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The mechanical properties, including the Young’s modulus and intrinsic strength, of graphene oxides

are investigated by first-principles computations. Structural models of both ordered and amorphous

graphene oxides are considered and compared. For the ordered graphene oxides, the Young’s modulus

is found to vary from 380 to 470 GPa as the coverage of oxygen groups changes, respectively. The

corresponding variations in the Young’s modulus of the amorphous graphene oxides with comparable

coverage are smaller at 290–430 GPa. Similarly, the ordered graphene oxides also possess higher

intrinsic strength compared with the amorphous ones. As coverage increases, both the Young’s

modulus and intrinsic strength decrease monotonically due to the breaking of the sp2 carbon network

and lowering of the energetic stability for the ordered and amorphous graphene oxides. In addition, the

band gap of the graphene oxide becomes narrower under uniaxial tensile strain, providing an efficient

way to tune the electronic properties of graphene oxide-based materials.
Introduction

Graphene oxide (GO), an important material used to massively

synthesize graphene,1–3 can be considered as graphene function-

alized by oxygen-containing groups. Due to the presence of

surface functional groups, GO exhibits some unique properties

that are distinctly different from pristine graphene, which allow

its technological applications in many fields, such as microelec-

tronic and chemical devices,4–6 energy storage7,8 and composite

materials.9,10 Recently, numerous experimental efforts11–16 have

been devoted to determining the functional groups/bond types of

GOs. Now it is generally accepted that GO mostly contains

hydroxyl (–OH) and epoxy (–O–) groups on its basal plane.13,15

It is well-known that graphene, as a truly two-dimensional

(2D) material, exhibits fascinating mechanical properties with a

Young’s modulus (E) of �1.0 TPa and an intrinsic strength (sc)
of 130 � 10 GPa,17 which are promising for future nanoscale

devices.18,19 Since GO is the oxygen-functionalized graphene, one

interesting fundamental question is how would the oxygen-con-

taining groups affect the mechanical properties of the perfect

graphene sheet. Practically, knowledge of GO’s mechanical

properties is of key importance for its future applications.

Early in 2007,Dikin et al.measured theE (�30GPa in average)

and sc (up to �130 MPa) of GO sheets, depending on the water
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content and thickness of the samples.20 Afterwards, several

groups studied the mechanical properties of GO sheets and

obtained different results, varying with the sample details.21,22 In

general, the reported E and sc values for GO sheets show a wide

range of distributions of 6–42 GPa and 76–293 MPa, respec-

tively.23Furthermore, themechanical properties ofGO sheets can

be tuned by heteroatom doping or polymer compositing.23–28

When the thickness of the GO sheet is reduced down to a few

layers, its Young’s modulus increases dramatically to about 200

GPa.29,30 Especially, monolayer GO has a much larger Young’s

modulus than that of a thick GO sheet. From atomic force

microscopy (AFM)measurements, G�omez-Navarro et al. pointed

out that monolayer GO has a mean E value of 250 GPa with a

standard deviation of 150GPa.31Taking the distance of 7�A for the

van der Waals (vdW) interaction between the GO layers for

monolayer GO, E ¼ 207.6 � 23.4 GPa was reported by Suk et al.

usingAFMmeasurements combinedwithfinite element analysis.30

Theoretically, using a molecular dynamics (MD) simulation

technique, an E of�670 GPa and sc of 63 GPa were obtained for

GO models constructed by the Monte Carlo method, where the

vdW distance of the GO layers was assumed to be 3.4 �A.32 If a

vdW distance of 7 �A (consistent with the interlayer vdW distance

used in ref. 30) was used, the theoretical values of E and sc would
become �325 GPa and �31 GPa, respectively. Employing MD

and molecular mechanics simulations with the COMPASS force

field, Zheng et al. considered the effects of different functional

groups on the mechanical properties of graphene sheets and

indicated that the Young’s modulus of the functionalized gra-

phene sheet reduces with the increasing coverage of the surface

functional groups.33

Despite the above mentioned efforts, there is still only limited

knowledge about the mechanical behavior of GO from the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Representative structural models of GOs with OH/O ¼ 2.00 and

R ¼ 50%, where (a) is the ordered GO and (b) is the amorphous one. The
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theoretical point of view; in particular, no accurate first-princi-

ples results have been reported to our knowledge. Most impor-

tantly, the dependence of the mechanical properties on the

surface coverage, type and arrangement (e.g., ordered versus

amorphous) of the functional groups of GO remains unknown.

To address these critical issues, here we systematically investigate

the mechanical properties of both ordered and amorphous GOs

of different oxidation coverages using density functional theory

(DFT) calculations. We found that the key mechanical param-

eters (E and sc) of the GOs generally decrease with increasing

coverage of the functional groups. The ordered GO always

possess larger E and sc than the amorphous GO at the same

coverage. In addition, the electronic properties of the GO

materials can be tuned by uniaxial tensile strain.
large red balls are oxygen, the medium gray balls are carbon, and the

small light blue balls are hydrogen, respectively.
Structural models and computational methods

GO models

The atomic structures of GOs are rather complicated and remain

a subject under debate. There are many experimental evidences

indicating that GOs are amorphous,11,12,15 but theoretical inves-

tigations suggest that the ordered structural models are ther-

modynamically favourable.7,34–36 Considering the discrepancy

between the experiments and theories, both ordered and amor-

phous structural models of the GOs are considered here, which

were carefully examined in our previous work.37 We first defined

the coverage of the functional groups (R) as:

R¼ number of sp3 C (bonded with –O– or –OH)/total number of

C atoms � 100%. (1)

Assuming an OH/O ratio of 2.00, within the range of 1.06–3.25

from the experimental observations,38 different ordered GO

structures with a series of R ¼ 10%, 20%, 33%, 40%, 50% and

67% were studied, which were constructed by expanding the

width of the supercell with the inclusion of only one h2e2
I chain.35

Similarly, fixing an OH/O ratio of 2.00, amorphous GO models

with R ¼ 10%, 20%, 30%, 40%, 50%, 60% and 70% were con-

structed by randomly placing epoxide and hydroxyl groups on a

graphene supercell with 80 carbon atoms following some struc-

tural rules.37 Note that we only considered the epoxide and

hydroxyl groups since the structural models studied here are

periodic systems without holes or edges. This is based on the

previous experimental demonstration that GO bears hydroxyl

and epoxy groups mostly on its basal plane.13,15

Actually, an amorphous GO at a fixed R can have different

OH/O ratios. To examine this effect, amorphous GOs with R ¼
50% but different OH/O ratios (OH/O ¼ 0.22, 0.50, 0.86, 1.33,

2.00, 3.00, 4.67 and 8.00) were also studied. Fig. 1 shows the

atomic structures of the ordered and amorphous GOs, as well

as the direction of the uniaxial tensile strain applied in our

study.
Computational methods

Periodic first-principles computations were performed using the

plane-wave pseudopotential technique as implemented in the

Vienna ab initio simulation package (VASP)39 with the PW91
This journal is ª The Royal Society of Chemistry 2012
functional40 for the exchange–correlation interaction and the

PAW pseudopotential41,42 for ion–electron interactions. A

kinetic energy cutoff value of 800 eV was adopted to ensure good

convergence of the stresses. During the geometry optimization,

the k space for amorphous GO systems of a large supercell was

sampled by the G point, and Monkhorst–Pack grids43 with a

separation of 0.03 �A�1 were chosen for the small ordered GO

supercell structures with different sizes. The supercell dimension

perpendicular to the GO plane is chosen to be 15 �A to avoid the

interaction between the GO layer and its periodic images. All

geometric structures were fully relaxed using the conjugate

gradient algorithm until the force on each atom was smaller

than 0.01 eV �A�1.

Before calculating mechanical properties, each structural

model was fully relaxed to its equilibrium state by minimizing the

force on the atoms and the stress on the supercell. Starting from

the equilibrium supercell lattice length (L0), we elongated the

GOs with a uniaxial strain step of 0.5% up to a maximum strain

of 2% to compute the Young’s Modulus E, which is defined by

the formula below:

E ¼ Z0

d0
� s

3
¼ 15

7
� s

3
¼ 2:14

s

3
; (2)

where Z0 ¼ 15 �A is the supercell dimension perpendicular to the

GO plane, d0 ¼ 7 �A is the vdW distance between GO sheets, as

reported in ref. 30, s is the stress and 3¼ (L� L0)/L0 is the strain,

respectively.
Results and discussion

Young’s modulus E

OH/O ¼ 2.00 with various coverages. We first discuss both

ordered and amorphous GOs with OH/O ¼ 2.00 but different

coverages. The Young’s modulus for these GO models as a

function of oxidation coverage is plotted in Fig. 2. Generally

speaking, as the R changes, E varies from 380 to 470 GPa for the

ordered GOs, and from 290 to 430 GPa for the amorphous GOs,

respectively. These results agree well with the measured values of

E ¼ 250 � 150 GPa30,31 as well as the theoretical value E of �325

GPa from empirical MD simulations with an interlayer vdW

distance of 7 �A.32
Nanoscale, 2012, 4, 5910–5916 | 5911
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Fig. 2 E as a function of R for both ordered and amorphous GOs is

presented. The scaled values for a perfect graphene sheet by assuming a

vdW distance of 7 �A (filled square) are given for reference.
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As the coverage increases, the Young’s modulus decreases

monotonically due to the incremental breaking of the perfect sp2

carbon network. This trend is also consistent with the previous

report that the Young’s modulus decreases as the coverage of

functional groups on the graphene sheet increases.33 In addition,

the ordered GO has a higher E than the amorphous GO with the

same R because the former is energetically more stable.37 For

reference, the mechanical properties of the perfect graphene were

also calculated. Taking a vdWdistance of 3.34�A,44,45 theE for the

graphene was found to be 1037 GPa, in good agreement with the

experimental value (E of �1.0 TPa) measured by Lee et al.17 To

directly compare with the GO systems, we could assume an

interlayer vdW distance of 7 �A, and then the E of the graphene is

re-scaled to 495 GPa, which should represent the upper limits of

GOswith very low coverage (see Fig. 2). In short, GOmonolayers

inherit the excellent mechanical properties of the pristine gra-

phene, with a moderate downgrade due to some local disruption

of the sp2 carbon network by surface functional groups.
R ¼ 50% with varying OH/O ratios

To examine the effect of OH/O ratio, the mechanical properties

of amorphous GOs withR¼ 50% but different OH/O ratios were
Fig. 3 Relationship between E and OH/O ratio for the amorphous GO

structures with R ¼ 50% are plotted. The dashed lines bracket the range

of E values.

5912 | Nanoscale, 2012, 4, 5910–5916
investigated. As presented in Fig. 3, E fluctuates between 290

GPa and 338 GPa as the OH/O ratio varies. In other words, the

effect of the OH/O ratio on the mechanical properties of the

amorphous GOs is less significant than that of the R. To further

confirm this fluctuating effect, we also studied the case of R ¼
20% with different OH/O ratios. It was found that for the

amorphous GOs with R ¼ 20% and OH/O ¼ 0.29, 0.67, 1.20,

2.00, 3.33 and 6.00, E has a range of 390 � 14 GPa. The main

reason is that once R is fixed, the percentage of sp3 carbon atoms

remains nearly constant; thus, changing the OH/O ratio at a

given integrity of sp2 network only weakly affects the stability of

the 2D graphene-based sheet. Again, this result indicates that the

disruption of the sp2 carbon network by local sp3 rehybridization

due to functional groups is the major factor for determining the

mechanical properties of the GO monolayers.

As shown in Fig. 3, the computed Young’s modulus reaches its

minimum (290 GPa) and maximum (338 GPa) at an OH/O ratio

of 0.86 and 3.00, respectively. To understand the origin of such a

variation we present these two GO structures in Fig. 4. Obvi-

ously, the GO structure with OH/O ¼ 0.86 is more wrinkled in

geometry than the one with OH/O ¼ 3.00. As reported by

G�omez-Navarro et al., the mechanical properties of GO mono-

layers depend on the geometry of the samples, and E is inversely

proportional to the cube height of the monolayer.31 Therefore,

the lower E obtained for GO with OH/O¼ 0.86 in comparison to

that with OH/O ¼ 3.00 can be roughly interpreted by its larger

height variation, which leads to a larger effective thickness.

Moreover, our recent study on the mechanical properties of the

graphene boundary revealed that its intrinsic strength is related

to the inflection angle.45 As the inflection angle increases (i.e.,

more wrinkled in geometry), the intrinsic strength decreases

linearly. Considering that the thermodynamic stability of the GO

sheet increases as the OH/O ratio increases37 and the height of the

GO sheet fluctuates with the OH/O ratios, the observed fluctu-

ations in E in Fig. 3 might be a compromise between the stability

and the effective thickness.
Intrinsic strength sc and fracture behaviour

In addition to the E calculated within a small strain regime

(3# 2%), strain–stress curves up to an 3 of �20% for the ordered
Fig. 4 Atomic structures of amorphousGOs withR¼ 50% and OH/O¼
0.86 and 3.00, respectively.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2nr31164j


Table 1 The intrinsic strength sc and critical failure strain 3c of the
ordered and amorphous GOs with different R are listed, along with that
of the pristine graphene (R ¼ 0%) for comparison

R

sc (GPa) 3c (%)

Ordered GOs
Amorphous
GOs Ordered GOs

Amorphous
GOs

0% 47.8 20%
10% 46.3 40.9 18% 13%
20% 44.4 37.5 17% 13%
40% 40.0 33.1 16% 13%
50% 38.6 27.9 16% 10%
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and an 3 of �15% for the amorphous GO structures were also

calculated, as plotted in Fig. 5. Starting from the equilibrium

structures, ordered GOs with OH/O ¼ 2.00 and R ¼ 10%, 20%,

40% and 50% were uniaxially elongated with a tensile strain step

of #1% until the fracture strain (3c), which is defined by the

critical strain where the strain–stress curve starts to drop, is

reached (see Fig. 5(a)). For comparison, strain–stress curves of

the amorphous GOs with corresponding R were also plotted in

Fig. 5(b), obtained by elongating the amorphous GOs in the

same way. For each GO system, its intrinsic strength sc at the
critical fracture strain 3c was determined from the strain–stress

curve. The theoretical results are summarized in Table 1.

First of all, it can be seen that both the sc and 3c of the ordered

GOs are higher than that of the amorphous GOs at the same R

because the ordered GOs are thermodynamically more stable.37

For either ordered or amorphousGO structures, sc decreases with
the increasing R, because of the breaking of the sp2 carbon

network and lowering of the stability. For comparison, the sc and
3c of a pristine graphene sheet were also calculated, corresponding

to R ¼ 0% in Table 1. Taking d0 ¼ 3.34 �A, the sc of graphene is
100.1 GPa, in accordance with the reported value of �130

GPa.17,45 To directly compare with the GO systems, we assumed

an interlayer vdW distance of 7 �A and the sc of graphene was re-
scaled to 47.8 GPa, which is only slightly higher than those of

orderedGOwith low coverage. Again, the present results indicate

that GO monolayers possess excellent intrinsic strength compa-

rable to the pristine graphene. In addition, the intrinsic strength

for the GO models obtained here is also comparable to that of

previous empirical MD predictions,32 which gives the sc of �31

GPa with an assumed vdW distance of 7 �A.

Below, we further discuss the fracture behaviours of the GOs.

Taking the ordered GOs as examples, the first fractured bond is

always an sp3 hybridization C–C bond for all the ordered GO

systems considered, as highlighted in blue in Fig. 6. This

phenomenon can be explained by the following two points.

Firstly, the carbon atom bonded with a hydroxyl group has a

larger bond angle (�105�) than that bonded with an epoxide

group (�55�), which is closer to that of the ideal sp3 hybridization
state (109.47�).37 Secondly, compared with its neighbouring C–C

bonds, the highlighted C–C bond is far away from the chained

epoxide groups. Thus the hydroxyl groups on its neighbouring C–

C bond can bond with the epoxide groups to form hydrogen

bonds. The formation of hydrogen bonds would further shorten
Fig. 5 Strain–stress curves for both the ordered (a) an

This journal is ª The Royal Society of Chemistry 2012
the C–C bond. These two factors mean that the highlighted C–C

bond has a larger bond length than the others, making it fracture

first during elongation. As for the amorphous GOs, due to the

complexity of the structures, amorphous GOs with different R

values exhibit different failure behaviours. The first fractured

bond depends on the structural details of the amorphous GOs.
Effect of tensile strain on the electronic properties

As reported before, GO has a theoretical LDA band gap ranging

from a few tenths of an eV to 4 eV, depending on the oxidation

coverage and the location of the oxidized region.34 Its electronic

properties are also expected to change under uniaxial tensile

strain. Taking an ordered GO structure with OH/O ¼ 2.00 and

R ¼ 50% and an amorphous one with the same OH/O and R as

examples, we investigated their electronic properties during

elastic elongation. The elastic strain limit is 11% for the ordered

GO and 8% for the amorphous GO, respectively. In Fig. 7, the

electron densities of states for the GOs under uniaxial tensile

strain within the elastic region are plotted. When the GO sheets

are uniaxially elongated from the equilibrium states, the gaps

become narrower, implying a trend of metallization. For the

ordered GO, the gap dramatically decreases by more than 50% as

the GO is elongated by 10%. Meanwhile, the gap variation is less

pronounced for the amorphousGO, decreasing by�23%after 8%

elongation. In the cases of amorphous GOs, the defect-induced

mid-states among the forbidden band region were ignored. As

reported before,37 the mid-states may originate from unsaturated

dangling bonds, structural distortion and locally residual sp2 and
d amorphous (b) GO structures as functions of R.

Nanoscale, 2012, 4, 5910–5916 | 5913
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Fig. 6 Fracture behaviour of the ordered GO with OH/O ¼ 2.00 and

R ¼ 50%. The first fractured C–C bond is highlighted in blue and thick

stick.

Fig. 7 Electron density of states as a function of tensile strain for the

ordered (a) and amorphous (b) GOs both with OH/O ¼ 2.00 and R ¼
50%. The zero energy is set at the last occupied state.

Fig. 8 Band structures and orbital variation of the ordered GO under

tensile strain with OH/O ¼ 2.00 and R ¼ 50%.
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sp2–sp3 bonds, which may trap the electrons and have no

contributions to the electrical conductivity in real material

applications.46 Moreover, this trapping effect of defective states

and the trend of band gap versus coverage rate have been reported

in previous experimental measurements,47 supporting the feasi-

bility of ignoring the defect-induced mid-states here.

In a simple general picture, the strain-induced shrinkage of

the band gap can be understood as follows. Consider a diatomic

molecule, if its bond length is increased by the tensile strain, its

HOMO–LUMO gap increases due to the reduced molecular

orbital overlap (or interatomic hopping in the tight-binding

picture). Conversely, its HOMO–LUMO gap decreases under

compressive strain. Similarly, for bulk materials, the band gap

generally decreases (increases) under hydrostatic compressive

tensile strain when the crystal symmetry is conserved. However,

the situation is different and more complex under uniaxial or

biaxial strain in that the band gap may decrease under either

compressive or tensile strain, because the crystal symmetry

breaks under uniaxial/biaxial strain and the broken symmetry

lifts the degeneracy of the band edge states, always causing a

decrease of the band gap. For example, for the well-known

case of the Si band under strain,48,49 the six-fold degenerate

conduction band minima split into two subsets of D2 and D4
5914 | Nanoscale, 2012, 4, 5910–5916
bands under biaxial strain. When the gap associated with the D4

band edges increases with the increasing ‘‘tensile’’ biaxial strain

in the x–y plane, the gap associated with the D2 band edges will

increase with the increasing ‘‘compressive’’ uniaxial strain in the

z-direction perpendicular to the x–y plane due to the Poisson

effect.48,49 Consequently, counting all the band-edge states the

overall band gap always decreases under either compressive or

tensile biaxial strain because one subset of bands are always

under compressive strain due to the Poisson effect. For the

ordered GO studied here, the band structures under tensile

strain are shown in Fig. 8. In the valence band region, it can be

seen that one energy band (highlighted in red) becomes lower

and flatter during the tensile strain compared with its initial

state. With the lowering of this band, another band crossed

with it (highlighted in green) is lifted up due to the breaking of

lattice symmetry, causing a rise of the valence band. Similarly,

the corresponding antibonding bands in the conduction band

region are also split, resulting in a degradation of the conduc-

tion band. These two factors account for the decrease of the

band gap under tensile strain. To gain further insight into

the band structures, we analysed the orbital corresponding to

the energy band highlighted in red. As presented in the bottom

of Fig. 8, the highlighted energy bands correspond to C–O

hybridized molecular levels. As the GO is uniaxially elongated,

C–O hybridization becomes weaker and more electrons are

released, causing a reduction of the overall band gap.

Furthermore, we plotted the variation of the band gaps under

uniaxial tensile strain in Fig. 9. When the ordered GO is elon-

gated within the elastic region, the band gap decreases linearly

with the increasing tensile strain. Compared with the ordered

GO, the band gap decreases more slowly for the amorphous GO.

In other words, the ordered GO has a wider range of gap tena-

bility than the amorphous GO by applying uniaxial strain. In

addition, it is well-known that conventional DFT calculations

usually underestimate the band gap. Thus the true band gaps of

the GOmaterials should be even larger, but the trend of changing

gap under strain would still be quantitatively reliable.

As shown in previous studies, tunable band gaps of chemi-

cally derived GOs allow their promising performance in elec-

tronics and optoelectronics.50–52 Through appropriately tuning

the deposition and reduction parameters, the GO films can be

made insulating, semiconducting, or semimetallic, while main-

taining optical transparency.53 This enables the GO films to be

transparent and conducting electrodes for optoelectronic

devices.54,55 In addition, the optical transmittance of GO films
This journal is ª The Royal Society of Chemistry 2012
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Fig. 9 Relationship of the band gap under uniaxial tensile strain for the

ordered and amorphous GOs both with OH/O ¼ 2.00 and R ¼ 50%.
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can be continuously tuned by varying the film thickness or the

extent of reduction.5 In particular, GO with a tunable band gap

could present excellent nonlinear optical properties,56 better

than that of the C60 and single-walled carbon nanotubes.57

Therefore, the present finding of continuous engineering of the

band gaps of GO materials throughout the visible region by

tensile strain may offer new opportunities for the application of

GOs in electronic and optoelectronic devices.
Conclusions

The mechanical properties of both the ordered and amorphous

GOs were systematically studied. The ordered GOs possess a

higher Young’s modulus and intrinsic strength than the amor-

phous GOs with the same coverage of the functional groups

because the ordered GOs are more energetically stable. Both

ordered and amorphous GOs inherit the excellent mechanical

properties of the pristine graphene, while the mechanical

parameters (Young’s modulus and intrinsic strength) decrease

moderately with increasing the coverage due to the disturbance

by sp3 carbons. In general, mechanical properties of GOs

depend mainly on the surface coverage and arrangement

(ordered or amorphous). The detail ratios of the functional

groups have little effect on the mechanical properties. Investi-

gation of the electromechanical effects indicated that the elec-

tronic properties can be tuned by the uniaxial tensile strain. As

the GO is elongated, its gap becomes narrower due to weak-

ening of C–O hybridization. The present theoretical results shed

some light on the mechanical behaviours and electromechanical

effects of the GOs, which are useful for the future applications

of the GO-based materials.
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