O�O separation is

2.63 Å. Ti@A3 has a binding energy of 475 kJ/mol-Ti,

and the O�O separation is 2.83 Å. Ti@Z3 has a binding

energy of 445 kJ/mol-Ti, and the O�O separation is 3.16

Å. The Ti binding energy is thus correlated with the

O�O separation. These energies are comparable to

those for Ti on mesoporous silica and can be compared

to Ti2 dimer in vacuum (278 kJ/mol). The similarity with

mesoporous silica suggests that Ti will not leave GO to

form any clusters. To further confirm the Ti stability, we

perform vibrational analysis to verify that none of the

Ti motifs has any structural instability associated with

imaginary frequencies. Figure 4 also shows a surface Ti

dimer, Ti2@A3. The calculated binding energy for this

on-site dimer is 427 kJ/mol-Ti, which is 108, 96, and 36

kJ/mol-Ti2 smaller than those for Ti@Z2, A3, and Z3, re-

spectively. Therefore, inserting Ti onto already existing

Ti sites, which could serve as the first step of onsite clus-

tering, is also energetically unfavorable.

Hydrogen-Storage Properties. Sequential H2 binding en-

ergy to Ti (anchored on HGO) is defined as

where E[Ti/HGO(H2)n] and E(H2) are the total energies

of Ti/HGO with n adsorbed H2 and isolated H2, respec-

tively. Ti@Z2 (Figure 5a) can take two H2: the first at 30

kJ/mol-H2 and the second at 18 kJ/mol-H2.27 The corre-

sponding Ti�H2 distances are 1.9 and 2.1 Å, respec-

tively. H2 binding to Ti@Z3 (Figure 5b) and A3 (Figure

5c) is essentially the same as that to Ti@Z2. For Ti2@A3

(Figure 5d), the first H2 dissociates to form dihydride

with a formation energy of 96 kJ/mol-H2. Subsequent

H2 adsorption, however, resumes the molecular form.

For the second, third, and fourth H2, the sequential

binding energies are 41, 22, and 14 kJ/mol-H2, respec-

tively. The distances between the H2 molecules and Ti

are all within 2.1 Å. The results for hydrogen binding are

also given in Table 1. It shows that the H�H bond

length is significantly longer than that calculated for

free H2 molecule (0.75 Å). The facts that the adsorbed

H2 takes the side-on configuration and the binding en-

ergies in Table 1 can be as large as 41 kJ/mol suggest

that the Ti�H2 binding is of Kubas-type.3,28

To use GO for hydrogen storage, it is necessary to

consider how accessible are the surface areas when

the GO layers are stacked together. Interestingly, open

GO structures can be relatively easily fabricated. In a re-

cent patent application disclosure,29 thermally exfoli-

ated GO bulk materials have been experimentally pre-

pared. The measured surface areas range from 300 to

2500 m2/g. We can estimate what would be the surface

area required for hydrogen storage. On the basis of

the GO structure discussed above, we obtain a surface

area of 1654 m2/g. Thus, there are enough surface areas

for hydrogen storage in such GO materials.

To increase H capacity, one needs to optimize Ti

separation. A recent paper30 revealed that a 2 � 2

graphene cell yields the optimal calcium separation for

hydrogen storage. The atomic radii of Ca and Ti are 2.23

and 2.00 Å, respectively. Neglecting the small size differ-

ence, we arrive at the Z4 structure in Figure 6 for Ti.

Figure 5. (a) Top view: H2 binding to Ti@Z2. (b�d) Side views: H2 binding to Ti@Z3, A3, and Ti2@A3, respectively.

TABLE 1. Anchoring O�O Separation (in Å), Ti Binding
Energy (in kJ/mol-Ti), Sequential H2 Binding Energies (in
kJ/mol-H2), and H�H Bond Length (in Å) on Hydrogenated
GO (* Indicates Dissociated H2 That Should Not Be
Considered for Reversible Hydrogen Storage); For
Comparison, LDA Results for Ti at the Z2 Site Are Also
Given

Ti 1st H2 2nd H2 3rd H2 4th H2

site dO�O Eb Eb dH�H Eb dH�H Eb dH�H Eb dH�H

Z2 2.63 481 30 0.82 18 0.78 O O O O
(LDA) (2.58) (510) (65) (0.87) (33) (0.82)
Z3 3.16 445 25 0.85 15 0.78 O O O O
A3 2.83 475 29 0.83 18 0.78 O O O O
A3 (Ti2) 3.19 427 96* O 41 0.79 22 0.80 14 0.79
Z4 5.10 291 93* O 28 0.86 36 0.81 24 0.85

Eb ) E[Ti/HGO(H2)n-1] + E(H2) - E[Ti/HGO(H2)n]
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Here, the pairing of �OH on the opposite sides stabi-
lizes the system. The O�O separation on the same side
is 5.1 Å, and the O/C ratio is 1:4. This coverage is close
to a recent experimental report15 for epoxy on
graphene with an O/C ratio of 1:5. Thus, one would
only have to hydrogenate the GO without the removal
of O to test our theory. The calculated binding energy
for Ti (291 kJ/mol-Ti) is smaller than Ti with two O an-
chors but is still larger than that of Ti dimer in vacuum.

Table 1 shows the results for H2 binding. Each Ti
can take four H2 but the first dissociates with a Ti�H
binding energy of 93 kJ/mol-H2. The rest of the H2 do
not dissociate. Interestingly, when the fourth H2 is ad-
sorbed, the first dissociated H2 also reverses back to its
original molecular form. The average binding energy for
the last three H2 is 29 kJ/mol-H2. Following Lee et al.,31

we estimated the upper bound on the gravimetric H
density at standard conditions to be 4.9 wt %. Note that
the dihydride is too strongly bounded and is not con-
sidered in our estimation. To find the optimal volumet-
ric density, we calculated the interlayer distances for
Ti�HGO sheets with fully loaded H2 by both general-
ized gradient approximation (GGA) and local density
approximation (LDA). The distances are 14 Å from GGA,
corresponding to a volumetric density of 64 g/L, and
12 Å from LDA, corresponding to a volumetric density
of 74 g/L. GGA tends to overestimate, whereas LDA
tends to underestimate, the interlayer distance. Thus
the real volumetric density could be between 64 and
74 g/L.

CONCLUSIONS
In summary, we have investigated the structural

properties of GO and the feasibility of using GO to an-
chor Ti for hydrogen storage by means of first-principles

computations. We propose that on GO there exist

stable structural motifs as the basic function units of

oxygen groups. GO could be an excellent substrate for

Ti, but for hydrogen storage, it requires the hydrogena-

tion of epoxy and open sp2 sites. On hydrogenated

GO, the Ti binding is strong, comparable to that on Ti-

grafted mesoporous silica, and enough to prevent Ti

clustering. Dihydrogen binding energy is also favorable

for room-temperature storage. In view of the recent

success of enhanced multi-H2 binding on Ti-grafted

mesoporous silica and the well-established methods

for synthesis of supported catalysts from organometal-

lic precursor molecules, Ti-anchored GO may offer a fea-

sible solution for hydrogen storage.

METHODS
The computations are based on the density functional

theory (DFT) in the Perdew�Burke�Ernzerhof32 generalized
gradient approximation or in the local density approxi-
mation.33,34 Frozen-core all-electron projector augmented
wave (PAW) method,35 as implemented in the VASP code,36

is used. The cutoff energy for the plane-wave basis expan-
sion is 500 eV. We employ the first-order Methfessel�Paxton
partial occupation scheme37 with a 10 meV smearing. A two-
dimensional periodic supercell is used with adjacent GO lay-
ers separated by a 20 Å thick vacuum region. For the Brillouin
zone integration, a 3 � 6 k-point grid is used for a 2�3 �
�3 cell, which is equivalent to a 10 � 10 grid for the 1 � 1
primitive cell. Both atomic positions and lattice parameters
are fully relaxed until the forces on all the atoms are less than
0.01 eV · Å�1. For the analysis of vibrational modes, we use
finite-difference method with a displacement of 0.015 Å.
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