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Abstract

®

CrossMark

Three types of carbon nanoscroll (CNS) structures that are formed when scrolling up graphene
sheets are investigated using Raman spectroscopy and atomic force microscopy (AFM). The
CNSs were produced from exfoliated monolayer graphene deposited on a Si chip by applying a
droplet of isopropyl alcohol (IPA) solution. The three types of CNS are classified as
single-elliptical-core, double-elliptical-core (both with large internal volumes) and collapsed
ribbon-like, based on AFM surface profile measurements. We discuss the structure and

formation of CNS with much larger hollow cores than is commonly assumed and relate this to
the large effective 2D bending stiffness of graphene in the IPA solution. The large elliptical core
structures show Raman spectra similar to those previously reported for CNS and indicate little
interaction between the scrolled layers. The Raman spectra from ribbon-like structures show
additional features that are similar to that of folded graphene. These new features can be related
to layer breathing modes combined with some resonance enhancement at specific regions of the

ribbon-like CNSs that are due to specific twist angles produced when the structure

folds/collapses.

Supplementary material for this article is available online

Keywords: carbon nanoscroll (CNS), scrolled graphene, Raman spectroscopy, atomic force
microscopy (AFM), layer breathing mode (LBM), hollow core size

1. Introduction

Carbon nanoscrolls (CNSs) are spiral structures composed
of a graphene sheet that has been rolled into a scroll. A
CNS is structurally similar to a multiwall carbon nanotube
(MWNT), however the outermost layer of the CNS is connec-
ted to the innermost layer unlike a MWNT which is composed
of a few concentric cylindrical nanotubes. Due to this struc-
tural characteristic, a CNS has unique properties distinguish-
able from mono-layer or few-layer graphene and carbon nan-
otubes (CNT), and can potentially be of interest for a range of
applications. Experimental studies have illustrated the poten-
tial application of CNS in super capacitors or batteries [1, 2].

1361-6528/20/315707+11$33.00

Computational studies have suggested many other possibilit-
ies e.g. involving the insertion of molecules through the out-
ermost layer edge gap, providing materials suitable for high
efficiency hydrogen storage [3, 4] or molecular delivery sys-
tems by utilising the tunable hollow core [5, 6] for molecular
encapsulation making them more flexible than CNT that have
fixed-size, smaller core regions [7-9].

In previous research, measurements of the electrical
properties of CNSs showed excellent capacitance values
(1622 F g~! at a current density of 1.0 A g~!) that can be
compared with the specific capacity of graphene sheets at
110 F g~! [1]. The CNS can sustain a higher current density
than MWNT, up to 5 x 107 A/cm? [10], because current flows

© 2020 IOP Publishing Ltd  Printed in the UK
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through the whole scrolled graphene layer. Raman spectra of
CNS typically resemble that of mono-layer graphene rather
than multi-layer graphene (MLG), because of the incommen-
surate layer stacking between the scroll levels rather than the
Bernal stacking found in few-layer graphene [10, 11].

In comparison to the large number of computational stud-
ies, there have been relatively few experimental studies that
focus on the structure of the CNS. Many of the proposed
applications of CNS, based on computational studies, assume
a 1 nm scale hollow core and ideal circular-cylindrical geo-
metry. Theoretically, Savin et al [12] discussed the formation
of not only circular scroll structures from graphene but also
other forms such as folded or collapsed structures. Although
the collapsed ribbon-like structures have been noted previ-
ously as a product of graphene scrolling [10, 11] there have
been no detailed studies of their structure or spectroscopy.

In this paper we report the surface profiles of different CNS
structures using atomic force microscope (AFM) and invest-
igate their properties using Raman spectroscopy. We show
that stable, supported CNS can be formed with much lar-
ger hollow cores than previously reported. In addition, newly
observed Raman signatures from collapsed ribbon-like struc-
tures are discussed in detail and compared to twisted multi-
layer graphene.

2. Experimental methods

Monolayer graphene from natural graphite (NGS Natur-
graphit) was mechanically exfoliated using scotch tape and
deposited on a silicon substrate with a 300 nm thick layer of
Si0,. The Si0,/Si substrate was first cleaned by washing in
acetone, followed by N, drying and then repeating with isop-
ropyl alcohol (IPA) and deionized (DI) water. The number of
graphene layers was identified by Raman spectroscopy.

The method used to produce CNS from deposited mono-
layer graphene ribbons closely follows that originally intro-
duced by Xie er al [10]. A droplet of IPA solution (IPA:DI
water volume ratio of 1:3) was placed on top of the monolayer
graphene on the substrate. Once the solution caused the edges
to lift, solvent molecules can be intercalated into the space
between layer and substrate, further bending the graphene
sheets as described in reference [10]. If the scrolling process
was not launched, a pure IPA droplet was added to the original
IPA solution on the substrate thus further reducing the sur-
face tension (see below) and leading to an enhanced speed of
lift-off from the substrate and rolling/folding of the graphene.
As originally discussed in reference [10], the speed of rolling
depends on the concentration of IPA.

As reported previously, not all graphene monolayers pro-
duced CNS. We found that the scrolling to produce quasi-
cylindrical structures was more efficient under conditions of
high humidity. Scrolls readily formed during the high humid-
ity conditions of the Korean summer (~70% relative humid-
ity) but were much more difficult to produce during the dry
laboratory environment typical for the winter months. An
experiment was carried out in which the cleaned SiO,/Si sub-
strate was exposed to two different humidity levels for one

hour before the graphene was deposited and the scrolling pro-
cess was initiated with the [PA:water ratio of 1:3. For sub-
strates stored in a relative humidity of 45 — 50% the scrolling
success rate was 44% while for substrates stored in a relative
humidity of 15% the success rate dropped to 8%. All CNSs dis-
cussed in this paper were fabricated in a humid lab atmosphere
(~70% relative humidity). When scrolling was speeded up by
adding the additional pure IPA droplet to the initial solution,
the result was invariably a collapsed, ribbon-like structure.

A confocal Raman measurement system (Witec, alpha
300R) consisting of an ultrahigh-throughput spectrometer
(UHTC) with 600 and 1800 grooves/mm grating and a diode
laser (532 nm) was used for the measurements. The laser
power was kept below 1 mW (focal spot ~1 um?) to avoid
heating of the samples. In order to access the deeper low fre-
quency range below 70 cm™!, reflective volume holographic
filters (Ondax and OptiGrate) were used to reject the Rayleigh-
scattered light. In this case, three different wavelength lasers
were used: the 514.5 nm (2.41 eV) line of a Ar ion laser,
the 532 nm (2.33 eV) line of a diode-pumped solid-state
(DPSS) laser, and the 632.8 nm (1.96 eV) line of a He-Ne
laser. Raman scattering signals were dispersed by a Jobin-
Yvon iHR550 spectrometer with a 2400 grooves/mm grating
(400 nm blaze) and detected by a liquid-nitrogen-cooled back-
illuminated charged-couple-device (CCD) detector.

The 3D images of CNSs and their cross-section profiles
in figure 1 were obtained using a AFM (Park Systems, NX-
10) in non-contact mode at room temperature. Silicon canti-
levers with a typical tip radius of less than 7 nm were used
(Park Systems, PPP-NCHR). The AFM tip-sample convolu-
tion effect [13] was taken into consideration when determining
the widths, w, of the CNSs (see figure 1(g)).

3. Results and discussion

3.1. Structural studies of CNSs

Twenty CNSs were investigated by AFM and a variety of
structural forms were observed. Three types of CNSs were
identified, illustrated by the 3D AFM images of CNS 1, 2 and
3 in figure 1(d) — (f), with cross-section profiles of each in
figure 1(g) — (i).

CNS 1 shown in figure 1(d) is distorted from the ideal
circular-cylindrical form (figure 1(a)), showing an elliptical-
cylindrical structure in the cross-section due to the interac-
tion with the underlying substrate (figure 1(d)). The height and
width along the length of CNS 1 are uniform with a height to
width ratio of ~0.30. For the CNS 2 structure, the graphene
flake appears to have rolled up from two opposite edges form-
ing two neighbouring scrolls of different sizes (figure 1(e)).
Neither of these scrolls is ideally circular but, as with CNS 1
they have a flattened elliptical profile. CNS 3 shown in figure
1(c) is the flattest example and is more ribbon-like in structure.
The height along CNS 3 is non-uniform and ranges from 5.1
nm to 35.1 nm with an average height to width ratio of ~0.025.
Fourteen CNSs among all twenty fabricated CNSs in this study
showed collapsed ribbon-like structures, similar to CNS 3.
Quasi-cylindrical structures, such as those illustrated by CNS
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Figure 1. (a) Archimedean spiral. The optical images of (b) graphene ribbon, and (c) its scrolled graphene (CNS 2). The white arrow refers
to the width of graphene ribbon. The white dashed area in (c) is the shape of graphene before being scrolled. The atomic force microscope
(AFM) images of (d) CNS 1, (e) CNS 2 (white spot in (c)) and (f) CNS 3. The profiles of each cross-section (red lines) of (g) CNS 1, (h)

CNS 2 and (i) CNS 3. The X, Y scale of them are isotropic.

1 and CNS 2, could be produced when using the 1:3 IPA:water
ratio, in which case the graphene rolled slowly over a period
ranging from 10 s to 10 minutes. If scrolling was not initiated
under these conditions and the additional pure IPA droplet was
added to the substrate the graphene rolled up faster than could
be followed by eye and the CNS 3 type structure was always
produced.

The internal structures can be estimated from a simple cal-
culation. By considering the dimension of the graphene flake
prior to scrolling and measuring the cross-section profile of
the CNS after scrolling, it is possible to estimate the hollow
core size and the number of stacking layers. The scrolls can
be considered to have the form of an Archimedean spiral (fig-
ure 1(a)). Hence, cylindrical scrolls can be described by the
equation in polar coordinates,

rin:rout_ge- (D

Here 0.35 nm [10] is chosen as the interlayer spacing
distance d. Since CNS 1 and CNS 2 are not ideal circular-

cylindrical forms, oy is modified to account for the elliptical
geometry,

B (ab)?
Foue = \/(bcos 0)2 + (asinf)?” @

Here a and b are the half width and the half height of the
CNS. By knowing the width (W) of the monolayer graphene
ribbon and the outermost radius rqy, the hollow core radius
rin and the number of stacking layers can be determined. The
relation between the width of the graphene sheet W and ry, is

drin )
de’

rn ( 3)

—7/2

The lower integration limit is fixed to be —x/2 since the
graphene rolls up to the opposite edge.

The number of layers and the radii of the hollow cores
of CNS 1 and CNS 2 were thus determined by using AFM
to measure the width of the monolayer graphene ribbon (W)
before rolling and the width (w = 2a) and height (2 = 2b)
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Table 1. Structural information for CNS 1, CNS 2 and CNS 3. r, is
the effective hollow core radius of a CNS considering it as a circular
scroll.

W(nm) w(nm)h(nm) h/w rin(nm) rolled turns

CNS1 2640 305 90 0.30 105 4.0
CNS2 2000 96 44 0.46 33 9.2
(left)

CNS 2 340 124 81 0.66 48 1.1
(right)

CNS3 8000 565 5~35 0.01~0.06 177 7.1

of the CNS after rolling (figure 1(g)) taking tip convolution
effects into consideration [13]. Assuming that the ribbon-like
structures (e.g. CNS 3) were formed from collapsed scrolls,
the number of layers of the scroll can be estimated by consider-
ing the width of the graphene sheet (W) and the cross-sectional
profile (figure 1(i)) that was used to estimate the circumference
of the outer layer the scroll would have had prior to collapse.
This then allows the number of layers and hollow core radius
rin that the structures would have had prior to collapse to be
estimated.

The results of the calculations, given in table 1, show that
CNS 1 can be estimated to consist of graphene that has been
rolled for 4.0 turns, thus composed of 4 stacking layers. By
comparing the height of four stacked graphene rolls (2 x 0.35
nm X 4 layers = 2.8 nm) to the height of CNS 1 (90 nm), it is
reasonable to assume that a large hollow core is present in CNS
1 that is estimated to occupy 94% of the volume with an effect-
ive hollow core radius, accounting for the elliptical geometry,
of ri, = 105 nm. Likewise, the heights of both scrolls of CNS
2 are much higher than the heights of the sum of the estimated
number of stacking layers, indicating the existence of a large
hollow core. However, the height of CNS 3 is much lower and
close to the sum of the number of estimated stacking layers
(14 layers, giving 4.9 nm). This value is quite close to the min-
imum height 5.1 nm of the measured cross-section profile of
CNS 3, implying that this structure has almost completely col-
lapsed with very little hollow core remaining. The hollow core
radii of 17 CNSs are estimated to cover the range from 25 nm
to 198 nm (see figure 2). Furthermore, as shown in table 1 and
figure 2, the estimated hollow core radii of ribbon-like struc-
tures tend to be larger than those of the quasi-cylindrical struc-
tures with a critical radius for collapse at around r;, = 100 nm.

CNTs are known to deform as the radius of the hollow
core increases [14-19], eventually fully collapsing to form
a ribbon-like structure or dog-bone configuration [14]. The
critical radii for collapse range from Ry.x = 2.06 nm for
single-wall CNTs (SWNTs) to 2.88 nm for triple-wall CNTs
(TWNTs) [18].

The estimated hollow cores for the IPA-fabricated CNSs
under study here are much larger. For example, the hollow
core of CNS 1 (105 nm) is 37 times bigger than the critical
radius for collapse of TWNTs (2.88 nm). Nevertheless, the
quasi-cylindrical CNS maintain their hollow core over a time
period of at least 6 months under ambient conditions. Previous
studies of CNS have reported outer diameters on the order of
10 s of nm with inner cores on the order of a few up to ca. 20 nm

[10] with the largest reported hollow cores to date lying at the
lower extreme of our observed structures. It should however be
noted that Xie et al also reported electrical transport measure-
ments on a CNS with dimensions indicated by an AFM profile
to be similar to the quasi-cylindrical structures reported here
although the structure of that CNS was not further commented
upon [10].

The mechanism leading to scrolling is considered to be the
interplay between bending energy and the interlayer binding
energy [5]. There have been numerous computational studies
of CNS formation and properties [5, 6] based on these consid-
erations. The calculations consistently show stable inner core
diameters of a few nm that form the basis for many of the
application suggestions for these structures. However, the cal-
culations are usually for isolated graphene sheets and assume
a low value for the 2D bending stiffness of the monolayer
graphene, . Theoretically, this is normally considered to be
1.2 eV based on simulations [20] and measurement of the
phonon modes in graphene [21]. Experimental measurements
on suspended monolayer membranes in air estimated a higher
value of 7 4+ 3 eV [22]. Recent experimental studies of the
bending rigidity of suspended monolayers in aqueous solution
[23] determined effective bending stiffness values approxim-
ately three orders of magnitude higher than the value normally
assumed for simulations, due to the combination of thermal
fluctuations at room temperature and static ripples on the sur-
face of graphene removed from a supporting substrate in solu-
tion. Based on these results, Reynolds et al discussed the fold-
ing of atomically thin membranes in solution in terms of a
characteristic length scale for bending, Lgc that is approxim-
ately the radius of curvature to which a liquid droplet will bend
arectangular sheet [24, 25]:

Lec = \/E , @)
v

where -y is the surface tension of the liquid droplet. Using the
high effective value of « for graphene found by Blees et al [23],
10713 ~ 10~ 15 J, and the surface tension of a 1:3 IPA:water
solution ( = 28 mJ/m? [26]), yields a value for Lz¢ of approx-
imately 50-200 nm, similar to the typical radii of curvature
that we find. We believe that this is the most likely explan-
ation for the large internal radii that we find experimentally.
However, there may also be a contribution from the weaker
interlayer interaction that may be present in the scrolls due to a
slightly larger interlayer spacing compared to bilayer graphene
and/or the influence of intercalated water/IPA. The Raman
spectra in figure 3 provide some evidence for this. The addi-
tion of a pure IPA droplet will reduce the surface tension of the
solution [26] and serve two purposes, firstly making it easier to
detach the graphene from the substrate and secondly inducing
a larger radius of curvature enhancing the likelihood of fold-
ing/collapse of the cylindrical structures. The role of humid-
ity can be explained as a means of reducing the interaction
energy between the graphene and the SiO,. A single layer of
water molecules at the interface will decrease the interaction
energy from —0.35 J m~2 to —0.21 J m~2 [27], enhancing
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Figure 2. The distribution of estimated effective internal radii (ri,) of elliptical-cylindrical CNS and ribbon-like CNS (prior to collapse).

the probability of lift-off and ease by which the IPA solutions
can penetrate under the graphene. The question of how these
large cylindrical structures can remain stable over a period of
months under ambient conditions still remains unanswered but
it is possible that residual water within the structures serves to
stabilize them.

3.2. Raman spectra of CNS

The Raman spectra were determined for each CNSs using a
laser wavelength of 532 nm. Figure 3 compares the Raman
spectra of CNS 1, CNS 2 and CNS 3 with that of mono-
layer graphene. All Raman spectra show very small intens-
ity D peaks (~1344 cm™') indicating high-quality graphene
with few defects [28], as shown previously for the IPA solu-
tion method of producing CNS [10]. All CNS spectra show a
blueshift of the 2D mode that can be attributed to the reduction
of the Fermi velocity in incommensurately stacked graphene
[29]. None of the CNSs in figure 3 show a splitting of the G
and 2D peaks, indicating that the degree of curvature induced
by scrolling is not sufficient to form distinct G+ and G—
peaks [30]. A single 2D peak again shows a small interaction
between the layers that is insufficient to cause the splitting of
the 2D mode as is observed in AB stacked bi-layer graphene
[31]. However, the broadening of the 2D peak compared to
ML graphene does show additional evidence for incommen-
surately stacked graphene layers.

3.2.1 CNS 1 and CNS 2 (elliptical-cylindrical structure).

The Raman spectra from CNS 1 and CNS 2 are very sim-
ilar and show close similarity to the monolayer graphene spec-
trum. The ratio of the G to 2D peak intensities is very similar
in the cases of CNS 1 and CNS 2 (see table 2). Their ratios
values are close to that of Bernal stacked bi-layer graphene
and monolayer graphene, but not that of CNS 3 and folded
bi-layer graphene (t(2+2)LG) which have G band resonant
enhancement. The double-core structure of CNS 2 does not
influence its Raman spectrum. The Raman spectra for CNS 1
and CNS 2 are what one would expect for good quality CNS
with few defects. The intensities and peak positions remain

the same for different points along the CNS axis. There is no
evidence for low frequency modes that can be related to inter-
actions between twisted graphene layers, discussed in detail
below for CNS 3. This provides additional supporting evid-
ence for the hollow, cylindrical nature of CNS 1 and CNS 2.
If a 2D crystalline sheet is rolled up into a cylinder, the lay-
ers formed will be stacked in the same crystalline direction
and no twist angle can be introduced unless the structure col-
lapses on itself (see the supplementary video, available online
at (stacks.iop.org/Nano/31/315707/mmedia)).

3.2.2. CNS 3 (ribbon-like structure). The Raman spectrum
from CNS 3 in figure 3(a) shows strongly enhanced intens-
ity for both the G and the 2D peaks. This is accompanied
by Raman peaks in the low frequency range below 120 cm™!
and an additional peak at 1484 cm~'. From previous research
[32, 33], it is known that when graphene is folded or stacked
with appropriate twist angles, van Hove singularities in the
electronic density of states are induced from the overlap of
the two Dirac cones from each layer. The G mode, a doubly-
degenerate zone centre (I") E,, phonon mode, is resonantly
enhanced due to the resonance between these van Hove singu-
larities and the laser photon energy. Along with the G mode
enhancement, a newly-created superlattice wave vector (in a
Moire pattern) in the twisted bi-layer graphene causes an R
peak to appear within the range 1460—-1505 cm~!, depending
on the twist angle [34, 35]. Invisible layer breathing modes
(LBM) and weak shear modes (C mode), to be found below
125 em~! and 43 cm™!, respectively, are seen to co-exist
when there is a resonant enhancement of the G and 2D modes
[36, 37]. The specific frequencies depend on the number of
layers and their relative orientations.

Unlike CNS 1 and CNS 2, the Raman spectrum from CNS
3 is not uniform along the length of the ribbon-like struc-
ture. Figure 4 shows Raman map images along the length
of CNS 3 corresponding to the G mode (figure 4(b)), the
peak that appears at around 1480 cm ™' (figure 4(c)) and low
frequency peaks around 120 cm~! (figure 4(d)). The new
peaks observed from CNS 3 are clearly correlated with res-
onance enhancement of the G peak and, in analogy with the


https://stacks.iop.org/Nano/31/315707/mmedia

Nanotechnology 31 (2020) 315707

T Uhm et al

30

- N N
&) o 6y}

Intensity (a.u.)

[ (a) G ——CNS3

— CNS 2
-CNS 1
Graphene

ay
%

U

120

Fy i
e

320 1400

1600

ry i
rr

2600 2800

Raman shift (cm™)

Intensity(a.u.)

(b)

t(2+2)LG
2LG

CNS 3

e w— .

|
h

Iy

-—'/

G

1500

1600

Raman shift (cm™)

Raman shift (cm™)

2600 2700

Figure 3. (a) The Raman spectra of CNS 1, CNS 2, CNS 3 and graphene for 532 nm laser light (2.33 eV). A low frequency Raman peak
appearing around 119 cm ™! in CNS 3 is marked by 4. The Raman peak appearing around 1480 cm ™! in CNS 3 is marked by %. The tick
label is normalized to the height of second-order transverse acoustic mode (2TA) of silicon at 300 cm™". (b) The expanded graph of G peaks
in (a). (c) The expanded graph of 2D peaks in (a). All peaks heights in (b) and (c) are normalized to be same to each other. Additional two
Raman spectra (dashed dotted line) in (b) and (c) refer to folded and twisted bi-layer graphene (t(242)LG) (pink) and Bernal stacked
bi-layer graphene (cyan). The black dashed lines in (b) and (c) refer to the position of G and 2D peak of graphene.

studies on twisted bi-layer graphene, can be attributed to R
and LBM peaks. It can therefore be assumed that the col-
lapse of large radius cylinders or rapid multiple folding of

the graphene layer as it lifts off from the substrate leads to
regions along the ribbon-like structure where slightly different
twist angles can be formed in different regions as the upper



Nanotechnology 31 (2020) 315707

T Uhm et al

Table 2. Comparisons of the G mode and 2D mode of graphene, CNSs, Bernal stacked bi-layer graphene (2LG) and folded bi-layer

graphene (t(24-2)LG) shown in figure 3. (cm™).

Position (G) FWHM (G) Position (2D) FWHM (2D) I2D)/I(G)
Graphene 1585 21 2676 27 4.45
CNS 1 1580 29 2685 76 1.73
CNS 2 1583 24 2685 42 2.18
CNS 3 1581 22 2692 37 0.76
2LG 1583 20 2689 — 2.53
(2 +2)LG 1584 20 2694 — 0.70

Figure 4. (a) Optical image of CNS 3. The Raman mapping images of intensity of (b) G mode, (c) the peaks around 1480 cm ™" and (d) low
frequency region (115-120 cm™") for 532 nm laser light. Several positions are marked as a ~e on CNS 3 in (d), of which Raman spectra are
measured and showed in figure 5. The spots a ~d are chosen for where the intensities of low frequency region are strong. The spot e is of no

low frequency peaks.

layers collapse onto the lower layers (see the supplementary
video).

A comparison of the Raman spectra around the position
of the G peak and the low frequency peaks for a series of
spots along the CNS 3 structure is shown in figure 5. There are
clearly differences in the appearance of the LBM and R peaks
at different positions along the structure. This shows that the
electronic structure is locally different which could be due to
various factors such as locally different strain, curvature, twist
angle or stacking configurations induced by the deformation
of the scroll structure while collapsing or rapidly folding.

The position of the R peak can be used to estimate the
twist angle. Especially, the common range of the peak position
observed at spots a ~d, from 1467 cm~! to 1492 cm™ !, cor-
responds to twist angles within the range 16" ~12° [35]. This
is in good agreement with the twist angle range that leads to
resonant enhancement with 532 nm laser light in twisted mul-
tilayer graphene, 10 ~15 [33, 35-39]. Note that the spec-

trum that shows a lower frequency R peak at 1445 cm™! (%),
corresponding to a twist angle of 18 also shows a smaller G

peak intensity indicating it is not fully resonant (spot e in figure
4). Evidence for the presence of an R’ peak is also seen, partic-
ularly from the spectra obtained at spots a and e at around 1620
cm™~! as expected for this range of twist angles [35]. However
the contribution of a D’ peak (~1620 cm~') which is another
defect-induced peak cannot be ruled out in this position, par-
ticularly for spot a where there is a significant D peak.

The low frequency modes (< 130 cm~!) show a rich
structure that is clearly laser wavelength dependent as shown

in figure 6(a). The low frequency modes are due to relative
motions of the graphene planes, either perpendicular (LBM)
or parallel (C mode) to their normal [37, 40]. In multilayer
graphene, all vibrational modes split due to the confinement
in the direction perpendicular to the basal plane and, for a
given N, there are N — 1 C or LB modes, denoted as Cyy —;
and LBMyy_; (i=1,2,...,N — 1), respectively. Here, Cy;
and LBMy; (i.e. i =N — 1) are the C mode and LBM with the
highest frequencies, respectively. A simple relationship has
been given for multilayer graphene that relates the LBM fre-
quencies to the number of layers [37]:

freq(LBMyy—;) = freq(LBM) sin {ZTV] , (5)

where freq(LBM,o) is 128 cm™' [37, 41]. Due to selection
rules and symmetry constraints, not all modes may be detect-
able. Spot d for CNS 3 shows the most pronounced peaks in
this low frequency range. The influence of resonant excita-
tion is apparent from figure 6(a) where clear peaks are seen
for excitation at 514 nm and 532 nm, but this is washed out
for 633 nm excitation with the exception of the peak at 118
cm~!. No structure in this region is observed for monolayer
graphene. Figure 6(b) compares the low frequency range of
the 514 nm spectrum from spot ¢ on CNS 3 with the spectrum
from folded bi-layer graphene. The folded bi-layer graphene
shows a peak corresponding to the highest-frequency breath-
ing mode, LBMy; at 116 cm~! but the other LBMs are not
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Figure 5. The Raman spectra of the spot a ~e on CNS 3, which refer to the positions in figure 4(d), for 532 nm laser light. The spots a ~d
are of strong intensity at low frequency region, and the spot e is of no low frequency peaks. The range from 1430 cm ™! to 1500 cm ™! (R
peak) is highlighted by red band. Black arrows point to R’ peaks at spot a (possibly containing a D’ contribution), spot e, and deep-low
frequency Raman peaks at spot d. Tick labels are normalized to the height of 2TA of silicon at 300 cm ™.

visible in the spectrum. It also shows a relatively strong shear
mode C,;. Shear modes are normally not observed for fre-
quencies > 10 cm™' when there is no Bernal stacking com-
ponent among the stacking layers because any twisted inter-
faces significantly weaken the shear coupling and push the
shear mode frequency towards the Rayleigh line [36, 37]. As
shown in figure 6(b), t(2+2)LG shows Cy; at 30 cm™!, due
to the shear mode between the Bernal stacked bi-layers, not
the modes that would be expected for a total of four layers.
We therefore do not expect to detect any signals due to C
modes in our collapsed nanoscrolls where we do not expect
commensurate stacking. The AFM results and modelling dis-
cussed earlier estimated that CNS 3 consists of approximately
seven rolled turns (table 1) giving a total of approximately
fourteen layers for the collapsed structure. The LBM frequen-
cies calculated for N = 14 range from 14 cm~! to 127 cm™!
and have been marked as dashed lines on figure 6(a) and (b)
for illustration. It thus appears that the structure observed in
the spectrum from CNS 3 can be attributed to the LBMs. It
is also remarkable that all modes appear to be present with
the strongest intensities for the lowest and highest frequency
ranges.

A closer inspection of multiple collapsed ribbon-like
structures shows that the highest-frequency LBM (LBMy;)
observed is red-shifted with respect to the estimated value of
approx. 127 cm™! for the LBM4 | obtained from equation (5)
for the large number of layers present. This is summarized in
figure 7. By considering the LBM}; observed, it is possible to
estimate the interlayer force constant (IFC) for layer breath-
ing coupling between nearest neighbour layers of the CNS,
a . This is done by treating the layers as a linear chain of N
masses connected by springs. The o is given by [42]

1 (62N m
freq(LBMpy1) = ——,/ —1/1 —
reg(LBMyi) = —=— [ = [1-+ cos(5).

where ;1 = 7.6 x 10727 kg A2 is the graphene mass per unit
area, and c is the speed of light in cm s~!. When N = oo,
the equation is converted into freq(LBM,) = (1/7¢c)y /a1 /.
Therefore, the IFC of layer breathing coupling of ribbon-like
CNSs can be estimated by the measured maximum LBM fre-
quency peak. The IFC is thus 97 x 10'® N m~—3 for the 120
cm™~! signal in spot ¢ of CNS 3, which is ~12% weaker than
that of graphite, 111 x 10'® Nm—3 at 128 cm~!.

(6)
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Figure 6. (a) The Raman spectra of the spot d on CNS 3 for 514 nm (cyan), 532 nm (green), 633 nm (red) wavelength lasers, and graphene
(black) for 532 nm. Several remarkable peaks are marked by +, A , e, x, X and 4. (b) The comparison of the low frequency Raman spectra
of t(2+2)LG (blue), the spot ¢ of CNS 3 (purple), and graphene (black) for 514 nm. Each 13 vertical gray dashed lines in (a) and (b) refer to
the calculated LBM frequencies of 14-layers graphite by equation (5) for illustration. The frequencies are from 14.3 cm™"! to 127.2 cm ™,

which correspond to LBM 4 13~LBM |4 1, respectively. Tick labels are normalized to 2TA mode of silicon at 300 cm™ .
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Figure 7. (a) The Raman frequency distribution of the highest-frequency LBMs observed at 56 spots in 14 ribbon-like CNSs. The peaks
within the same sample are identified by the corresponding symbol. (b) The bar graph of the LBMy; shown in (a).

Not only spot ¢ on CNS 3, but most of the highest-
frequency peaks of the other ribbon-like CNSs do not reach
the bulk graphite value (128 cm~! [37, 41]), the maximum
observed was 122 cm™! (o, = 101 x 10'"® N m~3) (see
figure 7), even though all 14 collapsed CNSs are estimated
as having over 10 stacked layers, which is a sufficient num-
ber to reach close to the bulk value for the highest fre-
quency mode. It implies that the layers interface coupling
of ribbon-like CNSs are weaker than that of Bernal stack-
ing because the inner layers are not firmly stacked, and some
residual water layer may be present between the stacked
layers.

4. Conclusion

In this paper we have shown the possibility of forming
supported, quasi-cylindrical carbon nanoscrolls from
monolayer graphene that have much larger inner cores than
have usually been assumed. We relate this to the influence of
a much higher effective bending stiffness for graphene within
the liquid droplet used for scrolling. This provides a signific-
antly larger bending radius for the graphene as it is lifted off the
substrate than is commonly simulated. The interplay between
bending stiffness, droplet surface tension and humidity thus
provides a possibility for tuning the internal core volume of
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carbon nanoscrolls over a much larger range than has been
previously assumed. We report that nanoscrolls with effect-
ive internal radii up to ca. 100 nm are stable under ambient
conditions for periods of at least a few months. If the scrolls
are formed too quickly and/or the critical bending radius is
too large (> 100 nm) the quasi-cylindrical structures collapse
to form ribbon-like structures. Detailed Raman spectroscopy
studies of these ribbon-like structures show similarities with
folded graphene showing new acoustic phonon modes due to
layer breathing modes of the collapsed structure. An analysis
of the LBM frequencies indicates a slightly weaker interlayer
coupling than in multilayer graphene.
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