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Prediction of giant electroactuation for papyruslike carbon nanoscroll structures:
First-principles calculations
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We study by first-principles calculations the electromechanical response of carbon nanoscroll structures. We
show that although they present a very similar behavior to carbon nanotubes in their axial deformation
sensitivity, they exhibit a radial response upon charge injection which is up to one order of magnitude larger.
In association with their high stability, this behavior makes them a natural choice for a new class of very

efficient nanoactuators.
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With the advent of nanotechnology great effort has been
devoted to the study of nanostructures, carbon nanotubes!
(CNTs) being among the most studied. In spite of more than
two decades of intense research, the detailed mechanism of
tube formation remains unclear.” It has been proposed that
CNTs could be a subsequent state of papyruslike carbon
structures, generally named carbon nanoscrolls (CNSs) (Fig.
1).3—9

CNSs are remarkable structures, sharing some of the rich
mechanical and electronic properties exhibited by CNTs and
potentially presenting new ones. They have been known
since the 1960s from the pioneering work of Bacon® who
first reported the growth of scroll whiskers. Surprisingly,
very few studies®~!¢ have been carried out for these systems.
This can be explained in part by the intrinsic experimental
difficulties in synthesis, purification, isolation, and character-
ization. However, after the recent advances in the low-
temperature synthesis®® of CNSs there is a renewed interest
in these materials. Like CNTs, CNSs can be made of a single
graphene sheet or by many of them. However, in contrast to
CNTs, the scroll diameter can vary easily (expand or con-
tract); thus they are extremely radially flexible. This property
can be exploited for a variety of technological applications,
such as chemical doping, hydrogen storage, electroactuation
(mechanical deformation upon charge injection), etc.

The electromechanical response of CNTs has been inves-
tigated by means of first-principles calculations by
Verissimo-Alves et al.'” and using an electron-lattice model
by Gartstein et al.'® Electron actuation effects are predicted
to occur, but of limited magnitude—0.2-0.3 %—since the
deformation of sp? carbon bond lengths in close tubular
structures like CNTs will require a significant amount of en-
ergy. An experimental demonstration of a CNT-based actua-
tor has been reported by Baughman et al.'® CNSs, on the
other hand, are open structures and the radial expansion
needed to accommodate the injected charges should be ener-
getically more favorable. In this case it has simply to over-
come the van der Waals interlayer interactions, instead of
deforming sp? carbon bond lengths, thus producing a more
significant electroactuation behavior. Recently, Braga et al.'?

1098-0121/2006/74(8)/085414(4)

085414-1

PACS number(s): 61.46.—w, 62.25.+g, 73.21.Hb, 77.65.—]

have used classical molecular dynamics simulations to sug-
gest that CNSs should exhibit a significant radial expansion
upon charge injection. However, it is not possible to have a
reliable quantitative estimation using classical methods be-
cause quantum effects are not included, and also it is not
possible to differentiate between electron and hole injections,
which are known to produce different responses for
CNTs. 718 In order to properly address these issues the use of
full quantum methods is necessary. In this paper we report
such a study for some selected scroll models.

We have carried out density-functional theory (DFT) cal-
culations in the framework of the local density approxima-
tion with the SIESTA code.2’ We have used a double-{ basis
set plus polarization functions and norm-conserving pseudo-
potentials of the Troullier-Martins type.?! We have consid-
ered two prototype structures in supercell geometry (see Fig.
2): a zigzag and an armchairlike CNS.!> The Brillouin zone
has been sampled with a converged grid of upto 1 X 1 X 12 k
points. We have relaxed both the cell lattice vectors and the

graphene sheet

FIG. 1. Carbon nanotubes and scrolls can be topologically con-
sidered as cylindrical and papyruslike structures, respectively, ob-
tained from rolled-up graphene layers.
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FIG. 2. (Color online) Unit cells used in the calculations of (a)
an armchair and (b) a zigzag CNS. We have followed the nomen-
clature introduced by Braga et al. (Ref. 15), in turn derived from
previous work on carbon nanoribbons (Refs 27 and 28).

atomic positions, thus accounting for both the axial and ra-
dial responses upon charge injection. We have also carried
out a set of calculations where the lattice parameter was kept
frozen, in order to explore complementary experimental situ-
ations, a free-standing actuator (as in Ref. 19) vs a sensor
constrained between two electrodes.

In agreement with the molecular dynamics results of Ref.
15, we have chosen starting geometries with an internal ra-
dius of ~20 A. Larger systems, with a higher number of
revolutions around the scroll axis—i.e., obtained by wrap-
ping a wider graphite sheet—cannot be efficiently handled
within DFT. However, the fundamental mechanisms and
driving forces associated with the geometrical expansion or
contraction upon charge injection are already qualitatively
captured by the systems studied. Nonetheless, we have cho-
sen CNS geometries that already present the critical overlap
between sheet layers that assures scroll formation.!> We have
injected a net charge of up to +0.055|e|/atom into the systems
by adding or removing electrons. In order to accommodate
these extra or missing charges the carbon-carbon bond
lengths need to adjust their values and this is the origin of the
electron-actuation phenomenon.

The electroactuation response relies on the competition
between two different effects: an electronic actuation, driven
by the depletion or population of bonding or antibonding
states, and a purely electrostatic actuation, which originates
from Coulomb repulsion. In the low-injection regime a con-
traction is expected upon electron removal (hole injection)
due to the lack of bond completion, i.e., creation of dangling
bonds, which makes the region locally more reactive; the
physical principle is the same as in covalent molecules when
the bond order, i.e., the difference between bonding and an-
tibonding occupancy, is varied: if the added charge occupies
a bonding state, then the bond lengths contract, while if it
occupies an antibonding state, the bond lengths increase. In-
jecting electrons, however, results in a more complex situa-
tion. Adding electrons in antibonding states generates an
electronic repulsion and some bond lengths will elongate, but
this, in turn, could stretch some of the neighboring bonds. In
general, for sp?-carbon-based structures the best compromise
is alternating short and long bonds, even at the cost of break-
ing higher symmetries. This behavior is well known for con-
ducting polymers; for instance, in polymers containing ben-
zenoid rings charge injection transforms them into quinoid
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FIG. 3. (Color online) Relative variation of the unit cell lattice
parameter / upon charge injection with respect to its equilibrium
value in the neutral state /.

structures (with a well-pronounced alternation of short and
long bonds).?? In addition, the picture is further complicated
by the interplay with Coulomb forces induced by the extra
charge injected which will tend to expand the scroll by push-
ing apart the overlapped layers. Full quantum calculations
are then necessary to quantify these effects.

In Fig. 3 we present the results for the relative axial varia-
tion of the lattice parameter (5I/1,). The dependence on the
injected charges follows the general trends exhibit by (5,5)
and (12,0) CNTs reported in Ref. 17. CNSs expand to ac-
commodate the extra electrons and slightly contract when
holes are injected. In the high-injection regime the Coulom-
bian repulsion dominates and the CNSs expand regardless of
the sign of the injected charge. Most importantly, the magni-
tude of response is very similar to the case of CNTs and can
reach values of about 0.2-0.3 %.

On the other hand, for what concerns the radial response
(which is shown in Fig. 4), the behavior of CNSs is com-
pletely different from that of CNTs. While for CNTs the
actuation response is almost equally distributed between the
axial and radial parts, we have found the latter to be up to
one order of magnitude more intense for CNSs,?? being ap-
proximately 2.5% for the highest injected charge
considered.2* As can be seen, for small values of charge in-
jection armchair and zigzag CNSs behave differently; one
contracts while the other expands, and thus the different to-
pologies are still playing an important role. For higher charge
values—where the interlayer Coulomb interactions are ex-
pected to dominate—both structures converge to almost the
same values, recovering an almost linear behavior; again a
close parallel with the behavior of doped conducting poly-
mers is observed.?

The data reported in Fig. 4 correspond to calculations
where the lattice parameter was constrained to its equilib-
rium value in the neutral state. This arrangement is intended
to mimic the situation where the CNS has its extremities
clamped, i.e., a suspended scroll. On the other hand, relaxing
the lattice better approaches the situation where the CNS is
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FIG. 4. (Color online) Relative variation of the CNS diameter
parameter D upon charge injection with respect to its equilibrium
value in the neutral state D,. The diameter D has been defined as
the maximum distance between two carbon atoms with the same
axial coordinate.

on a surface and can freely move in the axial direction too. In
this case, however, the dependence of the diameter on the
injected charge turned out to be much more irregular, espe-
cially in the high-charge regime, and it is often accompanied
by an elliptization of the structure. The radial response is
sometimes even larger, but difficult to reliably associate with
the injected charge. In other words, free-standing CNSs on a
surface behave axially as CNTs and have an enhanced but
noisy radial sensitivity; suspended CNSs, axially con-
strained, exhibit a giant and ordered radial electromechanical
response.

Recent DFT calculations of neutral scrolls have attributed
a metallic character to armchair CNSs.'%2® OQur DFT calcu-
lations are in very good agreement with the results of Pan et
al.,'® as shown in Fig. 5. However, the scroll geometry that
we have used differs significantly from theirs (as we had to
perform several full relaxations—Ilattice and atomic

0.1 T T T T T

— zig-zag
—— armchair

T T T T T

DOS

0.08 -

0.06

DOS

0.04

I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
0.02 !
1
1
1

FIG. 5. (Color online) Electronic density of states (DOS) of the
armchair [red (gray) line] and the zigzag (black line) CNSs studied.
The inset panel shows a magnified view around the Fermi level.
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FIG. 6. (Color online) Distribution of the extra charge of
—0.055|e|/atom in a zigzag CNS.

positions—we had to use smaller structures). Hence, this is a
hint that, at least at this scale, the electronic structure is at a
first approximation insensitive to the size of the scroll. Zig-
zag CNSs are predicted to have a small band gap.?® For both
topologies, we have found that the electronic structure of
CNSs around the Fermi level is determined by the border
states (in agreement with the results reported by Pan er al.'®
for armchair CNSs), in analogy with carbon nanoribbons
from which they are derived by wrapping.'®27:28

In order to gain further insight into the electroactuation
process we have studied the localization of the extra charge
in the high-injection regime. In Fig. 6 we have plotted the
difference between the electronic density of a zigzag CNS
with 0.055 extra electrons per atom and the electronic den-
sity of the same CNS in the neutral state, i.e., the extra elec-
trons of the charged system. It can be seen that the excess
charge accumulates in the central region of the CNS and,
with a clear discontinuity, close to the borders. On the other
hand, by analyzing the relative elongation of each individual
bond, we have found that almost all the bonds elongate in a
similar way, despite the excess charge not being homoge-
neously distributed. The charge accumulated at the CNS
boundary carries the large radial electromechanical response,
due to efficient interlayer Coulombian repulsion; the excess
charge concentrated in the central region, on the other hand,
will only be responsible for minor bond elongations, contrib-
uting to both the axial and radial responses. However, in the
high-injection regime, the bond deformation is uniformly
distributed along the CNS. This is no longer true for low
injected charge, where the predicted alternation of shortened
and elongated bonds is recovered.

Therefore, the electromechanical actuation in the high-
charge regime also originates in the charge accumulation in
the central region of the CNS. In the studied geometry, pre-
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senting a limited layer overlap, this charge has only a minor
impact on local bond elongation. In CNSs with a larger layer
overlap also the extra charge concentrated in the CNS center
could contribute with an efficient interlayer Coulomb repul-
sion. Hence we do not discard the idea that, in absence of
other side effects, e.g., interlayer sliding, the central charge
could lead to a larger electromechanical response.

In summary, we have carried out ab initio DFT calcula-
tions of the electroactuation effect in carbon nanoscrolls.
While the axial sensitivity of CNSs has very similar features
as in carbon nanotubes, the radial response has a completely
distinct behavior, reaching under high-charge injection con-
ditions the giant relative diameter variation of 2.0-2.5 %,
which is one order of magnitude higher than the values re-
ported for CNTs. In suspended CNSs it is much easier to
correlate the charge injection with the electromechanical re-
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sponse, as the circular symmetry of the scroll is qualitatively
maintained for a wide range of injected charge. Free-
standing CNSs are more naturally used as axial actuators,
even though in such a case their response is similar to the
case of CNTs. These results suggest that CNSs provide a
simple and flexible path toward the development of efficient
electromechanical actuators at the nanoscale. We hope the
present study will stimulate further experimental work to test
these predictions.
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