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Graphene Oxide (GO) sheets, suspended in an aqueous solution, were deposited on freshly cleaved highly

oriented pyrolytic graphite (HOPG) and studied using Raman spectroscopy, atomic force microscopy (AFM)
and scanning tunneling microscopy (STM). AFM phase imaging shows a distinct contrast between GO and the
underlying HOPG substrate. Raman spectroscopy clearly showed the presence of GO sheets on the top of
HOPG substrate. The AFM and STM images also reveal wrinkling, folding, and tearing of individual GO sheets
after depositing onto an HOPG substrate. We have also observed a distinct cracking of a GO sheet after folding.
We attribute this new cracking phenomenon to a weakening of C-C bonds during the oxidation of a graphene

sheet.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since 2004 [1], the study of graphene has opened an entirely new
domain in the area of 2D materials science and condensed matter
physics to study and fabricate next generation low power electronics
devices [2-5] and highly sensitive sensors [6-8]. Concurrently, thin
sheets of GO have shown potential for use in novel carbon-based
materials and provide an alternate path to graphene by reduction of
GO [2-4,9-13]. The easy exfoliation of GO in a variety of solvents gives
it an advantage over other existing methods for obtaining a single
sheet of graphene in large quantities [9,10,12,14-16].

Tremendous amount of work is being done to better elucidate the
structural, electronic, and chemical properties of GO. Recent theoret-
ical [17,18] work [19] has demonstrated the presence of oxygen
functional groups [C-0-C) on an individual GO sheet when deposited
onto HOPG. Studies have indicated that GO, when deposited on a
variety of substrates, acquires distinctive features that can be
described as flat, wrinkled and folded [12,14]. Each feature suggests
a potential use. Supported flat GO sheets are ideal for the fabrication of
micro/nano electronic devices. Wrinkled GO sheets are relevant for
biological sensor applications as it has been demonstrated that
wrinkles in GO are favorable sites for biological agents to react [8].

GO has been recently studied and its structure is composed of
carboxyl, hydroxyl and epoxy groups [20-23]. To better characterize
GO, we studied this material using Raman spectroscopy as well as
scanning probe microscopy methods. We have performed a series of
experiments to understand the surface properties of individual GO
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sheets deposited onto HOPG. We present Raman, STM and AFM
experiments performed under dry nitrogen conditions to study the
morphology of single sheets of GO deposited onto an HOPG substrate.
Our work shows that GO sheets tend to wrinkle and fold upon
deposition from an aqueous solvent. In addition, we present new
evidence that when folding; it is also possible for GO to crack. In what
follows, we define flat GO as a sheet of GO that has no visible wrinkle,
fold and/or crack, folded GO as a single sheet of GO folded onto itself
and cracked GO as a single sheet of GO that cracks in the process of
folding.

2. Synthesis of GO and sample preparation

The graphene oxide (GO) used in this study was synthesized from
purified natural graphite (SP-1, Bay carbon) by the Hummers method
[24]. The detailed procedure for preparation of GO sheets by chemical
exfoliation method is discussed elsewhere [2,9,19].

HOPG was chosen as a substrate for depositing GO sheets because
it provides an atomically flat base for deposition. A 1cmx1cm
substrate of highly-oriented pyrolitic graphite (HOPG) was first
cleaved using scotch tape then a 2 uLdrop of a solution containing
GO sheets suspended in ultra pure water was deposited on this freshly
cleaved HOPG. The drop covered the entire 1 cm? area of the HOPG
substrate. The drop of GO deposited on HOPG was then placed in a
covered Petri dish. After every 5 h, another drop of GO solution was
deposited to prevent the drying of solution by evaporation. This
process was continued for approximately 24 h to allow the GO sheets
to adhere to the HOPG surface. After 24 h, the excess solution was
wicked off from the HOPG substrate using lint free tissue paper to
rapidly remove any salt or impurity present in the solution. This
procedure was adopted rather than complete evaporation of the
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solution to reduce any impurities which might settle onto the GO
sheets.

3. Experimental conditions

Three experimental set-ups, Raman, AFM and STM were used in
this study. Raman spectroscopy is a widely used technique for
characterizing carbon materials such as carbon nanotubes, graphite,
graphene, and graphene oxide. The measurements were performed at
room temperature with a Horiba XploRA Raman microscope with a
532 nm excitation laser and using a 2400 In/mm grating and a 100x
objective.

Topography and phase contrast AFM data were obtained under
ambient pressures using a Nanotec AFM under dry nitrogen
conditions. The images were acquired using the dynamic AFM
(dAFM) mode. Silicon microcantilevers from Nanosensors (Model:
PPP-NCLR) with nominal frequency 190 kHz and nominal stiffness
48 N/m. The dAFM scans were generally limited to areas of
3.5umx 3.5 ym or less with a typical scanning speed of 0.5 Hz. The
dAFM images were acquired with setpoint amplitude of 0.6A, where
A, is the free amplitude of cantilever's oscillation. Typically, we chose
A, to equal 15 nm.

The STM experiments were performed with a Nanotec Electronica
STM under dry nitrogen environment. The tip used in the STM study
was made of Pt/Ir and was freshly cut before every study. The gap
(bias) voltage is applied to the sample with respect to the tip which is
at ground potential. The bias voltage was+0.5V and the tunnel
current was 1nA. The STM scans were limited to areas of
3.5 umx 3.5 um or less.

4. Result and discussion
4.1. Raman study of graphene oxide sheets on HOPG

Raman spectra were obtained on GO sheets deposited on HOPG
substrate (GO-HOPG). Careful analysis of Raman peaks confirmed the
presence of GO on HOPG substrate. Fig. 1 presents the comparison of
532 nm Raman spectra of GO-HOPG (blue curve: color online) and
bulk HOPG (red curve: color online). The prominent features of the
bulk HOPG are the G band at ~1585cm™ ' and a 2D band at
~2700 cm™ ! where as the disorder D bands caused by defects at
~1344 cm™ ! as well as the asymmetric broadening of the G bands are
the indication of GO-HOPG [25]. The absence of D band in the spectra
of HOPG indicates the high quality defect-free bulk HOPG substrate.
The appearance of the D band on GO-HOPG sheets with lateral
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Fig. 1. Comparison of Raman spectra for GO sheets deposited on HOPG and bulk HOPG,
recorded withAqy=532nm. Inset shows the optical image of the GO sheets settled
down on HOPG substrate. The location of Raman spectra of GO (square) and HOPG
(circle) are indicated in the figure.

dimensions much larger than the laser spot (~1um) signifies disorder
in the carbon lattice, which is not due to edges of GO-HOPG sheets.
The origin of disorder in the GO-HOPG sheets could be topological
defects, vacancies and folding layers that may leave behind at GO
transformation [26] and sample preparation[12,19]. Further analysis
of G band of GO-HOPG also indicates asymmetric broadening at
~1585cm™~ ! suggesting shift to higher frequencies (blue-shift),
probably at ~1600cm ™! during graphite amorphization [27]. The
overall spectrai.e. D band and broadened G band in the spectra of GO-
HOPG provides clear indication that GO sheets are present at HOPG
substrate.

4.2. AFM study of graphene oxide sheets on HOPG

An extensive dAFM study was performed for the characterization
of GO sheets deposited onto an HOPG substrate. Fig. 2(a) shows a GO
sheet supported on a cleaved HOPG substrate. The absence of any
wrinkle or fold as well as underlying atomic steps on the HOPG
substrate are clearly evident. These features allow an identification of
this flake as flat GO. Fig. 2(b) shows a dAFM phase image that confirms
that GO is chemically distinct from the supporting HOPG substrate.
Smaller flakes present in the image also show the same phase
contrast, suggesting they can also be identified as GO. GO sheets of
mean area 1.5 um2were obtained on regular basis.

It is possible during deposition that a thin GO sheet may not
conformally coat the substrate. This lack of conformality appears as
wrinkles in the supported GO sheet. The evidence of wrinkles can be
clearly identified from the dAFM images after deposition of GO and
this wrinkled morphology is more likely to be observed than a flat
morphology. Fig. 3(a) is a typical topographic image of a GO sheet
where wrinkles can easily be seen. Height profiles indicate the
wrinkles in Fig. 3 have a three dimensional structure that arises due to
non-planar deposition. These wrinkles have variable height from
1.0nm to 4.5nm above the GO sheet. Fig. 3(a) and (b) are a
topographic and phase image, respectively, of the GO sheet. Again, the
clear phase contrast between GO and HOPG is evident.

From Fig. 3(b), an average phase difference of 5.5° can be
determined as shown in Fig. 3(c) which is a histogram plot of the
number of pixels a given phase is recorded in the phase image. Careful
examination of Fig. 3(b) also shows a finer phase contrast between
the wrinkles and the flatter regions of the GO. Since phase contrast
ultimately reflects energy loss between the tip and substrate, it can be
concluded that the tip dissipates more energy when intermittently
contacting GO as compared to HOPG. Furthermore, the phase contrast
across the wrinkles indicates additional energy loss channels become
operative when the AFM tip contacts the GO wrinkles. Observed phase
shift can be explained by dissipation of energy due to tip-sample
interaction. Phase in AFM image is highly influenced by Young's
modulus and presence of damping at the surface. In presence of
damping, higher Young's modulus material shows bigger phase angle

Fig. 2. In (a) Topographic image of GO sheet on top of HOPG substrate. In (b) dAFM
phase image showing clear contrast between GO and underlying HOPG substrate.
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Fig. 3. A typical dAFM topographic image of GO on an HOPG substrate. Prominent
wrinkling, presumably related to the deposition of GO, is observed. In (a), an image of
approximately 1x 1pm? GO sample. In (b), a true phase image illustrating folds and
wrinkles in the deposited GO sheet. In (c), a phase difference histogram of the dAFM
image in (b) shows a 5.5° phase difference between GO and HOPG.

[28]. Considering that tip is primarily attracting at the surface of
HOPG, this observed phase difference can be explained by comparing
Young's modulus of GO (~230GPa) [29] with that of graphene
(~1TPa) [30,31]. Considering presence of damping at the surface
there is a clear indication of lower phase for GO than HOPG. This result
is also consistent with the higher friction observed on GO as compared
to HOPG [19,32].

Due to damping and friction of GO, the adhesion of the AFM tip to
GO should be greater than on HOPG [28]. To verify this, lift-off
measurements under dry nitrogen conditions were made as shown in
Fig. 4. A threefold increase in the adhesion force on GO as compared to
HOPG suggests that the nature of the tip sample interaction on GO is
larger than that of over HOPG.

Evidence of folding of GO sheets upon deposition were also observed
in this study. Fig. 5 shows a typical dAFM image of an GO sheet folded
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onto itself. Fig. 5(a) is a topographic image of GO on HOPG, while Fig. 5
(b) is a phase image that confirms that the sheet shown in Fig. 5(a) is GO.
Fig. 5(c) shows a magnified topographic image of the fold in the GO
sheet. It is clear from Fig. 5 (b) that there is very little phase contrast
between the top and bottom of the folded GO sheet, indicating uniform
functionalization on both sides of the GO.

It is further evident that the folded region is torn from the GO
sheet. Previous studies have shown that when a graphene sheet folds
or tears, it tends to fold or tear along a high symmetry direction (i.e. it
can fold at an angle of 30°, 60° or 120°) determined by the underlying
hexagonal mesh of carbon atoms [33-35]. Our study shows that GO
also preferentially folds or tears at angles that are similar to those
found in graphene.

The folding angle of a GO flake can be uniquely defined by first
identifying the longest sheet edge that intersects the fold of interest.
In Fig. 5 (c), the relevant GO edge is denoted by the line marked oé.
The folding axis is defined by the line marked as 37y, the line that
passes through the fold. The folding angle is defined as the angle
subtended between the folding axis and the relevant sheet edge. A
unique folding angle can always be defined by imagining a restoration
of the folded flap to its original position. The folding angle is then
defined as the subtended angle that forms between the edge that is
approached by unfolding and the folding axis.

In Fig. 5(c), the relevant folding angle measured with respect to
the GO edge is 83y =60". The tearing angle is measured by defining a
tearing axis, which is simply a line drawn through the tear. The
tearing angle is defined as the angle subtended by the same edge used
to measure the folding axis and the tearing axis. As can be seen in
Fig. 5(c) the tearing angle is £ 33"y’ = 120". As the tear progresses, the
tearing angle deviates from the 120° value, indicating a non-uniform
tear in the GO sheet. Careful analysis of this image indicates that the
area of the folded GO sheet does not match the area of the void from
where the sheet has been torn. We conclude that the folded GO sheet
is stretched in the process of tearing.

Examination of the image along the folding axis suggests it
acquires the shape of a circular bend having a diameter of 2.75 nm as
judged by the height of the fold above the HOPG substrate. Although
the lateral dimension of the bent region is distorted by tip dilation
effects, the diameter of the bend can be accurately identified from the
dAFM image. The bend in the GO sheet resembles a graphene oxide
nanotube (GONT) which would have a radius of curvature of 1.38 nm.

4.3. STM study of graphene oxide sheets on HOPG
In order to improve the resolution of the relevant features in folded

GO sheets deposited onto an HOPG substrate, extensive STM
characterization was performed as well. Overall, the results obtained
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Fig. 4. Typical F(z) data from (a) HOPG and from (b) GO. For the same tip, the lift-off force from GO is ~3 time greater than for HOPG. In both the images green and red curves

represents the forward and backward motion of the tip in contact mode, respectively.
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Fig. 5. A typical dAFM topographic image of GO on an HOPG substrate. Prominent folding, presumably related to the deposition of GO, is observed. In (a), an image of approximately
2x 2 pm? GO sample. In (b) a phase image confirming the presence of GO on HOPG. In (c), a magnified image from the selected square region of (a).

by STM were similar to those obtained during the dAFM portion of our
study. In the following section, we focus on regions of folded GO
sheets after deposition. When using STM, we lose the ability of phase
imaging as an identifier of GO. Instead, we now use the thickness of a
sheet as a GO identifier. Prior AFM work has shown that the thickness
of one GO sheet is approximately 1.14 0.2 nm [12,19] as compared to
the expected height of a single graphene sheet in HOPG of 0.34 nm.
The increased thickness of a single sheet of GO is attributed in part to
its functionalization on both sides as well as subtle differences in how
the tip interacts with a thin GO sheet supported on HOPG.

Evidence for folds in deposited GO was also observed in STM images
that match well with the folds obtained in our dAFM studies. Fig. 6
shows an STM image of a folded GO sheet supported on an HOPG
substrate. As seen in Fig. 6(a), relevant features are marked as HOPG, 1 L
GO and 2L GO. The corresponding z heights are also indicated The
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Fig. 6. Typical topographic image of GO on HOPG obtained by STM. Prominent folding of
an GO sheet is observed. Flakes of GO are also evident near the top of the image. In
(a), an STM image of a 300 nm x 300 nm GO sheet deposited on HOPG. In (b), magnified
STM topography image of a region from Figure (a) depicting folded GO on HOPG. In
(c) a z-height histogram of the yellow rectangular (color online only) boxed region of
the STM image in (b). From the histogram data of (c), a value for the height of one layer
of a GO sheet is inferred to be 0.94 nm; the diameter of the fold is 2.88 nm.

height of a step on the HOPG substrate is found to be 0.4 nm. The step
height of 0.94 nm represents one GO layer supported on the HOPG
substrate. The step height of 0.78 nm represents a second GO layer
resting on top of a folded GO sheet. The apparent decrease in the second
layer thickness of GO might reflect a decrease in the Local Density of
States (LDOS) rather than a decrease in the GO sheet thickness. For an
STM operating in constant current mode, the tip-substrate separation is
largely determined by variations in the LDOS. It follows that if the tip
encounters a region of the substrate with a reduced LDOS, the tip-
substrate separation must decrease in order to maintain a constant set-
point current. Although it can be argued that a uniformly oxidized sheet
of graphene is insulating, non-uniform oxidation or trapped ions may
form a sufficiently conducting channel to allow STM measurements.
When the tip is positioned over a two layer region of GO, a reduced
conduction is likely to cause an apparent decrease in the thickness of the
second GO layer in order to maintain a constant set current. This
argument provides a qualitative explanation for the step height
measurements found in Fig. 6(a). These height measurements allow
us to identify the HOPG and GO regions in STM images with confidence.

To characterize the folding axis, the relevant GO edge is identified
by the line guh and the folding axis is indicated by the line wn. The
folding angle is given by ~&un=30". Along the folding axis, the GO
sheet forms an GONT-type bend with a diameter of approximately
2.9 nm. Fig. 6(c) is a histogram of the topography from the boxed
region of Fig. 6(b). The three peaks in the histogram represent the
relative height of the HOPG substrate (0.0 nm), the thickness of the
folded GO sheet (0.94 nm), and the thickness of two GO sheets
(1.72 nm). Height measurements from Fig. 6(b) indicate the diameter
of the bend in this GO sheet is 3.07 nm.

We have encountered that some of the GO sheets acquire different
morphology than folded GO sheets when deposited onto HOPG
substrate. This observation is shown in Fig. 7 and we call it cracking of
GO sheet in the process of folding. We believe that underlying reason for
this is the excess strain developed in bend GO sheet. This is an important
observation because it suggests that a fold in graphene may eventually
crack if it slowly oxidizes under ambient conditions. To the best of our
knowledge, such cracking of a GO sheet has not been reported to date.
Fig. 7 shows an STM topographic image of a GO sheet that cracked in the
process of folding. Fig. 7(a) clearly indicates the presence of underlying
HOPG steps and a large sheet of GO that conformally covers the
underlying HOPG substrate. It can be seen from Fig. 7(a) that the folding
axis is 3y and the folding angle is ~y8n=60"In contrast to the results
shown in Fig. 7, the bent region of the GO does not form a continuous
bend. Instead, a well developed crack is observed along the folding axis.
It is notable that the crack axis is uneven, suggesting an irregular
propagation of the crack upon folding.

Once again GO was differentiated from HOPG by a height
difference. The topographic image given in Fig. 7(b) is from the
boxed region in Fig. 7(a). A height histogram of this image is also
provided and shows three features which clearly correspond to two
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Fig. 7. Typical topographic image of GO on an HOPG substrate obtained by STM.
Prominent breaking, presumably related to the deposition of GO, is observed. In (a), an
image of a 2.6x2.6 um? GO sample. In (b), STM topography image of boxed region
depicting cracked GO on HOPG In (c), a z-height histogram of the boxed region of the
STM image in (b) which shows the height of two GO atomic steps that are formed due
to the cracking of GO in the process of folding.

planes of GO resting on top of the HOPG substrate. Fig. 8(a) shows
further details of the crack in GO, using an inverted grey color scheme
to enhance the contrast. Fig. 8(b) shows the crack near the top edge of
the GO sheet. Fig. 8(c) shows the uneven propagation of the crack
edge. The enhanced lateral resolution of STM is critical for resolving
the crack in GO that develops upon folding. The uneven nature of the
crack edge is a significant departure from the straight line folds that
develop when GO folds without cracking. Similar straight line folds

FOLDED
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[Pv——

are observed when the top layers of graphene fold to make a flap on
an HOPG substrate.

5. Discussion

The above studies show that when bent, GO can form either a
continuous bend, resembling a GONT structure, or a crack along the
folding axis. To gain insight into the cracking of a GO sheet, it is
worthwhile to analyze the energetics of folding and tearing in
graphene [34-37].

Fig. 9 is a diagram of a graphene sheet with the high symmetry
directions indicated by a solid ([1120]) or dashed ([1700]) lines. For a
defect free graphene sheet, there are two families of high symmetry
folding axes, namely the [1120] and [1700]. Calculations of the
energy required to wrap nanotubes around these two axes indicate
that the energy required for wrapping a nanotube around [1120] is
0.38 eV/atom lower than for wrapping around [1100][33,37]. This
result is consistent with an experimental AFM study showing that the
preferential folding axis for a graphene sheet is found to be
[1120][33]. This axis passes through two carbon atoms for each
hexagonal ring, making it easier to form a small bend because the
bending axis is parallel to all bonds. Folding around any other axis will
cause dihedral bond bending and hence a distortion of the hexagonal
network, thus increasing the stored energy. Taken together, these
considerations suggest that the most probable folding axis of a
graphene sheet deposited from solution onto a susbtrate is [1120].

Prior to STM studies [33-35] of a folded topmost graphene layer in
HOPG do not show cracking but rather a continuous folding along the
bend axis. Our studies of folds in the topmost few layers of HOPG are
consistent with these prior studies. We have also observed continuous
bends in many GO flakes deposited onto HOPG as discussed above. Any
cracking of a GO sheet while folding would therefore represent an
entirely new phenomenon. We believe that this is what we are
observing in Fig. 7 and Fig. 8. The crack that develops in a folded GO
sheet indicates that it is possibility of bond failure in the high stress
region of GO due to folding. Similar to graphene, it is likely that bending
in GO also occurs preferentially about [1120] axis. Cracking is then likely
related to the weakening of C-C bonds due to oxidation along[l 120].

The functionalization of graphene to make GO introduces defects
in the graphene lattice and provides the basis for understanding
cracking (bond failing) in GO sheets in the process of folding. To
locally oxidize graphene, C atoms become functionalized with
carboxyl, hydroxyl, and/or epoxy groups [23,38]. An STM study [19]
as well as a theoretical study [39] showed that small regions of GO
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Fig. 8. This figure shows the magnified STM image of crack developed in GO sheet in the process of folding. The height bar at the right of the image shows that dark region is the

higher region.
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Fig. 9. A sketch of a graphene layer with symmetry axis indicated.

appear to have a periodicity that is consistent with that expected for
epoxide bond (C-O-C) formation. Raman studies indicate that the
oxidation of graphene proceeds by random functionalization with
carboxyl and hydroxyl groups [40-42]. Furthermore, NMR studies
indicate that graphene oxidizes in a random fashion on both the top
and bottom sides [23,38]. Although detailed atomistic calculation are
required to fully understand the implications of graphene oxidation, it
seems reasonable to expect that any functionalization, be it random or
highly ordered, will locally weaken C-C bonds.

Fig. 10(a) is a schematic of a highly ordered GO sheet. The solid
dots represent -O- that forms an epoxide group bridging two C atoms.

(a)

[1700]

D.K. Pandey et al. / Surface Science 605 (2011) 1669-1675

The [1700] and [1120] directions indicate the orientation of the two
high-symmetry folding axes. The number of -O- atoms required for a
complete oxidation of a line along [1120] is about one-half that
needed along [1T00]. As discussed above, a favorable bending axis for
a graphene sheet is [1120]. In GO, the C-C bonds along [1120] will
weaken when oxidized, causing a reduction in the bending stiffness
about this bending axis. In practice, the oxidation occurs in a random
fashion as shown in Fig. 10(b). In this case, the precise direction of the
bending axis will be irregular and will take advantage of weakened
C-C bonds throughout the GO sheet. As the bend progresses, C-C bond
failure occurs due to the excess strain that develops and the reduced
C-C bond strength. The breaking of one C-C bond will focus stress
along a crack front, further accelerating the failure process. Eventually,
the stress that develops while folding will be sufficient to produce a
catastrophic failure, resulting in a cracked GO sheet as observed
experimentally in Fig. 10(c), demonstrates the more realistic picture
where random oxidation occurs due to -O- and -OH groups. Once
again, the precise direction of the bending axis shown by the dashed
line will be irregular and will take advantage of weakened C-C bonds
randomly distributed throughout the GO sheet.

6. Conclusions

Raman study along with STM and dAFM (under dry nitrogen
conditions) were used to study the folding of GO as it is deposited from
solution onto HOPG. Deposited GO sheets could be readily identified
using phase contrast imaging by measuring the height of a single sheet
with an STM, or by performing adhesion maps. Our work has focused on
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Fig. 10. Schematic of functionalized graphene to form GO. In (a), a schematic of a grapheme sheet with a periodic functionalization by -O- atoms. The high symmetry bending axes
are also drawn. In (b), a graphene sheet exhibiting a random functionalization by -O- atoms. The dashed line indicates a weak bending axis that may follow an irregular path to take
advantage of the random location of the functionalized graphene. In (c), a graphene sheet exhibiting a random functionalization by both -O- atoms and —-OH groups. The dashed line
indicates a weak bending axis that may follow an irregular path to take advantage of the random location of both ~O- atoms and -OH groups.
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the morphology of supported GO sheets after deposition. Both tearing
and folding of GO have been observed. Analysis of the measured tearing
and folding angles reveal they are similar to those reported in HOPG
studies, indicating that folding and tearing preferentially occur along
high symmetry directions in the GO sheet.

Unless GO is deposited in a highly controlled fashion so that an GO
sheet approaches the underlying substrate in a parallel plate
configuration, the deposition will always be characterized by a
process in which some edge of the GO makes a first contact to the
substrate. Assuming this edge becomes tethered due to van der Waals
interactions, the remainder of the GO sheet will twist and bend until it
collapses onto the substrate. As a result, deposited sheets can have a
crumpled appearance, full of wrinkles. It is also possible that the GO
can bend and fold onto itself as it settles onto the substrate. The
characteristics of this bending and folding are interesting because
they shed light on the mechanical properties of GO.

Our data indicates that when GO sheets fold, the bent region
around the folding axis can be described by a high radius of curvature.
The bend resembles a CNT-like structure with a measured radius of
curvature comparable to those reported for SWCNTs. We call this bent
region a GONT. However, it is possible that when a GO sheet folds, a
crack can develop along the folding axis. Presumably, this cracking is
related to a reduced stiffness attributed directly to the highly
functionalized nature of the GO sheet.

It is well established that it is easier to bend a graphene sheet
about [1120]than around[1700]. This result can be attributed to the
greater number of bonds that must be deformed when bending about
the [1700] axis. For the case of GO, weakening of bonds is expected to
occur due to the random functionalization of graphene with O and OH
groups. In addition, random vacancies could also further weaken the
C-C network. Taken together, this weakening provides a natural
explanation for the cracking in the GO sheet during folding.

This work is interesting because it anticipates a failure mode for
future graphene electronic devices. Any area of defect-free graphene
with a high radius of curvature will be more chemically active than
the surrounding flat region. This implies that graphene that is bent or
wrinkled will slowly oxidize with time. The oxidation will serve to
weaken C-C bonds, and will eventually lead to a crack that propagates
and splits the graphene sheet. In the future, it is likely that this failure
mode must be countered in order to insure the high reliability of
graphene electronics.
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