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Abstract Graphene sheets are extremely flexible, andsthusation, nanocomposites and protection coatings [8—13]. Ow-
small forces, such as van der Waals interaction, can indudeg to their extreme flexibility, graphene sheets are suscep-
significant out-of-plane deformation, such as folding. Foldedible to out-of-plane deformation. Recent studies show that
graphene sheets show racket shaped edges, which cansigsifispended graphene sheets can fold and form folded edges
icantly dfect the electrical properties of graphene. Insthidue to van der Waals (vdW) interaction [14-16]. Similar
letter, we present combined theoretical and computation&blding and collapse behavior have also been observed in
studies to reveal the folding behavior of multi-layer graphenearbon nanotubes [17-20]. The folded edges of graphene
sheets. A nonlinear theoretical model is established te deheets show racket shapes with structures similar to carbon
termine the critical length of multilayer graphene sheets fonanotube walls, which can have strong influence on the elec-
metastable and stable folding, and to accurately prediet thteonic and magnetic properties of graphene [21-24]. There-
shapes of folded edges. These results all show good agrdere, accurately predicting the critical length of graphene
ment with those obtained by molecular dynamics simulafolding and the shapes of folded edges can be important for

tions. ss the application of graphene in nanoscale devices and sys-
s9  tems.

Keywords — Graphene Folding - Stability - Theoretica, A recent study by Cranford et al.[15] established a

model- Molecular dynamics simulation &1 small deformation mechanics model to reveal the critical

2 folding length of multi-layer graphene sheets. However, pre-
s dicted shapes of the folded graphene edges was not given,
Graphene sheets show exceptional electronic and meehapartly because small deformation models cannot accurately
cal properties [1-7], and thus have many potential appticasredict the shapes of folded graphene edges. Meng et al. [16]
tions, such as nano-transistors, transparent electrodessnageveloped a finite deformation theoretical model to study
electromechanical systems (NEMS), gas separation, desatihe folding of single-layer graphene, which can accurately
es predict not only the critical length of single-layer graphene
The project was supported by the National Natural Science kpurelding but also the shape of the folded edge. However, the
dation of China (11172022 and 11302039) and the Major Projest dblding mechanics of multi-layer graphene sheets was not
Chinese National Programs for Fundamental Research and Revetudied, and therefore it is not clear how the inter-layer inter-

o

1 Introduction

o

opment 2010CB832703. 72 action and the number of layers wilifact the folding me-
SETRY 73 chanics of graphene sheets.
. Meng 74 In this work, we present combined theoretical analysis

School of Aeronautic Science and Engineering,

Beihang University, 100191 Beijing, China 75 and molecular dynamics (MD) simulations to study the fold-

76 ing mechanics of multilayer graphene sheets. A theoretical

M. Li - Z. Kang 77 model based on the finite deformation beam theory is devel-
State Key Laboratory of Structural Analysis for 76 oped, which can accurately predict the dependence of critical
Industrial Equipment, Dalian University of Technology, 7o folding length on number of graphene layers. The shapes of
116024 Dalian, China s folded edges of multi-layer graphene sheets are also given in
e-mail: mingli@dIut.edu.cn s analytical form. We have also conducted MD simulations to
J.-L. Xiao s2 study the folding of multi-layer graphene sheets induced by
Department of Mechanical Engineering, s3 vdW interactions. The results show good agreement with the
University of Colorado, Boulder, CO 80309-0427, USA s theoretical model.
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2 Theoretical model 103 can unfold. If the graphene is long enough, the total energy
The schematic diagram of a folded double-layer graﬁfﬁen"é“’t > 0, the adhesion energy over the flat region exceeds the
sheet is shown in Fig. 1a. The folded double-layer grab(ﬁenreesistance from the curved region, and therefore the folded
consists of a curved region of lengtth 2nd a flat regiéoﬁ3 ?r:apheng tIS ene'tr.gefli:ally F;[ﬁjg”ef].a;‘ d Stablf' ?hbvmtu?ly,
of length Ly. The total length of the folded double-lal%r ere exisis a critical 'lengiti; = , Which separates the sta

graphene id o = 2(L + Lo). The equilibrium interlayer die ble and the unstable folded configurations of graphene.
tance between any two closest graphene layetsTée cones For a multi-layer graphene sheet, each layer of the
figuration of the folded graphene sheet results from thetson@raphene can be modeled as a beam with a bendifig sti
petition between adhesion enerdygnesionin the flat regiorr  NesSEl. Owing to symmetry, only the top half of the folded
and bending energypendingin the curved region. If the fizt graphene will be analyzed. The interlayer distance is as-
graphene (as shown in Fig. 1b) is considered as the grousgmed to keep constadt and the sliding between layers
state, the energy of the folded graphene sheet (as showniffree. The analytical model to be presented is based on the
Fig. 1c) isUtot = Ubending+ Uadnesion The adhesion energy middle plane of the multilayer graphene sheet. This middle
Uadhesion= —yLo with y denoting the binding energy per unit Plane is a real graphene layer for a graphene sheet with odd
area of graphene, atdhengingis to be determined later. If tle number of layers, and is an imaginary plane for a graphene
graphene is too short, the total eneldpy; > 0, the resistance sheet with even number of Iayers (dash linesin Fig. 13.). The
from the curved region can overcome the adhesion from thigee-body diagram of a folded graphene is schematically il-
flat region, and therefore the folded graphene is unstabke afigstrated in Fig. 2a. The normal force, shear force and bend-

Fig. 1 aSchematic illustration of a folded double-layer graphene. The lengths of the flat and the curved redigradie respectively.
The curved region is divided into three sections by four poiat®, C, andD. The flatb and the foldea states of a double-layer graphene
obtained from MD simulations

L - Analytical model
] * MD simulation

| e
t---—-u-w»*“‘”
IR, |
1 \.,:_‘/

1.5 g ————_— A I A

-2 0 2 4

0

y/nm

x/nm

Fig. 2 Schematic illustration of the free-body diagram of a folded multi-layer graptlembe comparison of profiles of a folded double-
layer graphene given by the theoretical model and MD simulation
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Folding of multi-layer graphene sheets Induced by van der Waals interaction 3

ing moment on the middle layer are denotedNay/, andM, !

respectively. For the-th inner layer, these internal forces d[M + Z(M“J + M“v")] j d

are denoted aBly;, Vpn;, andM,;. For then-th outer layer, n=1 + Ztnx—(Mn,i - M)

these internal forces are denoted\ag, Vi0, andMpo. Th&* ds oS

total number of layers of the graphene sheet is 2] (for i

even number of layers) dr= 2j + 1 (for odd number of lay- = V- Z (Vai + Vio). 9)
ers). The distance between each layer (either inner or‘@uter) =1

and the middle plane & = (n - 0.5) x d (for even numbgg Since the graphene sheet thickness is much smaller than
of layers) om x d (for qu number of layers). . 177 the radius of curvaturé,« < 1, insering Egs. (4) and (5) into

, For the curved region, the curvatur_e of the mlddle_[%lgan%q (9) shows that the second term on the left-hand side of
IS« = 1/p = dg/dS, whereg is the rotation angle anB is | £ (9) is much smaller (to the order d£)2) than the first

the arc length measurgd from poift as shown in Fig. 13 term, and therefore can be neglected. Then the bending mo-
The curvatures for an inner and outer Iayera[eandkn,ofgl ment equilibrium equation (9) changes to

respectively. Four point#, B, C, andD, divide the top half

curved region into three sections, withand D being the M __ (10)
. . . . 2 t

left most and right most points in the curved region of the dS

graphene (with curvature, and rotation angl® = 0 atA, i

and curvature-«x; and rotation angl® = —n/rd2 atD), C  whereM; = M + Z (Mni + Mno) = (2j + L)Elk andV; =

being the top most point of the curved region (with curvéture n=1

—kp and rotation anglé = 0), andB being a point betweeA J .
andC, with curvature of 0[16]. We first analyze a graphgne” * Z (Vni + Vno) are the total bending moment and total
n=1

sheet with odd number of layers, and then the results, calyaar force, respectively. Please note that Eq. (10) also holds

be easily extended to a graphene sheet with even numbergf o graphene sheet with even number of layers, therefore
layers by taking the bending Stiess of the middle plane o \ o have generallj, = JE k.

be zero. Assuming that the total thickness of the mUItIlISaByer The tangent direction force equilibrium equations of the

graphene sheet= J x dis m_uch s_maller th_an the rad'_”?ngf middle plane, ther-th inner layer and outer layer are given
curvature of the curved region, since the interlayer d|sltgamc§S

is assumed to be constant, the curvatures for an inner lay F\l

and an outer layer can be obtained to the first-order apgrox=— — V% =0, (11)
mation as ds ds
do _ dNp; v do _
Knj = Em = K(l + tnK), n=12---, ], (1])92 dSn,i Vn,l dSn,i =0, (12)
_ dNn, do
Kno = Kn,o =k(l-tk), n=212,---,]. (2903 0Sno - Vn,ofn,0 =0. (13)
The bending moments of the middle, inner and sateMultiplying both sides of Eq. (12) by$h,/dS gives
layers are dNy; do
—— = Vhi—= =0. 14
M = Elx, @ ds ™Mds (14)
o 96 Similarly, multiplying both sides of Eq.(13) by
Mni = El(1 + tok), (4?97 dSn0/dS gives
Mn’o = EIK(]. - tnK). (5) N
dNno % _o (15)

With the help of Egs. (1) and (2), the bending mofient dS "°dS

equilibrium equations for the middle, inner, and outer layers Summing up Egs. (11), (14) and (15) for all layers gives
are obtained as

dN do
dm 0 —= — Vioz =0, (16)
=V ds ds
dMni _ 1+t K)d'\/'n,i _ v, @ whereN; = N + Z (N + Nyo) is the total normal force for
dSn,i n as n,is o1 n:l
M M 202 the whole graphene sheet.
S 00 = (1-tk) dano = —Vpo. (8% The radial direction equilibrium equation for the whole

n,o

204 graphene sheet can also be obtained by summing up the
Summing up Egs. (6)—(8) over all graphene layerquations on individual layers and is given as
yields an equilibrium equation for the multi-layer graphenedvt a0

as 26 G5 + 43S =0 (17)
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Equations (10), (16) and (17) consist of the equitib

-graphene folding from our previous study generally holds

rium equations for multilayer graphene sheet folding, whicHor multi-layer graphenes.

are identical to those for single-layer graphene sheet:fold-

ing, except that the bending ftiessEl of single-layefs
graphene is replaced by the bendingfséss of] E| of multiziz

The deformed geometry of the graphene sheet can be
completely described by two quantitieg, andk;, with the
Cartesian coordinates of any point in the curved region of the

layer graphene [16]. Therefore, the results for singlestayemiddle plane expressed as[16]

fa de, in AB,
\/ — (k2= K2)sing
f . 1’“‘2’ cosh do + f s coss dg, in BC
X = ) s
0 \/KS - (k3 — k2) sin® o \/Kg - (k3 — k%) sin®
2
sint 72 cosf
2f to do — f de, in CD,
0 \/KZ— (k2 — k3) sing \/ — (k% — k3) sin® (8
18
Jd fﬁ sing . in AR
k% — k5) Sing
N
. i1 K% .
Jd N fs'” Kﬂg sing 90+ fs'” pea: siné @, inBC
Y= 2 0 \/KS — (k% — k3) sin® 0 \/Kg - (k% — k3) sin®
«2
ad 2]‘5'”'1 P sing - fg sing " i CD
2 0 \/Kg - (&3 — k3) sin® 0 \/K(Z) - (k3 — k3) sin®

2 _ 2
O
K2 - K
terminingko andx; are [16]

whereg = —sin™

232

233

3 1
L - de 234
0 \/Kg + sing(k2 — «3)

235
236

Sin KZ_OKZ 1
+2 f 1o do, (195"
2 o 2 _ 2
0 kg — Sinf(xk] — «9) -
KZ
t S 7% sing 239
D) =-2 f ne de 240
0 \/KS — (k3 — k3) cost st
sing 2
do, (203

244

f \/Ko + (Kl — Ko) cosd

which can be solved numerically. 246
The bending energy in the curved regilpendingiS 0b;;
tained to its first order approximation as

KZ
G5 2 _
\/ Ko

+JEIf2 i + (& ~ i) sinede.
0

245

248
249

250

Ubending= 2JEI f (k2 — k2) sinode
0

251

252

(21),

@ Springer

. The governing equations for de- as

The total energy of the folded graphene sheet is given

Ut = Ubending_ %(Ltot - 2'—), (22)
which is a function of the curved region lendttonly. Mini-
mization of Eq. (22) gives solution to the folding of multi-
layer graphene sheet, which can be solved by numerical

methods.
3 Molecular dynamics simulation

Molecular dynamics (MD) simulations have been performed
to study the folding of multi-layer graphene sheets, and to
verify the theoretical model. Large-scale molecular simula-
tion package LAMMPS [25] was used to conduct the sim-
ulations, and visualization program VMD [26] was used to
analyze the results. The adaptive intermolecular reactive em-
pirical bond order (AIREBO) potential [27] was adopted to
model the C—C atomic interactions, with the short-range
C—C bonding characterized by the reactive empirical bond
order (REBO) term [28] and the long-range van der Waals
interaction characterized by Lennard—Jones (LJ) term. The
parameters for LJ interaction were set tode 2.4meV,

o = 0.34nm [16, 20] and the cutfbdistance= 1.05 nm.

In the MD simulations, a rectangular double-layer
graphene sheet of length of 20nm and width of 5nm, as
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Folding of multi-layer graphene sheets Induced by van der Waals interaction 5

shown in Fig.1b, was firstly adopted to study the fald-tion is metastable and can unfold to flat configuration when
ing of double-layer graphene. To make the left eng ofhe system is subject to perturbation. As the total length of
folded graphene aligned, the top layer graphene was cthie graphend., increases, the total system enetdy; de-
to be shorter than the bottom layer by around 0.6 nmsz Tareases. When the length of the graphene sheet exceeds a
avoid thermal oscillation, a constant temperature ofed Keritical valueL; = 15.46 nm, the minimal energy: < 0,
was adopted during the simulations. To create faldedvhich means that the folded graphene is more stable than
graphene sheets, the two ends of the flat graphene shoewnthe flat configuration. The dependence of the critical fold-
Fig. 1b were brought together by external loads, and then thieg lengthL{, on the graphene layer number is also studied
graphene was fully relaxed after the external loads wete rend shown in Fig. 3b. The critical folding length increases
moved. A folded double-layer graphene is shown in Figs1cwith the number of layers. This is because the bendirity sti
The folded graphene clearly shows a racket shape. Befimiess and bending energy of the multi-layer graphene increase
the critical length of stable folding, fierent lengths wese with increasing number of layers. To compensate for the in-
used in MD simulations. For the folding of other multi-layer creased bending energy of the curved region, longer flat re-
graphene sheets, similar protocols were used to create then is required to provide enough adhesion energy to resist
folding and to relax the system. 308 the unfolding.
309 MD simulations have also been conducted to study the
a0 Stability of double-layer graphene folding. Double-layer
In the analytical model, the bending fitiess of eash graphene sheets withftiérent lengths are folded and then
graphene layer and interlayer spacing &k = 1.4ev fully relaxed. The energy fierences between the folded
andd = 0.34nm, respectively, and the adhesion erergynd the flat configurations for each length are plotted ver-
per unit area between two closest graphene layeyg is1 sus the length in Fig.4a, which is named as a stability
1.45eV/nn? [29-33]. However, for multilayer grapheme map for double-layer graphene folding. The stability map
folding, the second closest graphene layer also contabutésiggests two critical lengths which divide the double-layer
to the adhesion energy. Since the adhesion energysis rgraphene folding into three regimes: (1) Ags < 9nm,
lated to interlayer distance to the order-ef [34], the aas only flat configuration is stable, the folded graphene un-
hesion energy for multilayer graphene folding is obtained aflds autonomously after relaxation; (2) For 9 Ly <
v = (9/8)y0 = 1.63 eV/nn?. The profiles of a folded doubte- 13 nm, the folded graphene is metastable, enough perturba-
layer grpahene obtained from the theoretical model and:Mion can unfold the folded graphene sheet; (3) Egf >
simulation are depicted in Fig. 2b, which show good agreel3 nm, the folded configuration is more stable than the flat
ment. 23 graphene, with enough perturbation, the flat graphene would
The total energies of folded double-layer graphendold by itself. Figure 4b shows configurations of double-
sheets versus the half length of curved redioare showws layer graphene sheets for each of the three regimes, i.e., flat
in Fig. 3a for diferent total graphene lengths. The dots raeastable, folded metastable and folded stable.
that the curved region half lengthreached /2. Figure In addition to double-layer graphene, the folded con-
3a shows that the curved region reaches optimal statezwhégurations for other multi-layer graphene sheets are also ob-
L = 4nm, which is larger than.2nm, the value for the op- tained. Figure 5 shows the folded profiles for 3-, 4-, 6-, and
timal state of single-layer graphene folding. For grapheng-layer graphene sheets. The solid lines are obtained by the-
sheets longer than 8 nm, there exists a minimal energyspointetical model, and the dashed lines are from MD simula-
on the curve, which corresponds to the optimal folded statdéions. The profiles predicted by the theoretical model show
When the graphene sheet is not long enough, this masmaxcellent agreement with those from MD simulations for all
energyUiy > 0, which means that the folded configura-graphene sheets.

4 Results and discussion

[y

a9, b 40, ,
—=— Analytical model
¢ MD simulation -
~ E 304 o
\E ~ n s .
E 101 Low=61m El .~
> 8 nm 5 20+ e
\Tg 11 nm 15n11.1 18 nm E ] :
S) 0 e NS T 5 10
. : 0 T T T . : :
0 5 10 0 2 4 6 8 10 12
L/nm Layer number

Fig. 3 aThe total energies of folded double-layer graphene sheets versus the half length of curved régidtifferent total graphene
lengths. The dots mean that the curved region half lehgteéached ;/2; b The critical folding length of multi-layer graphene sheet
versus the number of graphene layers
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Fig. 4 aStability map for double-layer graphene folding, which suggests two critical lengths to divide the double-layer graphene folding
into three regimes, i.e., unfold stable, folded metastable and folded dtabémfigurations of double-layer graphene sheets for each of the

three regimes

Fig.5 aProfiles of folded multi-layer graphene sheets with 3, 4, 6, and 8 graphene layers. The solid lines are from theoretical model, and
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Folding of multi-layer graphene sheets Induced by van der Waals interaction 7

It should be pointed out that the bending rigidity issep-  ence321, 385-388 (2008)
posed to be linear and the interlayer frictional shear isone-5 Geim, A.K., Novoselov, K.S.: The rise of graphene. Nature
glected in this paper. However, previous studies showed materialss, 183-91 (2007)
that the bending rigidity of few-layer graphene can betaf- 6 Zhu, Y., Murali, S., Cai, W., et al.: Graphene and graphene
fected by interlayer shear and its value is not necessarif§ lin- ©xide: synthesis, properties, and applications. Advanced Ma-
ear for thicker graphene samples [35-38]. The abové&’sim-_ terials22 3906-3924 (2010) _ _ _
plified model would not be feective for thicker grapheffe 7 L X Cai, W., An, J,, etal.. Large-area synthesis of high-

... a0s_. . quality and uniform graphene films on copper foils. Science

samples. However, from the results, the supposition |s:wval|d 324, 1312-1314 (2009)
when there are only a few layers. But with the |n'crease4c()jthe8 Zhu, Y., Murali, S., Stoller, M.D., et al.: Carbon-based super-
number of layers, the fierence between analytical method

: ; . capacitors produced by activation of graphene. Sci@3®
and the MD method is getting greater which can be seeq,from 15371541 (2011)

the comparative result of 8 layers. a0 9 Bunch, J.S., Verbridge, S.S., Alden, J. S., et al.: Imperme-
In our analytical model, the assumptir < 1 is usech able atomic membranes from graphene sheets. Nano Letters

and a much smallert{x)? is neglected. Actually in some 8, 2458-2462 (2008)

parts of curved region the assumption may not hold, but thé@0 Koenig, S.P., Boddeti, N.G., Dunn, M.L., et al.: Ultrastrong

final result is got from the minimization of the total enetgy. ~ adhesion of graphene membranes. Nature Nanotechnélogy

When the assumptioi < 1 holds within a large part*f 543546 (2011) _ _

the curved region, the energyfidirence caused by the sl 11 Koenig, S.P., Wang, L., Pellegrino, J., et al.: Selective molec-

part where the assumption does not hold would be very*§mall 412" Sieving through porous graphene. Nature Nanotechnology

418. 7,728-732 (2012)
compared to the total energy, and then the error of thgjmab Weiss, N.O., Zhou, H., Liao, L., et al.: Graphene: An emerging

result would be tlny. With the Increasg of the numbgzro of electronic material. Advanced Materi&@4, 5782-5825 (2012)
layers, the assumption would not hold in a large part Qﬂllthe;LB Novoselov, K.S., Fal, V.I., Colombo, L., et al.: A roadmap for

curved region and then the model would befieetive. It is, graphene. Naturé90, 192-200 (2012)
the same f(?r the supposition of the !inear bending rigidity.14 zhang, J., Xiao, J., Meng, X., et al.: Free folding of suspended
To summarize, the analytical model ifiective when thege graphene sheets by random mechanical stimulation. Physical

are a few layers of graphene, but invalid when there aresmany Review Letters104, 166805 (2010)
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analyze. 427 ing multilayer graphene sheets. Applied Physics Let8ss
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