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Superior adhesion of graphene nanoscrolls

Hu Li®, Raffaello Papadakis® 23, S. Hassan. M. Jafri® !, Thomas Thersleff!, Johann Michler?,
Henrik Ottosson?3 & Klaus Leifer’

An emerging material in the carbon family, a graphene nanoscroll (GNS) is composed of
tubularly scrolled monolayer graphene and has shown superlubricity and large current
sustainability, surpassing the properties of monolayer graphene itself. Here we report on the
superior adhesion of GNS prepared with a high yield synthesis method that allows for mass
production of high quality GNSs. Raman spectra indicate that the GNS still maintains the
signature of monolayer graphene, implying the lacking of z-stacking between adjacent layers.
Importantly, adhesion measurements using atomic force microscopy reveal these GNSs with
height range of 120-130 nm show a 2.5-fold stronger adhesion force than pristine graphene.
This result potentially indicates that the GNS has higher adhesion than monolayer graphene
and even higher than the liquid-solid and hydrogen-bonding enhanced interfaces which are
essential types of adhesions involved in the field of physical adhesions and thus, GNS could
be a new candidate for super-strong and lightweight devices.
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cesses in flelds as different as biology, mechanical engi- which is also known as dispersive adhesion. It describes the

Q dhesion plays an essential role in a large variety of pro- the most common adhesion mechanisms is physical adhesion
neering, and thin film growth to name a few!=%. One of tendency of disparate objects or surfaces to adhere to each other
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Fig. 1 Graphene nanoscroll (GNS) synthesis and characterizations. a A chemical vapor deposition grown graphene sample on SiO, (0.5 0.5 cm) was

placed in a glass vial containing a freshly prepared 1/1 (v/v) HCOOH/H,O mixture, in a way that the graphene sample was fully immersed in the aqueous
HCOOH mixture. The vial was sealed with a rubber septum and degassed with Ar gas, then placed in an oil bath with a regulated temperature of 45 °C for
24 h. After this period, the graphene sample was repeatedly washed with water (to remove HCOOH) and then with acetone, and finally dried using a light
stream of Ar gas. b Light optical image of the graphene nanoscroll (GNS) on SiO, substrate, where the lines are the GNS and the background is the SiO,
substrate. ¢ Length distribution diagram based on random 100 GNS. d AFM image of the GNS with a height of 125 nm. e Height distribution based on

random 50 GNS. f A zoomed-in cross-section of a 125 nm high GNS, as well as (g) the statistic adjacent layer distance histogram (random 150 counts)
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Fig. 2 Raman and X-ray photoelectron spectroscopy (XPS) characterization of the graphene nanoscroll (GNS). a Raman spectra comparison of pristine
graphene and GNS. After spirally wrapped, the GNS shows the monolayer graphene featured spectra: sharp 2D band and l,p/lg > 3. (Inserted plot shows
the left-shift of G band after scrolling up). b XPS of the C 1s peaks shows no chemical reaction observed during the fabrication, meaning that physical

intercalation and rolling up should be the main synthesis mechanism

due to physical forces and is present in every type of adhesive.
The strongest adhesions are normally observed at liquid-solid
and hydrogen-bonding enhanced interfaces when only con-
sidering physisorption mechanisms”-8. Interestingly, comparably
strong adhesion was observed on monolayer graphene due to its
lattice strain®~!1, thereby generating considerable interest in the
material for adhesion applications.

A graphene nanoscroll (GNS)!2-14, 3 relatively new member of
the carbon family, consists of a continuous monolayer
graphene!>1° sheet with an open-ended and spirally rolled-up
geometry, thereby exhibiting fundamentally different properties
to other carbon materials. Theoretically, a GNS has a well-defined
radius of curvature that would result in strain!”, which should
lead to changes in the mechanical properties of the GNS com-
pared to planar graphene. Even though carbon nanoscrolls
have been first reported by Viculis et al.!?2, and graphene-
like nanoscrolls were discovered by Xie et al.'4, to date, there
are only few publications that report on the experimental mea-
surements of GNS properties. One of the main reasons is that
the high yield and large quantity production of high quality GNS
from monolayer graphene has not been reported. Here, we
describe a synthetic process that can be used to produce high
quantity and quality GNSs with the yield over 95%!2, which
is calculated by counting the proportion of the scrolled area
over the whole area through the optical microscopy image. This
method thus has the potential to produce macroscopic quantities
of the GNS with superior adhesion property, opening the way
for novel material design such as molecularly intercalated carbon
nanoscrolls.

Results

GNS synthesis and microscopic analysis. The synthesis of
large quantities of GNS is achieved through a combination of
chemical vapor deposition (CVD) graphene and appropriate
mild synthesis conditions, namely aqueous formic acid at a
temperature of 45°C as shown in Fig. la. The rolling process
of graphene results in more than 100 um long GNS as it is
observed in the light optical image (Fig. 1b) and the histogram
gives an average length of 57+ 12pum (Fig. 1c). From the

evaluation of the light optical microscope image we measure
that the surface coverage of the remaining graphene flakes on
the surface is less than 5%, i.e., that the yield of the GNS
synthesis method is over 95%. The AFM image in Fig. 1d
demonstrates the formation of a long tubular structure. From
the evaluation of AFM images of a large number of GNSs, we
obtain an average height of 120+35nm shown in Fig. le.
Combining the statistics of the heights and lengths, the GNS
has an average aspect ratio of 500, placing it into the class
of ultrahigh aspect ratio structures with a ratio of more
than 300!%1°, In order to investigate the inner structure of
graphene nanoscrolls, transmission electron microscopy (TEM)
cross-section is carried out and the corresponding high
resolution TEM image is shown in Fig. 1f (also see Supplementary
Note 1). Along with the GNS shell, the adjacent layer distances
are measured and the average graphene layer spacing of 0.39 +
0.03 nm is obtained (Fig. 1g), which is slightly larger than the
graphite c-plane distance and matches well with reported
values!>14,

Raman scattering and X-ray photoelectron spectroscopy. The
comparison of the Raman spectra of pristine graphene?0-! and
GNS (shown in Fig. 2a) demonstrates that the GNS has
clearly maintained the graphene signature with the sharp 2D
band (at ~2700 cm~—! with FWHM ~30 cm~!) and the intensity
ratio of more than three between the 2D band and G band
(at ~1580 cm™1). The sharp 2D band in GNS together with the
absence of 2D band splitting reveals that the inner graphene
layers lack m-stacking. The sharp 2D band signature is similar
to that of monolayer graphene. Thus, the GNS in this work is
significantly different from conventionally fabricated carbon
nanoscrolls (CNS)22:23. The reason of the 2D band non-splitting
phenomenon is mainly due to the deviation in the orientation
from Bernal stacking?4, which has been observed during
the deformation of multilayer graphene®’. The increased c-plane
spacing as compared to graphite could contribute to the obser-
vation of the graphene signature in the Raman spectra. The D
band at 1350 cm~!, normally indicating the presence of defects,
is negligible in pristine graphene and has a slight increase in
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Fig. 3 Adhesion property measurement of the graphene nanoscroll
(GNS) and monolayer graphene. a Typical force-displacement curve
comparison of the GNS (red) and the monolayer graphene (blue).

The displacement represents the movement of the piezo, where

the displacement of zero is chosen at the highest load force. The
indentation consists of five main phases shown in (b): (1) tip approaching
towards the sample. (2) tip contacting and deforming the sample. In
this phase, the force is repulsive. (3) tip retracting and the samples starts
to recovery. At first, the force shows repulsive force and after the
recovery of the sample, it turns to an attractive force. (4) tip jumping
out of the sample. The jumping point refers to the maximum adhesion
force between the sample and the tip. (5) tip retracting backwards the
sample. ¢ Adhesion energies between the AFM tip and the GNS and
monolayer graphene with standard deviation as error bar. The
measurements of the GNS are carried out on 20 different nanoscrolls with
the height 120-130 nm

GNS. The G band, generated from the activation of the Eo,
mode at the I' points, shows a ~10 cm~! low frequency shift in
GNSs compared to pristine graphene (inserted graph in Fig. 2a),
indicating a ~0.7%”° in-plane strain in the GNS layers. X-ray
photoelectron spectroscopy (XPS) was performed to investigate
the chemical modification of the pristine graphene immersed
in HCOOH/H,O. The result as shown in Fig. 2b clearly shows
that, before and after scrolling up, all peak areas, which corre-
spond to different bonds, of pristine graphene and GNS
remain nearly the same. This indicates that the synthesis
mechanism is mainly a physical intercalation process and not
a chemical reaction.

Adhesion measurements. Atomic force microscope based adhe-
sion measurements are employed to investigate the adhesion
properties of the GNS27-32. This method is based on the
nanoindentation of a sharp AFM tip made of silicon into a sur-
face, in which the force-displacement curves shown in Fig. 3a
can be recorded and the graphic illustration of different phases
is shown in Fig. 3b. In our experiments, the AFM based adhe-
sion measurements are carried out on the GNSs with the height
range of 120-130 nm. Comparing the force-displacement curves,
GNS displays a 2.5-fold stronger adhesion force than pristine
graphene for the same setpoint as used for the measurement
on graphene, which is visible in phase iv of Fig. 3a. It is noted
that the force curve has a slow recovery after the jump-off point,
and it could be explained by the possible presence of capillary
force33 even if the experiments were carried out in a low humidity
level of 20-27%. According to the work of Jiang et al3%, the
humidity level of less than 30% plays a limited role in the
adhesion force measurements by using AFM technique, thus
the obtained adhesion forces in our experiments should be
reliable even if the low capillary force still exhibits an uncertainty.
Another explanation of the slow recovery phenomenon is the
possible delamination of the GNS layers, which needs to be fur-
ther studied.

The Derjaguin-Muller-Toporov (DMT) model®® is employed
to determine the adhesion energy and can be expressed as
(Supplementary Note 2):

F,y = —27RT (1)

where R is the AFM tip radius and I' is the adhesion energy.
The adhesion force F,q is determined by the difference between
the base force (zero force) and the minimum force and the
extracted adhesion energies are shown in Fig. 3c. The measur-
ed adhesion energy between pristine graphene and AFM tip is
Tgraphene—tip=0.59 £ 0.03 ] m~2, while for GNS, we obtain a 2.5-fold
increase of the adhesion energy to I GNs,tip:1.49i0.21]m_2.
Using the derived adhesion energies above and the surface energy of
Si0, (Ysi02=0.115+0.2] m~2), the adhesion energy T graphene—sio2
can be calculated to be 0.44+0.02]m™2 indicatin§ a good
agreement between our measurement and references”’34, while
1.12+0.16 Jm~2 is obtained for I'gns_sio2 (Supplementary Fig. 1
and Supplementary Note 3). More control experiments (graphite,
defected GNS and AFM tip with low spring constant) were
performed and compared, which further confirm our measured
adhesion results (Supplementary Figs. 2-4 and Supplementary
Note 4 and Supplementary Figs. 4-6). This superior adhesion in
GNS is potentially the highest reported value in the carbon
family?3%37 (e.g, 045Jm~2, 031Jm 2 and 033Jm~2 for
graphene, graphite, and multiwall carbon nanotubes, respectively)
and also implies that it is even higher than the liquid-solid and
hydrogen-bonding enhanced interface adhesion energies in the field
of physical adhesions!”:8. This strong adhesion is also noticed when
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we performed the sonication cleaning on both samples. After 5s
sonication under the power of 75W and frequency of 60 Hz,
monolayer graphene on SiO, substrate is almost removed, while the
GNS still remains in place.

Discussion

Based on the theoretical work of He et al.1?, the superior adhesion
mechanism could be related to the strain in the graphene
layer. They obtain a description of the adhesion of supported
graphene calculating the total free energy of graphene using a
continuum mechanics approach. Theoretically, the total free
energy Wiow!%38 can be expressed as the sum of van der Waals
potential energy W4y, intrinsic strain energy Wi, (due to the
lattice mismatch of graphene with substrate) and extra strain
energy Weyin from the GNS synthesis process: Wi = Wyaw +
Win + Wirain- At the equilibrium state, the total free energy is
negative, and the interface adhesion energy is described as: I'=
—Wiotal- Assuming the Wyg4, and W;, are the same in GNS and
pristine graphene, it can be deduced that the significant rise of
adhesion energy in GNS is mainly attributed to Wain. The lower
adhesion of multilayer compared with single layer graphene was
explained by the presence of strain in the single layer graphene!®.
Thus, since in the GNS case, we observe an increased strain as
compared to the single layer, supported graphene, we can expect
qualitatively that the adhesion energy of the GNS is higher. In fact,
it could be shown theoretically that!’, in multilayer graphene,
strain is built up by the curvature of the graphene layers. The
curvature being the main difference between graphene and
the GNS is most likely at the origin of the higher adhesion of
the GNS. The geometry effect, especially the height of the GNS,
may influence the adhesion energy of the GNS and, to further
understand this, we have carried out adhesion measurements
on thick (height 140-160 nm) and thin (height 40-60 nm) GNS,
and the summarized result is shown in Table 1 (also see Supple-
mentary Fig. 5 and Supplementary Note 7). Through the com-
parison, a higher adhesion of 1.72 +0.12] m~2 was observed in
the thicker GNS, while for smaller GNS, a comparable low
adhesion of 0.62 +0.02 ] m~2 was obtained. This result indicates
that the adhesion energy of the GNS is height dependent, while
even for the smaller GNS, it is still significantly higher than the
adhesion energy of monolayer graphene. It is noted that other
factors of extrinsic nature may also come into play and impact on

the measured adhesion energy. However, the exact origin of the
structural changes and how they specifically contribute to the
adhesion in the system are still unknown to us and could be
the topic for further studies.

In conclusion, we have reported a simple yet reproducible
fabrication method to realize mass production of high quality
GNS that preserves the Raman signature of monolayer graphene.
By employing the AFM nanoindentation technique, a superior
adhesion is observed in GNS, which is significantly larger than
the adhesion of other carbon materials and even higher than
adhesion at the liquid-solid and hydrogen-bonding enhanced
interfaces. Adhesion is one of the key factors in determining
the performance and reliability of the whole system!, thus as a
relatively new member in the carbon family, GNS with ultrahigh
adhesion property has the potential to be used as an interfacial
adhesion energy or to be directly incorporate in devices, also as
a promising material for hydrogen storage’®. The novel GNS
synthesis method also provides an opportunity to synthesize
new types of functionalized nanoscroll materials with molecular
intercalation.

Methods

Materials. Monolayer Chemical Vapor Deposition (CVD) graphene on 1 x 1 cm
silicon dioxide (285 nm)/silicon wafers was purchased from Graphene Super-
market. The graphene was thermally grown on copper foils by standard CVD
methods and then transferred to SiO,/Si wafers under PMMA assistance*041,
The coverage of monolayer graphene was ~95% of the whole wafer and the
samples were cut into 5x 5 mm to fit the size requirement of the tube. Prior to
experiments, the graphene samples were cleaned by immersing in chloroform
for 24 h followed by a dry vacuum condition and the quality of the graphene
film was checked through Raman spectroscopy, as well as X-ray photoelectron
spectroscopy (XPS).

Table. 1 Measured adhesion energies of different carbon
materials

Sample Adhesion energy (Jm—2)
Graphite 0.31

Graphene 0.44

Thick GNS (height 140-160 nm) 172

Major GNS (height 120-130 nm) 112

Thin GNS (height 40-60 nm) 0.62

Fig. 4 Transmission electron microscopy (TEM) cross-section preparation and observation. a Selected graphene nanoscroll (GNS) with 1um thick layer of
Pt-C compound on top. b Scanning electron microscopy (SEM) image of the thin lamella attached to a tungsten nanomanipulator. ¢ High resolution TEM

image of the GNS cross-section. d zoomed-in TEM image of the GNS wall
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Characterizations. Raman spectra of samples were recorded on Renishaw

inVia confocal Raman microscope with the excitation wavelength of 532 nm.
XPS was performed in Physical Electronics Quantum 2000 Scanning ESCA
microprobe and the excitation source is a monochromatic Al K-Alpha X-ray
(1486.7 eV). Optical images were recorded on an Olympus AX70 Research
Microscope. AFM imaging and adhesion property measurement were carried
out in a Bruker Multimode 8 AFM under PeakForce ScanAsyst (PF-ScanAsyst)
mode and PeakForce Quantitative Nanomechanical Property Mapping (PF-QNM)
mode, respectively.

Cross-section TEM imaging of the GNS. A 125 nm height GNS was chosen
to prepare the cross-section of TEM imaging and a classic TEM lamella pre-
paration was performed in FIB/SEM, FEI Strata DB235 as shown in Fig. 4. A 1
pum thick Pt-C layer was deposited on the GNS and then a thin lamella was
obtained by focused ion beam milling and transferred to a copper grid. The
lamella was finally polished and the cross-section observation was realized in a
FEI Tecnai F30 TEM operated at 300 kV.

Adhesion measurements. The adhesion properties of pristine graphene and
GNS were measured in an atomic force microscope Multimode 8 under Peak
Force Quantantive Nanomechanical Mapping (PF-QNM) mode. An antimony
doped Silicon AFM tip with 8 nm radius (spring constant of 200 N m~!) was
utilized to acquire the force-displacement curves under the humidity of 20-27%.
The tip radius is measured under the standard tip qualification process by
using a rough titanium sample and the software NanoScope. A setpoint force
of 300 nN was chosen for the adhesion measurements in order to avoid the
possibility of plastic deformation on both of the AFM tip and SiO, substrate*2.
The measurements were carried under the piezo speed of 100 nm/s and the
piezo noise of below 0.01 nm.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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