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ESI1: XPS and Raman spectroscopy of CVD graphene after 
dosing with atomic oxygen.

Figure S1a shows XPS of graphene on copper after dosing with atomic oxygen. On each 

spectrum black points are the raw data, the red line is the cumulative fit, and the shaded 

regions represent individual fitting components. In the C1s region shown, there is a single 

asymmetric peak which can be fit with a Doniach-Sunjic asymmetric line profile1 at 

284.4±0.1 eV, as often used for graphene.2 After 1 minute of dosing with atomic oxygen, a 

symmetric peak arises at 286.3±0.1 eV, corresponding to carbon in an epoxide group; this is 

consistent with prior work that has shown exposing graphene to atomic oxygen results in 

reversible on-plane functionalisation in the form of epoxide groups.3,4 Further dosing for 2 

and 4 minutes does not introduce extra peaks but does increase the relative intensity of the 

epoxide peak, demonstrating the increase in the number of these functional groups as the 

graphene is exposed to atomic oxygen for longer times.

However, a new peak at 288.5±0.1 eV is observed in the C 1s region after an 8-minute dose 

of atomic oxygen to graphene. Peaks at this binding energy are again associated to oxygen 

groups, but in carbonyl (C=O) and carboxyl (C(O)OH) environments. The peak broadness 

suggests a mixture of these environments, but the resolution is not sufficient to distinguish 

between them. For the 16-minute dosed graphene, the spectrum appears much the same. Both 

the 8 and 16 min dose XPS spectra resemble those of GO.

The XPS spectra show that at lower levels of functionalisation (between 1 and 4 minutes) 

the atomic oxygen forms epoxide groups on the graphene surface, consistent with previous 

reports on exposing graphene to atomic oxygen.3,4 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. It is worth noting that after 4 minutes the total C1s intensity starts to 

decrease, suggesting some removal of carbon from the surface. Combined, this evidence 
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points to significant disruption to the graphene lattice caused by not only higher levels of 

oxygen functionalisation, but also in-plane defects associated with the loss of carbon atoms.

Figure S1b shows Raman spectra from graphene before and after oxygen functionalisation. 

The top panel shows a Raman spectrum from pristine graphene on copper, with a single peak 

at 1590 cm-1 which can be assigned to the G band of graphene.5 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.

The panels below, in Figure S1b, show Raman spectra from graphene after oxygen dosing. 

For the 1-minute dosed graphene, the G peak is still present but, the D peak at 1345 cm-1 is 

now significant. 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 lattice.5 As the dosing 

increases, the D and D' peaks increase relative to the G peak, suggesting an increase in 

disorder in the lattice with increasing dosing. After >4 minutes exposure to atomic oxygen, 

the G and D' peaks become too broad to be distinguished by eye.

The bottom panel in Figure S1b shows a Raman spectrum from base-washed graphene 

oxide (bwGO) as a comparison. The two broad peaks at 1600 cm-1 and 1360 cm-1, assigned to 

the D, and to the G and D' combined respectively, closely resemble those from 8- and 16-

minute dosed graphene on copper, suggesting comparable disorder to the graphene lattice.



4

Figure S1 (as in Figure 1 of the main text). 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. 

ESI2: Selected area electron diffraction of functionalised 
graphene.
Selected area electron diffraction patterns were acquired using a JEOL 2100 TEM operating 

at 200 kV: a plug-in to Digital Micrograph was used to automatically acquire a sequence of 

images at increasing acquisition times and combine them into a single high-dynamic range 

image.6

Structural information averaged over longer length scales can be obtained from TEM 

diffraction patterns. Small displacements away from the lattice-defined atomic positions, due 

to thermal oscillations or lattice distortions, alter the diffraction peak intensities from those 
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predicted by the scattering factor. This is usually encompassed in the Debye-Waller factor 

which modifies the scattering factor by a term exponentially dependent on the mean square 

atomic displacements from their equilibrium positions. Analysis of diffraction peak 

intensities can thus provide a comparatively simple method for quantifying disorder in the 

lattice. Figure S2a shows a diffraction pattern from graphene, acquired over an extended 

dynamic range (see Methods). A hexagonal array of spots is observed, with spacings and 

intensities consistent with monolayer graphene. Similar patterns were observed for the 

functionalised graphenes, confirming the retention of long-range order in the carbon lattice.7 

The average peak intensities for peaks of increasing order is plotted in Figure S2b. To aid 

comparison, the intensity of orders labelled in red in panel (a) has been reduced by a factor of 

four because they are stronger reflections caused by constructive interference from the two 

sub-lattices of graphene.8 For graphene at normal incidence, the electron diffraction peak 

intensities for peaks at reciprocal lattice vector G can be described by8 

,
𝐼(𝐺) = 𝐴

𝑒 ‒ 2𝑊

𝛿4(𝜇2 + 𝐺2)
|𝑆|2

where δ is the carbon-carbon bond length, S is the relative structure factor (4 for the strong 

peaks and 1 for the weak peaks), and the Debye-Waller exponent . The free 2𝑊 = 𝐺2𝑢2
𝑝

parameters are: A, a scale factor that includes microscope dependent parameters; µ the 

inverse screening length, and up the in-plane mean square displacement of the carbon atoms 

from their usual lattice sites. This mean-square displacement was extracted from fits to the 

peak intensities for each functionalised sample, and the results are plotted in Figure S2c.

For graphene, the mean square displacement is found to be up =8±1 pm, consistent with a 

previous report which found up = 6.3±0.8 pm.8 Note that this mean square displacement is 

interpreted as the average in-plane displacement of carbon atoms from their ideal lattice 

positions; distortions in the lattice due to local strain around vacancies and ETDs contribute 
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to this displacement. Although it is not possible to quantify the concentration of ETDs from 

the value of the mean displacement alone, an increase in up is expected with increasing 

concentrations of ETDs, giving a convenient signature of increasing disorder in the graphene 

lattice. After dosing for 30 seconds with atomic oxygen, the mean square displacement has 

increased to up  = 11±1 pm, and after 6 min dosing a further increase is seen to up = 13.3±0.3 

pm. The atomic disorder is similar in GO, with up = 13.9±0.6 pm, with a small decrease upon 

reduction to up = 11.9 ± 0.2 pm. This, consistent with the acTEM images, could be associated 

with a slight increase in lattice order upon reduction. However, the value has not returned to 

that of pristine graphene, and so, as before, it suggests the reduction treatment alone has not 

removed the disorder in the lattice. 
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Figure S2. Atomic displacements in graphene measured by electron diffraction. (a) Selected 

area electron diffraction of CVD grown graphene. Successive orders of diffraction peaks are 

labelled alongside the blue and red lines. Red corresponds to strong reflections and blue to 

weak. (b) Intensity of the peaks plotted on a logarithmic scale plotted as a function of the 

reciprocal vector length in units of the smallest reciprocal lattice vector, the strong reflections 

have been decreased in intensity by a factor of 4. The red line is a fit to the data using the 

equation in the text, from which the mean displacement is extracted. (c) The mean 

displacement of graphene and functionalised graphene, 0.5 mins and 6 mins correspond to the 

exposure time to atomic oxygen.
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ESI3: Molecular Dynamics Simulations

Model Justification

Topological defects such as Stone-Wales defects or grain boundaries are anticipated to 

form rarely, if at all, on the timescale and temperature scales of these types of simulations, 

and because of this, the study of their formation and evolution via molecular simulation 

approaches has thus far been limited. Even in the case of vacancy defects, which can develop 

on timescales that are practically accessible using ReaxFF simulations, the simulation 

conditions that are required to accelerate this process are harsh. While this does allow for 

evaluation of the evolution of graphene functionalization on a timescale accessible to 

simulation, it is challenging to assess how defects affect oxygen evolution. In such 

simulations much of the oxygen is lost during the development of vacancy defects, and this 

limits opportunities to study the interplay between vacancies (or more generally, ETDs) and 

oxygen groups during annealing. Inducing the formation of both ETDs and oxidative groups 

prior to annealing enables the study of the interaction between these two types of defect, 

which are thought to co-exist prior to annealing, on timescales that are amenable to ReaxFF 

simulations. 

To elaborate, the formation energy for a Stone-Wales defect on a carbon nanotube ranges 

from 4.20 eV to 5.9 eV depending on the curvature of the tube, according to calculations 

performed using a continuum model.9 While extending this formulism to graphene oxide 

would be prohibitively complex, these formation energies can give some indication of the 

barrier for formation on graphene oxide, though we expect the energy to be lower in the 

presence of oxygen. Even at our highest temperature of 2500K, 4.2 eV is still 20 times 

greater than kBT, and thus unlikely to be overcome by thermal energy alone. Thus, in order to 
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study the influence of topological defects quantitatively, we need to introduce them into our 

initial structures. This concept is supported by our own simulations and from previous 

simulations of graphene oxide. While not explicitly discussed, in viewing previously reported 

graphene oxide structures from various simulations post-annealing, we did not observe Stone-

Wales defects arise in most simulations despite a range of annealing schedules and 

temperatures, even up to 5000 K.10–14 Perhaps due to a slower heating schedule, Liu et al. did 

report a structure which results in two Stone-Wales defects after annealing at 1500K,15 but 

this low number of defects is still not sufficient for studying oxygen evolution on topological 

defects quantitatively. 
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Figures and Tables

Table S1. Percentage of carbon atoms ejected from the GO surface compared to the initial 

total number of carbon atoms with no defects (GO-N), with vacancy defects (GO-V), with 

topological defects (GO-T) and with both vacancy and topological defects (GO-TV) after 

annealing at 300K, 600K, 900K, 1200K and 2500K. No number reported is equivalent to zero 

carbons ejected, and 0.0 is equivalent to a non-zero number of carbons less than 0.05%. 

Replica 300 600 900 1200 2500

1 0.0 0.6
2 0.4GO-N
3 0.3
1 0.1 0.2 1.1
2 0.2 0.9GO-V
3 0.2 1.3
1 0.1 1.3
2 0.0 0.0 0.2 0.8GO-T
3 0.1 1.5
1 0.1 1.9
2 0.1 0.2 1.7GO-TV
3 0.1 1.3
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Table S2. Location of post-annealing retained oxygen atoms on the GO surface for initial 

structures with no defects (GO-N), vacancy defects (GO-V), topological defects (GO-T) and 

with both vacancy and topological defects (GO-TV) after annealing at 300K, 600K, 900K, 

1200K and 2500K. Defect oxygens are defined as those bound to defect carbons. Basal 

oxygens are defined as those bound to the basal plane. Bound oxygens are defined as the total 

amount of oxygens retained on the surface. Data are reported as the absolute number of 

oxygen atoms (expressed as a percent of the total number of bound oxygens in parentheses). 

O Type 600 900 1200 2500

Defect 5 (3±2) 17 (12±6) 25 (32±7) 10 (97±4)
Basal 187 (97±2) 122 (88±6) 51 (68±7) 0 (3±4)

GO-N

Bound 192 (64±1) 139 (47±3) 76 (25±5) 10 (3±1)
Defect 50 (24±3) 53 (32±4) 45 (41±3) 32 (91±7)
Basal 160 (76±3) 112 (68±4) 66 (59±3) 3 (9±7)

GO-V

Bound 210 (70±2) 164 (55±4) 112 (37±2) 36 (12±0.4)
Defect 120 (55±3) 111 (62±2) 99 (79±5) 18 (97±4)
Basal 99 (45±3) 69 (38±2) 26 (21±5) 1 (3±4)

GO-T

Bound 219 (73±1) 180 (60±3) 125 (42±1) 19 (6±1)
Defect 108 (48±4) 124 (61±3) 102 (76±2) 29 (100±0)
Basal 117 (52±4) 78 (39±3) 33 (24±2) 0 (0±0)

GO-TV

Bound 226 (75±1) 202 (68±1) 135 (45±2) 29 (10±1)
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Figure S3. Top-down view of post-annealed graphene oxide sheets with vacancy defects 
introduced (GO-V) after annealing at (a) 300K and (b) 1200K and with topological defects 
introduced (GO-T) after annealing at (c) 300K and (d) 1200K. Carbon atoms are represented 
as grey, oxygen atoms are red, and hydrogen atoms are white. Space-filling colours represent 
ring pucker from unstrained (red) to strained (violet). White space represents vacancy defects. 
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Figure S4. Summary of calculated Young’s modulus, E, (GPa) of post-annealing GO 
samples (annealed at 600 K and 1200 K) with no initial vacancies (GO-N) and GO samples 
with initial vacancy defects (GO-V), compared with pristine graphene. Panel a) shows values 
calculated via finite temperature stress-strain approach which was performed at 300K, and 
panel b) presents values calculated via the elastic constants approach. To calculate the 2D 
Young’s modulus, sheet thicknesses of 3.3 Å, 5.86 Å and 6.24 Å for graphene, GO-N, and 
GO-V, respectively, were assumed. Using the stress-strain calculated values, the 2D moduli 
then become 234 N/m, 231 N/m, 217 N/m, 224 N/m 210 N/m, for graphene, 600 K GO-N, 
1200 K GO-N, 600K GO-V, and 1200K GO-V, respectively. Using the calculated values 
from the elastic constant method, the 2D moduli are 306 N/m, 233 N/m, 228 N/m, 226 N/m, 
and 225 N/m for graphene, 600 K GO-N, 1200 K GO-N, 600K GO-V, and 1200K GO-V, 
respectively. 
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ESI4: Computational Details

Initial GO-NInitial GO-V

Figure S5. a) Initial structure of GO-V and b) initial structure of GO-N, both with the size 
and the initial region of oxygen-containing functional groups indicated. c) The geometry of a 
decorated vacancy, the considered functional groups, and a side view of one example 
structure. Carbon atoms are shown in pink, oxygen atoms in red, and hydrogen atoms in 
white. 

In all models (GO-N, GO-V, GO-T, GO-TV) oxygen functional groups were added to an 

initial circular region of radius 60 Å as indicated in Figure S5. The groups added were 

hydroxyl, dihydroxyl, and epoxide, in a ratio of 1:1 for overall hydroxyls to epoxide, and 7:3 

for dihydroxyl:hydroxyl. Dihydroxyls were defined as two hydroxyls added adjacent to one 

another located on opposite sides of the sheet, as shown in Figure S5c.  The functional groups 

were added in spatially randomised locations within the circular region either above or below 

the sheet, with an equal number added to either side. 

For the study of vacancy defects (GO-V), six holes in the carbon lattice were created 

via the removal of 10, 7, 5, 5, 5 and 3 carbon atoms, as discussed in the main manuscript. For 

the study of topological defects (GO-T), 16 Stone-Wales defects were introduced, along with 

one “miniature”-grain boundary. Stone-wales defects were introduced through randomly 

selecting two bonded atoms within the circular region and applying a 90° rotation to the 

bond, resulting in a Stone-Wales patch. For the grain boundary, a 24-atom selection was 

rotated by 90°, resulting in six 5-membered rings and six 7-membered rings. To allow for 
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more complex topology, Stone-Wales defects were allowed to border one another (for 

example, one 7-membered ring could border another 7-membered ring), although the central 

two atoms (or 24 atoms for the grain boundary defect) could not participate in more than one 

rotation. 

For the study of both vacancy and topological defects combined (GO-TV), the same 

initial carbon lattices from GO-V were used, and topological defects (eight Stone-Wales and 

one “mini”-grain boundary) were introduced bordering these vacancies. 

Functional Group Analysis
To analyse the post-annealing distribution of functional groups, retained oxygen atoms were 

categorized based on their environment. Groups considered were epoxide, ether (the non-

epoxide ether groups), carboxylic acid, hydroxyl, and carbonyl. All other groups were in the 

minority as trace groups and not further considered. Bond distance cut-offs used for 

determining nearest neighbours were 1.2 Å, 1.8 Å, 1.8 Å, 1.5 Å and 1.1 Å for O-H, C-C, O-

C, O-O and H-H bonds, respectively. A group was considered to be attached to the GO sheet 

(“bound”) if the neighbouring bonded carbon has at least one carbon neighbour. Carboxylic 

groups were counted prior to counting hydroxyls and carbonyls, to ensure these groups were 

not double counted. Similarly, di-hydroxyls were counted prior to counting hydroxyls. In 

Figure 4 (main text), the category “Ether” included both epoxide and non-epoxide ether 

groups (where the two carbons were too distant to be considered as bonded).

Rendering Methods
VMD was used for the visualisation of defects in both Figures 2, 3, and Figure S3. In Figure 

2, a space filled colouring of the carbon lattice was used to visualise topological defects in the 

graphene ring network. Ring network topology was characterized via the shortest path 

method16 using a carbon-carbon bond cut-off of 1.85 Å and was calculated using only carbon 
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atoms. The rings were then coloured according to the ring size; 5-member: blue, 6-member: 

grey, 7-member: yellow, 8-member: green, 9-member: pink, >9: white. No stable three- or 

four-member rings were observed. Oxygen atoms were then overlayed using the CPK 

representation, such that oxygen atoms on either side of the carbon lattice are visible. 

In Figure 3, example defects were chosen by visual inspection and rendered using CPK for 

atoms and DynamicBonds for bonds with a bond cut-off of 1.8 Å. In Figure S3 CPK and 

DynamicBonds was used as in Figure 3, but additionally the PaperChain drawing method17 

was used to colour the carbon lattice by ring pucker18with a maximum ring size of 10. Ring 

pucker gives an indication of the distortion of a ring, and thus provides a method of 

qualitatively visualizing the distortion within the GO sheet. 

Mechanical Property Calculations
The stress-strain curves of the GO sheets under tensile (planar) deformation at finite 

temperature were calculated via MD simulations by increasing the simulation cell size along 

one of the two principal lateral axes (either in the x- or y-direction). The GO sheet structures 

used for these simulations was taken from the last frame of the trajectory from the relevant 

heating process. This frame was then subjected to relaxation via 10 ps of NPT simulation at 

300 K. Following this, the sample was subjected to tensile strain at the same temperature in 

the NPT ensemble, with the strain rate was set constant at a value of  10-5 fs-1. Young's 

modulus was obtained as E=dσii/dεi for the linearized portion of the stress-strain curve, which 

was determined from the part of the stress-strain curve up to 0.75% strain, where ii is the 

component of the virial tensor stress and i is the strain along the axial direction (=x or y). The 

Young's moduli presented in the Supplementary Results section (Figure S4) represent the 

average of the values calculated along the two principal lateral directions.
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The elastic constants of the GO sheets were also calculated at 0 K at a constant 

pressure,19 which can be defined as the second derivative of the total potential energy (U), 

with respect to small strain deformations (εi) 20,21 as shown in Equation 1: 

(1)
𝐶𝑖𝑗 =

1
𝑉

(
∂2𝑈

∂𝜀𝑖∂𝜀𝑗
)

where V is the volume of the simulation cell, and i and j correspond here to the so-called 

contracted rating and have values ranging from 1 to 6. Using LAMMPS, the calculation of 

elastic constants at 0 K was performed using the energy minimization method, with the GO 

structures obtained from the MD simulations used as input. In these calculations, only the 

configuration information of the GO structure is taken into account. To compute Young's 

modulus (E) using the stiffness matrix C, the isotropic properties of the GO sheets were 

checked via the relation proposed by Zener, according to which the isotropy, , of the 𝑎𝑇

material is expressed as provided in Equation 2:

                             (2)
𝑎𝑇 =

2𝐶44

𝐶11 ‒ 𝐶12
~1

This means that in an isotropic medium, there are only two independent elastic constants to 

express the different mechanical properties such as Young's modulus (E), which can be 

obtained using Equation 3:

                                                           (3)
𝐸 =

𝜇(2𝜇 + 3𝜆)
𝜆 + 𝜇

where the two Lamé constants are expressed as 𝜇 = 𝐶44 and 𝜆 = 𝐶12.
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ESI5: Measuring mechanical properties by atomic force 
microscopy

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.22 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), see Figure S6, 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. Figure S7 gives 

examples of breaking curves captured on graphene and functionalised graphene.
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Figure S6. Tapping mode AFM image of a graphene covered hole. The channels and their 
corresponding data scales are a) height, 35 nm, b) amplitude, 5 nm with a minimum value of 
35 nm, c) phase, 60° with a minimum value of 75°. d) Thresholded version of c) with 
summed rows and columns. The location of the hole is found by the fitting as highlighted by 
a red circle in all images.
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Figure S7. a) Force versus indentation curves for different levels of oxygen functionalisation, 
showing the differences in the breaking behaviour. The curves have been offset to make them 
easier to distinguish — the left flat section of each corresponds to a load force of 0 N. b) 
Schematic of a break event as seen from the side in a cross-sectional view, showing the 
change in indentation, ∆𝑑. Schematic is not to scale.

Force-distance curves from the approach direction up to the breaking point were 

transformed to force versus indentation and corrected for offsets. The resultant force versus 

indentation curve was fit to extract the 2D elastic modulus and pretension of the membrane. 

An example curve with corresponding fit is given in Figure S8. 

To explain the force versus indentation behaviour we use a simple mechanical model that 

has previously been used to determine the mechanical properties of graphene from 

indentation of a circular suspended membrane.23 Provided the radius of the AFM tip is 

significantly smaller than the radius of the hole ( ) and acting close to the centre of 𝑟𝑡𝑖𝑝 ≪ 𝑟ℎ𝑜𝑙𝑒
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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 as

,
𝐹 = 𝜎 0

2𝐷(2𝜋𝑟ℎ𝑜𝑙𝑒)( 𝑑
2𝑟ℎ𝑜𝑙𝑒 ) + 𝐸2𝐷(2𝑞3𝑟ℎ𝑜𝑙𝑒)( 𝑑

2𝑟ℎ𝑜𝑙𝑒 )3

where  is the pretension and 𝐸2𝐷 is the 2D elastic modulus. 𝐸2𝐷 is analogous to the 𝜎 0
2𝐷

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 , where 𝜈 is the Poisson 𝑞 = (1.05 ‒ 0.15𝜈 ‒ 0.16𝜈2) ‒ 1

ratio. For graphene the Poisson ration can be taken as the in-plane Poisson ratio for graphite, 

0.165, giving 𝑞 = 1.02. 

Figure S8. Example force curve from a graphene covered hole. a) Deflection versus z 
position of the cantilever. b) Force versus indentation, with fitting of equation 3.1. The force 
was zeroed using the flat section of the curves (which extends far to the left of both (a) and 
(b)) before fitting and the indentation was zeroed after fitting using the fitted offset 
parameter.
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