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From graphene to graphene oxide: the importance of extended 
topological defects.  

Alexander J. Marsdena, Mark Skilbecka, Matthew Healeya, Helen R Thomasb, Marc Walkera, Rachel S. 
Edwardsa, Natalya A. Garciac, Filip Vukovićc, Hicham Jabraouic, Tiffany R. Walshc*, Jonathan P 
Rourkeb*, Neil R. Wilsona* 

Graphene oxide (GO) represents a complex family of materials related to graphene: easy to produce in large quantities, easy 

to process, and convenient to use as a basis for further functionalization, with the potential for wide-ranging applications 

such as in nanocomposites, electronic inks, biosensors and more. Despite their importance, the key structural traits of GO, 

and the impact of these traits on properties, are still poorly understood due to the inherently berthollide character of GO 

which complicates the establishment of clear structure/property relationships. Widely accepted structural models of GO 

frequently neglect the presence of extended topological defects, structural changes to the graphene basal plane that are 

not removed by reduction methods. Here, a combination of experimental approaches and molecular simulations 

demonstrate that extended topological defects are a common feature across GO and that the presence of these defects 

strongly influences the properties of GO. We show that these extended topological defects are produced following even 

controlled ‘gentle’ functionalization by atomic oxygen and are comparable to those obtained by a conventional modified 

Hummers’ method. The presence of the extended topological defects is shown to play an important role in the retention of 

oxygen functional groups after reduction. As an exemplar of their effect on the physical properties, we show that the GO 

sheets display a dramatic decrease in strength and stiffness relative to graphene and, due to the presence of extended 

structural defects, no improvement is seen in the mechanical properties after reduction. These findings indicate the 

importance of extended topological defects to the structure and properties of functionalized graphene, which merits their 

inclusion as a key trait in simple structural models of GO.

1. Introduction 

The perfect 2D hexagonal lattice of carbon atoms in graphene is 

responsible for its most celebrated properties: massless Dirac 

fermions and superlative mechanical strength.1 While it is 

possible to grow or mechanically exfoliate perfect sheets of 

graphene, these are normally of restricted size and available in 

limited quantities, thus constraining their use.2 Hence there has 

been an emphasis on liquid-phase exfoliation of graphite and 

the use of graphene oxide (GO) and reduced GO (rGO).3,4 On the 

face of it, GO and rGO offer many advantages over pristine 

graphene: they can be made in large (multigram) quantities, 

they can be processed in solution and they are easily chemically 

functionalized.5–7 However, the electrical and mechanical 

properties of GO and rGO are significantly degraded relative to 

graphene, due to the significant changes in the chemical and 

physical structure accompanying the conversion from graphene 

to GO.  

Controversy surrounded the molecular structure of GO for 

many years, with a number of competing molecular models.6–12 

Although it is acknowledged that the exact structure is 

dependent on the reaction conditions, the Lerf-Klinowski model 

is regarded as the most appropriate simple model of GO,9,10 

though even that model has been adapted in the light of the 

more recent discovery of the presence of oxidative debris (OD) 

that decorate the surface.13,14 The Lerf-Klinowski model is based 

on graphene-like sheets that are randomly functionalised across 

the surface with hydroxyl and epoxide groups, together with 

carboxyl and ketone groups at sheet edges.  

Other adaptations of this model distinguish between in-plane 

oxygen functionalisation (e.g. carbonyls at the edge) and on-

plane functionalisation (e.g. epoxides bridging two carbons 

within the plane), although it is difficult to distinguish between 

the two using standard analytical techniques.6,12 Further 

distinctions can be made with carbon-based defects: vacancy 

defects (atoms missing from the plane, which may evolve into 

larger holes) and subsequent topological defects such as Stone-

Wales defects15 (which arise from rotation of bonds within the 

lattice).  

Most evidence points to very low levels of defects in graphene 

derived from graphite so, to a first approximation, we can 

assume all defects in GO and rGO arise from the oxidation, 

workup, and imaging procedures used, as well as the 
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subsequent reduction from GO to rGO. All defects, whether 

they be oxygenation (in- or on-plane), vacancy or topological, 

result in areas that are locally more reactive than a pristine 

carbon lattice, thus inevitably leading to clustering of defects 

and eventually more extended defect arrays.  

Fundamentally, though, GO is based on a defective graphene-

like structure and it is pertinent to ask how and when the 

various defects arise, how they evolve, and how they affect the 

properties. Specifically, although the concept of the extended 

topological defect (ETD) in GO is not new, an explanation of its 

origins, its prevalence in GO as a function of oxidation process, 

and its impact on the properties of GO is not well understood. 

Previously we have examined low levels of oxygen 

functionalisation of graphene by exposure to atomic oxygen;16 

here we extend the study to look at how a GO-like structure 

could be formed from graphene. High-resolution transmission 

electron microscopy (HRTEM) and scanning transmission 

electron microscopy (STEM), provide powerful methods of 

characterisation, as they allows for the direct visualisation of a 

graphene or GO surface12,17–21 and, using STEM with electron 

energy-loss spectroscopy (EELS), local chemical analysis.22,23 

Prior HRTEM work on rGO has shown defects in the graphene 

basal plane,18 that these defects are often clustered into 

extended topological defects (ETDs)17 and that holes are 

present in the graphene films. The presence of ETDs and holes 

is crucial to the understanding of GO, as simple reduction and 

annealing processes cannot repair such features to regenerate 

a perfect graphene sheet without the use of high temperature 

graphene etching and growth conditions.24,25 

The question becomes: how and when do these defects 

appear? Are they intrinsic to GO or are they caused by the 

reduction process or, are they simply artefacts of the imaging 

process and caused by the effects of the electron beam? And 

once defects are established as part of the GO structure, how 

do they affect the distribution and retention of oxygen bearing 

groups? To date only limited experimental data have been 

recorded. There is some evidence that GO will retain oxygen 

even when highly reduced26,27; however, other experiments 

suggest the possibility of converting GO to graphene via defect 

repair by chemical vapour deposition27,28. Computational 

approaches to study the relative stability of various defects29,30 

have led to suggestions as to how these defects might evolve. 

Although density functional theory (DFT) calculations have been 

useful for studying point defects and functional groups typical 

to GO31–36, these have been limited to both small length-scales 

and short time-scales. As an alternative, ReaxFF is a bond order-

based force field capable of describing covalent bond formation 

and disassociation, and based upon its current parametrization, 

could be used to explore annealing of GO over greater time- and 

length-scales. The ReaxFF potential has previously produced 

simulation data of GO consistent with experiment e.g. to 

examine how defects arise,37–40 and how the initial distribution 

of oxygen-bearing functional groups affects the GO structure.41–

44 However, these previous studies were based on initial GO 

structures comprising an intact carbon lattice decorated with 

oxygen functional groups, which could then probe the 

subsequent evolution of defective carbon lattice structures. 

37,38,41,42  A current knowledge gap exists concerning the 

examination of how these GO structures evolve in the presence 

of ETDs, which would model the influence of vacancy and 

topological defects that are present from the outset. 

To answer all these questions, we study the evolution of the 

atomic structure of graphene upon extended exposure to 

atomic oxygen and make comparisons with the effect of 

reduction on GO and explore possible structural consequences 

using computational molecular dynamics (MD) simulations. 

Thus, pristine CVD-grown graphene was exposed to atomic 

oxygen, and GO was reduced through a combination of 

chemical and heat treatments and their atomic structure 

determined by low-dose HRTEM. Atomic force microscopy 

(AFM) was used to test the mechanical properties, measuring 

the Young’s modulus and the breaking strength of the sheet. In 

parallel, the evolution of the structure of oxygen functionalities 

and carbon centred defects in GO was explored using MD 

simulations to investigate both structure and resultant chemical 

properties.  

Our results show that atomic oxygen functionalisation 

ultimately causes irreversible extended topological defects in 

the graphene lattice and there comes a point where oxidative 

treatment of graphene gives a material indistinguishable from 

GO. Furthermore, these extended topological defects have 

profound effects upon the properties of the GO sheet, 

distinguishing them from graphene. 

 

2. Methods 

2.1 Graphene chemical vapour deposition. As previously 

reported,16,45 copper foils s (99.5% purity, 0.025 mm thick, Alfa 

Aesar product number 46365) were electropolished using a 

solution of orthophosphoric acid, urea, isopropanol, methanol 

and water, and then rinsed in water and isopropanol. The foils 

were sonicated in acetone, rinsed in isopropanol, and dried with 

nitrogen. They were then placed inside a 1-inch diameter quartz 

tube in a tube furnace. Graphene growth proceeded by low-

pressure chemical vapour deposition (CVD), at a pressure of  

<100 mTorr. The foil was heated to 1000 oC over 20 minutes 

with a flow of hydrogen for 20 minutes, prior to the introduction 

of methane at 20 sccm for 20 minutes. The methane and 

hydrogen were kept on as the foil was cooled to 600 oC, after 

which the methane flow was stopped. SEM, TEM and Raman 

spectroscopy show that the graphene is predominantly 

monolayer, and is free from grain boundary defects.45 

2.2 Graphene transfer. Graphene was transferred from the 

copper foils onto TEM grids or silicon substrates. The graphene-

coated foils were coated with a thin layer of formvar by spin-

coating. These stacks were placed on an ammonia persulphate 

solution to etch away the copper, leaving the formvar on 

graphene film floating on the surface. After etching, the stacks 

were washed by being transferred to de-ionised water 5 times 

and scooped onto either a silicon substrate or a silicon nitride 

TEM support grid containing an array of regularly spaced holes 
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with diameters of 3.25 𝜇m and centre-centre distances of 6.5 

𝜇m (from Silson Ltd). For cleaning, the silicon substrates were 

soaked in chloroform for 5 minutes, acetone for 5 mins and then 

rinsed in isopropanol and dried in nitrogen. For the TEM grids, 

the same procedure was followed but instead of rinsing in 

isopropanol, they were dried in a critical point dryer using liquid 

CO2 to preserve the free-standing film. 

2.3 Atomic oxygen dosing. Graphene on copper foil, or after 

transfer to TEM grids or silicon, was introduced into ultrahigh 

vacuum (UHV, <10-8mbar). A TC150 gas cracker (50 W) was used 

to crack oxygen into atomic species that are incident at low 

energy on to the surface. 

2.4 Preparation of graphene oxide. Graphene oxide was 

prepared using a modified Hummers method46 as reported 

previously,47 yielding as produced GO (aGO). The oxidative 

debris was removed by washing in NaOH, yielding bwGO.13,14 

GO (0.1 mg ml-1). For Raman spectroscopy, bwGO was then 

spin-coated (3000 rpm, 0.1 s ramp) onto silicon substrates. For 

TEM, grids were plasma cleaned (100 W for 1 min) before a drop 

of GO (0.01 mg ml-1) was cast onto the surface. To reduce the 

GO, samples were exposed to hydrazine vapours for 2 hours 

(yielding reduced GO, rGO),48,49 followed by heating for 1 hour 

in air at 200 °C (yielding heated-reduced GO, hrGO). 

2.5 X-ray photoelectron spectroscopy. X-ray photoelectron 

spectra were acquired with an Omicron XPS system with a 

monochromated Al Kα source operated under UHV, with the 

samples transferred in UHV directly into the XPS analysis 

chamber after exposure to atomic oxygen. 

2.6 Raman spectroscopy. Raman spectra were acquired using a 

Renishaw InVia with a HeNe 633 nm laser. For graphene on 

copper, there is a broad background caused by fluorescence of 

the copper which has been removed using a 2nd order 

polynomial fit. 

2.7 Transmission electron microscopy. For high-resolution 

imaging, a JEOL ARM 200F was used with operating voltage of 

80 kV. Sample dose was minimised using JEOL’s Minimum Dose 

System, which allows sample focusing away from the region of 

interest.  

2.8 Atomic force microscopy measurements of mechanical 

properties. All AFM data were acquired using an Asylum 

Research MFP3D-SA AFM with MikroMasch NSC18 tips (silicon 

tip with nominal normal spring constant of 2.8 Nm−1 , resonance 

frequency of 75 kHz, and tip radius of 8 nm) which were 

calibrated using the Sader method.50 The graphene, or 

functionalised graphene, was suspended across circular holes 

with diameters of 3.25 𝜇m in a silicon nitride support 

membrane. The centre of each hole was found by imaging in AC 

mode (tapping mode) and force-distance curves acquired at the 

centre point. The force-distance curves were acquired with 

sequentially increasing maximum load force until the 

membrane was observed to break. The breaking load was 

determined from the highest load reached before breaking. The 

curve from the approach direction up to the breaking point was 

transformed to force versus indentation and corrected for 

offsets and the resultant force versus indentation curve was fit 

to extract the 2D elastic modulus and pretension of the 

membrane. Provided the radius of the AFM tip is significantly 

smaller than the radius of the hole (𝒓𝒕𝒊𝒑 ≪ 𝒓𝒉𝒐𝒍𝒆) and acting 

close to the centre of the hole, the system can be modelled as 

a point load acting on a clamped circular membrane of linear 

(i.e. no bending stiffness) isotropic elastic material. This model 

can be used to approximate the force-indentation (𝐹-𝑑) 

relationship as51 

𝑭 = 𝝈𝟐𝑫
𝟎 (𝟐𝝅𝒓𝒉𝒐𝒍𝒆) (

𝒅

𝟐𝒓𝒉𝒐𝒍𝒆 
) + 𝑬𝟐𝑫(𝟐𝒒𝟑𝒓𝒉𝒐𝒍𝒆) (

𝒅

𝟐𝒓𝒉𝒐𝒍𝒆 
)

𝟑
, 

where 𝝈𝟐𝑫
𝟎  is the pretension and 𝐸2𝐷 is the 2D elastic modulus. 

𝐸2𝐷 is analogous to the Young’s modulus of a 3D material and 

can be converted to an equivalent Young’s modulus by dividing 

by the thickness of the sheet — for graphene the interplanar 

distance of graphite, 0.335 nm, was used and this is plotted in 

Figure 5 along with the 2D elastic modulus. Note that the layer 

thickness increases in GO and is typically taken to be around 1 

nm. The dimensionless parameter, 𝑞, is given by 𝒒 = (𝟏. 𝟎𝟓 −

𝟎. 𝟏𝟓𝝂 − 𝟎. 𝟏𝟔𝝂𝟐)
−𝟏

, where 𝜈 is the Poisson ratio. For 

graphene the Poisson ration can be taken as the in-plane 

Poisson ratio for graphite, 0.165, giving 𝑞 = 1.02. Example force-

curves are given in SI section SI4. 

2.9 Molecular simulations. The molecular dynamics simulations 

considered four types of GO sheets as initial configurations, 

namely GO with an intact perfect carbon lattice, i.e. no defect 

or topological vacancies (GO-N), GO with decorated defect 

vacancies (GO-V), GO with topological defects (GO-T), and GO 

with both vacancy and topological defects (GO-TV).  

In each case, a single graphene sheet was functionalized with 

~30% oxygen in a ratio of 2:1 hydroxyl and epoxide groups on 

both the upper and low sides of the substrate. To produce 

approximate structural models of hrGO, the sheets were 

equilibrated at room temperature, followed by annealing to a 

temperature of T = 600, 900, 1200, or 2500 K, and held at this 

temperature for the remainder of the simulation. Although 

these temperatures exceed those used in the experimental 

heating protocol, the exploitation of the Arrhenius-like 

behaviour of the time-temperature relationship for carbon 

based materials52,53 is common practise to make simulations 

computationally tractable, including with simulations 

specifically using ReaxFF.37,42 

All sheet types had surface dimensions ~9.9x8.8x6.3nm3, 

comprising 3444, 3409, 3444 and 3409 carbon atoms 

respectively. The GO-V and GO-TV samples had a total of 35 

carbon atoms deleted from the pristine graphene 2D network, 

which were distributed over six holes of sizes 10, 7, 5, 5, 5 and 

3 missing carbon atoms.  The oxygen-bearing content of all 

systems comprised ~ 166 hydroxyl groups and ~129 epoxide 

groups. Of this total number of hydroxyl groups, 30% were 

configured as isolated hydroxyls, with the remaining 70% as 

dihydroxyls. Epoxide and hydroxyls were randomly distributed 

on both sides of the sheet. The exclusion of initial carboxyl 

groups was intentional and allowed for the objective 
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monitoring of defect-induced chemical conversion of existing 

hydroxyl and epoxy groups during annealing. 

To avoid possible artefacts arising due to use of periodic 

boundary conditions, the oxygen-bearing groups were 

distributed in the centre of the sheet within a circle of diameter 

~6.0 nm. The clustering of these defects within this region was 

deliberate; first to model co-location of these ETDs, and second, 

to ensure that the graphene lattice at the periodic boundary 

edges was minimally affected by sheet corrugation induced by 

the ETDs.  

Simulations were performed using the LAMMPS software 

package.54 All simulations were performed using 3D periodic 

boundary conditions and an integration time step of 0.1 fs. To 

describe the chemical mechanisms during the heating of the GO 

structures, the ReaxFF was used.55–57 Following geometry 

optimization, the systems were brought to 300 K over 100 ps, 

and subsequently annealed at an upper temperature (600 K, 

900 K, 1200 K or 2500 K) for a further 100 ps, all within the 

isothermal-isobaric ensemble to ensure that no residual 

stresses due to oxygen functionalisation were introduced. Full 

details, including the stress-strain simulations and calculations 

are provided in the SI, “Computational Details.” 

3. Results and discussion  

CVD graphene was dosed with atomic oxygen in ultrahigh 

vacuum. Gas phase functionalisation allows easy control over 

the extent of the reaction by varying the exposure time and 

exposure to atomic oxygen (the highly reactive monoatomic 

oxygen radical formed by cracking diatomic oxygen) avoids 

damage due to the high energies usually found in plasma 

sources.  

XPS spectra, Figure 1a, show that at low levels of 

functionalisation (between 1 and 4 minutes) the atomic oxygen 

forms epoxide groups on the graphene surface, without 

damage to the graphene lattice, consistent with previous 

reports on exposing graphene to atomic oxygen.16,58 This is 

evident from the increasing intensity of the peak at 286.3±0.1 

eV, corresponding to carbon in an epoxide group, alongside the 

peak at 284.4±0.1 eV associated with graphene. For doses 

greater than 4 minutes there is a change in the oxygen chemical 

environments: the epoxides remain but are joined by carboxyl 

and carbonyl groups (broad peak at 288.5±0.1 eV). Concomitant 

with this, there is a decrease in the total intensity of the carbon 

peaks, suggesting some removal of carbon from the graphene 

lattice. A more detailed discussion of the XPS spectra is given in 

Electronic Supplementary Information, ESI, section 1. 

Raman spectra from graphene before and after oxygen 

functionalisation are shown in Figure 1b. For pristine graphene 

on copper, a single peak is observed at 1590 cm-1 which can be 

assigned to the G band of graphene. There are no other peaks 

in this region, including around 1345 cm-1 where the D-peak 

would be expected, indicating the graphene is free from 

disorder, typical for high-quality CVD graphene. After 1-minute 

of atomic oxygen dosing, the D-peak at 1345 cm-1 is already of 

similar intensity to the G-peak. After longer exposures to atomic 

oxygen, the D’ peak at 1650 cm-1 emerges as well. Both D and 

D' peak are related to disorder in the graphene lattice59. After 

>4 minutes exposure to atomic oxygen, the G and D' peaks 

become too broad to be distinguished by eye and after 16 

minutes of atomic oxygen dosing the Raman spectrum closely 

resembles that from base-washed graphene oxide (bwGO), 

suggesting comparable disorder to the graphene lattice. 

Figure 1. XPS and Raman spectroscopy of atomic oxygen functionalised graphene and GO. a) C1s XPS spectra for graphene with different times of exposure to atomic oxygen, the 

red line is the fit to the data with the fitted peaks shown as black lines with shading beneath. b) Raman spectra, the dashed lines indicate the positions of the D, G and D’ peaks. 
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Raman spectroscopy and XPS thus give indirect evidence that, 

despite the soft functionalisation approach, higher levels of 

functionalisation result in damage to the graphene lattice, 

giving spectra similar to those from graphene oxide synthesized 

by conventional wet chemical approaches. But these 

spectroscopic investigations do not directly reveal the resultant 

changes in atomic structure. 

3.1 Physical structure of functionalized graphene. Insight into the 

structure of oxygen functionalised graphene can be provided by 

aberration corrected transmission electron microscopy 

(acTEM). Figure 2 compares acTEM images from graphene, both 

before and after controlled functionalization by exposure to 

atomic oxygen, as well as conventional GO, both before and 

after base-washing or reduction treatments. Sample fabrication 

details are given in the Methods. Importantly, TEM images were 

acquired at 80 kV using a minimum dose system that only 

exposes the image region to the electron beam for the 

acquisition period, keeping the exposure down to 10 e- Å-2 

before images are captured and hence minimizing the effect of 

electron beam damage.  

Before functionalization, acTEM images of CVD graphene show 

a uniform hexagonal lattice across most of the image, Figure 2a. 

In the bottom left corner, highlighted in blue, is an amorphous 

region, likely to be polymer residue on the graphene that has 

not been removed after the transfer process60 or adventitious 

carbon47,61 from hydrocarbon contamination upon exposure to 

air. There are no defects visible in the lattice. Figure 2b shows 

graphene after a 6-minute oxygen dose. There are amorphous 

regions as before, which are again assigned to transfer residue 

and adventitious carbon. The apparent increase in amorphous 

regions is assigned primarily to more polymer transfer residue 

due to an accidentally more contaminated sample but may also 

be in part due to more adventitious carbon due to greater 

attraction to the functionalised regions. Along with the pristine 

graphene lattice there are now, highlighted in red, clusters of 

topological defects, where the hexagonal lattice is replaced by 

clusters of pentagons, heptagons and other irregular shapes, 

disrupting the lattice locally whilst the long-range order is still 

retained. Such extended topological defects induce in-plane 

and out-of-plane deformation of the graphene sheets17 and 

cannot be removed by annealing or by standard chemical 

reduction procedures. To emphasize, these ETDs have arisen 

from the controlled functionalisation by atomic oxygen which at 

low functionalization levels (< 10%) is known to only cause 

reversible functionalisation by on-plane epoxide groups.16,58 

Although acTEM gives detailed information on the lattice 

structure, our images do not reveal the sites of chemical 

functionalisation. We cannot distinguish between O and C in 

these images. Epoxide groups, which are still expected to be the 

dominant species at this level of functionalization, move quickly 

under the high-energy electron beam, or are removed by it, and 

so are not visible in the acTEM images.16 

Figure 2c is an acTEM image from aGO. An FFT of this region 

shows a single set of hexagonal spots, demonstrating the long-

range order in the graphene-lattice that forms the backbone of 

GO.47 For aGO, although there is significantly more amorphous 

material than for graphene, there are regions of ordered 

graphene lattice and regions of ETDs. These images, acquired at 

low-dose and low-accelerating voltage to minimize damage due 

to the electron beam, demonstrate that ETDs are formed during 

the oxidation process. The appearance of ETDs is correlated 

here with the rise of the D' band in the Raman spectra of 

functionalised graphene, whether functionalized by controlled 

exposure to atomic oxygen or the conventional wet chemistry 

approach. Hence, we propose that the D' band in GO is 

associated with ETDs, giving a convenient signature of their 

presence.  

Figure 2d shows atomic resolution images of bwGO. After base-

washing, there is a reduction in the amount of amorphous 

material compared to aGO, suggesting that the oxidative debris 

adhered to the GO surface contributes to the amorphous 

regions observed in aGO. The bwGO also shows an increase in 

regions of ETDs compared to aGO. We suggest that removal of 

oxidative debris exposes disordered regions beneath, i.e. that 

Figure 2. Aberration corrected transmission electron microscopy (acTEM) from 

graphene and graphene oxide. Panel (a) shows pristine graphene, with transfer 

residue highlighted in blue. Panel (b) shows graphene after exposure to atomic 

oxygen. Along with transfer residue (blue) there is also the presence of defects in the 

graphene lattice (red), caused by the oxygen dosing. Panel (c) shows as-produced GO 

(aGO), where the majority of the graphene lattice is covered in amorphous material 

(blue). Panel (d) shows base-washed GO (bwGO), which has significantly less 

amorphous material. The removal of amorphous material reveals extended defects 

(red) and holes in the lattice (green). Panel (e) shows reduced GO (rGO), and (f) 

heated-reduced GO (hrGO). These treatments have further reduced the amorphous 

material and again show the presence of defects.
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the OD preferentially complexes to the disordered regions, as 

others have suggested.62 Finally, areas highlighted in green 

show no contrast, and are assigned to holes in the graphene 

sheet. Again, we expect that the holes are not caused by base-

washing per se, but rather that they are hidden by the OD 

coverage on the aGO. 

Figure 2e shows aGO after chemical reduction (rGO) and, Figure 

2f, after chemical then heat treatment (hrGO). For rGO, there is 

less amorphous material than aGO, and an apparent increase in 

ETDs. For hrGO, there is an even stronger decrease in 

amorphous material and a clear increase in pristine graphene 

lattice regions. This suggests the reduction treatment has 

successfully removed much of the oxygen from the graphene 

lattice; however, there are still extensive regions of lattice 

defects. As discussed earlier, ETDs cannot easily be reversed to 

return to a pristine graphene lattice. 

These results from atomically resolved images are corroborated 

by electron diffraction data, where the risk of electron beam 

damage is even lower. Small displacements away from the 

lattice-defined atomic positions, indicative of disorder due to 

thermal oscillations or lattice distortions, alter the diffraction 

peak intensities from those predicted by the scattering factor.63 

Analysis of diffraction peak intensities can thus provide a simple 

method for probing disorder in the lattice. Consistent with the 

acTEM images, diffraction data (ESI section 2) shows that 

functionalisation by atomic oxygen results in similar disorder to 

functionalization by the modified Hummers’ method and that 

chemical reduction and heating reduces lattice disorder but 

does not return the sheet to pristine graphene, all pointing to 

the ubiquity of ETDs in functionalized graphene and the 

challenges associated with removing them. This should be 

compared to the chemical composition determined by XPS 

which, as previously reported,64 indicates that oxygen is 

retained in reduced graphene oxide. Although it is natural to 

assume that the oxygen retained in rGO is associated with the 

ETDs, we cannot resolve the positions of the oxygen atoms from 

direct imaging. Instead, to understand whether oxygen 

functionalities are indeed preferentially retained in the 

structural defects, molecular dynamics simulations are used to 

investigate this hypothesis. 

3.2 Interplay between Defects and Oxidation (Molecular 

Simulations). To explore the influence of the presence of ETDs 

on the retention and location of oxygen content in bwGO, 

molecular dynamics simulations were performed using the Reax 

force-field (ReaxFF),55–57 based on a structural model of bwGO. 

The purpose of these simulations is not to re-create the 

conditions of the oxygen dosing experiments, but to probe how 

the hypothetical initial presence of ETDs might influence the 

retention of oxidative content after thermal treatment and 

indicate where this content is most likely located.    

The key distinction between previous simulation studies37–44 

and the current work is that ETDs were introduced into our 

initial structures from the outset. Our experiments have shown 

that ETDs are an important feature of both bwGO and rGO, thus 

exploring the structural evolution of oxygen at these large 

defect sites via simulation will extend our understanding of GO 

in general. This decision to introduce ETDs into the initial 

structures for our simulations was informed by practicalities. 

The deliberate introduction of both ETDs and oxidative groups 

prior to annealing enables the study of the interaction between 

these two features, which are thought to co-exist prior to 

annealing, on timescales that are amenable to ReaxFF 

simulations. Details of the justification of this choice are 

provided in ‘Model Justification’, ESI section 3.  

To isolate the effects of the different types of defects on oxygen 

retention, four different cases of graphene lattice were 

Figure 3. Top-down views of initial (pre-annealed) and final (post-annealed) graphene oxide lattice with (GO-N) no defects introduced and (GO-

TV) both vacancy and topological defects introduced. Oxygen atoms are shown as red spheres. Rings are coloured according to ring size, r, with 

r = 5 (blue), 6 (grey), 7 (yellow), 8 (green), 9 (pink), >10 (white).  Ring sizes larger than 10 have resulted either from the loss of carbon, or from 

lattice unzipping events, or both.
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considered, starting with the carbon lattice of GO sheet with no 

defects (GO-N). The GO-N model has been widely adopted as a 

basis of previously-reported MD simulations performed using 

ReaxFF, where no lattice defects have been induced prior to 

annealing. GO-N provides a broad point of comparison to these 

previous simulations, although the functional groups used to 

decorate the GO structure, as well as simulation times and 

temperatures, vary across studies. The novel feature of the 

current work is the consideration of three additional initial 

structural models devised here: GO with vacancy defects 

(holes), with topological defects (Stone-Wales defects and a 

“mini” grain boundary defect), and with both vacancy and 

topological defects (i.e. ETDs); these three cases are referred to 

as GO-V, GO-T and GO-TV, respectively. Holes and topological 

defect edges were pre-functionalized with oxygen-bearing 

groups, and the remainder of the oxygen content was initially 

distributed across randomly selected sites. These three models 

capture the hypothetical scenarios where the oxygen-bearing 

content has migrated from basal regions of the surface to 

become trapped at the edges of the different defect types. All 

four models were then subjected to computational thermal 

annealing protocols as detailed and justified in the Methods. 

The introduction of vacancy defects, topological defects, and 

ETDs all enhanced loss of carbon from the lattice during the 

annealing process (Table S1, ESI), compared with the initially 

defect free case (GO-N), where the amount of lost carbon was 

not substantial (< 2%). Similar to our results for GO-N, 

previously-reported simulations of GO annealing (based on a 

GO-N-like structure) yielded minimal loss of carbon.38 Carbon 

ejection was greatest for the GO-TV case at 2500 K, lost both via 

the edges of the existing defects and from the basal plane. In 

Figure 3, this can be observed visually with the appearance of 

holes in the post-annealed state. This suggests that the initial 

presence of ETDs can promote additional vacancy defects, 

which in turn may serve to retain oxygen content (as explained 

herein). In addition to the loss of carbon, the degree of 

deformation of the 2D carbon lattice in the 3rd dimension 

(perpendicular to the sheet plane) as a result of the annealing 

process was substantial (Figure S3, ESI). 

However, not all of the newly-created holes were associated 

with carbon loss; some holes were created via an “unzipping” 

mechanism to form ruptures in the sheet. This unzipping 

mechanism appeared to be initiated by the presence of 

adjacent bridging oxygens, and is also supported by DFT 

studies.31,32,65  At the atomic level, an epoxide oxygen atom 

rearranges to an ether type arrangement with cleavage of the 

C-C bond (Figure 4a), without any loss of carbon; a row of such 

groups rearranges to yield a linear rupture in the carbon sheet, 

which is held together by the oxygens (Figure 4b). When these 

bridging oxygen groups are subsequently lost (or converted) 

during annealing, the rupture in the carbon lattice remains. As 

illustrated in Figure 3, this was the sole mechanism for hole 

formation in GO-N. Therefore, vacancy defects appeared after 

annealing at 900 K, even for GO-N, where there is no loss of 

carbon. Previous ReaxFF simulations reported by Bagri et al. 

(which used the same ReaxFF potential as the current work) did 

not note any unzipping via ether groups during annealing,37 and 

suggested that the relevant energy barrier was too high to be 

feasible. However, our observation of rupture could be due to a 

slower heating schedule used in the current work. These 

findings suggest that carbon loss is not a pre-requisite for lattice 

hole formation, even at relatively low annealing temperatures. 

These resultant holes are capable of trapping oxygen, as 

detailed here. 

Compared with carbon retention, the initial presence of defects 

had the opposite effect on oxygen loss; introduction of lattice 

defects enhanced the retention of surface-attached oxygen 

during the annealing process, compared with GO-N, at all 

temperatures (Figure 5). As summarized in Figure 5a, although 

the amount of retained oxygen decreased as annealing 

temperature increased for all cases, the amount of oxygen 

retained for GO-N was always lowest. Figures 5b-d provide the 

post-annealing breakdown of total retained oxygen for 

hydroxyl, ether and carbonyl oxygens, respectively. Notably, the 

initial structures included only hydroxyl and epoxide groups, 

thus carbonyl groups have been generated during annealing. 

This result is consistent with a previous simulation study on the 

annealing of a graphene sheet decorated solely with epoxide 

groups, which resulted in the conversion of epoxies to either 

carbonyls or non-epoxide ether groups.31 For all GO lattices 

under 2500 K, the number of hydroxyl and ether groups 

decreased with increasing annealing temperature whereas the 

number of carbonyl groups increased. However, GO-T, GO-V, 

and GO-TV supported the greatest retention of epoxies and the 

greatest chemical conversion into carbonyls. In particular, for 

ether and carbonyls the presence of topological defects (with or 

without vacancy defects, GO-T or GO-TV) enhanced this effect 

in the 900-1200 K range, relative to GO-V. In summary, 

substantive oxygen content was retained for the highest 

annealing temperature of 2500 K in all but the GO-N cases, 

Figure 4. Four examples of structures of post-annealing oxygen retention at defect 

sites. Examples shown for (a-b) 900 K GO-T, (c) 1200 K GO-N, and (d) 1200 K GO-

V. Red, white, and grey spheres indicate oxygen, hydrogen and the carbon atoms, 

respectively. 
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suggesting it might not be possible to fully reduce GO, due to 

the presence of ETDs. 

The outcomes of these molecular simulations are consistent 

with the experimental observations, namely in suggesting that 

retention of oxygen is most pronounced for graphene lattices 

that feature ETDs. However, these simulations also indicate the 

likely locations of this retained oxygen content, which is 

currently inaccessible to experimental approaches. The 

locations of the retained oxygen post-annealing was evaluated 

quantitatively (summarized in Table S2, ESI), by examining 

whether the remaining oxygen was bound to a defect carbon 

(defined as carbon atoms associated with either a vacancy 

defect, or a topological defect, or both) or the basal plane 

(defined as any non-defect carbon). As the annealing 

temperature increased, the proportion of total retained oxygen 

bound to a defect site, as opposed to the basal sites, increased 

for all cases. This can be noted qualitatively in Figure 3, where 

in the initial case oxygen is spread over the basal plane, and at 

900 K was still observed on the basal plane but with retention 

of oxygen on all defects, whereas at 1200 K the retained oxygen 

was strongly localized at the defect sites. Figure 4a illustrates 

the post-annealing 900 K structure where a Stone-Wales defect 

retained two bridging oxygen atoms (non-epoxide ether), as 

well as an epoxide and a di-hydroxyl; in Figure 4c and 4d, in 

examples taken from annealing at 1200 K, oxygen was retained 

at hole edges in the form of epoxide, carbonyl, and bridging 

oxygen groups. DFT calculations probing the stability of 

epoxide, carbonyl and non-epoxide ether groups on vacancy 

edges have been previously reported,66 supporting the use of 

these ReaxFF annealed structures as a basis for analysis of the 

functional group composition at different temperatures.    

For annealing at 2500 K, the proportion of total retained oxygen 

bound to defect carbons was >90% for all cases, and for the GO-

TV case, none of the total retained oxygen remained bound to 

the basal plane (Table S2, ESI). The difference in locations of 

retained oxygen between the different cases was more 

pronounced at lower annealing temperatures, where the 

formation of new defects had not yet occurred. For example, at 

600 K only 3% of the total retained oxygen was located on a 

defect carbon for the GO-N case; whereas for the GO-V, GO-T 

and GO-TV cases the proportion of the total retained oxygen 

situated on defect sites ranged from 24%-55%; additionally, the 

amount of total bound oxygen was 6-11% higher than the case 

where no defects were introduced.  

In summary, by performing simulations without defects, with 

holes only, topological defects only, and ETDs, oxygen 

retention, location and functional group have been monitored 

as a function of defect type. These examples illustrate the 

overall finding that annealing could not eliminate all oxygen 

content, and that this oxygen retention was most pronounced 

when ETDs were initially present, which served to trap these 

oxygens and, in some instances, facilitate chemical conversion 

into carbonyl groups. These simulation findings support the 

hypothesis that the intrinsic presence of ETDs (regardless of 

their provenance) can strongly influence the properties of GO, 

such as the mechanical properties. 

3.3 Mechanical properties of functionalized graphene. The effect 

of functionalization and structural disorder on the mechanical 

properties of graphene was studied both experimentally and 

computationally. An atomic force microscope was used to 

measure the elastic modulus and the breaking strength of freely 

suspended graphene films, in a similar geometry to that 

previously used to determine the mechanical properties of 

graphene.51 Graphene films were supported on TEM grids 

containing an array of circular holes in a SiN membrane. To take 

statistically significant measurements, an automated procedure 

was employed to collect force curves (measuring the force as a 

function of indentation) from hundreds of holes across the 

sample. Each force curve was fit to obtain the elastic modulus 

of the films (summarized in the Methods) and to determine the 

breaking strength. The maximum indentation force that could 

be applied was 1.2 µN, placing an upper limit on the 

measurement of the breaking strength. 

Figure 5. Predicted comparison of numbers of post-annealing surface-retained oxygens 

for the four types of GO initial state: defect free (GO-N), vacancy-defect (GO-V), 

topological-defect (GO-T), and topological-vacancy-defect (GO-TV) GO structures. Panel 

(a) shows the total number of retained oxygens in each case. Panels (b)–(d) indicate the 

breakdown in the number of retained oxygen in terms of hydroxyl, ether, and carbonyl, 

respectively. 
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Figure 6 summarises the mechanical response of the graphene 

membranes. Red diamonds on the plot show the breaking 

strength against the elastic modulus for ‘pristine’ CVD grown 

graphene. 82 % of these measurements lie on the line of 

maximum breaking strength, meaning most of the graphene 

film did not break up to the maximum force of 1.2 µN. The few 

points that lie below this line are likely to be from regions that 

contained defects such as grain boundaries in the CVD grown 

graphene film.20 The average 2D elastic modulus for CVD 

graphene was determined to be 400±20 Nm-1, which 

corresponds to a Young's modulus of 1.19±0.05 TPa. Both the 

high breaking strength and the Young's modulus are consistent 

with those expected of pristine graphene, which has a breaking 

strength of 42 Nm-1, a 2D elastic modulus of 340 Nm-1 and a 

Young’s modulus of 1.0 TPa.51  

After dosing with atomic oxygen for two minutes, the dark 

green squares, the average Young's modulus decreases to 

0.282±0.009 TPa and the average breaking strength to 

0.38±0.02 µN. At this stage there is considerable variability in 

the breaking strength which is clearly strongly correlated to the 

Young’s modulus, although the change in Young’s modulus is 

smaller. This is consistent with heterogeneity in the levels of 

functionalisation. The mechanical properties are further 

decreased after four minutes exposure to atomic oxygen (light 

green crosses), with an average Young's modulus of 

0.210±0.008 TPa and average breaking strength of 0.140±0.007 

µN. Hence even low levels of functionalization significantly 

reduce the mechanical properties of graphene, decreasing both 

its stiffness and strength.  

Mechanical measurements on aGO, blue rectangles in Figure 6, 

give an average 2D elastic modulus of 230 ± 10 N m-1 and an 

average breaking strength of 0.45 ± 0.02 µN, a clear reduction 

in the mechanical performance compared to graphene. To 

compare this to literature values, we assume a thickness of 1 

nm to give a Young’s modulus of 0.230 ± 0.010 TPa, consistent 

with previous AFM measurements67 and with investigations of 

GO in composites.68,69 Note that the dramatic decrease in 

Young’s modulus from graphene to graphene oxide is due to 

both a decrease in the 2D elastic modulus and a significant 

increase in thickness of the GO monolayers. The statistically 

significant number of mechanical measurements made here 

allow further insight. There is a much larger spread in both 

Young’s modulus and breaking strength for GO, with a strong 

correlation between them. We attribute this to two factors: the 

structure of GO is heterogeneous at the nanoscale; and the GO 

membranes are not uniformly flat monolayers, some areas of 

the grids may contain multiple GO flakes stacked on top of each 

other and there may be some folds or wrinkles.  

After chemical reduction to rGO, purple circles in Figure 6, the 

mechanical properties do not become closer to pristine 

graphene but rather remain similar to those of aGO. The 

average values, 170±10 Nm-1 for the 2D elastic modulus and 

0.34±0.02 µN for the breaking strength, show a small decrease 

relative to GO and again a similar spread in the results is 

observed, with a clear correlation between breaking strength 

and Young’s modulus. We attribute the small difference in the 

average values relative to aGO to be due to small differences in 

the uniformity of the GO monolayers in each sample: the 

mechanical properties of aGO and rGO are very similar.  

The data from mechanical measurements thus show that even 

mild chemical functionalization can severely degrade the 

mechanical properties of graphene, apparent both from 

measurements on controlled gas phase functionalised 

graphene and wet chemical functionalised graphene (GO). In 

both, there are significant variations in mechanical properties 

consistent with heterogeneity in the structure at the nanoscale. 

The similarity between the average mechanical properties of 

aGO and rGO is instructive. Chemical reduction will have 

significantly decreased the density of epoxide and hydroxide 

functional groups but will not have altered the density of 

extended topological defects or oxygen groups associated with 

vacancies, suggesting that these play a critical role in preventing 

the recovery of the mechanical properties of pristine graphene. 

Molecular dynamics simulations of the mechanical properties of 

both pristine graphene and annealed GO structures were 

performed and found to be consistent with these findings. 

ReaxFF MD simulations have been previously used to study the 

mechanical properties of GO structures which feature a minor 

amount of topological or point vacancy defects.39,70,71 These 

simulations were not intended to be exhaustive, but rather to 

illustrate differences in the mechanical properties between 

structures with more or less numbers of ETDs. Stress-strain 

simulations at 300 K were used to predict Young’s modulus for 

pristine graphene (PG), and the GO-N and GO-V structures 

Figure 6. Scatter plot of all the breaking loads and elastic moduli of the tested graphene 

and functionalised graphene samples. Each data point corresponds to measurements 

on a separate section of suspended graphene membrane. The ellipses correspond to 

90% confidence intervals for each data set and demonstrate the correlation between 

breaking strength and elastic modulus. The black dashed line corresponds to the 

maximum breaking strength that could be measured, the points just above that line 

correspond to graphene membranes that did not break up to that point. The equivalent 

Young’s modulus is calculated assuming a 0.335 nm film thickness, corresponding to 

graphene.
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following annealing at both 600 K and 1200 K. The latter were 

considered to probe whether the amount of defect-retained 

oxygen influenced the mechanical properties. As an additional 

check of Young’s modulus, the elastic constants of the sheets 

were also calculated at 0 K, based on the second-derivatives of 

the potential energy with respect to atomic position. Regardless 

of the annealing temperature used to prepare the sample, and 

the procedure used to calculate Young’s modulus, the same 

trend was identified, namely that E(PG)>E(GO-N)>E(GO-V), 

consistent with the experimental results (simulation data in 

Figure S4, ESI). Previously calculated values for the Young’s 

modulus of PG and GO-N range from 1.04-1.39 TPa 72–74 and 0.2-

0.8 TPa 75,76, respectively. Here, the Young’s modulus of 

graphene was calculated to be 0.71/0.94 TPa for the stress-

strain simulations and elastic constant calculations respectively.  

Values for GO-N samples annealed at 600 K and 1200 K were 

0.39 TPa and 0.37 TPa respectively for the stress-strain 

simulations, in line with the previously published estimates 

mentioned above. Analogous values from the elastic constant 

calculations were similar to their stress-strain counterparts in 

each case (Figure S4, ESI). The related 2D Young’s modulus 

values are also summarised in Figure S4 and are consistent with 

previously reported values for graphene.77 These findings 

further support the hypothesis that the presence of both 

residual oxygen content and vacancy defects, which remain 

even after GO reduction, serve to irreversibly compromise the 

mechanical integrity of rGO and hrGO. 

Conclusions 

Our results demonstrate that oxygen functionalization of 

graphene directly causes structural changes to the graphene 

basal plane that are not removed by reduction methods. 

Extended topological defects were observed both in graphene 

oxide produced by a conventional modified Hummers’ method, 

and by controlled functionalization of pristine graphene by 

exposure to atomic oxygen under ultrahigh vacuum. For the 

latter, even though low-levels of oxygen functionalization by 

exposure to atomic oxygen are known to be reversible with no 

damage to the graphene lattice,16,58 exposure for longer times 

results in an oxidised and defective structure similar to GO 

produced by conventional wet-chemical methods. Our data add 

compelling evidence that the ETDs are introduced during the 

functionalization process, rather than only during the reduction 

process, and should be expected to be ubiquitous in all but the 

most minimally functionalized graphene. Molecular dynamics 

simulations indicated that after reduction/annealing, the 

retained oxygen groups are preferentially associated with the 

extended topological defect structures. Subsequent reduction 

may remove oxygenation but has no effect upon the extended 

defect structures. The binding of other atoms such as hydrogen 

and fluorine at the defect sites of graphene oxide has been 

shown to be significantly stronger than that on the basal plane78 

which supports the notion that without defect removal they are 

irreversibly bound. Further, it has been shown with other 

functional groups that the agglomeration of groups that can 

occur can further strengthen the binding.79 We suggest that the 

interplay of functional groups binding on defect sites, and the 

defect sites providing a site of agglomeration, both enhance the 

binding to such a degree that the groups are irremovable upon 

reduction. Thus, as an exemplar, by combining molecular 

dynamics simulations and mechanical measurements, we 

illustrated how functionalization significantly deteriorated the 

mechanical properties of graphene through the introduction of 

extended topological defects and how reduction was unable to 

restore these properties. 

Graphene oxide is a term used to refer to a family of materials 

formed from the oxidation and exfoliation of graphite to 

monolayer oxygen functionalized sheets. The physical and 

chemical structure of these materials varies depending on the 

protocols followed to produce them. But from the comparative 

study given here between wet-chemical and gas-phase 

functionalization, we can extend the existing and widely-

accepted structural models of GO, to summarize the key 

categories of features present to a greater or lesser extent in all 

graphene oxides: (1) on-plane oxygen functional groups, 

including ether and hydroxyl, in regions where the hexagonal 

carbon lattice is retained, as described by the Lerf-Klinowski 

model; (2) oxidative debris adhered to the as-produced 

graphene oxide, containing high concentrations of oxygen 

functional groups; (3) extended topological defects in the 

carbon lattice, with associated oxygen functional groups, such 

as carbonyls, that are more stable due to their association with 

the vacancy structures. Whilst there are also oxygen atoms 

associated with sheet edges, these correspond to only a small 

fraction of the material (typically < 0.1%) and so are unlikely to 

contribute significantly to the macroscopic properties. In 

summary, this work emphasizes the importance of extended 

topological defects as a ubiquitous trait common to all 

graphene oxides, regardless of their provenance, and their 

central role to understanding the atomic structure, chemical 

properties, and physical properties of graphene oxide.  
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