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Abstract

Ab initio molecular orbital (MO) calculations are performed to study the adsorption of H atoms on three faces of graphite:
(0001) basal plane, (1010) zigzag edge and (1121) armchair edge. The relative energies of adsorption (or C–H bond
energies) follow the order: zigzag edge.armchair edge.basal-plane edge, in agreement with previous semi-empirical MO
results. However, it is found that adsorption on the basal plane sites is exothermic and stable, in contrast to previous
semi-empirical results. On the edge sites, the C–H bond energy decreases by nearly 30 kcal /mol when two H atoms are
adsorbed on the same site. On the basal plane, the C–H bond energy decreases from 46 kcal /mol when two H are adsorbed
on alternating sites to 27 kcal /mol when they are adsorbed on two adjacent sites. Literature MO results of H adsorption on
the exterior wall of SWNT are in fair agreement with that on the basal plane of graphite. The value 27 kcal /mol agrees well
with experiment (23 kcal /mol) of TPD of hydrogen from MWNT. Three common features exist in the reported experiments
on hydrogen storage in carbon nanotubes: slow uptake, irreversibly adsorbed species, and the presence of reduced transition
metals (Fe, Co or Ni). Combined with the MO results, a mechanism that involves H dissociation (on metal catalyst)2

followed by H spillover and adsorption (on nanotubes) is proposed for hydrogen storage in carbon nanotubes.  2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction insights into the current problem of hydrogen storage in
carbon nanotubes are given.

The theoretical investigation on chemisorption of hydro- Carbon nanotubes are formed by graphite (or graphene)
gen on graphite has been of long-standing interest since the sheets rolled up into tubes, generally in the range of 1–10
early quantum mechanical calculations of Sherman and nm in diameter and 200–500 nm in length. The multiwall
Eyring [1]. Semi-empirical molecular orbital (MO) calcu- nanotubes (MWNT) were discovered by Iijima in 1991
lations have been used to understand the chemisorption of [10]. Single-wall nanotubes (SWNT) were discovered in
hydrogen on various planes of graphite [2–9]. The focus of 1993 [11,12]. Since their discoveries, these materials have
these studies was on the adsorption on the basal plane attracted intense interest due to their potential in applica-
(0001) of graphite. It was concluded that in the adsorption tions in a variety of nanotechnologies [13–16], such as
of H atoms on the basal plane, metastable states existed molecular electronics, scanning probe microscope tips
and the adsorption was endothermic [6–9]. Since more (electron field emitters), quantum nanowires, catalyst sup-
accurate ab initio methods are now available, the calcula- ports, chemical sensors and sorbents for hydrogen storage.
tions are undertaken using these methods. From the results, Our preliminary experimental results also showed that they

are promising sorbents for selective adsorption of NOx

[17] and dioxins [18]. Beside MWNT and SWNT, carbon/*Corresponding author. Tel.: 11-734-936-0771; fax: 11-734-
graphite nanofibers (GNF) are closely related materials and763-0459.
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Much excitement has arisen from recent reports of dissociation of hydrogen to atomic H was likely to have
promising results on carbon nanotubes for hydrogen occurred. In addition, hydrogen dissociation is known to

2storage [19–25]. High hydrogen adsorption capacities were take place on the edge sites of graphite with a free sp
reported for various carbon nanotubes. However, a good electron per carbon site (e.g. Ref. [8]), although the
deal of controversy exists regarding reproducibility of the process would be slow at ambient temperature. Conse-
results. Dillon et al. [21] estimated that single-wall quently, hydrogen dissociation followed by spillover and
nanotubes could potentially store up to 5–10% by weight chemisorption on the surface of nanotubes is an entire
of hydrogen at 273 K based on temperature programmed possibility [39,40]. Our experimental results on hydrogen
desorption (TPD) data. From TPD, they determined that storage on carbon nanotubes with various metal dopants
the activation energy for desorption of hydrogen from the will be published elsewhere [41]. From TPD, the activation
nanotubes was 19.6 kJ /mol. This value is too high to be energy for desorption from NiMgO /MWNT was 23 kcal /x

explained by physical adsorption. Chambers et al. [19], mol [41]. In this work, we report ab initio results on
using a volumetric system, reported up to 67% by weight adsorption of H atoms on different planes of graphite.
of hydrogen storage by platelet-GNF at 120 atm and 298
K. More recently, interesting results were reported on
alkali-doped carbon nanotubes for hydrogen storage [22]. 2. Computational details
It was reported that Li- and K-doped carbon nanotubes
adsorbed, respectively, 20 wt.% and 14 wt.% of hydrogen Theoretical studies on the chemisorption of atomic
at 1 atm and mild temperatures (200 to 4008C for Li-doped hydrogen on graphite have been reported in previous work
and near room temperature for K-doped nanotubes). Un- [2–9] using semi-empirical molecular orbital (MO) calcu-
fortunately, most of the uptake was found to be due to lations. In this work, the Gaussian 94 program [42] in the
moisture in the hydrogen that formed alkali hydroxides Cerius2 molecular modeling software [43] from Molecular
[23]. Most recently, Liu et al. [24] reported about 4–5% by Simulation, Inc. was used for all calculations in the ab
weight of hydrogen adsorption in single-wall nanotubes, at initio MO study of the hydrogen–graphite system. The
100 atm and room temperature. Adsorption of hydrogen on structures of two types of graphite models are shown in
SWNT at 80 K was measured by Ye et al. [25]. A H/C Fig. 1: model A has an unsaturated armchair edge on top
ratio of about 1 was reported for hydrogen on crystalline and model B has an unsaturated zigzag edge; the other
ropes of SWNTs at 80 K and pressures .12 MPa [25]. unsaturated boundaries for both models A and B are
The H adsorbed on nanotubes was reported to undergo a2 terminated with hydrogen. Studies of Chen and Yang
rapid ortho–para conversion at 25 K [26]. It should be [44,45] documented that such molecular systems were
noted that the edge sites of graphite may play a significant determined to be the most suitable models for graphite
role in H storage, as they are abundant in GNF [19] as2 structures, since they yield parameters in excellent agree-
well as nanotubes after acid treatments and heat treatments ment with the experimental data.
[27] which are typically done in all experiments for sample Chemisorption of hydrogen atoms on both edge planes
purification and activation. Hence it is important to study and basal planes of models A and B, as illustrated by
edge sites in this work. models C, D, E and F in Fig. 2, were calculated as follows.

Theoretical studies of physical adsorption of H on2 The unrestricted Hartree–Fock (UHF) method with the
carbon nanotubes using Monte Carlo simulations have basis set of 3-21G(d) was used for geometric optimization
been performed by several groups [28–38]. Various fluid– and the self-consistent field (SCF) energy of the optimized
fluid and fluid–solid interaction potentials have been used. system, whereas the higher level, B3LYP/6-31G(d) was
However, none could account for or nearly account for the used for the single point energy and bond population
reported experimental data. For example, the target of 6.5 calculations when more accurate results were required. The
wt.% H uptake at ambient temperature could not be2 spin multiplicity of each calculation was determined using
achieved even by tripling the fluid–wall interaction po- the method of Kyotani and Tomita [46]: the selected spin
tential [31]. Clearly other explanations are needed in order multiplicity resulted in a reasonable chemical structure,
to account for any of the reported experimental results. with the least spin contamination and the lowest energy

One common feature that exists in all reported ex- state.
perimental results, whether at ambient temperature or at The geometry-optimized structures were used to calcu-
cryogenic temperatures, is the slow uptake of H . In all2 late the energy of chemisorption (E ) according to theadscases, the uptakes were slow, and equilibria were reached following expression:
after a time span of the order of hours. Meanwhile, the
adsorbed hydrogen could not be desorbed completely in E 5 E 2 E 2 Eads graphite–hydrogen graphite hydrogen

vacuo. For example, 21–25% of the adsorbed hydrogen
remained and had to be desorbed at 473 K in vacuo [24]. where E is the SCF energy of the optimizedgraphite–hydrogen

Both results are clear indications of chemisorption. Since hydrogen–graphite structure, E is the SCF energy ofgraphite

metals were contained in the nanotubes in all cases, an optimized graphite structure and E is the SCFhydrogen
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Fig. 1. Graphite models A and B.

energy of a hydrogen atom. The calculation was also In order to determine the potential energy curves for the
applied to cases with two H atoms on each carbon site. A interaction between H atoms and graphite models, after
higher negative value of E in kcal /mol corresponds to a geometry optimization of each molecular system, singleads

stronger adsorption. point energy (SPE) was calculated upon each change of

Fig. 2. Chemisorbed H on graphite models C, D, E and F.
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Fig. 3. Potential energy diagram for atomic H on models C, D, E and F.

the carbon–hydrogen bond length, and the resulting SPEs The dihedral angles are all either 08 or 1808 indicating that
were converted to electron volt per hydrogen (eV/H) as the graphite models are in the expected single plane sheet
presented in Fig. 3. structure.

Some pertinent bond lengths and atomic bond popula-
tions are listed in Table 2. The atomic bond populations

3. Results and discussion are derived from Mulliken population analysis and are
used as a measure of bond strength. Values of bond length

3.1. Ab initio molecular orbital calculations on graphite
models A and B

The values of the calculated bond lengths and bond Table 2
Bond length and atomic bond population for models A and Bangles for the optimized structures are in good agreement

with the experimentally observed data [8]; the average Model Bond Length (pm) Bond population
bond lengths and bond angles are summarized in Table 1.

A C(1)–C(2) 140 0.34
C(2)–C(3) 144 0.48
C(3)–C(4) 143 0.39

Table 1 C(2)–C(16) 141 0.47
Average bond length and bond angle for models A and B C(16)–C(15) 132 0.77

C(3)–C(13) 144 0.46
Model A Model B Exp. data

B C(1)–C(2) 146 0.34
Avg. bond length (pm) C(2)–C(3) 141 0.37
C–C 142 141 142 C(2)–C(13) 139 0.38
C–H 107 107 107 C(1)–C(16) 143 0.40
Avg. bond angle (deg) C(16)–C(12) 143 0.39
C–C–C 120 120 120 C(16)–C(15) 143 0.41
C–C–H 120 120 120 C(13)–C(14) 140 0.38
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Table 3 structures remain as flat sheets. For C(15) and C(16), both
Bond length and atomic bond population of H-graphite for models bonded with H, the C–C bond is substantially weakened
C and D by H adsorption (the bond population decreases from 0.77

to 0.54) and the bond length is increased from 132 to 138Model Bond Length (pm) Bond population
pm.

C C(1)–C(2) 144 0.39
C(2)–C(3) 143 0.49
C(3)–C(4) 144 0.41

3.3. Chemisorption of H atom on the graphite basalC(2)–C(16) 142 0.43
plane sitesC(16)–C(15) 138 0.54

C(3)–C(13) 143 0.43
C(16)–H(18) 107 0.40 In Fig. 2, models E and F represent hydrogen atoms

D C(1)–C(2) 144 0.37 adsorbed on the basal plane sites. In model E, two
C(2)–C(3) 141 0.34 hydrogen atoms are bonded to two adjacent carbons, and in
C(2)–C(13) 141 0.40 model F they are further apart, with one carbon in
C(1)–C(16) 142 0.41 between. In both cases, there are some significant increases
C(16)–C(12) 143 0.39

in C–C and C–H bond lengths where hydrogen is directlyC(16)–C(15) 142 0.40
involved, and decreases in bond population, indicatingC(13)–C(14) 140 0.40
weaker C–C and C–H bonds, as shown in Table 4. TheC(13)–H(21) 107 0.40
dihedral angles are no longer 08 or 1808, they deviate from
18 to 58, so that the single layer sheet appears to curve
away slightly from hydrogen.

and bond populations are used to compare to those of the Semi-empirical calculations [5–8] have all shown that
hydrogen–graphite systems in Tables 3 and 4. adsorption of H atom on the basal plane is metastable and

endothermic, because the potential energy diagram is
3.2. Chemisorption of H atom on the graphite edge sites always positive. The ab initio results from this work show

that the previous results are not accurate, and in fact, the
In Fig. 2, model C represents the structure of one opposite conclusion is reached; the adsorption is exother-

hydrogen atom chemisorbed per edge carbon on the mic and stable. The potential energy curves are shown in
armchair plane of graphite, and model D represents the Fig. 3. This result has ramifications on hydrogen storage in
structure of one hydrogen atom chemisorbed per edge carbon nanotubes, as will be discussed shortly.
carbon on the zigzag edge of graphite. As indicated in
Table 3, upon chemisorption of hydrogen on the edge sites,
except for C(16)–C(15), no significant changes are noted 3.4. Chemisorption of 2 H atoms per carbon on the
in bond length or bond population for both zigzag and graphite edge sites
armchair edges. Also the dihedral angles are all un-
changed, i.e. they are either 08 or 1808, indicating the In Fig. 4, model G represents the structure of two

hydrogen atoms chemisorbed per edge carbon of the
armchair face of graphite, and model H represents theTable 4
structure of two hydrogen atoms chemisorbed per edgeBond length and atomic bond population of H-graphite for models
carbon of the zigzag face. Table 5 shows the bond lengthsE and F
and bond populations of these two systems. Similar to the

Model Bond Length (pm) Bond population
chemisorption of one H atom per edge C, the C–C bonds

E C(1)–C(2) 143 0.34 are weakened where H atoms are directly involved. The
C(2)–C(3) 155 0.27 extent of C–C bond weakening is significantly higher with
C(3)–C(4) 152 0.26 2 H atoms bonded on each C. Also, the C–H bond is
C(2)–C(16) 138 0.42 weaker when 2 H atoms are bonded to one carbon. All the
C(16)–C(15) 133 0.44

dihedral angles remain unchanged, i.e. 08 or 1808, indicat-C(3)–C(13) 159 0.27
ing the graphite systems remain as flat sheets. The bondC(3)–H(18) 109 0.41
angle formed between the two H atoms for both G and H,F C(1)–C(2) 143 0.36
i.e. H–C–H is close to 1078.C(2)–C(3) 141 0.38

C(2)–C(13) 141 0.35 Gaussian calculations for geometric optimization of
C(1)–C(16) 153 0.28 graphite systems with 3 H atoms per carbon chemisorbed
C(16)–C(12) 152 0.27 on the edge graphite sites or 2 H atoms per carbon on the
C(16)–C(15) 151 0.29 basal graphite sites were attempted but ended in error
C(13)–C(14) 141 0.36 terminations, this may be due to the limited tetravalent
C(16)–H(21) 110 0.39 nature of the carbon atom. Our earlier semi-empirical MO
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Fig. 4. Chemisorption of 2 Hs on models G and H.

Table 5 are needed, and it is found that both edge planes and basal
Bond length and atomic bond population of H-graphite for models planes in graphite can chemisorb hydrogen. The strength
G and H of chemisorption is higher on the edge planes than the

basal planes, and follows the order:Model Bond Length (pm) Bond population

G C(1)–C(2) 142 0.42 zigzag edge . armchair edge . basal-plane.
C(2)–C(16) 152 0.23
C(16)–C(15) 155 0.25

The potential energy curves in Fig. 3 also show that
C(3)–C(13) 148 0.36

chemisorption on basal planes follows that same pattern asC(16)–H(18) 108 0.40
edge planes, with edge planes more stable than basalH C(1)–C(2) 143 0.37
planes.C(2)–C(13) 151 0.26

Two conclusions become clear from the results shown inC(13)–C(14) 151 0.28
C(1)–C(16) 143 0.40 Table 6. For adsorption on both edge planes, the bond
C(13)–H(21) 109 0.39 energy (or energy of adsorption) decreases precipitously

when two H atoms are adsorbed on each carbon site as
compared with one H per site. In both cases, a nearly 30
kcal /mol decrease is seen. For adsorption on the basalresults indicated that the C–C bond on the edges would
plane sites, the energy of adsorption is substantially lowerbreak when 3 H atoms are bonded to each C [9].
when the H atoms are occupying adjacent sites. Comparing
model F with model E, the energy drops from 46.473.5. Heats of adsorption or bond energies
kcal /mol (two H on alternate sites) to 27.04 kcal /mol (two
H on adjacent sites). This result also has implications onIn Table 6, the energy of chemisorption E is tabulatedads
hydrogen storage in nanotubes as discussed below.for each of the H-graphite systems. Values for C and D are

similar to the reported C–H bond energies by semi-empiri-
cal MO calculations in our previous work [8,9]. However, 3.6. Comparison between graphite and nanotube
considerable adjustments based on empiricism were
needed in those energy calculations. In the present study Interesting molecular orbital calculations have been
with ab initio MO calculations, no empirical adjustments published recently on the bonding of F atoms [47,48] and

H atoms [49–51] on SWNT. The results on H-SWNT will
be compared with our results.Table 6

Both Bauschlicher [49,50] and Froudakis [51] studiedCalculated E per H atom for models C, D, E, F, G and Hads
the bonding of H atoms on the exterior wall of the SWNT

Model E (kcal /mol)ads (both consisting of 200 C atoms, but with different
C (H on armchair edge) 285.27 diameters). Bauschlicher calculated the bond energies for
D (H on zigzag edge) 290.24 the tube with 1 H, 2 H, 24% coverage, 50% and 100%
E (H adjacent basal sites) 227.04 coverages (assuming 1 H/1 C). The average C–H bond
F (H on alternating basal sites) 246.47 energy for the first H was 21.6 kcal /mol, and 40.6 kcal /
G (2 H on armchair edge) 256.93 mol for the first two H atoms. The average bond energy for
H (2 H on zigzag edge) 264.51 50% coverage was 57.3 kcal /mol, decreasing to 38.6
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kcal /mol for 100% coverage. Froudakis studied the bond- likelihood of hydrogen storage that follows the mechanism
ing of 1 H with the tube where the H atom approached the of H dissociation with subsequent H spillover and ad-2

tube wall in two ways: direct approach to the top of a sorption. Once H atoms are available, bonding to all three
carbon atom, and approach along the centerline of a planes of graphite should follow, based on the MO results.
hexagon [51]. The energy minima were, respectively, 21 Our results show that adsorption of H on the basal plane
kcal /mol and 56 kcal /mol. Froudakis also reported the graphite sites is exothermic and stable, and is hence
C–C bond lengths in the nanotube after H bonding. With entirely feasible. The C–H bond energy decreases from 46
16 H bonded to 64 C on the 200-atom tube, the C–C bond to 27 kcal /mol when two H atoms move from two
length increased from 143 to 159 pm [51]. alternate sites (model F) to two adjacent sites (model E).

The C–H bond energies on the tube are in general The value 27 kcal /mol is in good agreement with ex-
agreement with that on the basal plane of graphite. The perimental data of 23 kcal /mol [41]. The surfaces on the
energies on the basal plane are 46.47 kcal /mol for two inner walls of the nanotubes are curved. There is a
alternating or separated H atoms, and 27.04 kcal /mol for possibility that the C–H bond energy on such curved
two adjacent H atoms. A similar crowding effect was also surfaces can be further lowered. Obviously a distribution
seen on the curved tube, i.e. 57.3 kcal /mol for 50% of energies would exist. The adsorption of 1 H per carbon
coverage and 38.6 kcal /mol for 100% coverage [50]. The would correspond to 8.3% wt. storage.
increase in the C–C bond lengths from 143 to 155–159 pm
by adsorption of H was also seen on the basal plane of
graphite, and are, in fact, in excellent agreement with our
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