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a b s t r a c t

Investigation of few layer 2D materials is fundamentally important to bridge the gap between monolayer
and bulk properties, and practically meaningful for applications as reinforcement nanofillers and layered
electronic devices. Few layer introduces differences from intrinsic properties of monolayers due to the
complexity of structural heterogeneities, such as lattice stacking orientation and local thickness variation.
In this work, few layer graphene oxide (GO) with different structural heterogeneities were studied using
atomic force microscopy-based deflection measurements and transmission electron microscopy (TEM).
Direct TEM evidence of fracture surfaces and molecular dynamics (MD) simulations revealed decoupled
and dissimilar layer crack patterns for misaligned bilayer. In contrast, aligned bilayer GO generally
fractured with a larger portion of common cracks shared by both layers, indicating stronger interlayer
interaction. MD results also revealed insignificant effect of lattice alignment on the strength and
toughness of GO bilayers. Scaling up even to ~5 layers and above revealed significant local thickness
heterogeneity and consequently a ~60% reduction of the normalized fracture force and toughness. MD
simulations on partially intercalated few layer GO revealed anisotropic and heterogeneous stress dis-
tributions, as well as stress concentration near the inner edges, which may account for the significant
reduction of strength and toughness.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Single atomic layer graphene exhibits unprecedented strength
and stiffness [1,2], which has motivated the investigation and
application of a variety of 2D materials and their variations with
unique mechanical properties [3e6]. Graphene oxide (GO), a
functionalized form of graphene, is composed of oxygen-containing
functional moieties on its carbon basal plane which include
epoxide, hydroxyl, and carboxylic acid groups [7]. Control of these
functional groups endows GO tunable mechanical properties with
varying Young's modulus and strength [3,8e10]. However, one
ca (C.V. Singh), sun@mie.
er).
major bottleneck in the large-scale application of GO lies in the
difficulties of preparing monolayer GO with large lateral sizes [11].
Therefore, multilayer GO with larger lateral dimension are of
practical importance, especially in macroscopic applications,
including as reinforcement nanofillers for light-weight nano-
composites [12,13], as solid lubricants [14], and as supporting
platform for supercapacitors [15,16]. Nevertheless, there is a clear
size-scale effect in the mechanical properties of GO. Take GO
strength as an example, the strength of monolayer GO (thickness
~0.7e1.2 nm) is 24.7 GPa [8], which is approximately twice that of
GO nanosheets (thickness: ~10e100 nm) [17]. GO paper with
thickness of more than 1 mm has a strength of only ~100MPa
[18,19], which is two orders of magnitude lower than its monolayer
counterpart. Therefore, one challenge in translating the extraordi-
nary mechanical properties of GO to real applications is to under-
stand and bridge the gap in our understanding of monolayer and
multilayer properties.

As the first and most fundamental step to scale up to multilayer,
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the interaction between bilayer must be understood. It has been
widely demonstrated that graphitic bilayers can be stacked at
different lattice orientations [3,20,21], which has been shown to
influence the electronic characteristics [22]. However, the investi-
gation of such a stacking effect on mechanical properties is limited
and has primarily focused on friction, such as studies on graphite
which have revealed superlubricity when stacking at incommen-
surate angles other than 0� and 60� [23]. Moreover, existing studies
have focused on graphene. There is no report of lattice stacking
orientation effect on the fracture behaviors of GO bilayers.
Compared with graphene, GO can be more complex due to the
presence of functional groups with different chemical nature and
heterogeneous distribution [7,24]. In addition to lattice stacking
orientation, additional structural heterogeneities, such as wrinkles
and folds also exist, primarily due to uncontrolled capillary flow
and de-wetting during solvent evaporation process [25,26].
Consequently, when scaling up the thickness from monolayers to
multilayers, GO with different lateral sizes can possess aggregates
and partial intercalation of discontinuous layers [25]. Such detailed
investigation of the structural heterogeneity effect on the me-
chanical properties of few layer GO is critical yet still missing.

Herein, we report the effect of two important structural het-
erogeneities, lattice stacking orientation and local layer thickness
variation, on the mechanical behavior of few layer GO, and further
elucidate the size-scale effect for ultrathin GO membranes with
thickness varying from single to ~15 layers. Bilayer GO with
different lattice stacking angles were prepared and characterized
using atomic force microscopy (AFM)-based deflection measure-
ments and transmission electron microscopy (TEM). Post-mortem
fracture surface analysis and extensive molecular dynamics (MD)
simulations revealed distinct cracking behavior for aligned and
misaligned GO. Furthermore, we have demonstrated ~60% deteri-
oration in the normalized strength and toughness of GO caused by
local thickness variationwhen scaling up even to five atomic layers.
Potential mechanisms for such degradation in properties were
investigated using MD simulations.

2. Experimental and computational methods

2.1. GO synthesis and membrane preparation

GO was prepared by using an improved Hummers method re-
ported elsewhere [27]. For the synthesis of GO, 1 g of graphite
powder (SP1 Graphite, Bay Carbon) was dispersed in a 9:1 mixture
of H2SO4:H3PO4 (Sigma Aldrich) and stirred at 50 �C for 2 h. 6 g of
KMnO4 (Sigma Aldrich) was then added to themixture in parts. The
addition of KMnO4 resulted in an exothermic reaction with an in-
crease in temperature to 90 �C. Upon addition of KMnO4, the color
of the solution changed from black to dark brown, after which the
mixture was subjected to continuous stirring overnight. The
mixture was then poured over ice, and 6e8mLH2O2 added slowly
which resulted in effervescence and evolution of yellowish-brown
color. The precipitate was then transferred out; it was washed two
times with 100ml of water, 100ml of 30wt% HCl, and 100mL
ethanol. In order to prepare suspended GO membranes, the syn-
thesized GO powders were then dispersed in deionized water in a
concentration of 1mg GO:20mL water. Then the solution was
gently agitated for two weeks using a magnetic stirrer for exfolia-
tion. Such an exfoliation method yielded larger GO flakes as
compared to ultra-sonication, enabling the samples to cover mul-
tiple holes with a single flake. After that, the upper aqueous solu-
tion was mixed with methanol in a ratio of 1:3, followed by two
steps of centrifugation [28]. First, the solution mixture was
centrifuged at 8000 rpm for 20min to remove supernatant con-
taining small GO flakes. Then, the precipitate was collected and re-
dispersed in a solution of 1:3 mixture of H2O:methanol, which was
further centrifuged at 2500 rpm for 10min. The upper solutionwas
then drop-casted on perforated TEM grids to form suspended
membranes. The prepared GO membranes were stored at
controlled 20± 5% relative humidity and further tested under the
same ambient environment.

2.2. GO sample characterization

The oxidation degree of the GO sample was characterized by X-
ray photoelectron spectroscopy (XPS) using Thermo Scientific K-
Alpha XPS system (ThermoFisher Scientific, E. Grinstead, UK)
equipped with combined Arþ/e- flood gun. Monochromatic
aluminum Ka X-ray was applied over a spot size of 400 mm. The XPS
data was processed using CasaXPS software. The prepared GO
membranes were examined and characterized by both SEM and
TEM. SEMwas conducted using Hitachi S-4800 instrument with an
acceleration voltage of 1 kV and an electron beam current of 2 mA.
The TEM images and selected area electron diffraction (SAED)
patterns were obtained under 100 kV using Hitachi HF-3300 TEM.
AFM topographical imaging was conducted before and after
deflection test in AC mode by Asylum MFP-3D AFM using mono-
lithic diamond probes (NadiaProbes, Catalogue #: ND-DYIRS-5,
k¼ 35N/m, f¼ 310 kHz). A scan rate of 1 Hz and 256� 256 Points
& Lines were applied for all the AFM imaging. Mechanical proper-
ties of the GO membranes were characterized by AFM deflection
testing using the same AFM and diamond probes as for topo-
graphical imaging. In order to capture the cracking behavior rather
than puncturing a hole of themembrane, lowaspect ratio blunt tips
are preferred than high aspect ratio sharp tip. The diamond probes
used in this work are of four-sided pyramid shape with tip radius of
~65 nm (see Supporting Information Figure S6). The stiffness of the
cantilever was calibrated using Sader method [29]. The membranes
were deflected 600 nm in total under displacement control at a
constant rate of 100 nm/s.

2.3. Molecular dynamics simulations

MD simulations were performed using the LAMMPS package
[30], with inter-atomic interactions described by the ReaxFF po-
tential [31]. The ReaxFF potential has been used in a host of pre-
vious works on the mechanical properties of GO systems of various
compositions. For preparing the MDmodel, the atoms belonging to
the hydroxyl and the epoxide functional groups were attached to
the carbon basal planes. The GO nanosheets were 70% functional-
ized in the basal plane with an epoxide-to-hydroxyl ratio of
approximately 4:1. The locations of these groups were selected
randomly, and equal weightages were assigned to location on both
sides of the carbon basal planes. For the bilayer GO samples, the
simulation cells were 16.3 nm and 17.8 nm along the in-plane di-
rections with a thickness of 1.25 nm. Periodic boundary conditions
were applied along the in-plane directions. In the thickness direc-
tion, a vacuum of 20 Åwas used on both sides. The nearest neighbor
and hydrogen bond cut-off radii were set to 5 and 7.5 Å, respec-
tively. Starting from 1 K, the temperature of the GO samples were
gradually raised to 300 K over a period of 25 ps and then thermally
equilibrated at 300 K in a NPT ensemble. The thermal equilibration
is essential to minimize the system pressure and allow for cell
relaxation. Here, N stands for number of atoms, P represents
pressure, and T is temperature. Inside the ensemble, N, P and T are
maintained constant. The simulation time step was 0.25 fs and the
damping parameter for the Nose-Hoover thermostat was 25 fs.
Equibiaxial strain-controlled tensile loading was imposed by
dilating the simulation box along both in-plane directions and
simultaneously performing an equivalent affine transformation to
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the constituent atomic positions. Stress was calculated using the
Virial theorem, and a strain rate of 109/s was used for all the sim-
ulations. The Open Visualization Tool (Ovito) was used to visualize
atomic structures.
3. Results and discussion

3.1. Effect of lattice stacking orientation

The GO samples studied here were synthesized following the
improved Hummers method [27], which has been shown to yield
highly oxidized GO with epoxide-rich functional groups [9]. Fig. 1a
shows the XPS spectrum of GO with ~70% oxidation, which agrees
well with literature [9,27]. GO membranes were prepared by a
solution-based drop-castingmethod [8,28] onto silicon nitride TEM
grids containing arrays of circular holes. Fig. 1b shows the SEM
image of one GO flake on a TEM grid. TEM bright field imaging
(Fig. 1c) revealed no obvious contaminants or major defects of the
GO membranes. Ultrathin GO membranes as thin as single layer
were obtained. The SAED pattern in Fig. 1d revealed one set of six
diffraction spots. Moreover, the inner diffraction spots also show
higher intensity than outer diffraction spots, which is confirmed to
be monolayer [32,33]. To study the role of stacking orientation, a
number of bilayer GOmembranes were prepared and the SAEDwas
utilized to count the number of layers andmeasure stacking angles,
following a procedure used in previous literature [3,21,34]. The
bilayer GO was determined by two sets of diffraction spots,
together with a stronger inner diffraction intensity. It is noted that
we do not have a direct control of the stacking angle in the sample
preparation process. However, well-aligned (<5�) and largely mis-
aligned bilayer GO (>20�) were commonly obtained, in accordance
with previous studies on graphene which revealed that 0� and 30�

are preferred stacking angles [20]. Schematics of bilayer GO stack-
ing at 0� and 30� are shown in Fig. 1e and f (only the carbon skel-
eton is shown for clarity). Fig. 1g and h are examples of aligned and
misaligned bilayer GO stacking at 3.3� and 29.6�, respectively. Due
to the existence and interaction of functional groups, out-of-plane
waviness and in-plane distortion can be present [24], making
exact 0� stacking unlikely across an area, particularly for the highly
oxidized GO studied in this work. Therefore, we arguably classify
stacking angles of less than 5� as the aligned case, greater than 20�
Fig. 1. Chemical and structural characterization of bilayer GO samples. (a) C1s XPS spectrum
(GO enclosed by white dashed line). Scale bar, 5 mm. (c) TEM bright field image of a suspende
SAED pattern of monolayer GO. (e,f) Schematics of bilayer GO stacking at 0� and 30� , only th
and 29.6� . (A colour version of this figure can be viewed online.)
as the largely misaligned case. Moreover, for each sample, SAED
was performed in three different regions to ensure overall homo-
geneity in terms of both the number of layers and stacking angle for
bilayer GO.

Bilayer GO membranes with different stacking angles were
mechanically loaded till complete fracture by AFM deflection
testing. It was deemed as a complete fracture when the force
dropped to or below half of the maximum force. It has been noticed
that the suspended GO membranes have initial sag depth, which
invalidates the commonly adopted model for, e.g., graphene, me-
chanical properties calculation [1]. A combined experimental and
finite element analysis of sag effect on the deflection measurement
and fracture morphology is discussed in detail in Section 1 of
Supporting Information, and the results revealed visible cracking
patterns for the deeply saggedmembranes after fracture. Therefore,
we did not use the model and instead chose to report only forces
and energy directly, and emphasis was focused on the fracture
behavior of bilayer GO with different stacking angle. All the
following discussions consider membranes having similar initial
sag depths. Representative AFM deflection curves of bilayer GO
with 3.2� and 23.2� stacking angles are shown in Fig. 2a (see
Supporting Information Figure S1 for all five bilayer samples
studied). All the membranes have an initial sag depth in a close
range of 0.16e0.17 mm (Fig. 2b,d) across a 2.5 mm diameter span.
AFM topographical imaging of fractured surfaces (Fig. 2c,e)
revealed morphology of cracking lines rather than holes for both
stacking angles due to the membrane sag, which enables a detailed
TEM analyses of the fracture pattern.

Post-mortem TEM imaging revealed that the crack width for the
aligned bilayer GO (Fig. 3a) was ~10 nm, which is narrower than the
crack width in the misaligned bilayer (Fig. 3b). Moreover, Fig. 3b
revealed that in the misaligned case cracks do not only occur at the
same position for both layers, but can also propagate within each
individual layers independently. In Fig. 3b and c, regions of bilayer,
monolayer, and hole could be clearly identified based on the TEM
image contrast. Interestingly, bilayer region surrounded by mono-
layer GO was also observed in the misaligned bilayer (Fig. 3c).
Possible explanation for such morphology is that cracking took
place on both layers along different directions but with a shared
non-fractured area stacking together, as was also predicted by MD
simulations (Fig. 3e). In this case, the single layer region to the right
of the synthesized GO. (b) SEM image of GO membrane suspended on holey TEM grid
d bilayer GO showing no obvious contamination or major defects. Scale bar, 500 nm. (d)
e carbon skeleton is shown for clarity. (g,h) SAED patterns of bilayer GO stacking at 3.3�



Fig. 2. AFM deflection tests of aligned and misaligned bilayer GO. (a) Force-deflection curves of bilayer GO membranes with different stacking angles. (b,c) AFM topographical
images for bilayer GO of 3.2� stacking angle before and after deflection test. (d,e) AFM topographical images for bilayer GO of 23.2� stacking angle before and after deflection test.
Scale bars, 1 mm. (A colour version of this figure can be viewed online.)

Fig. 3. Effect of lattice stacking orientation on bilayer GO fracture. (a) TEM image of fracture surface for aligned (3.2� stacking angle) bilayer GO showing narrow and similar cracking
path for both layers. Insets: SAED pattern and a zoom-in view of one set of diffraction spots showing bilayer GO. Scale bar: 100 nm. (b,c) TEM fracture surfaces of misaligned (23.2�

stacking angle) bilayer GO showing individual layer cracking. Insets: (b) SAED pattern of bilayer GO stacking at 23.2� , (c) False colored image highlighting regions of different layers.
Scale bars: 40 nm, b; 20 nm, c. (d,e) Representative MD simulation results of bilayer GO showing higher percentage of common fracture path for 0� stacking and individual layer
cracking for 21.8� stacking. Colors in (d,e) represent out-of-plane position gradient, with red is top layer and green is the bottom layer. The simulation cell size is 16.3 nm by 17.8 nm.
(f) Histogram of the ratio between common crack length and total crack length for both stacking angles from MD simulations. (A colour version of this figure can be viewed online.)
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and left of the central bilayer area is not the same layer. Similar
behaviors, i.e., dissimilar crack propagation in individual atomic
layers, shearing, and pullout, were not observed in the aligned case,
which also explains why the crack is narrower for the aligned
bilayer.

To further understand the underlying fracture mechanisms, MD
simulations were performed for bilayer GO samples with 0� and
21.8� stacking angles to represent the aligned and a misaligned
bilayer (similar to Fig.1e and f). Equibiaxial strain-controlled tensile
loading was chosen to reflect the stress state of the membrane at
the loading point in AFM deflection experiments. At the scale of the
whole MD cell size (16.3 nm by 17.8 nm), the GO model can be
approximately regarded as isotropic within the plane, as proved by
the similar stress-strain behavior along both x and y directions with
~2% of difference in strength (see Supporting Information Table S2).
Additionally, according to the stress transformation theory in



T. Cui et al. / Carbon 136 (2018) 168e175172
continuummechanics, for equibiaxial strain loading, every point in
the GO structure should experience similar stress magnitude along
the in-plane directions, which emulates the stress state at the
loading point in experiments. Previous investigations on the
structure of GO demonstrated that oxygen functional groups tend
to form localized island structures instead of a homogeneous dis-
tribution [35,36]. In order to capture the effect of the stochasticity
associated with the dispersion of the functional groups on the
fracture propagation, a set of twenty MD samples with stacking
angles of 0� and 21.8� were biaxially strained to fracture. Fig. 3d and
e shows representative fracture surfaces for a 0� and 21.8� stacked
GO bilayer (see Supporting Information Figure S4 for additional
examples), revealing overlapped and dissimilar fracture path,
respectively, in good agreement with experimental observation.
Distinct colors represent different out-of-plane positions of the
atoms, with atoms in the top layer colored red and those in the
bottom layer colored green. Further analysis was conducted by
differentiating individual layer cracks with common bilayer cracks.
Here, individual layer cracks refer to cases where the fracture only
occurred in one of the two layers at a position and did not transfer
to adjacent layer; thus the fracture pathways in constituent layers
are distinctly dissimilar. Meanwhile, common bilayer cracks refer to
cases where crack transferred to adjacent layer at the same posi-
tion; therefore, the fracture pathways in both layers are largely
similar. The ratio between common crack length and total crack
length (addition of common and individual layer crack lengths) for
both stacking angles is summarized in a histogram (Fig. 3f). A
higher ratio means easier to transfer crack to adjacent layer, thus
indicating stronger interlayer interaction. It is interesting that for
the aligned bilayer GO, the fracture path was found to be mostly
random for both layers instead of consistently sharing the same
fracture path. Furthermore, it was also observed in an extreme case
of aligned bilayer that the top and bottom layer revealed
completely dissimilar fracture path (see Supporting Information
Figure S4). Such scattered behavior revealed that the interlayer
interaction in aligned GO bilayers is not sufficiently strong to
consistently transfer cracks to adjacent layer for different cases
with varying distribution of functional groups. However, the mis-
aligned GO bilayers revealed even weaker interlayer interaction by
consistently exhibiting dissimilar fracture pathways for the con-
stituent layers for all the cases. The reason for the weak interaction
for both aligned and misaligned bilayer could be due to the
epoxide-rich functional groups in the GO studied here. Previous
studies reported that the interlayer interaction of epoxide-rich GO
is weaker as compared to hydroxyl-rich GO due to limited hydrogen
bonds between layers [17]. The relatively weaker interlayer inter-
action for misaligned bilayer GO could also be related to the
superlubricity of graphite at misaligned stacking [23].

It is important to note that some bilayer membranes, including
both aligned and largely misaligned GO bilayers, experienced a
stepwise fracture behavior with small force drops in the deflection
curve (see Fig. 2a and Supporting Information Figure S1, S3), similar
to those observed by Lin et al. [37] in stacked bilayer graphene. Such
stepwise fracturewas not found to be directly related to a particular
stacking angle. Lin et al. [37] ascribed this stepwise behavior to
sequential fracture in different graphene layers. Additionally, in
their bilayer graphene case, there was only one occurrence of force
drop before a catastrophic rupture. However, for the GO samples
studied here, curves with no stepwise force drop, only one drop, as
well as several stepwise force drops were all observed both in ex-
periments and in simulations. For example, for the bilayer GO
sample with 3.2� stacking angle shown in Fig. 2a, four force drops
were observed, indicative of progressive fracture occurring in each
atomic carbon layer. Such a phenomenon can be due to the elasto-
plastic nature of the highly oxidized epoxide-rich GO [9] where
cracks can initiate at multiple defective sites. In addition, we have
also observed that the functional groups can serve as crack ar-
resters and increase the fracture toughness, thus delaying cata-
strophic failure once after crack initiation [38], which is consistent
with the AFM deflection results and MD simulations. MD simula-
tions revealed a strength and toughness (the area under the stress-
strain curve in a full range to failure) of 23.84 GPa and
1.71� 10�18 J/nm3 for aligned GO bilayer, and 23.35 GPa and
1.66� 10�18 J/nm3 for misaligned GO bilayer. It should be noted
that this difference is insignificant and generally within the error
bars (see Supporting Information Figure S3, Table S2).Wei et al. [39]
performed indentation simulations on aligned and misaligned
graphene multilayers using coarse-grained MD, and revealed
higher strength for the aligned samples with three or more layers.
This is also consistent with the fracture behavior observed herein
which indicates that the aligned GO samples exhibit stronger
interaction between layers, thus leading to a higher strength and
toughness. However, both the experimental andMD results suggest
that such a lattice stacking orientation effect on strength is not
significant for bilayer GO stacking, and instead the most significant
difference is in the post yield fracture behavior.

3.2. Effect of local thickness variation

In the above results, the lattice stacking orientation was shown
to have a significant effect on the fracture pathways rather than the
strength of GO. Whereas in the following, we show that the
strength and toughness can be significantly influenced by the
second type of heterogeneity, i.e., local thickness variation due to
multiple layer stacking.With increasing number of layers, it is likely
that the effect of lattice stacking orientation would be reduced due
to the increased probability of many randomly oriented lattices as
the thickness increases. The toughness is defined by the area under
the full range of force-deflection curve to failure, which is also the
energy-to-failure. It is documented that wrinkles can significantly
affect the elastic modulus of GO papers, however do not signifi-
cantly affect monolayer GO [40]. Previous investigations [17] also
revealed a size-scale dependency of the mechanical properties on
GO thickness and suggested a transition from intraplanar to inter-
planar fracture mechanism when scaling from GO monolayer to its
bulk paper form. However, a more detailed and elusive question is
how many layers are needed to maintain the intrinsic monolayer
strength of GO. A recent study [41] on atomically thin boron nitride
revealed almost no strength loss with increasing thickness of up to
9 layers, whereas, the strength of graphene was found to decrease
by more than 30% when the number of layers increases from 1 to 8.
Here we have investigated such a size-scale effect of GO within the
few layer range.

Fig. 4a shows force vs deflection data obtained from the AFM
measurements of one monolayer and four multilayer GO mem-
branes (with a similar sag depth of ~160 nm) of varying thickness.
The force drops in the curves indicate stepwise fracture of the
membrane similar to those observed for bilayer GO. Since there is
no well accepted AFM deflection analysis for strength determina-
tion of multilayers, and the commonly used method is only suitable
for monolayers [1], a direct strength measurement here is difficult,
especially for our GO samples with deep sag and plastic deforma-
tion. Therefore, the fracture force was normalized by the number of
layers (FFracture/N) to indicate the general trend in the strength
evolution [41]. It was observed that monolayer and bilayer GO
maintained similar normalized fracture force. However, scaling up
to even 5 layers and further to 12 layers resulted in ~60% deterio-
ration in the normalized fracture force. The number of layers was
estimated by averaging at least three SAED measurements on
different positions near the center of the membrane. In thicker GO



Fig. 4. Multilayer GO fracture. (a) AFM deflection curves of monolayer and multilayer GO. (b) The influence of number of layers on the normalized fracture force and normalized
toughness. The normalization is conducted by the number of layers. Horizontal scale bars are the range of number of layers in a membrane, vertical scale bars are the corresponding
normalized value calculated based on the horizontal scale bars. (c) Bright field image of a multilayer GO of ~4 layers. Scale bar: 500 nm. (d,e,f) SAED patterns revealing different
thickness at different position. (A colour version of this figure can be viewed online.)
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multilayers, the likelihood of overlapped diffraction spots are
higher, and the existence of more wrinkles, folds, and partial in-
tercalations may influence the diffraction pattern. Therefore, the
number of layer estimationmay not be as accurate as for monolayer
and bilayer counting. However, by averaging multiple measure-
ments, a reasonable estimate of multilayer GO thickness can still be
provided. Interestingly, a similar size effect was observed in the
friction of 2Dmaterials inwhich bulk frictional properties were also
reached when stacking of more than ~5 layers [42], although this is
governed by a different underlying physical mechanism. In addi-
tion, the normalized toughness (normalized by the number of
layers, UT/N) exhibits a similar trend with increasing thickness. The
strength and toughness deterioration can partly result from finite
interlayer sliding energy such that interlayer sliding can occur
during the deflection test, similar to multilayer graphene [39,41]. In
addition, TEM investigation on ~5 layers GO revealed heterogeneity
in thickness across the suspended area, which also contributes to
the strength/toughness reduction. In contrast to graphene and
boron nitride, GO is often prepared using chemical exfoliation,
which does not yield as uniform multilayers as those prepared via
mechanical exfoliation. Bright field TEM images in Fig. 4c shows
noticeable contrast, revealing different number of layers and
wrinkles in the membrane (see also Supporting Information
Figure S5). Further SAED patterns at different positions of the
membrane confirmed heterogeneous thicknesses and quantified
the varying number of layers (Fig. 4d,e,f).

The effect of local thickness heterogeneity on the mechanics of
few layer GO was further investigated using MD simulations. This
was achieved by introducing two partially intercalated layers
sandwiched between three complete layers (Fig. 5a) in order to
study structures with varying local layer thickness similar to those
observed experimentally (Fig. 4cef)). Equibiaxial strain-controlled
tension results revealed stress/strain concentration near the in-
ternal edges of the partial layers (Fig. 5b). The stress-strain curves of
the intercalated GO multilayer (Fig. 5c) demonstrated lower
strength (or fracture force) as compared with 5 complete layers of
GO in both in-plane directions. The stress in Fig. 5c is defined based
on the thickness of 5 layers along both in-plane directions. More-
over, due to the partial intercalation, the structure became aniso-
tropic and non-homogeneous, and experienced higher strength
(fracture force) along the y direction. To further understand the
behavior of each individual layer, the true stress-strain curves of
each layer along both in-plane directions are plotted in Fig. 5d and
e. Although no direct stretching of layer 2 and layer 4 is applied



Fig. 5. MD equibiaxial strain-controlled tension of intercalated GO multilayer. (a) Schematic of GO multilayer with 3 full-sized layers (Layer 1, 3, and 5) and 2 half-sized intercalated
layers (Layer 2, and 4). Layer 2 aligns at the center of the adjacent layers, and layer 4 aligns at the right of the adjacent layers. (b) Cross-sectional and top view of atomic strain
contours showing atomic stress/strain concentration near the edges. (c) Stress-strain curves of the intercalated multilayer GO, as compared with 5 full layers of GO, showing lower
strength and anisotropic behavior along in-plane directions. (d,e) True stress-strain curves of each individual layers in the intercalated GO multilayer long x and y direction,
respectively. (A colour version of this figure can be viewed online.)
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along the x direction, both layers experienced a maximum stress of
~1.47 GPa along that direction due to interlayer load transfer and
shearing. In the other direction (y axis), layer 2 and layer 4 revealed
similar tensile strength as of the complete layers but with higher
ductility. The increased ductility was due to the fact that loading in
the x direction is much lower than in the y direction so that both
intercalated layers were approximately under uniaxial loading
rather than equibiaxial loading. Therefore, less compressive strain
in the y direction was caused by tension along the x directions due
to Poisson's effect.

To further confirm that the loss of strength and toughness
observed in experiments were mainly caused by local thickness
heterogeneity rather than just stacking more complete layers,
direct comparison was made among two complete layers, five
complete layers, and partial intercalated five layers. The MD results
revealed an average strength of 23.8 GPa and toughness of
1.71� 10�18 J/nm3 for bilayer GO, which is slightly higher but
comparable to that of GO with five complete layers (22.7 GPa for
strength and 1.68� 10�18 J/nm3 for toughness). However, the
partially intercalated five layer GO (containing two half-sized
layers) exhibits an average strength and toughness of only
15.6 GPa and 1.08� 10�18 J/nm3, which is ~35% lower than that of
the two complete layers. It should also be noted that experimental
GO samples can be more complicated in terms of density and dis-
tribution of defects, including but not limited to, partial layer
intercalation, wrinkles, folds, and point defects. A combination of
these defects would likely give rise to more severe anisotropy and
heterogeneity, interlayer shearing and stress concentration, thus
contributing to more significant reduction of strength and
toughness.

4. Conclusions

In summary, the effect of two important structural heteroge-
neities, i.e., lattice stacking orientation and local thickness varia-
tion, on the mechanics of few layer GO was investigated by both
experiments and MD simulations. Highly oxidized bilayer GO with
different lattice stacking orientation was prepared and mechani-
cally characterized to fracture. Direct TEM evidence and MD sim-
ulations demonstrated decoupled layer cracking and dissimilar
cracking pathway of top and bottom layers for misaligned GO.
Meanwhile, aligned GO bilayers fractured in a more scattered
fashion due to the stochastic distribution of functional groups, but
in general, with a larger portion of common cracks shared by both
layers, indicating relatively stronger interaction as compared to the
misaligned case. However, the results also revealed insignificant
effect of lattice alignment on the strength and toughness of GO
bilayers, which is ~23.5 GPa and ~1.71� 10�18 J/nm3, respectively,
for both aligned and misaligned cases. Further scaling up GO to
thicknesses of ~5 layers and above results in heterogeneities in
thickness and ~60% reduction of the normalized fracture force and
toughness. MD simulations on partially intercalated and discon-
tinuous GO multilayer revealed anisotropic and heterogeneous
stress distribution, as well as stress/strain concentration near the
internal edges, which accounts for the strength/toughness loss. In
addition to GO, this study can also be practically applied to any
other 2D materials and guide mechanical design of layered nano-
devices.
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