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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 puckeredsp® hybridized site heavily distorts the surroundisig? 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.
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[. INTRODUCTION that graphite surface has been flourinated, converting phe
network largely tosp®, since the K molecule is highly
The similar energies of different hybridized states of car-reactive®~1°
bon lead to its versatile chemical behavior. Graphite and
nanotubes, as two elemental forms of carbon, demonstrate Il. METHODOLOGY
this flexibility through their ability to make new chemical
bonds with chemisorbed atoms while preserving the original Unlike hydrogen physisorption, which involves subtle
carbon hexagonal net. One important case in which this haghany-body van der Waals effectshydrogen chemisorption
pens is hydrogen chemisorptidn’ here we focus on the can be well described by standard semiempirical and
strong variations of the energy of chemisorption as a funcdensity-functional methods. However, in order to accurately
tion of the hydrogen coverage. describe collective effects, large systems must be simulated.
Although catalysts such as Pt on graphite can dissociatéherefore we first employ a focused set of density-functional
H, molecules and place atomic hydrogen in contact withtheory (DFT) calculations to validate further use of more
graphite, a defect-free graphene basal plane is highly resigomputationally efficient empirical tight-binding total-energy
tant to chemical attack by free hydrogen atoms. Not only ignethod$? for a much larger set of complex multiadsorbate
the kinetic barrier to hydrogen chemisorption generally largegeometries.
but an isolated hydrogen atosp® bonded to a graphene The total energies for each configuration with chemi-
plane is also energetically unfavorable compared to the cleagPrbed hydrogen are compared to those of a suitable refer-
graphene sheet plus the same hydrogen in(theleculay ~ €nce structure, namely a pure-carbon paipéstructure plus
gas phasé.However, the binding of an isolated hydrogen the same hydrogen atoms in isolated hydrogen molecules:
atom onto a clean and defect-free graphite basal plane does
not provide a complete picture of the pathways towards a AE=E_E.— ME )
fully hydrogenated carbon sheet. Ap® coordinated carbon 0 2 TH2
atom within a graphene layer imposes a strong pattern of
buckling on the surrounding atoms; the buckling patterngvhereNy is the number of attached hydrogehsis the total
from nearbysp® atoms can overlap and possibly reinforce. €nergy of the configuration in questioy is the energy of
Such a collective stabilization, favoring successive hydrogethe pristine puresp® pure-carbon system arig}, is the en-
addition, is distinct from the well-known effects of broken ergy of a single hydrogen molecule. Negatid& corre-
aromaticity in hydrogenating small molecules. For examplesponds to energetically favorable adsorption. It can be di-
in the conversion of benzene to cyclohexane, the first hydrovided by Ny to obtain a binding energy per hydrogen atom.
gen attachment is most costly, since it breaks theing  Vibrational entropy will favor hydrogen geometries with
conjugation; later hydrogens are easier to attach. In a smalleaker bonds, but this effect should not disrupt the overall
molecule like benzene, the bond angles can adjust relativelgnergetic trend towards cooperative adsorption. Since we fo-
freely to accommodate neartsp? andsp® atoms. In con- cus on relative energetics, we do not consider vibrational
trast, an extended graphene sheet imposes strong elastic c@mtropies or pressure-dependent gas-phase entropic terms.
straints that create a frustrategh®-like buckling around a This treatment differs from previous studiesn that we
single chemisorbed hydrogen. However, if chemical attacheompare the bound system to a clean substrate plus molecu-
ment is possible on both sides of the graphene layer, thelar rather than atomic hydrogen.
these local bucklings can reinforce each other. This coopera- An isolated chemisorbed hydrogen induces a local distor-
tive sheet-mediated absorbate-adsorbate interaction caion of the surrounding carbon atoms, creating an intermedi-
change the sign of the adsorption energetics, making furtheate sp?/sp® bonding character on neighboring atoms. This
chemisorption energetically favorable. For comparison, notelistortion induces a slight dangling-bond character in its im-
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mediate neighborhood and affects the energetics and kinetic 0.5
for adsorption of additional hydrogen. The most favorable
site for successive hydrogen addition should generally bex
immediately adjacent to the existing cluster, at the point With'g -0.5 1
maximal bonding distortion. The number of possible ar-§ |
rangements of nearby adsorbed hydrogens grows roughly ex
ponentially as the number of hydrogen atoms increasesE -1.5 1
Therefore instead of exhaustively analyzing all possible con-2
figurations for a giverN,, we start fromNy=1 and con-
struct successively larger clusters by following the lowest- & -2.5 1
energy pathway for successive hydrogen addition. For smal™ |
or linear clusters this strategy requires evaluation~dfl
structures, since roughly half of the possible cluster edge 35+——— 7 7+
sites are equivalent. For big compact clusters, evaluation o 0123456 7 8910 11213141516 17

0

-2 4

Total E

~ Ny structures is enough at each stage, since every sitc Number of Chemisorbed Hydrogens

near the perimeter of thid,, configuration must be tested to
determine the most favorabM,,+ 1 configuration.

We examine three different stages with successivel
higher hydrogen densitiesi) the beginnings of chemisorp-
tion, wherein a small number of hydrogen atoms attach to uckledsp® network. As a consequence of the wall curva-
graphene surface in a local clustéi) the extension of an tyre, the cluster grows further with hydrogen arranged in an
adsorbed state along a tube axis, using high-symmetry corRymchair circumferential row, with more hydrogens on the
figurations to simplify interpretation an@i) the hydrogena- outside surface than on the inside surfé€iys. 3 and %
tion of the last few remainingp? carbon atoms in an almost  Unlike most chemisorbed or physisorbed systems, which

FIG. 1. LDA DFT results for the energhE of the hydrogen
chemisorption on thé8,8) tube, following the minimal energy path
Mescribed in the main text.

fully hydrogenated sheetlike carbon structure. have a relatively weak density-dependent binding energy, the
binding energy for hydrogen chemisorption in this case is
A. Computational technique highly density-dependent and even changes sign. The expla-

nation for this distinction is twofold. First, carbon is nearly
isoenergetic in two very different bonding geometries, so that
the chemisorption process is accompanied by a large change
in local bond angles. Second, the graphene substrate is a
gingle two-dimensional atomic layer, rather than the surface
of a three-dimensional solid. This very thin substrate is then

supercell containing three unit cells of t&8) twbe (with susceptible to buckling distortions perpendicular to the plane
total 96 carbon atomso adequately isolate the clusters of nd, unlike bulk graphite, atoms can attach to both sides.

attached hydrogens in each repeated unit. Since the chentt If collective effects were not important, then the binding

sorbed patches are well separated and we calculate in a thregﬁergyAEH per hydrogen atom would be a constant and the

fold supercell, the simulations use only the(k=0) point.  gnergy gain foiN,, adsorbed hydrogens would be a straight
The supercell has dimensions of 2A21 A xa,, where  jj;q intersecting the originE,= AE,Ny . The curve in Fig.
a;~ 7.3 A varies between structures, since the system i§ ¢jearly does not have this form and even changes sign at
fully relax_ed along the d|re9t|on. The ionic re]axauon has N,,=4. In the limit of largeN,, the curve becomes roughly
been carried on up to the point when the relative total energynear  showing that the collective stabilization of chemi-
change is less thanX10~ 4 per unit cell. The tight-binding sorbed hydrogens is relatevely short ranged.
calculations for the same supercell structures have been Neyi we calculate the same series of structures using the
made within a nonorthogonal tight-binding sc_hé?nenple— tight-binding total-energy approximation. The res(itack
mented in program Trocadet®.In this calculation a struc-  §iamonds on Fig. Rshows the same trend as the DFT result
ture has been considered relaxed when the relative total elFig. 1), but shifted upwards and with a somewhat smaller
ergy change becomes lower thar 20 °.In every case, the  gjone(possibly due to an underestimate of longer-range con-
structure is fully relaxed into the local energetic minimum. t.inutions from broken aromaticity Both curves have peaks
and valleys with similar locations, except at the beginning of
Il. RESULTS the chemisorption process, where tight binding overestimates
the graphene resistance to the first hydrogenization and
shows a rather slow change in the cluster stability, predicting
Figure 1 shows relative total energidd for a growing  the first stable cluster only after nine hydrogens. In addition,
hydrogen cluster with atoms attached to both sides of afhe tight-binding-based minimal energy sequence yields the
(8,8 nanotube, calculated using spin polarized LDA DFT.same shape for the optimal 16-atom hydrogen cluster: an
The smallest chemisorbed clusters are unstable, bddyat armchair row around the tube. This comparison shows that
=4 the chemisorbed state becomes energetically favorabléne tight-binding total-energy method is reasonably accurate
This behavior manifests as a collective reinforcement of théor carbon in the vicinity ok p? andsp® bonding geometries

To examine the initiation of chemisorption onto €38
carbon nanotube, we use thesp (Ref. 13 package to make
a series of local-density approximatioftDA) density-
functional theory(DFT) calculations with ultrasoft pseudo-
potentials and a 300-eV plane-wave energy cutoff. We use

A. Beginning of chemisorption
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FIG. 2. (Color online Tight-binding total-energy differencéE
of hydrogen chemisorption following the minimal energy path, as

described in the main text. Configurations with negaig are FIG. 3. Sequences of hydrogen atoms chemisorbed by following
more stable than a corresponding clear carbon structure plus m@rminimal energy path for théd,8) and (12,0 tubes and graphene.
lecular hydrogen. Gray disks represent atoms chemisorbed inside the tube or below

the sheet. Arrows show the path of successive hydrogen addition.

and so should be able to describe the main features of cooptydrogen atoms with explicit index numbers are discontinuities in
erative interactions between nearby adsorbates. the path.

Since tight binding gives the correct trend for the total _ _ _
energy of hydrogen chemisorption, we next use it in a com- B. Propagation of chemisorption

parative study of hydrogen chemisorption onto three differ-  The apove results suggest that progressive hydrogenation
ent systems: the tripled unit ceB,8) nanotube already men- \yould proceed in a row by row fashion, as has been found
tioned, a doubled unit cell12,0 tube, also with 96 carbon experimentally for fluorinated systerferifying this model
atoms, and a flat defect-free single graphene sheet with 38 detail is not a simple task, since cluster formation becomes
carbon atomgbut roughly the same unit-cell volume as for narder to follow step by step as the number of hydrogen
the tubes The flat graphene sheet, when compared to th@toms increases. Instead, we model further growth by re-
tube systems, reveals the effects of wall curvature and bo”ﬁ’tricting attention to a set of high-symmetry structures with
orientation relative to the principal axes of curvature. In eachy, drogen atoms arranged in a series of rings aroundge
case, we assume that atomic hydrogen has access to b%lﬁd the(12,0 tubes. The small clusters already show that not
sides of the carbon surface, as would be the case for a nangy hydrogen atoms in one row should be on the same side of

tube_ with open ends or sideWaH%- . ) the tube, so these structures are not energetically the most
Figure 2 shows the tight-binding energi®& for growing

clusters. The smallest chemisorbed clusters are again unfa-
vorable, but atNy~6-10 the chemisorbed state becomes
energetically favorable in all three structures. The minimal
stable cluster is smaller when the curvature of the underlying
carbon net is bigger, sinap® bonding angles for outwardly
attached atoms are more easily fit onto a curved surface and
the system can adjust the relative numbers of inside and out-
side hydrogen atoms.

(¥
c) d)
In each case, the patches of hydrogen are most stable as a
double row of adsorbed atohésee Figs. 3 and)4For the ¢ 4 j\
flat sheet, this double row follows the so-called zigzag direc- w T l

[

tion of the graphene lattice. As a consequence of wall curva-
ture, both nanotubes favor hydrogen arranged along a cir-
cumferential path, even though tha,Q) and f,n) tubes ) , i
have quite different bond orientations relative to the tube FIG. 4. The final configurations of a sequence of hydrogen at

. 16 . . oms chemisorbed by following a minimal energy pag). On the
axis:® The small diameter of th€l2,0 tube cannot easily smaller-diamete(12,0 tube, the strain on the clear part of the tube

support arsp_s state with equal numbers of hydrogens on they,y,ces a new rowi(b), side view] to start before the first row
outside and inside: the inside hydrogens are less compatiblgcits the belly of the tube(c) In the (8,8) tube, the cluster again
with the overall wall curvature. Therefore a second row startrows as a ring around the circumferen@.In the graphene sheet,
before the first row is complete, similar to what happens fothydrogen atoms arrange in a double zigzag row. The edge-on view
intermediate sized purep® tubes!’ For larger radii the cur- for the graphene sheet emphasizesshblike vertical distortions
vature is less important and hydrogen atoms can complete @way from the perfectly planap? starting structure. Schematic top
ring before the next row begins. views of the same structures are shown in Fig. 3.
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20 1 atom after each(]) step iSAE/Ny=~—100 meV for the
(8,9 tube andAE/Ny~—180 meV for the(12,0 tube.
54 °? Similar to the initiation of chemisorbtion, the total energy

AE decreases and the overall process is self-propagating in
an energetic sense. As a consequence of different carbon
bond orientations, the armchdB,8) tube prefers configura-
tions with one extra row on the outside, while the zigzag
(12,0 tube prefers equal numbers of inside and outside rows.
In larger systems, antiphase boundaries between different do-
mains could introduce frustration into the pattern of buckling
at the boundaries.

C. CH sp°® tubes

Finally we consider the other extreme of hydrogen chemi-
sorption, a tube completely filled with hydrogen. This is a
complement to the clean tube, being again a uniform tubular
structure, but built wittsp® instead ofsp? carbon. For each
sp? tube there is itssp® carbon-hydrogen counterpatft.
These structures are significantly more stable than #y@r
twins (plus gaseous hydrogenFor example, thd8,8) sp®
tube is 140 meV per hydrogen atom more stable thaspfs
counterpart, while th€12,0 tube is preferred by 233 meV
per hydrogen. The final steps of adsorption just before attain-
ing completesp® coverage perhaps most strongly demon-
strate the importance of the collective stabilization. It is sim-
plest to examine this limit by working backwards and
considering the removal of a succession of hydrogen atoms
from a saturated tube. Thep® (8,8 tube with 96 carbon
atoms and a single missing hydrogen at@ssumed to form

FIG. 5. (Color onling Difference in the energieAE for (8,8 half of an H, moleculg is already~1.9 eV (in the tight
(squarep and (12,0 (triangles tubes with completed rows of pjnding) less stable than the saturated tube. Therefore the
chemisorbed hydrogen. Rows alternate from the outside to the inreyerse reaction, i.e., the completion of saturation, is highly
side of the tube. Four structurg@—(d)] are detailed in the text.  fayorable. The second and third hydrogen atom can be de-

tached from nearby sites in a several different ways, but they
favorable, but they provide a simple view of possible modesll have similar total energy cost of aboutl.5 eV, within
of propagation for an adsorption front along the axis of thethe same empirical approximation.
tube.

Figure 5 shows the energy differenad= for successive
row-by-row adsorption. In order to avoid interaction between
images, these tight-binding calculations use larger supercells The resistance of a pristine graphite basal plane to attack
with 192 carbon atoms. The outsidepresented in the text by atomic hydrogen has two distinct kinetic barriers: the fa-
asT) and inside () hydrogen rings alternate, following by miliar “local” barrier against changing the bond hybridiza-
the unhydrogenated-() carbonsp? rings. Since the atoms tion of a specific carbon atom and also a more collective
in each ring are equivalent, corresponding structures can bgjlobal” nucleation barrier, wherein a finite number of adja-
labeled using their cross sectional shape. The figure contairtent hydrogens must be attached before the addition of sub-

IV. CONCLUSIONS

models for the first configurationj¢————————— sequent hydrogens becomes energetically favorable. The ki-
—), containing just one hydrogen row attached on the outnetic barrier against this self-reinforcing process is
side surface and two later configurations:| (|1 ——— substantial. Methods to overcome this nucleation barrier
———) for the (8,8 tube (with six filled rows and could include the creation of defects in te@? sheet, the
N N ) for (12,0 tube (with seven filled incorporation of pre-configured small hydrocarbons that
rows). build in the structure of a seed cluster, or initial fluorination

Energies for the higher-symmetry row-by-row filling are of the sheet, followed by a concerted exchange of fluorine
higher than those for the small clusters, as expected. Thi®r hydrogen. Single-walled carbon nanotubes seem a par-
axial propagation of the chemisorbed state favors addition dficularly favorable substrate for this behavior, since both
rows in pairs, rather than sequentially row by row, since thesides of thesp? surface are potentially accessible and the
distortion of the remainingp? part is then minimized and wall curvature reduces the size of the critical cluster. One
the sp® atoms interior to the patch maintain a consistentpossible source of the atomic hydrogen needed is a disper-
geometry. The reduction in the total energy per hydrogersion of nanoparticulate Pt catalyst. The local kinetic barrier
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against chemisorption is much smaller for atomic hydrogeriension by examing a series of well ordered structures, with
(0.3 eV) than for molecular hydrogéaround 3 eV)'® This  hydrogen atoms arranged in rows around the tube. This sys-
barrier may decrease further with progressive buckling of theem gains energy if the rows are added in pairs, one on the
carbon surface, since potential host carbons adjacent to theside and one on the outside of the tube. Next, we discuss
current cluster deviate more strongly towards an incipienthe other end of the chemisorption process, fsipj-bonded

sp’ dangling bond structure under the influence of the col-CH tubes and find them to be very stable structures. Finally,
lective sheet distortions. Regardless, kinetic barriers arge discuss possible experimental realizations of the modeled

likely to remain significant. _ _ systems and propose methods to help overcome the cluster
In summary, we simulated the chemisorption of hydrogemycleation barrier.

on carbon surfaces, allowing hydrogen to access both sides,
using DFT and semiempirical tight-binding methods. We
check the tight-binding results against DFT in one system
and then use tight binding as more efficient method to inves-
tigate hydrogen chemisorption on zigzag and armchair tubes This research has been supported by the National Science
and the graphene sheet. In each of these cases the hydrogesundation through Grant Nos. DMR-9876232 and NIRT
cluster becomes favorable after exceeding some thresholdMR-0103585 and the Army Research Office through Grant
size. On tubes hydrogen clusters prefer to grow as a belt, iNo. DAAD19-99-1-0167. We acknowledge the National

a row-by-row manner, so we model the cluster’s further ex-Partnership for Advanced Computational Infrastructure.
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