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Collective stabilization of hydrogen chemisorption on graphenic surfaces
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A graphene sheet is well known to be highly stable against chemisorption of a single hydrogen atom, since
a puckeredsp3 hybridized site heavily distorts the surroundingsp2 framework. However, successive adjacent
chemisorbed hydrogen atoms can engage in a collective stabilization mediated by cooperative alternate puck-
ering in the underlying carbon sheet. After several chemisorbed atoms, the binding energy for further adsorp-
tion changes sign and becomes favorable. This process requires access to both sides of the graphene sheet.
Therefore it is suppressed on a graphite surface, but may be accessible in carbon nanotubes, if the initial kinetic
barrier to creating the nucleation island can be overcome.

DOI: 10.1103/PhysRevB.68.195406 PACS number~s!: 68.43.Bc, 68.43.Fg, 61.46.1w
ar
n

tra
l

ina
a

nc

ia
it
s
i

ge
e
le

n
do
s

rn
e
ge
n
le
r

m
ve

c

ch
h
er
c

th
o

le

nd
ely
ted.
nal
re
y
te

i-
fer-

s:

di-
m.
h
rall
fo-

nal
rms.

lecu-

tor-
di-
is

m-
I. INTRODUCTION

The similar energies of different hybridized states of c
bon lead to its versatile chemical behavior. Graphite a
nanotubes, as two elemental forms of carbon, demons
this flexibility through their ability to make new chemica
bonds with chemisorbed atoms while preserving the orig
carbon hexagonal net. One important case in which this h
pens is hydrogen chemisorption;1–7 here we focus on the
strong variations of the energy of chemisorption as a fu
tion of the hydrogen coverage.

Although catalysts such as Pt on graphite can dissoc
H2 molecules and place atomic hydrogen in contact w
graphite, a defect-free graphene basal plane is highly re
tant to chemical attack by free hydrogen atoms. Not only
the kinetic barrier to hydrogen chemisorption generally lar
but an isolated hydrogen atomsp3 bonded to a graphen
plane is also energetically unfavorable compared to the c
graphene sheet plus the same hydrogen in the~molecular!
gas phase.3 However, the binding of an isolated hydroge
atom onto a clean and defect-free graphite basal plane
not provide a complete picture of the pathways toward
fully hydrogenated carbon sheet. Ansp3 coordinated carbon
atom within a graphene layer imposes a strong pattern
buckling on the surrounding atoms; the buckling patte
from nearbysp3 atoms can overlap and possibly reinforc
Such a collective stabilization, favoring successive hydro
addition, is distinct from the well-known effects of broke
aromaticity in hydrogenating small molecules. For examp
in the conversion of benzene to cyclohexane, the first hyd
gen attachment is most costly, since it breaks thep ring
conjugation; later hydrogens are easier to attach. In a s
molecule like benzene, the bond angles can adjust relati
freely to accommodate nearbysp2 and sp3 atoms. In con-
trast, an extended graphene sheet imposes strong elastic
straints that create a frustratedsp3-like buckling around a
single chemisorbed hydrogen. However, if chemical atta
ment is possible on both sides of the graphene layer, t
these local bucklings can reinforce each other. This coop
tive sheet-mediated absorbate-adsorbate interaction
change the sign of the adsorption energetics, making fur
chemisorption energetically favorable. For comparison, n
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that graphite surface has been flourinated, converting thesp2

network largely tosp3, since the F2 molecule is highly
reactive.4,8–10

II. METHODOLOGY

Unlike hydrogen physisorption, which involves subt
many-body van der Waals effects,11 hydrogen chemisorption
can be well described by standard semiempirical a
density-functional methods. However, in order to accurat
describe collective effects, large systems must be simula
Therefore we first employ a focused set of density-functio
theory ~DFT! calculations to validate further use of mo
computationally efficient empirical tight-binding total-energ
methods12 for a much larger set of complex multiadsorba
geometries.

The total energies for each configuration with chem
sorbed hydrogen are compared to those of a suitable re
ence structure, namely a pure-carbon pure-sp2 structure plus
the same hydrogen atoms in isolated hydrogen molecule

DE5E2E02
NH

2
EH2

, ~1!

whereNH is the number of attached hydrogens,E is the total
energy of the configuration in question,E0 is the energy of
the pristine pure-sp2 pure-carbon system andEH2

is the en-

ergy of a single hydrogen molecule. NegativeDE corre-
sponds to energetically favorable adsorption. It can be
vided byNH to obtain a binding energy per hydrogen ato
Vibrational entropy will favor hydrogen geometries wit
weaker bonds, but this effect should not disrupt the ove
energetic trend towards cooperative adsorption. Since we
cus on relative energetics, we do not consider vibratio
entropies or pressure-dependent gas-phase entropic te
This treatment differs from previous studies,5 in that we
compare the bound system to a clean substrate plus mo
lar rather than atomic hydrogen.

An isolated chemisorbed hydrogen induces a local dis
tion of the surrounding carbon atoms, creating an interme
ate sp2/sp3 bonding character on neighboring atoms. Th
distortion induces a slight dangling-bond character in its i
©2003 The American Physical Society06-1
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mediate neighborhood and affects the energetics and kin
for adsorption of additional hydrogen. The most favora
site for successive hydrogen addition should generally
immediately adjacent to the existing cluster, at the point w
maximal bonding distortion. The number of possible
rangements of nearby adsorbed hydrogens grows roughly
ponentially as the number of hydrogen atoms increa
Therefore instead of exhaustively analyzing all possible c
figurations for a givenNH , we start fromNH51 and con-
struct successively larger clusters by following the lowe
energy pathway for successive hydrogen addition. For sm
or linear clusters this strategy requires evaluation of;NH
structures, since roughly half of the possible cluster e
sites are equivalent. For big compact clusters, evaluatio
;ANH structures is enough at each stage, since every
near the perimeter of theNH configuration must be tested t
determine the most favorableNH11 configuration.

We examine three different stages with successiv
higher hydrogen densities:~i! the beginnings of chemisorp
tion, wherein a small number of hydrogen atoms attach t
graphene surface in a local cluster,~ii ! the extension of an
adsorbed state along a tube axis, using high-symmetry
figurations to simplify interpretation and~iii ! the hydrogena-
tion of the last few remainingsp2 carbon atoms in an almos
fully hydrogenated sheetlike carbon structure.

A. Computational technique

To examine the initiation of chemisorption onto an~8,8!
carbon nanotube, we use theVASP ~Ref. 13! package to make
a series of local-density approximation~LDA ! density-
functional theory~DFT! calculations with ultrasoft pseudo
potentials and a 300-eV plane-wave energy cutoff. We us
supercell containing three unit cells of the~8,8! tube ~with
total 96 carbon atoms! to adequately isolate the clusters
attached hydrogens in each repeated unit. Since the ch
sorbed patches are well separated and we calculate in a t
fold supercell, the simulations use only theG (kW50) point.
The supercell has dimensions of 21 Å3 21 Å 3az , where
az' 7.3 Å varies between structures, since the system
fully relaxed along thez direction. The ionic relaxation ha
been carried on up to the point when the relative total ene
change is less than 131024 per unit cell. The tight-binding
calculations for the same supercell structures have b
made within a nonorthogonal tight-binding scheme12 imple-
mented in program Trocadero.14 In this calculation a struc-
ture has been considered relaxed when the relative tota
ergy change becomes lower than 231025. In every case, the
structure is fully relaxed into the local energetic minimum

III. RESULTS

A. Beginning of chemisorption

Figure 1 shows relative total energiesDE for a growing
hydrogen cluster with atoms attached to both sides of
~8,8! nanotube, calculated using spin polarized LDA DF
The smallest chemisorbed clusters are unstable, but atNH
54 the chemisorbed state becomes energetically favora
This behavior manifests as a collective reinforcement of
19540
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buckledsp3 network. As a consequence of the wall curv
ture, the cluster grows further with hydrogen arranged in
armchair circumferential row, with more hydrogens on t
outside surface than on the inside surface~Figs. 3 and 4!.

Unlike most chemisorbed or physisorbed systems, wh
have a relatively weak density-dependent binding energy,
binding energy for hydrogen chemisorption in this case
highly density-dependent and even changes sign. The ex
nation for this distinction is twofold. First, carbon is near
isoenergetic in two very different bonding geometries, so t
the chemisorption process is accompanied by a large cha
in local bond angles. Second, the graphene substrate
single two-dimensional atomic layer, rather than the surf
of a three-dimensional solid. This very thin substrate is th
susceptible to buckling distortions perpendicular to the pla
and, unlike bulk graphite, atoms can attach to both sides

If collective effects were not important, then the bindin
energyDEH per hydrogen atom would be a constant and
energy gain forNH adsorbed hydrogens would be a straig
line intersecting the origin:EH5DEHNH . The curve in Fig.
1 clearly does not have this form and even changes sig
NH54. In the limit of largeNH the curve becomes roughl
linear, showing that the collective stabilization of chem
sorbed hydrogens is relatevely short ranged.

Next we calculate the same series of structures using
tight-binding total-energy approximation. The result~black
diamonds on Fig. 2! shows the same trend as the DFT res
~Fig. 1!, but shifted upwards and with a somewhat smal
slope~possibly due to an underestimate of longer-range c
tributions from broken aromaticity!. Both curves have peak
and valleys with similar locations, except at the beginning
the chemisorption process, where tight binding overestima
the graphene resistance to the first hydrogenization
shows a rather slow change in the cluster stability, predict
the first stable cluster only after nine hydrogens. In additi
the tight-binding-based minimal energy sequence yields
same shape for the optimal 16-atom hydrogen cluster:
armchair row around the tube. This comparison shows
the tight-binding total-energy method is reasonably accu
for carbon in the vicinity ofsp2 andsp3 bonding geometries

FIG. 1. LDA DFT results for the energyDE of the hydrogen
chemisorption on the~8,8! tube, following the minimal energy path
described in the main text.
6-2
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and so should be able to describe the main features of c
erative interactions between nearby adsorbates.

Since tight binding gives the correct trend for the to
energy of hydrogen chemisorption, we next use it in a co
parative study of hydrogen chemisorption onto three diff
ent systems: the tripled unit cell~8,8! nanotube already men
tioned, a doubled unit cell~12,0! tube, also with 96 carbon
atoms, and a flat defect-free single graphene sheet with
carbon atoms~but roughly the same unit-cell volume as f
the tubes!. The flat graphene sheet, when compared to
tube systems, reveals the effects of wall curvature and b
orientation relative to the principal axes of curvature. In ea
case, we assume that atomic hydrogen has access to
sides of the carbon surface, as would be the case for a n
tube with open ends or sidewalls.15

Figure 2 shows the tight-binding energiesDE for growing
clusters. The smallest chemisorbed clusters are again u
vorable, but atNH'6 –10 the chemisorbed state becom
energetically favorable in all three structures. The minim
stable cluster is smaller when the curvature of the underly
carbon net is bigger, sincesp3 bonding angles for outwardly
attached atoms are more easily fit onto a curved surface
the system can adjust the relative numbers of inside and
side hydrogen atoms.

In each case, the patches of hydrogen are most stable
double row of adsorbed atoms7 ~see Figs. 3 and 4!. For the
flat sheet, this double row follows the so-called zigzag dir
tion of the graphene lattice. As a consequence of wall cur
ture, both nanotubes favor hydrogen arranged along a
cumferential path, even though the (n,0) and (n,n) tubes
have quite different bond orientations relative to the tu
axis.16 The small diameter of the~12,0! tube cannot easily
support ansp3 state with equal numbers of hydrogens on t
outside and inside: the inside hydrogens are less compa
with the overall wall curvature. Therefore a second row sta
before the first row is complete, similar to what happens
intermediate sized pure-sp3 tubes.17 For larger radii the cur-
vature is less important and hydrogen atoms can comple
ring before the next row begins.

FIG. 2. ~Color online! Tight-binding total-energy differenceDE
of hydrogen chemisorption following the minimal energy path,
described in the main text. Configurations with negativeDE are
more stable than a corresponding clear carbon structure plus
lecular hydrogen.
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B. Propagation of chemisorption

The above results suggest that progressive hydrogena
would proceed in a row by row fashion, as has been fou
experimentally for fluorinated systems.8 Verifying this model
in detail is not a simple task, since cluster formation becom
harder to follow step by step as the number of hydrog
atoms increases. Instead, we model further growth by
stricting attention to a set of high-symmetry structures w
hydrogen atoms arranged in a series of rings around the~8,8!
and the~12,0! tubes. The small clusters already show that n
all hydrogen atoms in one row should be on the same sid
the tube, so these structures are not energetically the m

s

o-
FIG. 3. Sequences of hydrogen atoms chemisorbed by follow

a minimal energy path for the~8,8! and~12,0! tubes and graphene
Gray disks represent atoms chemisorbed inside the tube or b
the sheet. Arrows show the path of successive hydrogen addi
Hydrogen atoms with explicit index numbers are discontinuities
the path.

FIG. 4. The final configurations of a sequence of hydrogen
oms chemisorbed by following a minimal energy path.~a! On the
smaller-diameter~12,0! tube, the strain on the clear part of the tub
induces a new row@~b!, side view# to start before the first row
circuits the belly of the tube.~c! In the ~8,8! tube, the cluster again
grows as a ring around the circumference.~d! In the graphene sheet
hydrogen atoms arrange in a double zigzag row. The edge-on v
for the graphene sheet emphasizes thesp3-like vertical distortions
away from the perfectly planarsp2 starting structure. Schematic to
views of the same structures are shown in Fig. 3.
6-3
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favorable, but they provide a simple view of possible mod
of propagation for an adsorption front along the axis of
tube.

Figure 5 shows the energy differenceDE for successive
row-by-row adsorption. In order to avoid interaction betwe
images, these tight-binding calculations use larger superc
with 192 carbon atoms. The outside~represented in the tex
as↑) and inside (↓) hydrogen rings alternate, following b
the unhydrogenated (2) carbonsp2 rings. Since the atoms
in each ring are equivalent, corresponding structures ca
labeled using their cross sectional shape. The figure cont
models for the first configuration, (↑2222222222
2), containing just one hydrogen row attached on the o
side surface and two later configurations: (↑↓↑↓↑↓222
222) for the ~8,8! tube ~with six filled rows! and
(↑↓↑↓↑↓↑22222) for ~12,0! tube ~with seven filled
rows!.

Energies for the higher-symmetry row-by-row filling a
higher than those for the small clusters, as expected.
axial propagation of the chemisorbed state favors additio
rows in pairs, rather than sequentially row by row, since
distortion of the remainingsp2 part is then minimized and
the sp3 atoms interior to the patch maintain a consiste
geometry. The reduction in the total energy per hydrog

FIG. 5. ~Color online! Difference in the energiesDE for ~8,8!
~squares! and ~12,0! ~triangles! tubes with completed rows o
chemisorbed hydrogen. Rows alternate from the outside to the
side of the tube. Four structures@~a!–~d!# are detailed in the text.
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atom after each (↑↓) step isDE/NH'2100 meV for the
~8,8! tube andDE/NH'2180 meV for the~12,0! tube.
Similar to the initiation of chemisorbtion, the total energ
DE decreases and the overall process is self-propagatin
an energetic sense. As a consequence of different ca
bond orientations, the armchair~8,8! tube prefers configura
tions with one extra row on the outside, while the zigz
~12,0! tube prefers equal numbers of inside and outside ro
In larger systems, antiphase boundaries between differen
mains could introduce frustration into the pattern of buckli
at the boundaries.

C. CH sp3 tubes

Finally we consider the other extreme of hydrogen che
sorption, a tube completely filled with hydrogen. This is
complement to the clean tube, being again a uniform tubu
structure, but built withsp3 instead ofsp2 carbon. For each
sp2 tube there is itssp3 carbon-hydrogen counterpart.17

These structures are significantly more stable than theirsp2

twins ~plus gaseous hydrogen!. For example, the~8,8! sp3

tube is 140 meV per hydrogen atom more stable than itssp2

counterpart, while the~12,0! tube is preferred by 233 meV
per hydrogen. The final steps of adsorption just before att
ing completesp3 coverage perhaps most strongly demo
strate the importance of the collective stabilization. It is si
plest to examine this limit by working backwards an
considering the removal of a succession of hydrogen ato
from a saturated tube. Thesp3 ~8,8! tube with 96 carbon
atoms and a single missing hydrogen atom~assumed to form
half of an H2 molecule! is already;1.9 eV ~in the tight
binding! less stable than the saturated tube. Therefore
reverse reaction, i.e., the completion of saturation, is hig
favorable. The second and third hydrogen atom can be
tached from nearby sites in a several different ways, but t
all have similar total energy cost of about;1.5 eV, within
the same empirical approximation.

IV. CONCLUSIONS

The resistance of a pristine graphite basal plane to at
by atomic hydrogen has two distinct kinetic barriers: the
miliar ‘‘local’’ barrier against changing the bond hybridiza
tion of a specific carbon atom and also a more collect
‘‘global’’ nucleation barrier, wherein a finite number of adja
cent hydrogens must be attached before the addition of
sequent hydrogens becomes energetically favorable. The
netic barrier against this self-reinforcing process
substantial. Methods to overcome this nucleation bar
could include the creation of defects in thesp2 sheet, the
incorporation of pre-configured small hydrocarbons th
build in the structure of a seed cluster, or initial fluorinatio
of the sheet, followed by a concerted exchange of fluor
for hydrogen. Single-walled carbon nanotubes seem a
ticularly favorable substrate for this behavior, since bo
sides of thesp2 surface are potentially accessible and t
wall curvature reduces the size of the critical cluster. O
possible source of the atomic hydrogen needed is a dis
sion of nanoparticulate Pt catalyst. The local kinetic barr

n-
6-4
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COLLECTIVE STABILIZATION OF HYDROGEN . . . PHYSICAL REVIEW B68, 195406 ~2003!
against chemisorption is much smaller for atomic hydrog
(0.3 eV) than for molecular hydrogen~around 3 eV).18 This
barrier may decrease further with progressive buckling of
carbon surface, since potential host carbons adjacent to
current cluster deviate more strongly towards an incipi
sp3 dangling bond structure under the influence of the c
lective sheet distortions. Regardless, kinetic barriers
likely to remain significant.

In summary, we simulated the chemisorption of hydrog
on carbon surfaces, allowing hydrogen to access both s
using DFT and semiempirical tight-binding methods. W
check the tight-binding results against DFT in one syst
and then use tight binding as more efficient method to inv
tigate hydrogen chemisorption on zigzag and armchair tu
and the graphene sheet. In each of these cases the hyd
cluster becomes favorable after exceeding some thres
size. On tubes hydrogen clusters prefer to grow as a bel
a row-by-row manner, so we model the cluster’s further
J
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tension by examing a series of well ordered structures, w
hydrogen atoms arranged in rows around the tube. This
tem gains energy if the rows are added in pairs, one on
inside and one on the outside of the tube. Next, we disc
the other end of the chemisorption process, fullysp3-bonded
CH tubes and find them to be very stable structures. Fina
we discuss possible experimental realizations of the mod
systems and propose methods to help overcome the clu
nucleation barrier.
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