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Graphene oxide (GO) shows promise as a nanocomposite building block due to its exceptional me-
chanical properties. While atomistic simulations have become central to investigating its mechanical
properties, the method remains prohibitively expensive for large deformations and mesoscale failure
mechanisms. To overcome this, we establish a coarse-grained (CG) model that captures key mechanical
and interfacial properties, and the non-homogeneous effect of oxidation in GO sheets. The CG model
consists of three types of CG beads, representing groups of pristine sp? carbon atoms, and hydroxyl and
epoxide functionalized regions. The CG force field is parameterized based on density functional-based
tight binding simulations on three extreme cases. It accurately quantifies deterioration of tensile
modulus and strength at the expense of improving interlayer adhesion with increasing oxidation of
varying chemical compositions. We demonstrate the applicability of the model to study mesoscale
phenomena by reproducing different force vs. indentation curves in silico, corroborating recent experi-
mental observations on how chemistry near contact point influences properties. Finally, we apply the
model to measure the fracture toughness of pristine graphene and GO. The critical stress intensity factor
(K¢) of graphene is found to be the highest, and epoxide-rich GO also possesses higher K. compared to
hydroxyl-rich GO.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction Wiaals forces [7—10]. Graphene oxide (GO), a derivative of gra-

phene, contains oxygen-rich functional groups capable of hydrogen

Graphene has emerged as a promising building block that can be
used in nanocomposites and nanoelectronic devices to gain ad-
vances in mechanical and electronical performance [1—6]. How-
ever, it has been shown through experiments and theory that load
transfer between stacked graphene sheets, and between graphene
sheets and polymer matrices is poor as it employs weak van der

* Corresponding author. Department of Civil and Environmental Engineering,
Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3111, United
States.

** Corresponding author. Theoretical and Applied Mechanics Program,
Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3111, United
States

E-mail addresses: espinosa@northwestern.edu (H.D. Espinosa), s-keten@
northwestern.edu (S. Keten).

! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.carbon.2017.02.061
0008-6223/© 2017 Elsevier Ltd. All rights reserved.

bonding, which addresses this issue [11—13], and allows dispersion
of graphitic sheets in many solvents and polymer matrices in
nanocomposites [14—16]. Although the existence of functional
groups in GO deteriorates its in-plane mechanical properties, i.e.
Young’s modulus and intrinsic strength, compared to pure gra-
phene, significant enhancement in its capability of damage toler-
ance and the interfacial interactions possible between GO and
matrix materials makes GO favorable in many applications [17—23].
GO-based fillers have been used in polymer nanocomposites
[24—26], and recent studies have emphasized the importance of
surface functionalization for a number of reasons. For example,
recent studies have shown that increasing the adhesion energy
between graphitic sheets and reducing the tensile modulus of each
sheet, as in the case of oxidation, allows multi-layer graphitic sys-
tems to attain high strength with little sheet overlap [27]. In
addition, nanoconfinement of polymers in nanocomposites
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systems becomes effective only when the polymer-graphitic filler
interactions are highly attractive, leading to matrix stiffening in
nanocomposites [28,29]. Moreover, it has been reported that
thermal stability [30—33] and electrical properties [34—37] of
polymers could be greatly improved by incorporation of GO
nanosheets.

Atomistic modeling has been extensively utilized to investigate
and predict the mechanical properties of GO. Most prior in-
vestigations on GO modeling were carried out using all-atomistic
(AA) simulations or first principles calculations, which provide
valuable insights into molecular mechanisms governing constitu-
tive behavior while retaining critical chemical details. It is expected
that the surface functional groups have considerable effects on the
mechanical properties of GO [38]. It has been shown that the in-
plane properties, ie. Young’s modulus and intrinsic strength,
monotonically decrease with increasing degree of oxidation
[39,40]. Wang et al. have investigated the atomic-scale frictional
behavior of GO sheets using density functional theory (DFT)
including dispersion corrections (DFT-D), and found moderately
higher friction forces in GO compared with graphene [41]. More
recently, Soler-Crespo et al. have found that the composition of GO
also affects the mechanical behavior of GO [42] by using density
functional-based tight binding (DFTB) technique to systematically
characterize the effect of the degree of oxidation and the ratio of
functional groups (i.e., epoxide group (—O—) and hydroxyl group
(—OH)) on the mechanical performance of GO. They report that
epoxide-oxidized GO has relatively larger failure strain than
hydroxyl-oxidized GO [42]. Despite tremendous success in under-
standing and predicting the mechanical behaviors of GO through
AA simulations, there are still drawbacks for these computational
approaches. The most critical one is that the simulated domain of
GO systems is mostly limited to sizes lower than 10 nm, as these
approaches are extremely demanding in computational power. This
makes it very challenging to assess the mechanical behavior of GO-
based systems at larger scales, limiting our understanding of the
behavior of crumpled nanopapers [43], multilayer nanosheets [44],
and GO-polymer nanocomposites [21,23,45]. Discrete particle
methods that avoid artificial homogenization in the mechanical
properties of the material are necessary to capture key traits of
these systems.

To address these scale-related issues, an upscaling computa-
tional technique is required to simulate GO systems beyond current
spatiotemporal limitations. Coarse-grained molecular dynamics
(CG-MD) simulations aimed at predicting the key properties of
nanomaterials offer insights into the molecular scale dynamic
processes over extended scales and increase computational
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efficiency dramatically compared to AA simulations [46—49].
Recently, we have presented a novel CG-MD model of graphene
achieving ~200-fold increase in computational speed compared to
AA simulations. The model can capture the mechanical properties
of multilayer graphene (MLG), including non-linear elasticity,
anisotropy at large-deformations and fracture, and also the com-
plex interlayer shear response of graphene [48]. The CG model of
MLG is also able to reach experimentally relevant spatio-temporal
scales, allowing us to investigate size-dependent mechanical
properties of MLG via nanoindentation and tensile deformation
simulations [27,50,51]. The quantitative agreement between CG
simulations of graphene and experiments demonstrates the
applicability and predictive power of the CG modeling technique on
capturing the mesoscale phenomena as well as explaining physical
mechanisms at the molecular level.

Building upon our previous CG framework, here we propose a
novel CG modeling framework of GO for its mechanical behavior via
a bottom-up approach. In this paper, we first provide a description
of the CG-MD model of GO and characterize its atomistic properties
using DFTB, followed by calibrating the force field parameters using
the CG approach. Next, we compare the mechanical properties of
GO from both CG-MD and DFTB results. Finally, we demonstrate the
applicability of the model by simulating nanoindentation on
monolayer GO and measuring the fracture toughness of monolayer
GO sheets with different compositions. The CG simulation results
agree reasonably well with recent experimental results.

2. Methods
2.1. CG model description

Earlier studies have shown that GO possesses a planar structure
with functional groups (mainly epoxide and hydroxyl groups) on
both the basal plane and free edges [5,12,38,52]. The proposed CG
GO model conserves a similar hexagonal lattice structure of gra-
phene with a 4-to-1 mapping scheme for the sp? carbon network.
Different from the graphene case, the CG model of GO also includes
two other different types of beads, representing hydroxyl- and
epoxide-oxidized functional regions as illustrated in Fig. 1. While it
is extremely difficult to exactly map every GO structure to a CG
model, by directly varying the percentages of each type of beads in
the CG model, we are able to generate CG GO structures with
different degrees of oxidation and compositions, which are key
material parameters that govern the mechanical behavior of GO.
Note that the degree of oxidation in the CG model is defined as the
total percentage of both hydroxyl- (type H) and epoxide-oxidized

CG model
Type | bond Type Il bond Type lll bond
E@—OE
0—0' H@=—@H
co=oc HO=—OC Efp=ne
E@=—OH
Type | angle Type Il angle Type Il angle
more than one C more than one H others

Fig. 1. Schematic illustration of coarse-grained (CG) graphene oxide (GO) model. Panel A shows the all-atomistic (AA) GO structure and the AA to CG mapping scheme, where three
types of CG beads (non-oxidized (C), hydroxyl-oxidized (H) and epoxide-oxidized bead (E)) represent different lattices. Panel B shows the resulting CG structure with different types
of CG beads and the classification of bond and angle types. Note that Panel B is not a direct CG representation of the structure in Panel A. (A colour version of this figure can be

viewed online.)
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(type E) beads. By also differentiating the bonded interactions be-
tween different types of beads, the CG model is able to capture the
diversity of mechanical properties of GO arising from different
functional types and degrees of oxidation.

The force field of the CG model includes both bonded (bond and
angle terms) and non-bonded interactions. Thus, the total potential
energy of the system can be written as:

EPOf:Eb +Ea+Enb (1)

where Ejp, E; and E,;, are the sum of the energies of all the bonds,
angles and non-bonded interactions of the system, respectively. In
this model, we do not include the dihedral term since excluding it
simplifies the force field parameterization significantly and in-
creases computational efficiency. Additionally, we have two major
considerations to justify this choice. First, we seek to emphasize the
in-plane properties for GO (i.e. elastic modulus and uniaxial tensile
strength) and interlayer adhesion energies, which are sufficiently
captured by the force field given by Eq. (1). Second, the dihedral
term only affects the out-of-plane bending stiffness of GO mem-
branes, not the properties presented herein. Dihedral terms could
be added onto the force field presented here when data on the

kpe(d — do)*  d<de

distribution of graphene (Type I bonds), and GO’s maximally
functionalized with hydroxyl and epoxide chemistry (Type Il and III
bonds, respectively). The average equilibrium bond length in the CG
model is taken as double the measured length per our mapping
scheme, results in Table 2. The equilibrium angle is maintained at
120", given that for each singular CG case with only one type of
bead, the lattice structure maintains the hexagonal symmetry. The
functional form of bond type I (V}) is the same as that of the bond
in our former CG model for pristine graphene, which is represented
by the Morse potential form [48]. The reason for using a Morse
potential is to capture smooth bond rupture at large strains [53]. For
bond types II and III (V} jj¢ ), We choose a piecewise harmonic
functional form in order to capture the non-linear behavior of GO.
We adopt a harmonic function for all the angle interactions (Vj),
and adopt the 6—12 Lennard-Jones (LJ) potential for non-bonded
interactions (V,;). The detailed functional forms are as follows
and also in Table 2:

2
Vi (d) = Do[1 — e~(-0)] (2a)

Kop(d — dc1)? + 2kpe(dey — do)(d — dey) + €1 dey <d <dea

Vg (d) =
Ci = kpe(der — do)?

Co = kpp(dep — de1)* + 2kpe(der — do)(dea — der) + G

bending stiffness and its dependence on oxidation becomes avail-
able in the future [48].

Accordingly, we define three types of bonds and three types of
angles: type I represents the non-oxidized ones, type Il represents
the hydroxyl-oxidized ones, and type Il represents the epoxide-
oxidized ones. The classification of bond type is given by the
following convention: if and only if both the two beads in a bond
are type C, the bond is type I; if there is at least one type H bead and
no type E bead in the same bond, the bond belongs to type II;
otherwise, the bond is type III, as shown in Fig. 1. For angle types: if
there is more than one type C bead in an angle, then the angle is
type I, similarly, angle type Il is assigned when at least one of the
involved atoms is type H. All other cases belong to angle type III.
The physical basis for the convention is that functional groups
affect local regions and a higher amount of functional groups leads
to small patches with a bulk response substantially different from
pristine graphene. In addition, epoxide groups connect two adja-
cent carbon atoms, affecting a larger local area; as a result, the type
E bead dominates in the bond and angle classification. In our CG
model, the percentage of bonds and angles can simply be changed
by prescribing the percentage of different beads. Later we show in
the Results section that by using this convention of classification,
we are able to capture the dependence of in-plane properties and
interlayer adhesion energy of GO sheets on composition and degree
of oxidation in good agreement with DFTB calculations.

We use different equilibrium bond lengths (dy) for the three
types of bonds herein, given that functional groups transform
pristine sp® bonds to sp> bonds differently. Similar to the CG model
of graphene, in which the bond length is double the equilibrium sp?
bond length, here we first measure three types of equilibrium bond
lengths from a DFTB calculation. We calculate the bond length

ko (d — dea)? + (2Kpp(dea — de1) + 2kpe(der — do) | (d —de2) + G d>do (2b)

Va(6) = ky(6 — 85)* (3)
V() = deyy {(?)12 - (‘Lr”ﬂ r<re 4)

Fig. 2(a) (b) show the typical energy and force profiles for bond
type Il and III, Eq. (2b), respectively. The initial harmonic part in the
potential gives rise to linear elastic properties. The change of the
slope in the force profile at d.; results in non-linear behavior in the
stress vs. strain curve of GO sheets, as shown in Fig. 2(c). Addi-
tionally, similar to the Morse potential [53], the potential V}, ygm
can also enable bond rupture, and bond failure strain is only
controlled by the critical bond length where the maximum force is
achieved (i.e., the bond length d, in Fig. 2(b)). Through this
approach, the nonlinearity of the stress-strain behavior of GO can
be captured phenomenologically. Post-failure plastic behavior and
bond reformation events are unlikely to be accurately represented
in any coarse-graining approach. Capturing the softening behavior
due to plasticity and dynamic bond breaking and reformation
accurately requires reactive atomistic force fields that are orders of
magnitude slower than the current CG model.

Finally, for interlayer interactions in AA systems, there are
contributions from van der Waals, electrostatic and directional H-
bonding interactions. We use a simple L] potential to account for all
interactions as a mean field approach, and in the CG model, all
beads interact with other beads within a cutoff distance. Although
this choice loses some directional behavior such as H-bonding, the
gain in computational efficiency is significant. We note that simple
L] potentials are generally used in other force fields with a similar
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Fig. 2. Typical energy (a) and force (b) profiles for bond type II and III potentials. The first kink in the force curve at d.; induces the nonlinearity in the stress vs. strain curve. The
second kink in the force at d, results in the failure behavior in the stress vs. strain. (c). Representative stress vs. strain curve of a GO sheet with 60% degree of oxidation having the
epoxide-rich composition using the bond potential shown in (a) (b). (A colour version of this figure can be viewed online.)

degree of coarse-graining, such as CG force fields for synthetic
polymers and the MARTINI force field for biopolymers [46,47,54].

2.2. Characterization of atomistic GO properties

The AA simulations are carried out through a series of semi-
empirical DFTB calculations using the open-source code CP2K
(http://www.cp2k.org/) to determine the mechanical properties of
GO as a function of its chemical composition. Through the calcu-
lations, we determin the elastic modulus, failure strain under uni-
axial tension and interlayer adhesion energy of GO. We first

generate AA 20 x 20 A%> GO monolayer sheets for different degrees
of oxidation, based on epoxide or hydroxyl rich compositions. In
this study, the term epoxide or hydroxyl rich refers to GO sheets
that are only functionalized with epoxide or hydroxyl functional
groups respectively. Additionally, GO sheets with a fixed degree of
oxidation but variable chemical compositions are generated. A
Monte Carlo-based algorithm is employed to determine the favor-
able locations for functional groups from random choices according
to a Boltzmann-like distribution, as discussed in previous work
[22,38,42]. It should be noted that 72% hydroxyl-rich oxidation and
80% epoxide-rich oxidation are the maximum oxidation cases that
are admissible for each functionalization type. Further increasing
functional group coverage results in chemical instability of the
system during DFTB calculations. Stress-strain curves are deter-
mined by assuming the effective monolayer thickness as

Azeqg =75 A, which is consistent with previous studies [22,42]. The
Young’s moduli (E) are obtained by fitting the material elastic
constants in the stress vs. strain curves and using continuum me-
chanics formulation, as previously shown [42]. The in-plane shear
moduli (S) are calculated by using the linear-elastic relationship
S =E/2(1 +»), assuming the Poisson’s ratio » is a constant equal to
0.16 for all GO sheets, which is taken as the average value for all the
degree of oxidation cases according to DFTB calculation results.
More details about the computational method and the validation of
DFTB calculations are provided in our previous study [42].

To characterize the interlayer adhesion energy, we generate

Table 1
Target properties for GO.

bilayer GO sheets with different compositions and degrees of
oxidation. The UFF force field is included to account for dispersion
effects in the material, as implemented in CP2K. The adhesion en-
ergy can be determined by calculating the total energy of the
bilayer system after optimization and subtracting the energy of two
separate single sheets. The adhesion energies are calculated for
different types of GO bilayer systems, including pure graphene
sheets, epoxide-rich GO sheets, hydroxyl-rich GO sheets and GO
sheets whose composition results from a combination of both
functional groups. We aim to capture the general trends of adhe-
sion energy as the degree of oxidation and composition varies for
relatively homogenized systems. While we expected variations
across different configurations with the same composition but
different distributions, (e.g. localized random patches instead of a
homogeneous distribution of functional groups), these features are
not considered here for calibrating the CG model.

2.3. Derivation of coarse-grained force field parameters

Next, we proceed to derive the force field of the CG model by
employing the strain energy conservation approach based on DFTB
calculations. To calibrate the CG force field parameters, we only
choose DFTB results in the armchair direction of three extreme
scenarios as references. We use the pure graphene uniaxial tensile
results to calibrate bond type I and angle type I parameters, the
maximally oxidized hydroxyl-rich composition (72% degree of
oxidation) to calibrate bond type Il and angle type Il parameters,
and finally the maximally oxidized epoxide-rich case (80% degree
of oxidation) to calibrate bond type Il and angle type IIl parame-
ters. Both results from DFTB calculation and CG model verify that
the in-plane properties, i.e., the Young’s modulus and uniaxial
tensile strength, differ only a little when the degree of oxidation is
larger than 70%. This is because in AA simulations the effect of
functional groups saturates fairly quickly. The corresponding clas-
sification of bond and angle types in the CG model leads to a rapid
decrease of type [ bonds and angles with increasing percentage of
either type H or E beads. Thus, the structures at high degrees of

Young’s modulus (E) GPa

In-plane shear modulus (S) GPa

Elastic strain (e.q)  Failure strain (emgx)  Adhesion energy mJ/m?

Graphene 530 228
Hydroxyl-oxidized GO 285 121
Epoxide-oxidized GO 230 929

- 21% 31
8% 10% 156
8% 25% 97

*The elastic modulus is calculated by assuming the effective thickness of the monolayer GO as 7.5 A [42].
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oxidation have approximately the same bond and angle composi-
tions. For instance, examining one specific CG structure with 72%
percent of type H beads reveals that 92% of the bonds are type Il and
81% of the angles are type II. This justifies our practice to use these
three extreme cases to calibrate the bond and angle parameters.
Similarly, we use the bilayer pairwise energies of these extreme
cases to calibrate non-bonded interactions. However, we note that
the pairwise energy only depends on L] interactions of beads, so it
does not saturate at high degree of oxidation level. Since we use
~80% degree of oxidation AA structure to calibrate the parameter
for 100% degree of oxidation in the CG structure, we need to unify
the degree of oxidation concepts by using scaling arguments be-
tween AA and CG models to be able to compare the interlayer
adhesion energy results. This aspect is discussed further in the
Results section.

The necessary mechanical properties to calculate the bond and
angle parameters are Young's modulus, in-plane shear modulus,
elastic strain and failure strain. LJ parameters are calibrated to
match the adhesion energy of bilayer systems with constant
interlayer spacing. A summary of the target properties is shown in
Table 1.

After having established target properties, we proceed to
describe the calibration strategy. Since the Morse potential (bond
type 1) can be approximated by a harmonic function
Vi, 1(d) = Do[1 — e~*@-d)2 <k, (d — dg)?, where ky, = Dga?, all
bond types can be approximated as harmonic in the small defor-
mation regime. Gillis has derived the relationship between the
force constants of the harmonic bonds and angles of the hexagonal
lattice and the elastic constants of the total sheet [55], which we
have utilized in our previous CG model of graphene [48]:

where ¢ = 2AZeg, and Azeqg = 7.5 A. Thus, all parameters involved in
the angle potentials and kp, of bond potentials can be calculated
directly. It should be noted that the parameters calculated using
Egs. (5) and (6) do not depend on the value of Az.q as long as it is
kept the same as the assumed effective monolayer thickness for
DFTB calculation, since k;, and k, scales linearly with the 2D
modulus, AzeqE.

For the Morse bond potential (i.e., bond type I) in MD simula-
tions, a bond typically breaks at the elongation where the force
reaches a maximum, or equivalently the inflection point in the
energy profile [53]. The parameter « is directly related to this in-
flection point in the energy profile. We set the failure criterion of
the bonds according to the failure strain of GO sheets, as the same
in the CG model of graphene [48]. Thus, we can calculate the
parameter « as « = 10g2/(emaxdp), where epqy is the failure strain as
obtained from DFTB results. Once kp, and « have been determined,
the parameter Dy can be calculated using the relation Dy = kp,/a?.
For bond types Il and III, the parameter d. linearly scales with the
linear elastic limit strain &,,. We conduct uniaxial tensile simula-
tions using the CG model with different values of d.; and pick a
value that conserves &, of DFTB results. The slope of the second
linear part is related to the nonlinearity in the stress vs. strain curve
before failure. The average slope of the post-elastic region observed
from DFTB calculations is conserved by choosing a corresponding
kpp value. Similar to the Morse bond potential, the d., parameter is
directly related to failure strain, and is calibrated to match the
failure strain from DFTB calculations. Our CG results also suggest
that the slope parameter kj does not affect the failure strain and
stress vs. strain curve, and thus we specify it as ks = —2kp,. During
simulations, we delete bonds once they are stretched to d¢y, which

V3CES is slightly larger than d,. Thus, all the parameters of the bond and
ky = 2GS —F) (5)  angle potentials can be determined.
The only term left for the force-field that requires calibration is
the non-bonded interaction, which is important for capturing the
ke — ﬁdchS 6 properties of multilayer GO assemblies. The parameter ¢;; repre-
0= 12(3E — 4S) 6) sents the depth of the potential well and directly relates to the
adhesion energy, and the parameter oy controls the interlayer
Table 2
Functional forms and calibrated parameters of the CG model force-field.
Interaction Functional form Parameters
Bond Type I: Vj;(d) = Do[1 — e~(d-do))? do = 2.86A
Do =443.07%& 0 =1.154 deye =3.7A
Type Il & III: Type II:

kpe(d — dg)*  d<dy

ki (d — dc)? + 2kpe (dey — do)(d — dey) + €y dey <d <dga

do = 2.94A do = 3.12A d, = 3.46A
_ A — kcal _ kcal
dowe = 3.5 ky =317.34 kel — 126.94 Jeal,

Vg () = { kpp(d — de2)* + [2kbp<dc2 —det) + 2kpe(der —do) |(d —de2) + G2 d>dea ko = 634.68 <l
molA
C1 = kpe(der — do)22 e
Gy = kpp(dez — de1)” + 2kpe(der — do)(de2 — deq) + G do = 2.80A dcy = 3.00A dey = 4.20
dout = 4.3A Ky = 256.10-kcal, k27134 ke,
ko = 512,20 ke,
Angle Va(0) = kg(0 — 0p)* Doet

Non-bonded

Vaol0) = ey [ (%) = (%)’

Type I: ky = 456.61 %
Type II: ky = 259.47 kdl
Type III: ky = 189.93 k!

gy = 7.48A
Type C:

ey = 0.0255 kedl
Type H:

ey =0.128kdl
Type E:

ey =0.0797kd
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spacing. In this study, we use constant interlayer spacing 7.5 A for
different cases given that the interlayer spacing increases imme-
diately with the presence of functional groups and it differs less
than 10% at high functional group density according to DFTB results.
The constant interlayer spacing also simplifies our model and re-

sults in an identical o;; value of 7.48 A for all bead types. An iden-

tical cutoff value of 20 A is chosen to balance between including as
much portion of the attractive well as needed and without expe-
riencing too much computational slowdown. Specifically, the

adhesion energy calculated using cutoff value of 20 A is in less than

5% difference with that calculated using cutoff value of 40 A . By
testing different values of ¢y for a system with only one type of
bead at low temperature (i.e., negligible entropic effects), we find
that ¢y linearly scales with the non-bonded interaction energy of
bilayer systems. We calibrate the parameter ¢y for three types of
beads according to the DFTB results of the three scenarios in Table 1

at fixed interlayer spacing 7.5 A. The pair coefficient for interactions
between different types of beads is obtained via a Lorentz-Berthelot
mixing rule: oag = (044 + 08B)/2, €ap = \/€AAEBB-

A summary of all the CG force-field functional forms and the
corresponding calibrated parameters is presented in Table 2.

2.4. Protocols for the CG-MD simulations

The molecular dynamics code LAMMPS [56] is used to conduct
all the CG-MD simulations. We choose the same time-step of 4 fs as
that used in the CG model of graphene [48]. To simulate the in-plane
mechanical response, we use a monolayer sheet of dimensions
~ 50 x 50 nm?. The system contains ~24000 beads in total and
periodic boundary conditions (PBCs) are applied in all the di-
rections, while a 10 nm empty space exists on either side of the
sheet in the out-of-plane direction. This appropriate model size is
determined by running multiple simulations with increasing size
until convergence is achieved in the stress-strain results. We find
that for smaller systems, the failure strain and maximum stress are
relatively higher, and this size effect might arise from the specific
classification of bonds and angles in the CG model. The systems are
first minimized and equilibrated in a NPT assemble at T = 300K and
zero pressure in the in-plane directions. After equilibration, the
strain-controlled uniaxial tensile test is performed by deforming the
simulation box at a constant strain rate of 1 x 10%s~! in the
armchair direction. During deformation, we constrained the out of
plane displacements of all the beads in order to maintain the uni-
axial tensile condition and minimize entropic elastic behavior [57],
given that there is negligible entropic elastic behavior in DFTB cal-
culations on uniaxial tension of small sheets. Because of the large
box size in the dimension normal to the sheet, the stress computed
using the virial theorem for the box does not correspond to the
actual stress in the sheet, and needs to be corrected by multiplying
with the ratio of the box dimension to the actual monolayer sheet

thickness. We use the same effective monolayer thickness 7.5A used
in DFTB calculations for this purpose. We calibrate the parameters at
300 K since DFTB calculations have been shown to match experi-
mental results at room temperature [42]. Moreover, our CG model is
anticipated to be applied more often to study room temperature
scenarios. However, we note that the Young’s modulus is not sen-
sitive to the temperature, and by decreasing the temperature to
10 K, the Young’s modulus only increases less than 2%. The strength
shows a decrease with increasing temperature, and the difference is
up to 20% between 10 K and 300 K for all the cases presented herein.
The failure strain of the CG model is mainly governed by the bond
elongation, and higher temperature increases the probability of the

bonds to reach cutoff bond length. As a result, higher temperature
leads to earlier failure of the sheet. The dependency of Young's
modulus and strength on temperature is similar to an earlier study
on pristine graphene using the adaptive intermolecular reactive
empirical bond order (AIREBO) potential [58,59].

The bilayer adhesion simulations involve two GO sheets parallel
to each other with dimensions ~ 20 x 20 nm2. PBCs are applied in
the in-plane dimensions, and again there is a 10 nm empty space on
either side of the sheets in the out-of-plane direction. We use a
relatively large system to get a better statistical sampling. We also
test different sizes of systems ranging from 8 x 8 nm? to
40 x 40 nm?, and the variation of the adhesion energy calculated is
within 5%. After initial minimization, the system is equilibrated in
the NVT ensemble at temperature T = 300K. After equilibration, the
energy due to the interlayer pair-wise non-bonded interactions is
measured with the intralayer non-bonded interactions being
turned off. The adhesion energy at 10 K is also calculated, and it is
found to be less than 5% larger than the adhesion energy at room
temperature, thus verifying that the entropic effect on the adhesion
energy is negligible.

To test the predictive capabilities of the developed CG model, we
perform nanoindentation simulations of monolayer GO sheets. We
use a similar size as our previous study on pristine graphene
(indenter radius, R = 4 nm, and membrane radius, a = 25 nm) for
the simulation [50]. Although the size selected is still 20 times
smaller than those used in recent experiments [22], previous
studies show that this size is enough to illustrate mesoscale
mechanisms by using size-scaling analysis [48]. The circular
indentation region is in the center of a square sheet with length
~60 nm. In order to resemble the experimental setting that a square
sheet is suspended over a circular hole, during the indentation
process, the beads outside of the circular region are fixed by a stiff

harmonic spring with spring constant 10000 kcal/mol ~A2 and the
beads within the circular region are set freestanding without any
constraints. Nonperiodic boundary conditions are employed due to
the finite nature of the system. The simulation is also conducted at
300 K. We simulate the indenter as a rigid sphere that interacts
with GO beads via a repulsive force F = K(r — R)?, where r is the
distance from the bead to the center of the indenter, and the force

constant K is set to be 1000 kcal/mol~A3. The indenter is moved
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Fig. 3. Uniaxial stress vs. strain results (armchair direction) from CG simulations and
DFTB calculations for GO sheets with hydroxyl-rich compositions at different degrees
of oxidation. (A colour version of this figure can be viewed online.)
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with a constant downwards velocity of 5 m/s from the initial po-
sition where it has no interaction with the GO beads. In our pre-
vious study, explicit sensitivity analysis confirmed that the
indentation rate has no observable effect on the mechanical
response of CG system [50].

Finally, we apply our CG model to study the fracture toughness
of different GO sheets with different compositions. The same
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Fig. 5. Uniaxial stress vs. strain results (armchair direction) from CG simulations and
DFTB calculations for GO sheets with epoxide-rich compositions at different degrees of
oxidation. (A colour version of this figure can be viewed online.)
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dimension size as the uniaxial tension case is used. Central cracks
with different lengths are generated by deleting the beads and
corresponding bond and angle interactions. The cracks are aligned
with the zigzag direction and tensile loading is applied in the
armchair direction. An equivalent deformation procedure to that
used in uniaxial tensile deformation is applied.

3. Results and discussion

Having derived all of the force field parameters for the CG models
based on the three extreme cases, we validate the CG model by
testing it for different degrees of oxidation and compositions. In
Fig. 3, we compare CG and DFTB uniaxial tensile results in the
armchair direction for GO sheets with different degrees of oxidation
on hydroxyl-rich compositions. We note that the CG model shows
anisotropy in the uniaxial tensile results of armchair and zigzag di-
rection since we adopt a hexagonal symmetric lattice, although DFTB
results do not show such an effect due to breakage of symmetry.
Specifically, the failure strain and failure stress in the zigzag direction
are generally ~15% larger than those in the armchair direction, and
our previous results of graphene show similar anisotropy in both
directions [48]. Nonetheless, the general decreasing trend of Young’s
modulus and strength with increasing degree of oxidation is well
captured for both directions in the CG model. In addition, the brittle
failure of the hydroxyl-oxidation case is captured by using the
piecewise potential form for the new bond type II.

By calculating the elastic moduli and strengths for different
degrees of oxidation, DFTB and CG results show that Young's
modulus decreases faster at lower degrees of oxidation than that at
higher degrees of oxidation, as shown in Fig. 4. In other words, a
small amount of functional group coverage results in an obvious
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Fig. 6. Comparison of the elastic moduli (a) and the tensile strengths (b) between CG model and DFTB calculations for GO sheets with epoxide-rich compositions at different

degrees of oxidation. (A colour version of this figure can be viewed online.)
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deterioration of both Young’s modulus and strength due to
disruption of the sp® network of graphene, while the impact of
further oxidation becomes diminished at higher percentages of
hydroxylation. The Young’s modulus for each case is within 10%
error compared with the DFTB results. It is a remarkable accom-
plishment of the model that the parameterization for the 72% case
alone is sufficient to capture the uniaxial tensile behaviors of other
degree of oxidation cases with reasonable accuracy. The strength
deviation for lower degrees of oxidation cases is relatively larger
than the Young's modulus case. Specifically, the deviations are
23.1%, 17.5%, 4.6% and 14.5% for the four oxidation cases listed in
Fig. 3. The relatively large deviation for low degree of oxidation is
due to the fact that failure strains are almost a constant for atom-
istic GO sheets in DFTB calculations, while in CG models, for low
degree of oxidation cases, type Il bonds, with smaller force con-
stants, are more significantly stretched than type I bonds, and this
localized behavior results in early failures of GO sheets with lower
degrees of oxidation in CG simulations. It is foreseeable that more
localized behavior would be present in larger systems.

Similarly, Fig. 5 shows the comparison between CG uniaxial
tensile results of epoxide-rich CG and DFTB calculations. Generally
speaking, GO sheets with a high epoxide composition exhibit a
relative larger failure strain and ductility, which is defined as the
difference between failure strain and elastic strain. The higher
ductility of epoxide-rich cases can be attributed to an epoxide-to-
ether transformation at the atomic level [22]. For the CG model
performance, the Young’s modulus and strength values and their
decreasing trend agree closely with DFTB results, as shown in Fig. 6.
In addition, since the parameter of bond type III has a larger d,, the
CG model is able to reproduce the large failure strain and ductility
for the epoxide-oxidation case, and it also reproduces the general
increase of failure strain with increasing epoxide coverage. It
should be noted that the CG model shows less variability for
different initial configurations than AA models. More specifically,
the Young's moduli have negligible differences with different
random distributions of the beads, and the standard deviation for
strength is only 1% of the averaged value. This is because the CG
model treats the complicated chemical atomistic structure with a
simpler lattice structure, resulting in a CG model that simplifies and
stabilizes mechanical behavior during deformation.

Having verified the CG model for both hydroxyl-rich and
epoxide-rich compositions, we then test the CG model for a wider
set of compositions that include combinations of epoxide and hy-
droxyl functionalization. First, we define the ratio of epoxide and
hydroxyl functional groups as:

5= Nepoxides (7)
Nepoxides +N hydroxyls

where Nepoxiges a0d Npygroxyis are the total number of epoxide and
hydroxyl groups in DFTB calculations, while they represent the total
number of type E and type H beads in CG simulations. DFTB results
indicate that for a given degree of oxidation (70% in this case),
brittle to ductile failure behavior can be observed by increasing the
epoxide group percentage, which also leads to an appreciable
enhancement in toughness, which is defined as the area below the
stress vs. strain curve [42]. As shown in Fig. 7, the CG model is able
to quantitatively reproduce the increasing toughness trend with
increasing epoxide-oxidized beads percentage for combined func-
tionalization cases. Fig. 7(c) shows the comparison of ductility,
which is defined as the difference between linear elastic limit strain
elq and failure strain emnqx, between DFTB results and our CG model,
and the agreement is remarkable. These results demonstrate the
predictive capabilities of our CG model given that the model is only
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Fig. 7. In-plane mechanical behavior of the DFTB results (a) and the CG results (b) for
different hydroxyl/epoxide ratio at 70% degree of oxidation. In (a), é is defined as the
ratio between the number of epoxide groups and the total number of epoxide and
hydroxyl groups, and in (b), ¢ is defined as the ratio between the number of type E
beads and the total number of type H and type E beads. (c). Ductility vs. hydroxyl/
epoxide ratio ¢ for both DFTB (circle) and CG (square) results. (A colour version of this
figure can be viewed online.)

calibrated based on the three extreme cases.

For the interlayer interaction performance, Fig. 8 shows the
interlayer adhesion energy difference for three functionalization
cases predicted from the CG model: hydroxyl-rich, epoxide-rich
and a combined composition with a 1:1 ratio between hydroxyl and
epoxide functional groups. By differentiating the interactions for
the three types of beads, our CG model can quantitatively match the
relationship between adhesion energy and degree of oxidation, and
also capture the interlayer adhesion difference resulted from
different functionalization. Specifically, the CG model captures the
increasing adhesion energy with increasing degree of oxidation, as
well as the higher adhesion energies of hydroxyl-rich cases. The
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resulting adhesion energies of combined compositions lie in be-
tween the two functionalization cases. We also run four atomistic
cases of combined compositions in DFTB: 10%/10% hydroxyl/
epoxide, 20%/20% hydroxyl/epoxide, 30%/30% hydroxyl/epoxide
and 40%/40% hydroxyl/epoxide. The DFIB results also show
increasing adhesion energy with increasing degree of oxidation.
We note that since we calibrate the L] parameters according to ~80%
degree of oxidation cases, we must convert the degree of oxidation
of all atomistic cases by multiplying 1.25 so that the degree of
oxidation is comparable between DFTB calculation and CG model
results, for example, a 40%/40% hydroxyl/epoxide atomistic case
corresponds to a 50%/50% hydroxyl/epoxide CG case. After the
conversion of degree of oxidation, the DFTB results all lie near the
CG predictions as shown in Fig. 8, and this consistency further
shows the predictive capability of the CG model on the interlayer
interactions.

The model has been shown to quantitatively capture both the
in-plane and interlayer mechanical responses of GO sheets with
different compositions and degrees of oxidation. We then apply the
CG model to simulate monolayer GO nanoindentation behavior, in
which the GO sheet undergoes large deformation until failure.
Nanoindentation is one of the most widely used experimental
techniques to investigate the mechanical properties of 2D materials
[50,51]. Although during the nanoindentation, there is out-of-plane
deformation involved, it has been verified that the in-plane biaxial
tension still governs the total deformation. Specifically, by testing
the CG model of pristine graphene with and without dihedral terms
[48], the difference in the force-deflection curve is negligible, and
even at maximum deflection, the dihedral energy contribution is
less than 1% of the bond energy. As a result, even without the
dihedral terms, the CG model is adequate to capture the realistic
nanoindentation mechanical response.

In our simulation, we use a 4 nm radius spherical punch to
indent on 25 nm radius circular regions of three types of GO sheets:
one without functional groups, same as a pristine graphene sheet,
one with 70% hydroxyl-oxidation and the last case is a 70% oxidized
epoxide-rich GO sheet. We note that it is unrealistic to simulate
such systems using DFTB technique due to prohibitive computa-
tional costs, while the same computation takes less than 2 h of
wall-clock time in 16 processors using our CG model. We use a
theoretical model to fit the load-displacement curve from the
simulations [51], in which the force vs. deflection behavior can be
approximated using the equation:

Et 3
F= aoﬂtéﬁ-mé (8)

where F is the applied force, gg is the pretension in the membrane,
¢ is the central deflection or indentation depth, a is the film radius,
g =1.02 is a dimensionless constant derived from the Poisson’s
ratio of the system, t = Azeq is the effective thickness of monolayer
GO sheets. We use the Young’s modulus E calculated from the
uniaxial tensile test for each type of GO sheet to fit the curves, and
also op = 0, given that the sheets are fully relaxed before indenta-
tion loading in the simulations.

Fig. 9 illustrates that the analytical fits deviate from simulation
data for large deformation in the graphene and epoxide oxidation
cases. The non-linear elastic behavior of graphene at large de-
formations corresponds to the deviation from the linear elastic
assumption of the theoretical model. For epoxide oxidized cases,
the deviations after reaching an indentation depth of 5 nm is due to
the non-linear ductility of epoxide oxidized GO. However, for hy-
droxyl oxidized case, since the sheet is linear elastic until brittle
failure as shown in the uniaxial tensile results, there should not be
any significant deviation from the analytical fit, which is
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corroborated by the data shown in Fig. 9. These findings are sig-
nificant because force vs. deflection responses for GO membranes
reported experimentally have been classified into two classes,
corresponding to ductile and brittle failure modes [22,60]. Our CG
results suggests that ductile failure occurs when the indenter
contact area is predominantly occupied by epoxide groups, while
brittle failure is observed when the indenter interacts with a
hydroxyl-rich area, or an area that has high defect density. Our
findings illustrate the importance of explicit representation of
these discrete heterogeneity regions in the CG model to explain the
experimental data.

We then derive the nominal strength from the peak load in the
force-displacement curve using equation omex = /FE/(47Rt)
(where F is the rupture force, R is the indenter radius, and t is the
film thickness). We note that this equation is for a linear elastic
circular membrane, and thus it would overestimate the strengths of
GO sheets due to material nonlinearity. Specifically, the derived
nominal strengths for the three cases in Fig. 9 are 55.3 GPa,
28.5 GPa, 35.3 GPa for graphene sheet, 70% hydroxyl—rich GO sheet
and 70% epoxide—rich GO sheet, respectively. The measured
strengths for the same materials in uniaxial tests are around
49 GPa, 26 GPa and 25 GPa, respectively, taken as the average
strength in both armchair and zigzag directions. The results indi-
cate that with the highest nonlinearity for 70% epoxide-rich GO
sheets, the nominal strength derived from indentation test has the
most overestimation when compared to its intrinsic strength. In
our previous study [50], we have shown that the effective strength
extracted from indentation measurement is affected by the inter-
layer shear strength for multilayer systems. This study ascertains
that for a monolayer system, the measurement of strength via
indentation could also be affected by in-plane nonlinearity and
heterogeneity, which should be considered in future strength
measurements of 2D materials where better statistical sampling
may be needed to obtain accurate material properties.

It has been proposed that classic Griffith theory of brittle frac-
ture may be applicable to graphene and GO [44,61]. Unlike ductile
and quasi-brittle materials, such as metals and polymeric materials,
which are difficult to simulate fracture in atomistic simulations due
to large size of plastic zone or process zone [62,63], classic brittle
fracture has been successfully studied with atomistic simulations
[61,64]. As further validation of our model, here we measure the
critical stress intensity factor K., which determines the linear-
elastic fracture toughness of the material, for the same three
types of GO sheets studied during nanoindentation using this
developed CG model.

According to the Griffith fracture criterion for a central crack of
length 2ag:

Tey/Tdg = \/27E (9)

where the left-hand side is the critical stress intensity factor
K¢ = g¢/mag, and the right-hand side term depends only on ma-
terial properties (E is the Young’s modulus and v is the surface
energy, i.e., edge energy for 2D material like graphene).

To measure K, the failure far-field stress is measured for spec-
imens with different central crack length. Fig. 10(a) shows the
initial configuration of the simulation system, and after reaching
critical stress g, the crack propagates catastrophically through the
whole sheet, as captured by Fig. 10(b). Brittle fracture is also
manifested by the linear response in the stress-strain curves, as
shown in Fig. 10(c).

Table 3 lists the results of critical fracture stress and K. for
different specimens. Our results show that K. is approximately
constant, and for large crack lengths, K. shows even less variance,
further corroborating that Eq. (9) is ideal for long and sharp cracks.
It should be noted that K. values in Table 3 are calculated by
assuming a monolayer thickness of 0.75 nm. By converting to a
monolayer thickness of 0.34 nm such as that of graphene,
K. = 3.77MPa+/m , which is consistent to other MD studies and
experimentally measured values of 4.0+0.6MPa/m [61,64]. Since
we also capture the Young’s modulus of graphene accurately, ac-
cording to Eq. (9), the edge energy is also conserved in our CG
model, and this validates our strain energy conservation approach.

The same procedure is adopted to measure the fracture tough-
ness of both hydroxyl-rich and epoxide-rich GO sheets with a 70%
degree of oxidation. Interestingly, although epoxide GO shows an
obvious non-linear response during uniaxial tension, it exhibits
nearly linear response before failure and smaller failure strain
when a defect is present. The brittle fracture of catastrophic crack
propagation (Fig. 11(b)) indicates the likely applicability of Griffith
theory. The measured K is 1.00+0.04MPa./m for the hydroxyl case,
and 1.16+0.03MPa+/m for the epoxide case. K. values of GO sheets

Table 3
Simulation data of crack size, critical fracture stress and critical stress intensity factor
K.

ap(nm) ac(GPa) Kc(MPa/m)
2 20.5 1.63
3 17.5 1.70
4 15.2 1.70
5 13.8 1.73
6 12.8 1.76
7 119 1.76
Average 1.71

Standard Deviation 0.05
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Fig. 11. Stress-strain relationships for different crack lengths of hydroxyl-rich GO (a) and epoxide-rich GO (b). (A colour version of this figure can be viewed online.)

are generally lower than that of pristine graphene, and this is
because the fracture toughness of brittle materials is mainly gov-
erned by bond stiffness and strength, or the Young’s modulus in a
general sense, as indicated by the right-hand side of Eq. (9).
Notably, the K. of epoxide-rich GO is 16% larger than that of hy-
droxyl oxidized GO. These results further corroborate the influence
of chemistry on the fracture toughness and in agreement with
previous reports that epoxide-rich GO has higher toughness than
hydroxyl-rich GO [42].

We note with interest that the fracture toughness of materials
can be influenced by crack blunting, crack orientation and poly-
crystalline microstructure, as investigated in recent studies for
graphene case [57,61]. In addition, for GO sheets, the fracture
properties will likely be further influenced by crack tip chemistry
and the distribution of different functionalized regions. These is-
sues should provide fruitful topics for future studies.

4. Conclusion

In this work, we present a CG-MD model of GO which is capable
of reproducing the deteriorating mechanical properties of GO with
increasing degree of oxidation (functional group density) while
improving the interfacial adhesion energy. The model captures
different properties that result from different functionalization
types (compositions) with at least ~8000-fold increase in compu-
tational speed compared to DFTB calculations of equivalent size.
We use a strain energy conservation approach to calibrate the po-
tential parameters according to DFTB calculations. Despite the
simplicity of the force-field and the fact that the model is only
calibrated according to three extreme cases: pure graphene case,
maximally oxidized hydroxyl-rich case and maximally oxidized
epoxide-rich case, we show that our model can qualitatively cap-
ture the Young’s modulus, uniaxial tensile strength and interlayer
adhesion energy of any degree of oxidation and various ratios of
epoxide to hydroxyl functionalization cases. After validating the
model, we simulate the mechanical response of monolayer GO
under nanoindentation, and we show that either ductile or brittle
failure occurs depending on different contact area chemistries,
consistent with previous experimental observations. We also apply
the CG model to measure the fracture toughness of different GO
sheets, and the results suggest the applicability of classic Griffith
theory of brittle fracture. We measured the highest fracture
toughness for graphene, and the fracture toughness value is
consistent with previous experimental and computational studies.
We also observe that epoxide-rich GO is tougher than hydroxyl-rich
GO due to extensible epoxide bonds. These analyses illustrate the

capability of the CG model to capture mesoscale large-deformation
and failure mechanisms reasonably well. Thus, our CG model offers
a great platform to study the influence of crack shape, crack
orientation and polycrystalline microstructure on fracture
properties.

Additionally, our model is compatible with existing models of
peptides and polymers in terms of the degree of coarse-graining
[46,47], which makes it suitable for studying the interfacial and
mechanical properties of GO-based nanocomposites. The model
can be readily used to implement additional features such as de-
fects and islands of functional groups as seen experimentally for
GO, instead of randomly distributed functional groups. Our work
sets the stage for future studies on the role of heterogeneity on the
mechanical properties of multilayer GO sheets and has the poten-
tial to lend key insights into failure mechanisms pertaining to GO-
based nanocomposites.
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