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ecent advances in the field of nano-
Rtechnology have led to the synthesis

and characterization of an assortment
of 1D and 2D (or quasi-1D and quasi-2D)
nanostructures, such as tubes, wires, sheets,
etc. The distinctive electronic properties of
these fascinating materials are a consequence
of their unique geometries. Low-dimensional,
topologically diverse materials are potential
building blocks for a wide range of nanoscale
electronic, optoelectronic, magnetoelectro-
nic, and sensing devices. Many techniques
have been developed to grow such struc-
tures, not just for group 14," but also for group
ll—V semiconductors, and metals.?

The two-dimensional graphane network
(of stoichiometry CH) was first suggested by
Sluiter and Kawazoe,® and by Sofo et al.*
with an approach to its synthesis made in
2009 by Elias et al’ using exposure of a
single-layer graphene to a hydrogen plas-
ma. Graphane is a wide band gap insulator,
yet graphane—graphene mixed structures
offer greater possibilities for the mani-
pulation of the material's semiconducting
properties.

In our previous work?® the four most
stable two-dimensional (2D) single-sheet
graphanes—two built on chair, two on boat
cyclohexane motifs—were identified. The
four isomeric two-dimensional sheets of
stoichiometry CH, labeled A (“chair1”), B
(“chair2”), C (“boat1”), and D (“boat2”), are
shown in Figure 1. Interestingly, these iso-
mers are more stable thermodynamically than
even the archetypical aromatic benzene.” At
P = 1 atm the chair-boat differential, long
known and understood in organic chemistry,
governs the relative energy of the various
graphane sheets. At higher pressures, for ex-
ample, 300 GPa, lattices built from two sheet
types that are not so stable at atmospheric
pressure, chair2 and boat1, become enthalpi-
cally favored in our calculations.

Now, an interesting question arises which
we answer in this paper: could one actually
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In this work, one-dimensional graphane nanotubes (GN, stoichiometry CH), built from 2D

single-sheet graphanes, are explored theoretically. Zigzag type GN(10,0) and armchair type

GN(10,10) structures with varying surface termination were investigated in detail. GN(10,10)-A

is found to be the most stable configuration among the GN structures considered. An annealing

analysis indicates that graphane-A and GN(10,10)-

A are likely to be stable at elevated

temperature. A possible reaction path to GN(10,10)-A is suggested by the reaction of single-
walled carbon nanotube (10,10) + H,; the indications are that the GN(10,10)-A can be made at

low temperature and high partial pressure of H, gas from the corresponding nanotube. The

graphane nanotubes are predicted to be wide band gap insulators. A study of the effect of the

diameter of GN structures shows, unexpectedly, that the gap increases on reducing the

diameter of the graphane nanotubes. We also investigated several partially hydrogenated

graphenes and single-walled carbon nanotubes (SWNT); the greater hydrogenation is, the

more stable is the resulting structure. The band gap of graphene or SWNT can be tuned via

hydrogenation.

KEYWORDS: graphane sheets - graphane nanotubes -
partially hydrogenated graphenes and nanotubes - band gap

‘roll up' the 2D graphane single sheets to
form 1D graphane nanotubes? The analogy
has proven profitable for the unsaturated
all-carbon nets. Obviously dimensionality
affects functionality; in a number of ways
carbon nanotubes are different from gra-
phene and graphite. Such graphane nano-
tubes (GN) would also be all-carbon nano-
tubes fully hydrogenated on the inside and
outside of the carbon tube.

In this work, we have therefore explored
some 1D GN structures built from the 2D
graphane sheets shown above. The particular
structures chosen for initial consideration are
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Figure 1. Four isomeric single-sheet graphanes. Side views
are at left, top views at right.

the armchair (10,10) and zigzag (10,0) type GNs. Each
graphane isomer (A, B, C, D above) then leads to two
nanotubes. The relative stability of the nanotube can
be measured by the enthalpy of the reaction (C, +
*/;H, — xCH) for forming the GN, as a function of
temperature and also of pressure in extended states.
An ab initio annealing analysis, which heats a system to
a specific temperature and then allows it to cool slowly,
is performed. In addition, we explore some partially
hydrogenated nanotubes.

We should make clear at the outset that we are not
undertaking in this paper the immense task of finding
the most stable partially or fully hydrogenated nano-
tubes. It is clear from fullerene studies®™'? that if
hydrogenation occurs, it will occur on both the inside
and the outside of a fullerene, and that the most stable
structure may not be fully hydrogenated. In this initial
study we only build some in—out fully hydrogenated
nanotubes based on stable graphane sheets, returning
to the problem of optimal hydrogenation in future
work.

RESULTS AND DISCUSSIONS

Structures and Energies of Hypothetical GNs. Figure 2
shows front views and side views of four geometry-
optimized zigzag GN (10,0) and four armchair GN
(10,10) isomers. The nanotube types are labeled as A,
B, C and D, by reference to the 2D graphane sheets
used in their construction (see Figure 1). In Figure 3, we
show the landscape of computed relative energies (per
CH, relative to graphane-A) for these 2D graphane
sheets and 1D GN structures, as well as the benzene
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Figure 2. Left: Four isomeric graphane nanotube (10,0)
structures. Right: Four isomeric graphane nanotube
(10,10) structures. For each type of GN, end-on views are
shown (more views can be found in the Supporting
Information).

molecule. Zero point energies are not included in these
calculations; they should be very similar in all the
graphane structures considered here, as all of them
have the same bonding patterns.

As one can see from Figure 3, 2D graphane-A is the
most stable structure among all the isomers. Note the
graphanes A—D are all more energetically stable than
benzene, as discussed in our previous study.>” Among
the 1D GN structures, the GN (10,10)-A is thermodyna-
mically the most favorable one, higher in energy than
graphane-A and graphane-B, yet lower in energy than
benzene molecule, graphane C and D. It is not surpris-
ing that the 1D GN(10,10)-A is less stable by 0.13 eV per
CH than 2D graphane-A; graphene itself is also more
stable per carbon atom than all fullerenes and all
nanotubes.” If one looks at the CC distances (Table 1)
and CCC angles (not shown here) one sees signs of
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substantial strain (long and short bonds compared to the
154 A of a normal CC bond, angles distorted from
tetrahedral). The strain caused in some of these structures
by curving into a tube form is likely to be substantial.
More than 0.6 eV per CH separate the most and least
stable graphane nanotubes. The reason for this spread,
and a rough understanding of the detailed ordering of
these structures in energy may be found in the H- - - H
contacts. Table 1 lists the computed bond distances in
pure carbon systems (graphene, single-wall nanotubes
(10,0) and (10,10)), 2D graphane sheets, and 1D gra-
phane nanotubes. Note first of all the expected CC
distances —1.42 A in graphene and nanotubes, and at
around 1.54 A on the short side of the range for this
distance in graphane and GN structures. A molecular
model for the C—C distance might be 2,3-dimethylbu-
tane, (CH;),CH—CH(CH3),. The central bond in this
molecule is calculated to be 1.55 A in either eclipsed
or staggered orientations (see the Supporting
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Figure 3. The relative energy (in eV per CH; the zero of
energy is the single-sheet graphane-A, 0 K) of benzene, four
single-sheet graphanes, four graphane nanotubes GN (10,0)
and four graphane nanotubes GN (10,10).

Information). The longer CC distances in the GNs, those
>1.60 A, are signs of great strain in these structures.

One can use the calculated CC distances to get an
idea of just how much strain might be involved. This
may be done with the same molecular model, 2,3-
dimethylbutane, by calculating a potential energy
curve for stretching (or contracting) the central CC
bond in the molecule. This is done in the Supporting
Information; to elongate the CC bond in the molecular
model to 1.72 A (the maximum such CC distance in GN
(10—0)-B in Table 1) costs 6 kcal/mol.

Note first of all that the larger diameter (10,10) GNs
are ordered in energy just as the graphane sheets they
are based on, but somewhat more differentiated in
energy. In rationalizing the computed stability of gra-
phane three-dimensional crystals under pressure we
found useful an argument based on the shorterH- - -H
distances in any structure.® Let us see where this kind of
reasoning will take us for the GNs. We need a “normal”
H- - -H contact, an unstrained van der Waals minimum,
to compare against. This might be provided by planar
graphane-A (2.54 A) and B (2.25 A) in their calculated P =
1 atm crystal structures.

One way to think about the sterically encumbered
hydrogens in the interior of the graphane nanotubes is
to consider them being under “intramolecular pres-
sure”. We could, for instance, go back to our calcula-
tions of unstrained graphane sheets under pressure,
and look at what pressure the intermolecular H- - -H
contacts between two graphane sheets would come to
be as short as the intramolecular H- - -H contacts in
GN(10,10)-A (see Supporting Information for calcula-
tion). That condition is reached at about 250 GPa
pressure on the graphane nanosheets.

TABLE 1. Calculated Relative Energy, E,, (eV per C or CH), C—C Distance, the Shortest H—H (f\), Diameter D (the Longest
Distance among the Inner H atoms, A) and the Calculated HSE and PBE Band Gaps for Graphene, SWNT (10,0),
SWNT(10,10), Four Single-Sheet Graphanes, Four Graphane SWNTs (10,0), and Four Graphane SWNTs (10,10)

Er (V) @)

pure C phase graphene (0.00) 143

SWNT (10, 0) (0.13) 142,143

SWNT(10, 10) (0.04) 143
graphane A [0.00] 1.54

B [0.05] 1.54

C [0.10] 1.54,1.57

D [0.13] 1.54,1.57
GN(10, 0) GN (10, 0)-A [0.18] 1.56

GN (10, 0)-B [0.49] 1.50, 1.51, 1.72

GN (10, 0)-C [0.33] 1.56, 1.58

GN (10, 0)-D [0.46] 1.55, 1.57, 1.61
GN(10, 10) GN (10, 10)-A [0.05] 1.54

GN (10, 10)-B [0.15] 1.55, 1.56

GN (10, 10)-C [0.21] 1.54, 1.57, 1.62

GN (10, 10)-D [0.30] 1.53, 1.57, 1.67
WEN ET AL.
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The H---H contacts in the interior of the (10,10)
GNs get progressively shorter, and definitely are in the
region where their energy penalizes the GN(10,10)-B, C,
D structures (see Table 1). Also the more stable the
structure in this series, the less are the CC bonds
elongated —1.54 A in GN(10,10)-A, up to 1.67 A in
GN(10,10)-D.

Their elongated C—C distances and too short
H- - -H contacts clearly show that the (10,0)-nanotubes
are in trouble, and the energies reflect that. There is a
lot of strain in these structures, arising from through-
space H- - -H interaction in the repulsive region of the
van der Waals potential, as well as eclipsing versus
staggering in the C network, and other tensions,
introduced by the conflict of tube formation and the
important desire of C for an approximately tetrahedral
environment. Just as for the pure C nanotubes, the
diameter of the tube matters, with strain exacerbated
in small diameter tubes. The nanotube diameter D (the
longest separation, between the inner hydrogen car-
bons of the nanotube), at 4.1—5.8 A for the (10,0) GNs,
is clearly small.

We proceeded to a further study of GN properties,
focusing on the most stable GN(10,10)-A.

Electronic Properties of GN (10,10)-A. Normal DFT calcu-
lations, such as we use, systematically underestimate
band gaps.'> We therefore proceeded to hybrid func-
tional calculations (HSE) which generally produce a
more realistic band gap;'®'© the calculated HSE band
gaps (see Table 1 and the density of states shown in the
Supporting Information) for the graphane-A and 1D
GN(10,10)-A are around 4.0 eV. We will revisit the HSE
bang gap later. It is clear that these GN structures will
be wide-band insulators. For comparison, the corre-
sponding PBE band gaps are listed in Table 1; they are
lower than the HSE values.

Annealing Analysis of Graphane-A and GN(10,10)-A. DFT
computations apply to the ground state situation.
What might be the effect of temperature on gra-
phane-A and GN(10,10)-A? To analyze this, we run an
annealing simulation, heating up to 2000 K, and cool-
ing down to 300 K. The calculated temperature and
energy profile are plotted in Figure 4 (left) for gra-
phane-A and (right) for GN(10,10)-A. From Figure 4, one
can see that for both graphane-A and GN(10,10)-A, the
temperature varies almost linearly, with a less fluctuat-
ing energy profile, of course moving to lower energy at
lower temperatures. In general, the large energy fluc-
tuations indicate that there are rather big structural
changes at each simulation step. After annealing, the
final structure of graphane-A and GN(10,10)-A still
looks very much like the corresponding initial struc-
ture, indicative of stability.

To get some further insight into the departures
from regularity on heating, we compute a root-mean-
square deviation (rmsd), rmsd = ((S7_.(r — ro)?)/n)"?,
where, ry and r; are the bond distances in initial and
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Figure 4. (Top) Calculated temperature and energy profile
for annealing graphane-A. The initial and final structure is
inserted. (Bottom) Calculated temperature and energy pro-
file for annealing GN(10,10)-A. The initial and final structure
is inserted. The energy values are internal energy.

final structure, respectively; n is the number of bonds.
We calculate the rmsd of the C—C and C—H bonds in
both graphane-A and GN (10,10)-A. The rmsd values for
the C—C and C—H in graphane are 0.027 and 0.024,
respectively, while the values for C—C and C—H are
0.021 and 0.019 in GN (10,10)-A, respectively, indicat-
ing small changes on both structures.

A Possible Reaction Relating Graphane and GN(10,10)-A. In
2009, Elias et al.®> devised a way to make graphane by
passing hydrogen gas through an electrical discharge
at fairly low temperatures (around room temperature).
This creates hydrogen atoms, which then drift toward a
sample of graphene and bond with its carbon atoms.

One might then imagine that one way (there may
be others) of synthesizing GNs might be by reaction of
all-C nanotubes and H,. The reaction can be written as

Cls) +§ H,(g) — xCH(s)

To determine the reaction energy of the process,
the relative energy and free energy of the reaction can
be obtained from eq a which can be further approxi-
mated by expression b.

AG = x[u(CH(s)] — u(C(s) —% wH)]  (a)

AG = A, J%Aﬂ(r, Pu.) (b)
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Figure 5. Free energies (AG) per carbon for graphane-A and GN(10,10)-A as a function of the Py, at various temperature.

Here, AE, is the difference between the electronic
energies of the products and reactants at 0 K. Aw(T, Py)
is the difference of the chemical potentials of the H,
gas phase in the reaction:

Au(T, Pu,) = Au®(T)+RT In(Py,) ()

Au°(T) is the corrected free energy change computed
from calculations of H, that include zero point ener-
gies. Py, is the partial pressure of H, gas. Combining
eqs c and b, one gets

AG = AE, —g AT +RT InPL)] (d)

In our thermodynamic calculations, we consider
temperatures of 300, 500, and 1000 K, respectively.
The Au°(T) in eV for H, are then calculated to be
—0.052 at 300 K, —0.35 at 500 K and —1.19 eV at
1000 K. Note that the free energy calculated here
includes both enthalpy and entropy contributions.

Figure 5 shows the calculated variation of the free
energy change for formation of graphane-A (left) and
GN(10,10)-A (right) from graphene or the all-C nano-
tube, respectively, as a function of partial pressure of H,
gas (between 0.0001 and 10000 Pa) at various tem-
peratures (from 300 to 1000 K). One can see that the
synthesis of graphane-A and GN(10,10)-A at 0 and
300 K is thermodynamically favorable, over the whole
range of partial pressure of H, considered. At high
temperatures (1000 K) the process becomes unfavor-
able. Interestingly, the equilibrium of the reaction for
graphane-A and GN(10,10)-A can be shifted by varying
the partial pressure of H, gas, as one can see from the
curves at 500 K, which cross the dotted line (of zero AG)
when Py _is around 1 Pa. We conclude that graphane-A
and GN(10,10)-A can be made from graphene and
nanotubes, respectively, at low temperature and high
partial pressure of H, gas. High temperatures may not
only damage the crystal structure of graphene or
nanotubes, but also shift the equilibrium of the
reactions.

The Effect of Size on Armchair GN Structures. Given the
computed stability of armchair-type GN (10,10)-A, we

WEN ET AL.

TABLE 2. Calculated Relative Energy, E,, (eV per C or CH),
C—C, and the Shortest H—H Distance (i\), Tube Diameter
(D, A) for Graphene, SWNT (10,0), SWNT(10,10), Four Single-
Sheet Graphanes, Four Graphane SWNTs (10,0) and Four
Graphane SWNTs (10,10), and Calculated HSE and PBE Band
Gaps

Eu shortest HSE  PBE
eV C(—CA H-HR DA gapeVv gapev
graphane A [000] 154 254 o 40 35

armchair N GN (10,10)-A [0.05] 154 220 1150 40 35

(
GN (7.7-A [0.10] 1.5 2.06 725 41 34
GN(55)-A  [0.22] 157 1.90 470 43 35
GN(33)-A [070] 1.64 1.65 210 53 43

zigzag N GN (15,0-A  [0.07] 1.5 2.00 96 38 3.1
GN (10,0-A  [0.18] 1.56 176 57 40 35
GN (7,0-A  [042] 159 151 34 47 40

build several armchair-type graphane nanotubes with
smaller diameters, including GN(7,7)-A, GN(5,5)-A, and
GN(3,3)-A. Table 2 lists the calculated relative energies,
bond distances, and diameters for these armchair-type
GN structures, as well the computed (HSE functional)
band gap. As expected, the smaller the diameter is, the
closer to each other are the inner Hs, and the less stable
(relative to the graphane sheet) is the GN. In addition,
zigzag-type graphane nanotubes of different sizes,
GN(15,0)-A, GN(10,0)-A, and GN(7,0)-A have been com-
puted (see Table 2). GN(15,0) is the most stable con-
figuration among these. However, it is still 0.02 eV per
CH higher in energy than the armchair-type GN(10,10)-
A. The zigzag type graphane nanotubes are also com-
puted to be insulators.

Figure 6 shows the computed HSE band gaps for
GN(3,3)-A, GN(5,5)-A, GN(7,7)-A, GN(10,10)-A, and gra-
phane-A as a function of the corresponding shortest
distance H- - - H separation. Usually, structures contain-
ing CC and CH bonds show a band gap decrease with
strain; these systems behave in an opposite way. The
computed band gap trend for the armchair GNs is also
found for the zigzag type, see Table 2.
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Figure 7 shows the corresponding free energy (AG)
for GN(3,3)-A, GN(5,5)-A, GN(7,7)-A, and GN(10,10)-A as
a function of the Py, at 300 and 500 K, respectively.
Note that the free energy of the graphane nanotubes
(GN(N,N)) is related to the corresponding carbon na-
notubes (SWNT(N,N)) and H,. In experiment, single-
walled, all-carbon nanotubes (N,N) with N = 5
(approximate diameter, D, 6.8 A), 7 (D ~ 9.5 A) and
10 (D ~ 13.6 A) have been synthesized,'® while the
SWNT(3,3) with a diameter at ~4.0 A also was found
inside of double-walled carbon nanotubes.® The thin-
nest freestanding single-walled carbon nanotube
known is about 4.3 A in diameter.

The free energies (Figure 7) indicate that GN(5,5)-A,
GN(7,7)-A, and GN(10,10)-A could be stable over the
entire range of Py, at 300 K. At 500 K, the reactions
become favorable only under high partial pressure of
H, gas. Itis not surprising that GN(3,3)-A, the narrowest
tube, should be the hardest to synthesize among these
graphane nanotubes. We emphasize that the hydro-
genation reaction is only one way to make these
graphane nanotubes, and we do not exclude other
methods.

Partially Hydrogenated Nanotubes. Partial hydrogena-
tion of all C nanotubes is not only a realistic outcome
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Figure 6. Computed HSE band gaps for GN(3,3)-A, GN(5,5)-A,
GN(7,7)-A, GN(10,10)-A and graphane-A as a function of
the corresponding shortest inner H- - -H separation in the
structures.
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of most experimental hydrogenation protocols, but
also a way to engineer band gaps. Studies on partially
hydrogenated nanotubes®?'~2* (primarily focusing on
the hydrogenation on the outside), graphene,*~3°and
fullerenes (some of them are fully hydrogenated)®~'2
have been published. There is much to be learned from
this work—for instance it is clear from angle strain
considerations that complete hydrogenation on the
outside of a fullerene is totally unlikely, and that some
inside and some outside hydrogenation is a good
compromise. The hydrogenated structures presented
by us are, however, different, in that they begin with a
nanotube and then, using a graphane nanotube as a
model, hydrogenate on the inside and the outside a
variable, translationally periodic part of the nanotube.
We begin with all-C SWNT (10,10), and proceed to
hydrogenate it in stages, using graphene itself as a
calibration.

We examined structures for 6 carbons (19%), 16
carbons (50%), and 26 carbons (80%) hydrogenated
of a graphene supercell with 32 carbons. The corre-
sponding optimized partially hydrogenated gra-
phene structures are shown in Figure 8 (left).
Figure 8 (right) shows the 20% (8 carbons), 50% (20
carbons), and 80% (32 carbons) hydrogenated
SWNT(10,10) with 40 carbons. Graphane-A-type ter-
mination is assumed.

We might expect, and indeed we obtain (Figure 9),
some deformation of the nanotube cylinder for the
partially hydrogenated SWNT(10,10). Figure 9 shows
the corresponding free energy (AG, relative to gra-
phene + H, and SWNT(10,10) + H,) for partially
hydrogenated graphene (at left) and partially hydro-
genated SWNT(10,10) (at right) as a function of the Py,
at 300 K, respectively. The more hydrogenation there is
(whether of graphene, or the all-C nanotube), the more
stable is the resulting structure. From a comparison of
the free energies of hydrogenation of graphene and
nanotube, it appears that at 300 K hydrogenation of
the nanotube is favored.

GN(3,3)-A 500K

GN(5,5)-A

0151 GN(10,10)-A, GN(7,7)-A

-0.30 “rrerespresreny
0.0001 0.01 1 100 10000

Figure 7. Free reaction energies (AG) per carbon for armchair graphane nanotubes as a function of the Py, at 300 and 500 K,

respectively.
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The interest in these partially hydrogenated struc-
tures lies in the opportunity they provide of engineer-
ing band gaps. Table 3 shows the calculated HSE and
PBE band gap for graphene, SWNT(10,10), and their
corresponding hydrogenated species. Interestingly,
the 19% and 50% hydrogenated graphenes are in
our calculations metallic, while a large band gap is
found in the 80% hydrogenated graphene (see Sup-
porting Information). The calculated DOS for SWNT-
(10,10) with 20% and 50% hydrogenation shows they
are still metallic, while the structure with 80% hydro-
genated SWNT(10,10) is computed to be a semicon-
ductor with a band gap of 1.0 eV. The results show that
the band gap of graphene or SWNT can be significantly
tuned via hydrogenation, as also suggested by some
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Figure 8. (Left) Partially hydrogenated (19%, 50%, and
80%) graphene configurations. (Right) partially hydroge-
nated (20%, 50%, and 80%) SWNT(10,10) configurations.
More views and configurations considered can be found in
the Supporting Information.
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Figure 9. (Left) Free reaction energies (AG) per graphene for partially hydrogenated graphene configurations as a function of
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research groups working on graphene and its partial
hydrogenation.?®?'

CONCLUSIONS

In a previous study, we investigated systematically
some two-dimensional (2D) single-sheet graphanes
and 3D crystals of such graphanes under high pressure
(up to 300 GPa). In this work, one-dimensional (1D)
graphane nanotubes (GN) were designed from the four
most stable 2D single-sheet graphanes, and were
systematically examined. Two types of nanotubes,
armchair (10,10) and zigzag (10,0) type GNs, were
chosen for initial consideration. Each graphane isomer
(A, B, C, D) then leads to two nanotubes. GN(10,10)-A is
calculated to be the most stable configuration among
these GN structures; it is lower in energy per CH than
the benzene molecule, but unstable thermodynami-
cally (yet no doubt kinetically persistent) relative to
graphane-A, due to strain. If we go by the HH separa-
tions in the interior of the nanotube and compare to
compressed 3D crystals of graphanes, the interior
pressure in the GNs approaches 250 GPa. The calcu-
lated band gaps show all of GNs are insulators; the

TABLE 3. Calculated HSE and PBE Band Gaps for Graphene,
Graphane-A, SWNT(10,10), GN(10,10)-A, Three Partially
Hydrogenated Graphenes and Three Partially Hydro-
genated SWNTs(10,10)

HSE Gap (eV)  PBE Gap (eV)

2D system  graphene 0.0 0.0
19% hydrogenated graphene 0.0 0.0
50% hydrogenated graphene 0.0 0.0
80% hydrogenated graphene 45 3.8
100% hydrogenated graphene 40 35
1D system  SWNT (10, 10) 0.0 0.0
20% hydrogenated SWNT(10,10) 0.0 0.0
50% hydrogenated SWNT(10,10) 0.0 0.0
80% hydrogenated SWNT(10,10) 1.0 1.0
100% hydrogenated SWNT(10,10) 40 35

100
7 1SWNT(10,10)
OOlOO{I T T T T T T T T

T T
0.01 1 100
P

H:

the Py, at 300 K; (Right) Free reaction energies (AG) for partially hydrogenated SWNT(10,10) configurations as a function of the

Py, at 300 K.

WEN ET AL.

VOL.6 = NO.8 = 7142-7150 = 2012 ACSN\A

\

Na

WWwWW.acsnano.org

7148



band gap depends on both the size (the diameter of
GNs) and hydrogenation of the nanotube. The results
on the partially hydrogenated graphene and SWNT
indicate that the greater the degree of hydrogenation,
the more stable the resulting structure.

On performing an annealing simulation (by ab initio
molecular dynamics), the final structures of graphane-
A and GN(10,10)-A still appear very much like the
corresponding initial structure, indicative of stability.
The relative stability of the nanotube can be measured
by the enthalpy of the reaction (C, + */,H, — xCH) for
forming the GN, as a function of temperature and
pressure. We conclude that graphane-A and GN(10,10)-
A might therefore be synthesized at low temperature
and high partial pressure of H, gas from graphene and
nanotubes, respectively.

Computational Methods. The calculations are based on
the plane wave/pseudopotential approach using the
computer program VASP (Vienna Ab-Initio Simulation
Package 5.2.11)? employing the PBE exchange-
correlation functional®*** and the projector-augmented
wave (PAW)**3% method. The energy cutoff for the
plane-wave basis was set to 600 eV. The Brillouin zone
was sampled by 1 x 1 x 15 Monkhorst-Pack meshes for
these 1D graphane nanotubes. Since VASP computes
only three-dimensional structures, to model a 1D
structure we used a 3-D unit cell with >30 A along a
and b axis. The relaxation of the electronic degrees of
freedom was stopped if the total (free) energy change
and the band structure energy change between two
steps was both smaller than 1 x 107, A conjugate-
gradient algorithm was used to relax the ions into their
instantaneous ground state. An annealing simula-
tion using the ab initio molecular dynamic method
(Born—Oppenheimer ab initio molecular dynamics
(MD) implemented in VASP code) is performed to
generate random configurations and to investigate
the stability of the derived optimized structures. For
the annealing process, the initial temperature of the
system is increased to 2000 K, and a final temperature
of 300 K is requested. The total number of simulation
steps is 500, each 1 fs long since the CH stretching
motion has a period of 11—12 fs. In our work, for the
hybrid functional calculations (HSE), the w is defined as

0.207 A" as originally suggested by Heyd et al.'®
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