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Surface-adsorption-induced bending behaviors of graphene nanoribbons
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We investigate bending behaviors of graphene nanoribbons (GNRs) induced by surface adsorption
of hydrogen atoms or molecules. At low adsorption coverage, it is shown that the chemical
adsorption of hydrogen atoms causes a GNR to bend away from the adsorbed atoms while the
physical adsorption of hydrogen molecules causes it to bend toward the adsorbed molecules.
Interestingly, these trends are reversed at high adsorption coverage. There exists a range of linear
responses for both chemical and physical adsorptions, which points to promising applications of
GNRs as sensitive chemical-/biosensors. © 2011 American Institute of Physics.

[doi:10.1063/1.3569589]

Graphene, a single layer of carbon atoms in a honey-
comb lattice, has attracted much recent attention for its
unique two-dimensional structure and physicochemical
properties,l_3 as well as its wide potential applications in
electronics, ™ photonics, and optoelectronics,6 energy storage
and conversion,7 and chemical—/biosensing.8_11 The extraor-
dinary electronic properties of graphene could be attributed
to its unusual two-dimensional Dirac-like electronic excita-
tions that can be effectively controlled by applying external
electric and magnetic fields, or by altering sample geometry
or topology.2 These properties offer distinct advantages for
controlled design and fabrication of devices but they also
cause concerns that disorders due to intrinsic and extrinsic
sources can adversely affect the electronic properties of
graphene nanoribbons (GNRs), and consequently the quality
of GNR-based electronic devices. While intrinsic sources
such as edge effects can lead to warping and rippling of
free-standing or suspended GNRs,'>™'* extrinsic sources in-
cluding adatoms and adsorbed molecules could also exert
considerable influences on the geometrical configurations of
GNRs due to their small out-of-plane stiffness. The latter has
not been thoroughly investigated so far. Sensitive chemical
and biological nanoscale sensors are essential for nanoelec-
tromechanical systems (NEMS). Recently, carbon or boron
nitride nanotubes have been used to construct biosensors via
their mechanical responses to attached mass.””™"® From a me-
chanical point of view, GNRs should be one of the ideal
candidates for highly sensitive sensors since its two-
dimensional crystal structure has very small bending stiff-
ness. The present letter is concerned with the influence of
surface adsorption on the bending behaviors of GNR via an
atomic-scale finite element method (AFEM)."” We find that
surface adsorption can cause GNRs to deform to various de-
grees depending on the type (chemical or physical) and cov-
erage of adatoms or molecules. Our results could have im-
portant implications on the potential applications of GNRs as
sensitive chemical-/biosensors, as well as new-generation
electronic elements since the electronic properties of
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graphene can be strongly altered by both strain and
curvature.

The simulations were carried out using the AFEM (Ref.
19) and the second-generation Brenner interatomic potential
for hydrocarbons.20 AFEM is an order-N atomistic simula-
tion method that takes advantage of the computational algo-
rithms of finite element method, e.g., in employing a stiff-
ness matrix associated with atomic displacements. The total
energy of the system is expressed as a sum of the energy in
all C-C and C-H covalent bonds as well as the van der
Waals nonbond energy. The van der Waals interaction is rep-
resented by the 6-12 Lennard-Jones potential, U(r)=-A/r®
+B/r?, with A=1.142X107 eVnm® and B=1.194
X 107® eV nm!'? for the interaction between carbon atoms
and hydrogen molecules, and A=8.333X107% eV nm® and
B=5.582X 10" eV nm'? for the interaction between hydro-
gen molecules. Minimization of the total energy then gives
the atomic positions at equilibrium.

To understand the deformation of the GNR due to sur-
face adsorption, it is instructive to first consider the interac-
tion between a single hydrogen atom/molecule and a GNR.
Figure 1(a) shows the contour of the out-of-plane displace-
ment of a GNR bonded by an overhang hydrogen atom. The
atomic displacement of the GNR is seen to be upward every-
where with all carbon atoms moving toward the hydrogen
atom. The displacement reaches a maximum of 0.05 nm at
the carbon atom in direct bond with the hydrogen atom,
which is in good agreement with prior result 0.046 nm.”' The
adsorbed hydrogen atom attracts its bonded carbon atom
while repels the other neighbor atoms, resulting in a pair of
force couples that drive the GNR to bend locally downward;
see Fig. 1(b). Figure 1(c) shows the contour of the out-of-
plane displacement of a GNR interacting with an overhang
hydrogen molecule via van der Waals interaction. Contrary
to Fig. 1(a), the atomic displacement is seen to be downward
everywhere with all carbon atoms moving away from the
hydrogen molecule. This is because van der Waals interac-
tion is attractive for atoms far away while becoming repul-
sive for atoms nearby, resulting in a pair of force couples that
causes the GNR to bend locally upward. It is interesting to
note that the pair of force couples induced by a physically
adsorbed hydrogen molecule is opposite to that by a chemi-
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FIG. 1. (Color online) The interaction between a single overhang hydrogen
atom/molecule and a GNR: (a) the out-plane displacement contour of the
GNR due to a single chemisorbed hydrogen atom; (b) schematic of an
equivalent pair of force couples on the graphene due to the chemisorbed
hydrogen atom; (c) the out-plane displacement contour of a GNR due to a
physically adsorbed hydrogen molecule; (d) schematic of an equivalent pair
of force couples on the graphene by the physically adsorbed hydrogen

molecule.

cally adsorbed hydrogen atom; see Fig. 1(d). Since van der
Waals interaction is usually much weaker than covalent
bonds, the out-of-plane displacement in Fig. 1(c) is much
smaller than that in Fig. 1(a).

Cantilever or cantilever-like devices are being widely
used in microelectromechanical system (MEMS) and NEMS.
The present work is concerned with GNR-based cantilevers.
To study a chemisorbed GNR, a cantilever of 10.5 nm in
width (along the fixed edge) and 1.8 nm in length (free ex-
tension) was considered, with a total of 800 carbon atoms.
Note that a GNR with a long clamped edge is not a typical
cantilever, and the word ‘“cantilever” in the present letter
should be understood in a loose sense. The GNR is in the
armchair configuration along the left edge where atoms col-
ored in black are fixed [see the initial configure in Fig. 2(a)i].
We note in passing that atoms or ionic groups in the envi-
ronment could be chemically adsorbed to the GNR surface
under high speed impact or in the presence of some defects
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FIG. 2. (Color online) Simulation results of chemisorbed GNR. (a) Equilib-
rium configurations: dark gray balls represent carbon atoms, black balls the
fixed carbon atoms, and light gray balls the hydrogen atoms; (b) deflection
curves; and (c) the maximum deflection of GNR under different coverage
ratios of chemisorbed H atoms.
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FIG. 3. (Color online) Simulation results of physisorbed GNR. (a) Equilib-
rium configurations: dark gray balls represent carbon atoms, black balls the
fixed carbon atoms, and light gray balls the hydrogen molecules; (b) deflec-
tion curves; and (c) the maximum deflection of GNR cantilever under dif-
ferent H, coverage ratios.

(e.g., vacancies). In our simulations, different numbers of
hydrogen atoms were chemically bonded at random sites on
the upper side of the GNR, and the corresponding equilib-
rium configurations were calculated subsequently. Defining
the coverage ratio as the ratio of the number of adsorbed
atoms/molecules over that of all carbon atoms in the GNR,
Figs. 2(a)ii—vi show deformed configurations of the GNR for
H coverage ratios ranging from 5% to 100%. In the absence
of adsorbed hydrogen, slight ripples can be seen along the
free edges of the GNR, but no substantial warping, bending,
or torsion'* were observed as the edge effects have been
heavily constrained by the fixed boundary condition. The
average deflection curves are plotted in Fig. 2(b). The de-
formed configurations in Fig. 2(a) combined with deflection
curves in Fig. 2(b) suggest that chemisorbed H atoms can
induce significant structural deformation of the GNR, and
that the deformation increases with increasing H coverage
when the coverage ratio is less than 50%. This trend can be
understood as follows. The effect of each H atom can be
represented as a pair of force couples, and the effect of mul-
tiple pairs of force couples usually results in larger bending
deformation. However, as the H coverage ratio exceeds 50%,
the equivalent force couples start to overlap and the com-
bined effect begins to decrease. It is worth noting that, in a
real adsorption process, H atom flux increases the coverage
ratio gradually, and the upper limit of the coverage found in
experiments is 50%.2>** The deflections of the free end, i.e.,
the maximum deflection of the GNR, are shown in Fig. 2(c)
for different H coverage ratios. It is found that the maximum
deflection is linearly proportional to the coverage of H atoms
in a considerable range (<20%), which indeed suggests po-
tential applications of GNRs as chemical-/biosensors based
on their adsorption-deformation relationship or the
adsorption-deformation-electrochemistry relationship.
Compared to chemical adsorption, various molecules or
atomic groups can also be physically adsorbed on the GNR
surface via van der Waals interaction. Considering that the
van der Waals force is relatively weak, the physisorbed GNR
is taken to be larger in size compared to the chemisorption
case. As shown in Fig. 3(a)i, the GNR is in the armchair
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configuration along the left edge, and the black atoms on the
left edge are fixed. The GNR is 9.7 nm in width and 6.3 nm
in length with a total of 2296 carbon atoms. H, molecules
were randomly placed on the upper side of the GNR canti-
lever with van der Waals interactions between H, molecules
and between carbon atoms and H, molecules. Figures 3(a)ii—
viii show the equilibrium configurations of the GNR cantile-
ver at different coverage ratios of H, molecules, with obvi-
ous upward bending and ripples along the free edges. The
deflection curves under different coverage of H, molecules
are plotted in Fig. 3(b). Figure 3(a) together with Fig. 3(b)
suggests that the upward bending first increases with the in-
creasing H, coverage until a critical coverage ratio of 20%,
and then gradually decreases and almost vanishes at 30%
coverage. Above 30% coverage, the GNR cantilever starts to
bend in the reverse direction, i.e., bending downward. At
small H, coverage ratios, there is little van der Waals inter-
action between H, molecules and the total effect of H, ad-
sorption can be regarded as simple superposition of many
equivalent upward couples; hence, the GNR cantilever bends
upward. However, at large H, coverage ratios, the simple
superposition is no longer valid since the van der Waals in-
teraction between H, molecules cannot be neglected. The
transition between upward and downward bending occurs at
30% coverage. This can be roughly understood and predicted
by a simple model as follows. We first regard the H, ad-
sorbed GNR cantilever as a bilayer cantilever, with adsorbed
H, forming the upper layer contributing to the surface stress
of the system. When the coverage ratio is less than the criti-
cal value, H, molecules are far away from each other with
attractive van der Waals force, and the resulting surface
stress due to the H, layer is tensile, causing the GNR canti-
lever to bend upward. When the H, coverage ratio exceeds
the critical value of 30%, the H, molecules become highly
compacted with compressive surface stress, causing the GNR
cantilever to bend downward. If all H, molecules are as-
sumed to be arranged as a triangular lattice on the upper
surface of the GNR and the equilibrium distance between H,
and the length of C—C bond is roughly taken to be 0.332 nm
and 0.145 nm, respectively, the critical coverage ratio of zero
surface stress is estimated to be about 28%, in close agree-
ment with the simulation result of 30%. The maximum de-
flection, defined as the deflection at the free end of the GNR,
is plotted against the H, coverage ratio in Fig. 3(c). It can be
seen that the maximum deflection of the GNR cantilever
responds linearly to the H, coverage ratio when the coverage
ratio is less than 20%. This feature again indicates that GNR
cantilevers may have great potential applications as
chemical-/biosensors in MEMS or NEMS.

In summary, the bending behaviors of GNR cantilevers
due to chemical and physical surface adsorption have been
systematically studied via atomic simulations. The results
show that both chemical and physical adsorption could in-
duce substantial bending of GNR cantilevers. Chemical ad-
sorption causes the GNR cantilever to bend away from the
adsorbed atoms while physical adsorption causes it to bend
toward the adsorbed molecules. This can be understood from
the point of view that the pair of equivalent force couples
due to C-H covalent bond (chemical adsorption) is com-
pletely different from that due to van der Waals interaction
(physical adsorption). As the van der Waals interaction be-
tween H, molecules changes from attraction at small H, cov-
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erage (<30%) to repulsion at large H, coverage (>30%),
the deformation of GNR cantilever due to physical adsorp-
tion undergoes a transition from upward bending to down-
ward bending. Since the electronic properties of graphene
can be strongly altered by both strain and curvature,” these
results indicate that surface adsorptions could have signifi-
cant affect on the performance of GNR-based devices, and
further studies should be carried out to isolate GNR-based
electronics from unexpected atoms or molecules. The linear
response function between the bending deformation of GNR
cantilevers and the coverage ratio for both chemical and
physical adsorptions point to potential applications of GNRs
as sensitive chemical-/biosensors based on their bending be-
haviors under surface adsorption.
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