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LieaIIEEE 29 |fely 2028 Graphene is considered as the most promising nanomaterial of the recent dec-
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24 August 2023 its outstanding properties and in searching of novel applications. Following this
tendency, this study covers the modelling of graphene nanoribbons (GNRs)

© The Author(s) 2023 with the aim of analyzing the effect of porosity and oxidation on the tensile

mechanical properties and in-plane thermal conductivity through molecular
dynamics (MD). Using quasi-static simulations the mechanical properties were
evaluated in first place. A ‘hardening’ mechanism was observed for GNRs at
porosities below 1%, i.e. perfect or near-perfect GNRs, by which the GNRs could
withstand higher loading levels. This hardening effect was manifested in the
carbon network by the generation of dislocation lines formed by pentagon-
heptagon pairs (5-7 defects), which acted as a stress reliever. The failure of
GNRs was produced as a tearing mechanism with cracks growing along the
armchair or zigzag directions. The porosity affected all the analysed tensile
mechanical properties (i.e., Young’s modulus, Poisson’s ratio, tensile strength
and deformation at break), but with different tendency in the fracture properties
due to the presence or absence of hardening behaviour in the GNRs. Never-
theless, the oxidation affected only the tensile modulus and Poisson’s ratio but
not to the tensile strength and deformation at break. The thermal conductivity of
the GNRs was affected either by the porosity and oxidation. Pores and oxidation
groups acted as phonon scatterers since they disrupted the carbon network by
the generation of vacancies or out-of-plane carbons, respectively, which
decreased the phonon mean free path and thus the thermal conductivity. In
conclusion, the porosity and oxidation of GNRs greatly determine the tensile
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mechanical properties and in-plane thermal conductivity of such materials and
must be considered when tuning the synthetic pathways.

GRAPHICAL ABSTRACT
The effect of porosity and oxidation on the tensile mechanical and thermal
conductivity properties of graphene nanoribbons are evaluated through
molecular dynamics simulations.
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Introduction Novoselov [7], and covers biomedical engineering

Graphene is an one-atom thick layer of covalently
bonded sp*-hybridized carbon atoms that form ideal
hexagonal crystal lattices as honeycomb network [1].
This molecular structure originates a long-range -
bonding and is responsible of the outstanding
mechanical [2, 3], electric [4, 5] and thermal proper-
ties [6] of graphene. The applications and properties
of graphene has been intensively studied in the last
two decades, after the work published by Geim and
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[8], electronics [9, 10], aerospace [11], among others.
Nevertheless the oxidized forms of graphene, gra-
phene oxide (GO) and reduced graphene oxide
(rGO), are usually preferred over the neat structure
since they are more active towards chemical modifi-
cation and have higher interlayer gap than pristine
graphene [12] due to the presence of polar groups
(i.e., oxygen-containing groups). Improved elec-
trochromic kinetics [13], lower resistance to heat
transference through interface [14] and higher
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hydrophilicity [15] are reported for the oxidized
varieties of graphene compared to the pristine form.

The synthesis of graphene oxide is usually carried
out by treating graphene or graphite with strong
acids and oxidizers, such as permanganate and sul-
furic acid (Hummers method) [16, 17], which delivers
hydroxyl (C-OH) and oxirane (C—-O-C) groups in the
surface of the graphene sheet, together with carboxyl
(C-COOH) and carbonyl (C-C = O) groups in the
edge positions, as indicated the '>*C NMR technique
[18, 19]. The amount and dispersion of these oxygen-
containing groups determines the extension of the
unoxidized benzene ring and oxidized aliphatic six-
membered ring regions [20], which is identified as
L-K structure [12]. Another important structural
characteristic of the oxidized forms of graphene is the
presence of structural defects in form of pores or
holes due to overoxidation and lamellar peeling
[21, 22], which also affects the structure of the sheet.
Li et al. [23] demonstrated through MD simulations
that the presence of hole defects decreased the
interfacial strength between polymer and graphene
in nanocomposite systems. Thus, the properties and
structure of the oxidized graphene derivatives
depend on the amount and distribution of the polar
groups and the hole defects. While pristine graphene
is an hydrophobic material [24-26], the GO and rGO
varieties are hydrophilic [27].

The modulation of properties through the amount
of such oxygen-containing groups and pores in their
structure is a way of tuning the graphene derivatives
into the required application. Several methods have
been described to synthesize graphene with con-
trolled porosity such as the template approach
[28, 29] and the chemical/thermal activation [30, 31].
Lin and Grossman [21] found that there existed a
relationship between the size of nanopores and syn-
thesis parameters, such as oxygen and epoxy con-
centration in the GO, as a potential application for the
preparation of selective reverse osmosis membranes.
The production of reduced graphene oxide (rGO)
through the oxidative exfoliation-reduction of gra-
phite yields a product with a certain degree of defects
[1, 32], in contrast with the chemical vapor deposition
(CVD) method where the graphene is produced with
low defects [33]. Achawi et al. [34] found that the
structure of the graphene derivatives directly affected
their surface reactivity and cytotoxicity, which
revealed the importance of controlling the structure
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of the graphene materials depending on the desired
final properties.

The experimental characterization of nanoparticles
commonly is limited to the determination of struc-
tural parameters which includes composition, mor-
phology, specific surface and size, among others [35].
Nevertheless, the determination of some properties
such as the mechanical (e.g., Young’s modulus and
strength) or the thermal ones of individual nanopar-
ticles is difficult to carry out experimentally and often
requires techniques complex techniques such as
atomic force microscopy (AFM) [2, 36-38] or Raman
spectroscopy [39, 40], but they generally lack of suf-
ficient certainty and the results are very dependent
on the experiment configuration and technician skills.
Molecular simulations offer the best alternative to
study the properties of nanoparticles [41] and they
can also provide a powerful insight into the mecha-
nism that underly complex phenomena such as
nucleation of metallic nanoparticles [42, 43] and bio-
logic interactions [44-46]. In the case of graphene
nanoparticles molecular dynamics (MD) simulations
have been used to study a wide variety of properties
such as the mechanical properties [47, 48], thermal
stability [49] and conductivity [50-52], interface
properties [53, 54], synthesis mechanisms [55] and
reinforcing characteristics [56, 57], among others.

In our previous study [14] MD simulations were
conducted to compute the thermal conductivity
across the interface, i.e. Kapitza resistance, between
graphene and different polymeric matrices. Contin-
uing in this line of work in the present study a series
of molecular-based models of pristine graphene
(G) and graphene oxide (GO) nanoribbons (GNR)
with different percentage of pores (i.e. vacancy or
hole defects) were developed focusing the charac-
terization on the properties of isolated graphene.
With this aim the effect of porosity and oxidation on
the tensile mechanical properties and in-plane ther-
mal conductivity were assessed by means of molec-
ular dynamics (MD) simulations. Specifically the
Young’s modulus, Poisson’s ratio, tensile strength
and deformation at break were evaluated from quasi-
static MD simulations, using the energy minimization
approach, from which the failure mechanism was
also assessed. Moreover, the thermal conductivity
was calculated using the Miiller-Plathe method [58], a
non-equilibrium approach. Given that the thermal
conductivity is fully dependant on the phonon
transmission mechanism, the density of states (DOS)
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functions together with the mean free path (MFP)
were also determined from MD simulations to help
understanding the results found of thermal conduc-
tivity. The effect of porosity and oxidation on the
graphene properties were assessed from a statistical
point of view in terms of the F parameter (i.e., Fisher
factor). This parameter is based on the analysis of the
associated errors (i.e., variance) found in the results,
in the context of an ANOVA analysis, and is a simple
way to check for possible significative effect of factors
in a series of results by comparing the variance of
each series [59, 60].

Materials and methods
Modelling of graphene nanoribbons

A series of pristine graphene (G) and graphene oxide
(GO) nanoribbon models having different percentage
of pores were prepared. The carbon structure of the
graphene sheets was generated using the VMD soft-
ware [61], using dimensions of 250 A length and 75 A
width, a C-C distance of 1.4579 A which constituted
7200 carbon atoms and armchair structure in the
edges. Then the oxide functionalities, i.e. hydroxyl
and oxirane groups, were randomly bonded to the
carbon atoms on both sides of the sheet. A total of 500
hydroxyl groups and 50 oxirane groups were added,
which supposed a degree of oxidation (i.e. percentage
of oxidized carbon atoms) of 8.3% within the range of
experimental values [62]. The pores were generated
by taking out a certain number of carbon atoms in the
structures in random positions along the length of the
nanoribbons. The morphology of the pore was
irregular and its sizes varied between 10 and 25 A of
internal length. The carbon atoms at the edges (either
at the sides of the nanoribbons or in the pore) were
not passivated with hydrogen atoms, which accord-
ing to Hu and Maroudas [63] doesn’t have a signifi-
cant effect on the thermal conductivity of graphene
nanoribbons. The pore percentage was considered in
a carbon atom basis, i.e. considering the number of
carbon atoms removed in the defective structure
respect to the total atoms in the original structure.
Models having 0.5, 1, 2, 3, 4 and 6% of pores were
prepared both for the pristine (G) and the oxide sheet
(G). The carbon structure of the graphene sheets is
shown in Fig. 1.
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The Tersoff potential [64] was employed to model
covalent bonds between carbon atoms in the gra-
phene sheet. As a bond order potential, the Tersoff
potential allows for C—C bond formation or dissoci-
ation during the course of a simulation, which allows
for example to study fracture properties. On the other
hand the covalent bonds of the graphene with the
oxide functionalities (i.e. hydroxyl and oxirane
groups) were modelled through a Class II force field,
whose parameters were based on the COMPASS
version developed by H. Sun [65]. This type of force
fields includes bond, angles and dihedrals interac-
tions, but also cross-terms which increase the accu-
racy of the force field on the description of the
properties of the system [66]. The non-bonded inter-
actions were modelled by the Lennard-Jones 9-6 and
Coulomb potentials for distances below the cutoff of
10.5 A, while the Particle Mesh Ewald (PME) method
was used to account for long electrostatic interac-
tions. The partial atomic charges were derived
according to bond increments as stated in COMPASS
force field (see Fig. 2).

The LAMMPS simulation code [67] was used to
perform the MD simulations. Periodic boundary
conditions (PBC) were only applied in the x direction
of the graphene sheets (i.e. in the 250 A dimension of
the sheet), while the y and z directions were kept
non-periodic during the simulations. The graphene
models (either G or GO) were equilibrated under the
NP,T ensemble at 1 atm of pressure and 300 K of
temperature during at least 0.5 ns until getting zero-
stress structures and reaching the plateau in potential
energy.

Characterization of mechanical properties

The tensile mechanical properties of the graphene
models were calculated from equilibrium MD simu-
lations, using a quasi-static approach. The equili-
brated graphene models, with zero stress, were
initially minimized using the FIRE method [68] dur-
ing 10,000 iterations. The minimized structures were
then subjected to subsequent increments of defor-
mation in the x direction of the cell box, controlled by
the corresponding strain vector, while keeping the
other cell parameters fixed. PBC were only applied to
the x direction (direction of loading). After each
deformation the structure were re-minimized under
the FIRE method without any changes in the cell
parameters. The strain was applied in two types of
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Figure 1 Structure of carbon
atoms in GNRs (either pristine
or oxide), showing the
morphology of pores.

13299

Figure 2 Schematic showing the structure of oxide groups and
partial charges of atoms.

increments: the first 20 increments were of amplitude
of 0.002, and the next increments were of 0.008. The
response of the system to these increments was
monitored as the virial stress calculated with the next
expression:

1 Kok k) L K1Y ( Ik
“if:—vz(m uiuj>+§Z(ri)(fj) (1)
k Ik
where V is the total volume of the graphene sheet, 1"
and #* denote the mass and velocity of the kth par-

ticle, respectively, #*' stands for the distance between
kth and Ith particles, and f* is the force exerted on Ith

particle by kth particle. The Young modulus was
calculated from the initial slope (i.e. the first deriva-
tive of the virial stress respect to the strain) of the
stress—strain curve while the tensile strength was
calculated as the highest stress registered in the
simulation. The thickness of the graphene sheets was
considered as 3.35 A to calculate their corresponding
volume, V. The in-plane Poisson’s ratio, Vay, Was
calculated by monitoring the transversal length of the
graphene sheet according to next equation:
&y

Uy = — o (2)
where &, and ¢, refers to the strain of the graphene in
x (longitudinal) and y (transverse) direction, respec-
tively. Given that the Poisson’s ratio is strain
dependant, an average value was compute from the
plateau region between the strain range of [0, &cl,
being &c- the critical longitudinal strain where the
Poisson’s ratio changes from negative to positive [69].
In such cases where no ¢ was observed, due to
premature fracture of the graphene, the Poisson’s
ratio was calculated up to fracture.

Characterization of thermal conductivity

The thermal conductivity k of the graphene models
was calculated using the Miiller-Plathe method [58],
which is based on reverse non-equilibrium MD sim-
ulations (RNEMD). In this method the simulation box
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is divided into slabs along the direction in which the
thermal conductivity is being calculated, and a heat
flux is imposed between the cold and hot slabs by
exchanging the velocity vectors of the hottest atom of
the cool slab with the coldest atom of the same mass
in the hot slab. This process induces a gradient of
temperature between the two slabs, from which
thermal conductivity can be calculated as stated in
the next formula:

| (3)

dx

K

where ] is the heat flux and dT/dx is the gradient of
temperature in the system along x direction. The heat
flux was calculated according to next formula:

1 m
J= %A Z 5 (Vhot — Voota) 4)

transfers

where t is the simulation time, A is the cross-sectional
area of the graphene model, m is equal to the mass of
the atoms transferred, and v,,; and v.; are the
velocities of the atoms exchanged. The graphene
sheets were divided into a total of 20 slabs of about
12.6 A, the cold slabs were placed in the ends while
the hot region was placed in the middle of the gra-
phene sheet. Initially the systems were equilibrated
in the canonical ensemble (NVT) during 100 ps, and
then the Miiller-Plathe algorithm was applied during
1 ns in the microcanonical ensemble (NVE) after
getting a steady temperature gradient.

Characterization of in-plane phonon density
of states (DOS)

The thermal conductivity of a system is highly related
with the modes and frequencies of vibration of its
constitutive atoms, i.e. the phonons. The phonon
density of states (DOS), which describes the propor-
tion of states that are occupied by the system at each
energy in the range of modes of vibrations, was cal-
culated for each graphene nanoribbon. The DOS was
computed by applying the Fourier transformation to
the velocity autocorrelation functions (VACF) as sta-
ted next:

DOS(w) = /;<v(t)v(0)>exp(—ia)t)dt (5)

where v(0) and v(t) are the velocities of each atom at
initial time and at time t, respectively. The VACF
functions were acquired along 1 ps trajectories with
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five repetitions for statistical average. Only the x and
y components of the velocity of atoms were consid-
ered for the calculation to get in-plane DOS, since the
z component doesn’t contribute to thermal conduc-
tivity of graphene nanoribbons due to their planar or
sheet geometry.

Statistical analysis

With the aim of analysing the results from a statistical
point of view, the statistical F-value was calculated
according to next formula:

2

F= Sszeries (6)
S
error

where s, is the standard deviation associated to a
series of results in which an associated factor could
be acting (i.e. the effect of oxidation or the effect of
pores) and s, is the standard deviation associated
to the MD method itself due to random errors. The F-
value compares if two standard deviations (.e.,
variances) are statistically equal or not, and thus the
existence of a factor which produces variations in the
results in addition to random errors. If the null
hypothesis H, was true, then the standard deviation
in the results would only be associated to random
errors (Sspries = Serror). On the other hand, if the alter-
native hypothesis H; was true then there would be an
additional factor which produced the differences
found in the results in addition to random errors
(Sseries = Sfactor + Serror)- The F-value was compared to a
critical F-value, considering a statistical significance
of 95%, in order to accept or reject the null hypothesis
Ho.

Results and discussion

Mechanism of failure under tensile stress
of graphene nanoribbons

The stress—strain curves obtained during the tensile
simulations of the graphene models are plotted in
Fig. 3 and Fig. 4 for pristine graphene (G) and gra-
phene oxide (GO), respectively, with a comparison
between the different pore percentages. It was
observed that the stress—strain curves of some of the
models, depending on the percentage of pores,
exhibited a complex behaviour with two steps of
deformation in which after the initial linear elastic
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Figure 3 Stress—strain curves for pristine graphene (G) models
for different pore percentages.
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Figure 4 Stress—strain curves for graphene oxide (GO) models
for different pore percentages.

response and plastic yield there was a sharp increase
of stress at deformations around 0.28. This ‘harden-
ing’ behaviour [70] associated to high strain was
produced in the pristine graphene (G) models of 0
and 0.5% pores (Fig. 3), whereas in the graphene
oxide (GO) it was also observed for the 1% pore
model (Fig. 4). When analysing the snapshots from
MD simulations in these models it was observed that,
around 0.28 of deformation, it was produced the
reorganization of some atoms in form of dislocations.
In Fig.5 a series of snapshots from the tensile
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simulation of the GO model with 0.5% pores have
been selected to show a graphic schematic. The dis-
locations appeared in the structure as pentagon-
heptagon pairs due to the breakage of one C—C bond
and later displacement of the atoms. This pentagon-
heptagon pairs have also been identified in the liter-
ature as ‘5-7’ defects [71] or Stone-Wales defects [23].
It was observed that these dislocations started
preferably at the borders of the pores, which acted
someway as nucleation points of this type of defects.
While increasing the deformation of the sheet, new
pentagon-heptagon pairs were created next to the
previous ones and the dislocation grew in a straight
line which followed the armchair or zigzag directions
of the crystal lattice of the graphene sheet. In Fig. 6 a
snapshot showing the formation of a dislocation line
with detail is plotted, while in Fig. 7 the stress map of
snapshots before dislocation of atoms, during the
generation of a dislocation line and after cracking are
represented. As it can be observed from the stress
maps, the dislocation of atoms decreased the stress of
the atoms just besides the dislocation line, i.e. the
dislocation acted as a stress reliever, and helped the
GNR sheet to accommodate higher degrees of
deformation before failure. Other authors such as
Mao et al. [72] and Liang and Huan [73] also reported
this ‘hardening’ behaviour, while the presence of
such dislocations has also been demonstrated exper-
imentally using sophisticated TEM microscopy
[74, 75].

When the pore percentage was higher than the one
indicated previously for each type of graphene (.e.,
higher than 0.5% for pristine GNRs and higher than
1.0% for GO), it was observed that the graphene sheet
broke at lower deformations without the previous
formation of such dislocation defects. Thus, no
‘hardening’ behavior was observed in the stress—
strain curves for these GNRs. At a certain stress, the
structure finally collapsed and tore with even the
production of monoatomic carbon chains at certain
points of the crack [76]. It was also observed that the
crack growth was predominantly produced along
straight lines aligned with the armchair or zigzag
directions of the hexagonal crystal lattice of graphene
(Fig. 8), which was in agreement with other studies
[77, 78]. These cracks were produced in form of tears
(i.e. tearing mechanism) which occurred in the
direction perpendicular to the direction of loading. In
some cases, the direction of the tear occurred with
some tilt respect to the direction of loading, and it

@ Springer



J Mater Sci (2023) 58:13295-13316

13302

< Bond starting to break

Broken bond

riginal bond

O

Figure 5 Snapshots showing the formation of dislocations during stretching simulation (GO model with 0.5% of pores).
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was observed that even it occasionally changed the
direction from armchair to zigzag (or vice versa). This
mechanism of deformation and failure of graphene
sheets, through the formation of dislocations and
ripping, has also been observed for carbon nanotubes
[71].

Tensile mechanical properties of GNRs

A summary of the main tensile mechanical properties
of the pristine graphene (G) and graphene oxide (GO)
models in terms of Young's modulus, tensile
strength, deformation at break and Poisson’s ratio is
shown in Table 1 and Table 2. Graphic representa-
tions of these properties versus the porosity are
plotted in Fig. 9 and Fig. 10. The Young modulus of
pristine graphene (G) without pores (0% model) was
calculated as 1.17 TPa, which was near the value of 1
TPa reported experimentally [2] and by ab initio
simulations [79]. Nevertheless, the intrinsic strength
(i.e. tensile strength) was overestimated for this
model (238 GPa) in comparison with that reported in
the literature of 130 GPa [2] or even lower [80], which
would be closer to the values of tensile strength
obtained for the models with pores. In the same way,
the values of deformation at break were higher than
those reported in the literature [79], which indicated
that the MD method tended to overestimate the value
of properties at high levels of deformation. Liang
et al. [81], which conducted a similar study on pris-
tine graphene sheets using the AIREBO potential,
obtain equivalent results either in terms of the stress—
strain curve and tensile strength. In the case of the
graphene oxide (GO), the reported values for
Young’s modulus are dependant on the degree and
type of oxidation (i.e., oxirane and/or hydroxyl).
Kang et al. [82] obtained from experimental

J Mater Sci (2023) 58:13295-13316

measurements a Young’s modulus of about 700 GPa
for a graphene sheet with 25% oxidation, while Suk
et al. reported a modulus of 207 GPa for a graphene
sheet of 40% oxidation. On the other hand, Khoei
et al. [83], who also studied the mechanical properties
of graphene oxide through MD simulations, found a
Young’s modulus of around 950 GPa for a graphene
sheet with 10% degree of oxidation. In the present
study a value of 903 GPa was obtained for the 0%
porosity model and 8.3% degree of oxidation, which
was consistent with the results found in the literature.

According to previous studies, the Poisson’s ratio
depends on the size and chirality of the sheet [84], but
also on the applied strain [69]. The values of Pois-
son’s ratio reported in Table 1 and Table 2 were cal-
culated in the range of deformation [0, &c] as
explained before, and were negative in all the cases,
either G or GO, indicating thus an auxetic behaviour
for these nanoribbons [85, 86]. According to the study
by Jiang and Park [69], the negative Poisson’s ratio
phenomenon can be observed in graphene sheets
with widths up to about 10 nm, which agrees with
the results found in the present study. The ‘harden-
ing’ mechanism explained previously also affected
the transversal deformation of the graphene nanor-
ribons and thus to the value of the associated Pois-
son’s ratio. It was observed that at deformation levels
below 0.28 the Poisson’s ratio had negative and
approximately constant values but, at higher defor-
mations (i.e., in those cases where no failure was
produced before) the Poisson’s ratio tended to
increase linearly and even turned to positive values
(see Fig. 10). Besides, a graphic comparative of the
snapshots between the longitudinal section of the
graphene nanoribbon at different deformation states
have been plotted in Fig. 11 to illustrate this
behaviour.

Table 1 Tensile mechanical properties for pristine graphene (G) nanoribbons (variation percentages are in brackets)

Porosity (%) Young’s modulus (GPa)

Tensile strength (GPa)

Deformation at break (%) Poisson’s ratio

1170 + 14 2382 £33

0.442 £ 0.006 —0.151 £ 0.001

5 1121 £ 15 (—4%)
1107 4 13 (=5%)
1081 %+ 13 (—8%)
1050 %+ 12 (—10%)
1035 & 13 (—12%)
980 4 13 (—16%)

154.0 £ 0.2 (—35%)
115.9 £ 2.8 (—51%)
105.9 + 2.4 (—56%)
104.1 £ 1.9 (—56%)
100.5 + 1.5 (—58%)
93.9 £ 1.4 (—61%)

0.310 & 0.000 (—30%)
0.234 = 0.006 (—47%)
0.198 £ 0.000 (—55%)
0.198 & 0.000 (—55%)
0.190 & 0.000 (—57%)
0.174 £ 0.000 (—61%)

—0.148 = 0.000 (+ 2%)
—0.144 £ 0.001 (+ 5%)

—0.126 =+ 0.000 (+ 16%)
—0.109 = 0.000 (+ 28%)
—0.096 % 0.000 (+ 36%)
—0.064 % 0.001 (+ 57%)
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Table 2 Tensile mechanical properties for graphene oxide (GO) nanoribbons (variation percentages are in brackets)

Porosity (%) Young’s modulus (GPa)

Tensile strength (GPa)

Deformation at break (%) Poisson’s ratio

0 903 £ 20 216.6 + 4.6 0.398 £ 0.000 —0.147 £ 0.001
0.5 893 £ 7 (—=1%) 156.6 & 0.4 (—28%) 0.318 =+ 0.000 (—20%) —0.146 % 0.002 (+ 1%)
1 856 & 2 (—5%) 151.2 £ 0.1 (=30%) 0.310 = 0.000 (—22%) —0.135 & 0.001 (+ 8%)
2 840 + 32 (—7%) 104.7 & 0.2 (—52%) 0.210 =+ 0.006 (—47%) —0.123 + 0.002 (+ 16%)
3 825 & 20 (—9%) 102.0 £ 1.6 (—53%) 0.202 £ 0.006 (—49%) —0.103 £ 0.007 (+ 30%)
4 786 & 19 (—13%) 101.4 £ 1.3 (—=53%) 0.206 % 0.000 (—48%) —0.081 & 0.002 (+ 45%)
6 751 £ 29 (—17%) 90.8 £ 1.1 (—58%) 0.182 £ 0.011 (—54%) —0.044 £ 0.001 (+ 70%)
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Figure 9 Plots of tensile mechanical properties versus porosity.

The values of the parameter F were calculated from
the standard deviation associated to the results to
analyse, from a statistical point of view, the effect of

affected due to the presence of pores in the graphene
sheet. The tendencies versus porosity found on these
properties (see Fig. 9) were similar in both types of
graphene nanoribbons (G and GO), although differ-
ent for each analysed property. In the case of the
Young’s modulus it decreased approximately in a
linear fashion when the porosity increased, up to a
decrease of around 16-17% when the porosity was
6%. The tendency found in Poisson’s ratio also
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Figure 11 Snapshots showing
a comparative of the
longitudinal section of the 0%
pores GO nanoribbon during
the tensile deformation at

&

different deformation states.
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Table 3 F-values® for the tensile mechanical properties

J Mater Sci (2023) 58:13295-13316

Factor Young’s modulus (GPa) Tensile strength (GPa) Deformation at break (%) Poisson’s ratio Critical F-value
Porosity 47.7 103.2 80.6 283.0 2.6
Oxidation 1431.0 0.19 24 28.5 43

In bold: H, is refused (significative effect of factor)/In italics: Hy is accepted (no effect of factor)

followed a linear trend, although for this property the
porosity produced an increase in its value, reaching
up to 70% for a 6% porosity respect to the non
porosity nanoribbon. For the tensile strength and
deformation at break, both properties related with
fracture parameters, the tendency followed a expo-
nential decrease. At porosities below 2% there was
produced a dramatic decrease either in the tensile
strength and deformation at break (with maximum
decreases of about 54-51%), but at higher porosities it
was observed an asymptotic behaviour where the
porosity had a lower impact on the values of such
properties. This different tendency versus porosity
found in one hand in the Young's modulus and
Poisson’s ratio, and on the other hand on the tensile
strength and deformation at break could be explained
by the hardening mechanism described before. The
hardening behaviour, by which the graphene
nanoribbons could afford higher stress and

@ Springer

deformations (see Fig. 3 and Fig. 4), was only pro-
duced in perfect (i.e., 0% porosity) or practically
perfect (i.e., below 1% porosity) graphene nanorib-
bons, but at porosities higher than 1% this mecha-
nism was not produced. The absence of this
hardening mechanism in the graphene nanoribbons
produced the sharp decrease observed in the prop-
erties related with fracture, i.e. tensile strength and
deformation at break. The Young’s modulus and
Poisson’s ratio were not affected by this mechanism
since these properties are calculated in the elastic
region.

Regarding the second analysed factor, i.e. the oxi-
dation of the graphene nanoribbons, the F values
indicated that only the Young's modulus and Pois-
son’s ratio were significatively affected, whereas the
tensile strength and deformation at break were not
modified due to this factor. As can be seen in Fig. 9,
the oxidation decreased the values of Young's



J Mater Sci (2023) 58:13295-13316

modulus by around 240 GPa (around 20-24%) respect
to the G nanoribbons, which was in agreement with a
8.3% degree of oxidation or functionalization [87]. This
decrease in the rigidity of the graphene sheet due to the
oxidation can be explained considering the disruption
of the sp® network due to the presence of hydroxyls and
oxirane groups [88]. As was described by Zheng et al.
[871], the sp® hybridization of carbon atoms breaks the
local m bond of the graphene sheet and also makes the
sp® with an off-plane structure easier to be bent by
tension, which weaken the graphene structure. The fact
that the oxidation has no significant effect either in the
tensile strength and deformation at break, i.e. tensile
fracture properties, indicated that at high deformations
the effect of oxidation was negligible. Zandiatashbar
et al. [89], who also studied the effect of defects on the
mechanical properties of graphene, found that the
porosity govern the mechanical properties over the sp’
defects (i.e. oxidation) in the vacancy-defect regime. In
the present study it was observed that this statement
applied essentially to the fracture properties, but in the
case of tensile mechanical properties in the elastic
region (i.e. at low strains) the effect of oxidation was
comparable to the effect of porosity and both factors
contributed significatively to the Young’s modulus and
Poisson’s ratio.

Thermal conductivity of graphene
nanoribbons

A summary of the results of thermal conductivity ()
measured in the pristine (G) and graphene oxide
(GO) nanoribbons can be found in Tables 4 and 5,
respectively. The thermal conductivity of non-porous
pristine graphene (G) nanoribbon (0% model) was
calculated as 160.5 W/m-K, according to the RNEMD
simulations performed in this study. This value was
in agreement with the values reported for armchair
edge graphene nanoribbons in other MD studies
[90, 91] as well with the experimental range found for
suspended graphene of 100-300 W/m-K [92]. The
thermal conductivity of graphene nanoribbons is
usually reported an order of magnitude lower than
that of graphene [93], which is a consequence of the
edge and defect scattering due to its narrow width
(7.5 nm width in the present study) [94]. Besides, Li
and Zhang [95] demonstrated that the Tersoff
potential, i.e., the potential used in the present study,
produced similar heat flux distribution along gra-
phene nanoribbons than the AIREBO potential.
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Table 4 Thermal conductivity (300 K) for pristine graphene
(G) nanoribbons (variation percentages are in brackets)

Porosity (%) Thermal conductivity x (W/m K)

160.5 + 11.8

5 142.6 + 2.2 (—=11%)
125.4 £ 1.4 (—22%)
1111 £ 1.6 (—=31%)
103.6 £ 2.2 (—35%)
95.0 & 2.3 (—41%)
77.0 £ 0.9 (—52%)

Table 5 Thermal conductivity (300 K) for graphene oxide (GO)
nanoribbons (variation percentages are in brackets)

Porosity (%) Thermal conductivity x (W/m-K)

43.6 + 2.8

5 402 £ 0.8 (—8%)
38.8 £ 0.5 (—11%)
36.6 + 0.8 (—16%)
34.1 £ 0.9 (—22%)
32.3 & 1.5 (—26%)
28.9 £ 0.2 (—34%)

Table 6 F-values® for the thermal conductivity results

Factor Thermal conductivity ¥ (W/m-K)  Critical F-value
Porosity 6.4 2.6
Oxidation 254.1 43

“In bold: Hy is refused (significative effect of factor)/In italics: Hy
is accepted (no effect of factor)

The statistical analysis results made in terms of
parameter F are summarized in Table 6. It was found
that either the porosity or oxidation had a significa-
tive effect on the calculated thermal conductivity,
since the determined parameter F was higher than
the critical value in each case. The curves of thermal
conductivity versus porosity plotted in Fig. 12
showed a linear trend in both types of nanoribbons,
although two regions with different slope were
observed in both types of graphene nanoribbons.
Below 1% porosity, the thermal conductivity exhib-
ited a higher slope versus porosity, but at higher
porosities, the curve had a lower slope, i.e. a lower
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Figure 12 Plots of thermal conductivity K versus porosity.

dependence of porosity. This double-side linear
behaviour of thermal conductivity versus porosity
was also obtained by other authors [96, 97] for gra-
phene sheets. In addition, other studies found an
exponential decay of thermal conductivity when
increasing porosity in pristine GNR [98, 99]. Given
that the thermal conductivity is based on the trans-
mission of phonons through the net of carbon atoms,
the presence of pores acted as phonon scattering
points where the transmission of vibrations was
cancelled. Nevertheless, the scattering effect is more
significant in small pores (i.e., lower porosity) than in
longer pores (i.e., higher porosity) [97, 100]. The
analysis of the phonons and its connection with
thermal conductivity is discussed in next section.
The oxidation of GNRs approximately decreased
their thermal conductivity for about 60-70% respect
to that found for the pristine GNR, indicating thus
that GO nanoribbons were worst heat conductors
than their non-oxidized version (i.e., are better insu-
lators). This sharp decrease of thermal conductivity
was in the order as calculated by other studies for a
8.3% of oxidation of the graphene sheet [91, 101]. The
oxidation of GNR through the introduction of
hydroxyl and oxirane groups produced a change in
the hybridization of the implied carbon atoms from
sp® to sp>, which generated structural or morpho-
logical changes in the graphene sheet. These struc-
tural changes were due to variations found in the C-
C bond distances and C-C-C-C dihedral angles
produced in the environment of the oxidation
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groups, as can be seen from the representations
shown in Figs. 13 and 14. The C-C bond distance in a
non-oxidated environment (i.e., in pristine GNR) was
of 1.46 A (Fig. 13a), but this distance increased in the
first neighbour atoms of the C atoms involved in the
oxidation groups. When a hydroxyl or oxirane group
was attached to the C atoms, the C—C bond distance
of the first neighbours increased to around 1.51 A
(Fig. 13b) and 1.48 A (Fig. 13c), respectively, or even
to 1.52 A in the C atoms directly bonded to the oxi-
rane group. Consequently, the C atoms bonded to the
oxidative groups had to get out of the plane to
accommodate these bond increments, as were mani-
fested in the dihedral angle values (Fig. 14). The
alteration of the structure of the GNR sheet, either by
an increase of the bond distance or by a change in the
dihedral angles, generated points were a phonon-
defect scattering mechanism was produced, which
finally manifested in a lower thermal conductivity.
Mu et al. [101] also indicated that the change in mass
that produced the oxidation also perturbed the
vibration of the C atoms, but the change produced in
the structure affected more significatively to the
thermal conductivity than the change in mass. On the
other hand, Lin and Buehler [91] explained that the
decrease found in the in-plane thermal conductivity
after the oxidation of GNR was also due by a
reduction of the phonon mean free path, as it is dis-
cussed in the next section.

In-plane phonon density of states (DOS)

According to Balandin et al. [102], acoustic phonons
are the main heat carriers in carbon materials such as
graphene, thanks to the exceptionally strong sp”
covalent C-C bonds of its lattice structure. In this
way, the results of thermal conductivity can be
explained from the analysis of in-plane phonon
density of states (DOS), which were obtained from
the Fourier transformation of the atomic velocity
autocorrelation functions (VACF). According to the
kinetic theory [91, 101], the thermal conductivity can
be related with phonons through the next expression:

K~ Z Civili = ZEff Z CiZJ,' (7)
i i

where C; is the volumetric specific heat of the vibra-
tion mode, v; the group velocity, [; the mean free path
of the phonon mode i (with an angular frequency ),
and [y the effective phonon mean free path. The
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Figure 13 C—C bond distances determined in a pristine GNR and in oxide GNR at b hydroxyl and ¢ oxirane environments.

(a) ®)

(c)

Figure 14 C-C-C-C dihedral angles determined in a pristine GNR and in oxide GNR at b hydroxyl and ¢ oxirane environments

(associated uncertainty is equal to £ 5° in all cases).

previous relation establishes that the thermal con-
ductivity is proportional to the phonon mean free
path, the heat capacity and the phonon velocity. On
the other hand, according to the Debye model, the
specific heat capacity C; is related with the phonons
as:

Of(T, w)
oT (8)

where 7 is the Planck constant, D(w) is the DOS for
phonon mode i with frequency o, T is the absolute
temperature and f(T,w) is the Bose-Einstein distri-
bution function. Given that the derivative term is
constant for a fixed phonon mode i with frequency o
at constant T [91], Eq. 8 states that the specific heat
capacity C; of a phonon mode is mainly dependant on
the product of frequency and DOS function.

Ci = C(w) = hoD(w)

Considering thus the previous relationships, the DOS
multiplied by the frequency spectra and the phonon
mean free path were calculated to get a better
understanding of the effect of the porosity and oxi-
dation on these parameters and therefore in the
conductivity. The phonon DOS spectra are plotted in
Fig. S15 (see Supplementary Material) whereas the
product of frequency and DOS function spectra are
plotted in Fig. 15. In first place, the porosity had
negligible effect on the DOS spectra of either G and
GO nanoribbons, which indicated that the presence
of pores did not affected the vibrational modes of the
graphene. Nevertheless, when comparing the DOS
spectra of G and GO (see Fig. 16), the oxidation
produced the apparition of a new in-plane vibra-
tional mode at high frequencies, around 120 THz,
associated to the C-O bonds. According to Eq. 8,
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Figure 15 In-plane phonon DOS multiplied by the frequency of a pristine graphene (G) and b graphene oxide (GO) nanoribbons.

these high frequency phonons contributed increasing
the in-plane thermal conductivity of the GO
nanoribbons, nevertheless their contribution was not
enough since the thermal conductivity of the GO
structures was lower than the G structures as was
described in previous section. At this point, the
modification of the mean free path of the phonons
due to the oxidation played a major role in the ther-
mal conductivity of the nanoribbons than the vibra-
tion frequencies. The effective phonon mean free path
legr can be expressed through the Matthiessen’s rule
as:

1 1

1
i _ 9
L Lonpn Lon—v ©)

where [, is the intrinsic mean free path due to the
phonon-phonon scattering and I, is the phonon
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free path due to boundary scattering, which is the
nanoribbon length, L (.e., [y =L). Combining
Egs. (7) and (9) the thermal conductivity can be
related with the nanoribbon length as:

1 1 1 1
= +— 10
K Zi Civi <lph—ph L) ( )

According to Eq. (10), from the linear plot of 1/x
against 1/L the thermal conductivity for an infinitely
long nanoribbon can be obtained from the intercept
of the extrapolation whereas I, from the slope of
the fitting. With the aim of calculating the intrinsic
mean free path [, at each porosity, a series of
models were generated by replicating twice or three
times the models presented in Fig. 1 along the lon-
gitudinal direction to obtain doubled (2L) and tripled
length (3L) graphene nanoribbons. After their equi-
libration, the thermal conductivity of each model was
calculated according to the Miiller-Plathe method.
The individual results of thermal conductivity for
these 2L and 3L models can be found in the Sup-
plementary Material. From the linear plots of 1/x
against I/L the intrinsic mean free path [, was
calculated for each porosity level on each type of
graphene nanoribbon, G and GO, and the results are
summarized in Fig. 17. When analysing in first place
the effect of porosity, in the case of G nanoribbons it
was observed that ., decay rapidly with the
porosity from 2000 A at 0% porosity to around 240 A
at 3% porosity, from which /,,_,, maintained constant
with no further decrease. For the GO nanoribbons
there were observed two regions of I, versus
porosity: between 0 and 1% the value of I, was
around 180 A, while at porosities higher than 2% the
lpnpn decreased and took values around 115 A. In
comparison with G nanoribbons, the effect of poros-
ity had less impact on GO nanoribbons. On the other
hand, it can also be observed that I,;,_,, was an order
of magnitude higher in G nanorribons compared to
GO nanoribbons at porosities below 1%, and
approximately twofold higher in G nanorribons at
porosities over 2%. This higher values of ., for G
nanoribbons would explained their higher thermal
conductivity and the effect of oxidation was mainly
manifested in a sharp decrease of the ., parameter.
Although was not the purpose of the present study to
analyse different oxidation degree levels, Chen and
Li [103] determined that the degree of oxidation was
directly proportional to the inverse of the phonon
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Figure 17 Plots of intrinsic mean free path [, versus porosity.

mean free path. In summary, either the porosity and
the oxidation affected mainly the phonon mean free
path, and either the pores and the oxidized groups
(i.e., hydroxyl and oxirane) acted as scattering points
for the transmission of the phonons throughout the
graphene sheet.

Conclusions

A series of molecular simulation models of graphene
nanoribbons (GNRs) were constructed with different
degrees of porosity and with or without oxidation,
i.e. neat (G) or oxide (GO), to assess the effect of such
parameters in the tensile mechanical and thermal
conductivity properties. In first place, regarding the
failure mechanism of graphene nanoribbons under
tensile loadings, it was observed that at low porosity
levels and around 0.28 deformations a ‘hardening’
behaviour was manifested in the structures as dislo-
cations lines formed by pentagon-heptagon pairs (i.e.,
5-7 defects) which helped the nanoribbons to
accommodate higher tensile stress and acted as stress
reliever. Such GNRs exhibited a complex stress—
strain curve with two steps of deformation. This
‘hardening’ behaviour required of near perfect or
non-defective graphene nanoribbons, so that at
porosities higher than around 1% the nanoribbons
broke at deformations below 0.28 with no hardening
effect. The breaking of the nanoribbons was produced
as a tearing mechanism in which the crack growth
predominantly along straight lines perpendicular to
the direction of loading and aligned with the armchair
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or zigzag directions of the hexagonal crystal lattice of
graphene. The porosity affected all the analysed tensile
mechanical properties (i.e., Young’s modulus, tensile
strength, deformation at break and Poisson’s ratio), but
with different tendency in the fracture properties
(tensile strength and deformation at break) which was
explained by the presence or absence of hardening
behaviour at high deformations in the graphene
nanoribbons. Nevertheless, the oxidation affected only
the tensile and Poisson’s ratio but not to the tensile
strength and deformation at break. On the other hand,
the thermal conductivity of the GNRs was affected
either by the porosity and oxidation according to the F
analysis. Pores and oxidation groups (i.e., hydroxyl
and oxirane) acted as phonon scatterers since they
disrupted the carbon network by the generation of
vacancies or out-of-plane carbons, respectively, which
decreased the phonon mean free path and thus the
thermal conductivity. In conclusion, the porosity and
oxidation of GNRs must be considered when tuning
the tensile mechanical properties and thermal con-
ductivity of such materials through the synthetic
pathways. Moreover, it can also be established that the
MD methodology is a valid technique to compute the
mechanical and thermal properties of graphene
derivatives.
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