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Abstract

Laser induced two-photon oxidation has proven talreliable method to pattern and
control the level of oxidation of single layer gheme, which in turn allows the development of
graphene-based electronic and optoelectronic dewaéh an all-optical method. Here we
provide a full structural and chemical descriptminmodifications of air-suspended graphene
during the oxidation process. By using differerselairradiation doses, we were able to show via
transmission electron microscopy, electron eneopg Ispectroscopy, electron diffraction and
Raman spectroscopy how graphene develops fromigsng form up to a completely oxidized,
porous and amorphous carbon layer. Furthermoregréitual control of the oxidation process is
used to correlate lattice disorder, oxygen incaxpon and pores formation in graphene oxide.
This study provides a model system that will beanefsearch on graphene and other two-

dimensional materials.
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1. Introduction

2D materials hold the potential for developmentnoivel applications in electronics,
optoelectronics, energy production and storagesisgrand electrochemistry [1-4]. As the most
studied 2D material, graphene is a platform to weirdhe science behind low dimensional
materials. Therefore, many methods have already hmsed to modify graphene, including
different strategies for tailoring its shape [5-@fect control [9-11], chemical modification [12-
15], besides many others. Recently, an all-optmathod, namely, two-photon oxidation of
graphene was demonstrated, which proved to havees smwantages as compared to other
oxidation methods, including direct writing of degifeatures with sub-micrometer resolution,
high speed and controlled level of oxidation [1§-Frevious atomic force microscopy (AFM),
Raman and X-ray photoelectron spectroscopy (XP&Jies showed a two-photon oxidation
process starting with point-like functionalizedesitevolving into oxidized islands and then
forming a uniform graphene oxide (GO) material mainoomposed of hydroxyl (OH) and

epoxide (GO-C) functional groups with a few per cent of cardex¢{COOH) groups [17, 18].

Here in this work we provide further insight inteetstructure of the laser induced two-
photon oxidized graphene via high resolution traesion electron microscopy (HRTEM),
electron diffraction (ED) and dark field (DF) imageThese results are then correlated with
Raman spectroscopy and chemical characterizatid® (@tio) using electron energy loss

spectroscopy (EELS).

The highest amount of oxygen incorporation in geaghduring laser irradiation in any
chemical form is found to be corresponding to Cd@orclose to one. After a certain irradiation
dose, no further O/C ratio increase is observedewthe graphene structure undergoes profound
modifications, evolving from a low disorder regine a high disorder regime typified by
amorphization, formation of pores and rotation oiméins. The obtained results benefit the
promising research on GO, providing a referenceofyrgen incorporation, pore formation and

their respective influence in the GO crystal stioet



2. Methods

Single Layer Graphene on a 2000 Mesh Copper TEM @ais purchased from Graphene
Platform Corp. The graphene was suspended ovarrid.5 7.5 um square openings in the TEM
grid.

Photo-oxidation of graphene samples was performsicigulaser irradiation setup
described in the previous studies [18]. Brieflfemtosecond pulsed laser beam (Pharos-10, 600
kHz, Light Conversion) of 540 nm laser pulses vithfs pulse duration, 600 kHz repetition rate
and varying pulse energy was used for samplesiatiad. Patterning was performed in ambient
air by the laser beam of 500 nm diameter (estimatddll width at half the maximum, FWHM,
of the peak intensity) with sample displacemenpstef 100 nm along axis andy axis (at the
end of the course alongaxis), and step scan rates of 0.1 sec/step ande@/8tep. The total
illuminated area was aboutibn x 5um. In order to provide an irradiation dose compaeat
basis for observed irradiation effects induced ifeént laser intensities and/or scan rates, we
defined a dose parametBrwhich relates to the average power as shown ineTah of the
support information. The details of calculatiDgcan be also found in the support information.
The irradiation average power was varied fropML to 2.9uW, where at higher average powers
(> 2.9uW), ablation of graphene took place. Thereforadiation of graphene can be divided in
three fluence levels: low irradiation dose (lasewer and dose parameterbelow 1.3uW and
70 MF/(s.nf) respectively), intermediate irradiation dose tagower from 1.6uW to 2.0puW
and 100 M¥(s.nf) < D < 160 M3/(s.nf)) and high irradiation dose (laser power P/,
twofold 2.0pW and 2.9uW, and 260 M¥(s.nf) < D < 340 MJ/(s.nt)).

For TEM observations, a probe corrected FEI-Tit@r380 at 80 kV operation voltage
was used. Selected area electron diffraction (BBYjng illuminated areas with the diameter of
about 180 nm, and high-resolution transmissiontelacmicroscopy (HRTEM) image modes
were used to visualize the structural changesenottidized graphene. Dark field (DF) images
were taken at intermediate magnification (50 kx® determine the diffraction profiles the

Digital Micrograph software (version 1.85) was usadimages acquisition and processing.

Chemical characterization was performed using edactenergy loss spectroscopy
(EELS) with monochromator in STEM mode. Zero losslp (ZLP) resolution measured at full

width half maximum was 0.2 eV using convergencdeaag- 27.3 mrad, camera length L = 60



mm, GIF entrance aperture = 2.5 mm and disperddods eV/ch or 0.2 eV/ch. For C and O
measurements, three spectra were collected foerbe#ita statistics. For each collection, the
electron beam scanned areas of 300 nm x 300 neighlvor regions, with a beam current of 0.5
nA and a total collection time of 70 s. The backm was fitted using a power law model and
subtracted from the spectra. The Hartree-Slatereinwds used for cross section estimation. The
EELS quantifications were performed using GatanitBliglicrograph software (TM) 3.11.0 for
GMS 1.6.0.

For Raman measurements, a Witec Alpha A/R 300 umstnt with backscattering
geometry, laser of 532 nm and power at the sanf@elanW with a 100x (N.A. 0.90) objective
was used. For better statistics, we measured Rapectra in few locations inside at least two
different regions irradiated to the same dose. Riman spectra were fitted using three

Lorentzian curves corresponding to the D, G antdids.
3. Results and Discussions
3.1HRTEM, ED and DF

A set of high resolution transmission electron wscopy images (HRTEM), electron
diffraction (ED) and dark field (DF) images takendiferent regions for different irradiation
doses are presented in Fig. 1. The HRTEM imagé#iseohon-irradiated (pristine) graphene (Fig.
la) show two distinct regions. The brighter regoamresponds to a highly ordered crystalline
monolayer graphene, which is confirmed by the Fauifitered image in the inset. The other
darker region is a thicker and disordered layelicivive argue is due to polymer contamination
from the transfer of graphene onto the TEM gride3é polymer contaminated regions of
pristine graphene will be further discussed inisecB8.3. Although laser irradiation leads to
generation of disorder in graphene, the HRTEM tssdb not show significant differences
between pristine and lightly irradiated (dose par@rD < 70 MJ/(s.nf)) graphene. Indeed, by
analyzing Fig. S1c and Sle, highly ordered regicars be seen in the graphene layer at low
irradiation doses. Even at intermediate irradiatioses (100 Mis.nf) < D < 160 MJ/(s.nf)),
highly crystalline regions can still be found, e doe seen for the region irradiated at 160
MJ%(s.nt") at the top right of Fig. 1b. As we go for higleadiation doses (260 M{s.nt) < D

< 340 MJ/(s.nf)), the crystalline regions become rare, and ewiyticompletely absent as



observed in Fig. 1c. For HRTEM images of all iretdd regions used in this work, see Fig. S1

in the support information available online.

Using ED, we can observe the evolution of the geaghstructure from pristine
(diffraction dots in Fig. 1d), through defectivadral spot broadening in Fig. 1e), until highly
disordered (lateral spot broadening becoming diffusigs in Fig. 1f) demonstrating the
increasing structural disorder as irradiation doseeases. In section 3.2 below, the ED patterns

are analyzed in detalils.

The DF images (Figs. 1g, 1h and 1i) also corroleothe evolution of the sample’s
structure from pristine to highly disordered grapheln Fig. 1g the darker zones correspond to
clean monolayer graphene which appears as brigh¢as in HRTEM of Fig. 1a. The brighter
zones in DF images are identified as polymer coimared regions on top of highly crystalline
graphene. The scattered electrons coming from paiycontaminated regions are added to the
signal from highly crystalline graphene suppomnfiwhich explains why the disordered regions
in HRTEM images are brighter in DF images. Using.Fig, we estimate that the polymer
contamination covers about 50% of the suspendephgre surface. Typically, graphene is
grown on copper or nickel foil using CVD (chemicahpor deposition), and poly(methyl
methacrylate) (PMMA) or other polymers are usedrémsfer it to TEM grids or to any other
substrate [4]. The polymer removal usually leaves tontamination layers on top of graphene,
being the main reason for the poorly ordered regiseen in HRTEM images. Although less
common for high quality CVD grown graphene, theiseriered regions in HRTEM images can
also come from few layered graphene and amorpharme that might grow/deposit on copper
or nickel foil [4, 20].

At D of 160 MJ/(s.nf), there is almost no contrast between darker (thighly
crystalline graphene) and brighter (disorderedmmimiated) regions in DF image of Fig. 1h,
although the ED in Fig. 1e shows slightly broadespdts with hexagonal symmetry pattern.
Therefore, one can conclude that crystalline graph@vith a certain degree of disorder) is
present at this irradiation dose and the smalkdiffice in contrast in the DF image (Fig. 1h) is
probably due to the evaporation of the contamimali&yer. This point will be further discussed

in section 3.3.



Furthermore, for the doses as low as 10G/(dJf) (Fig. S2c) pores can be seen.
Especially for intermediate dose irradiated graghemall pores having around 10 nm diameter
(black regions highlighted by the arrows in Fig) ake visible everywhere in the graphene layer.
The pore size increases up to several tens of neteosnfor higher dose irradiated graphene, as

shown in Fig. 1i (see also Fig. S2 in the suppddrmation).

Fig. 1. General structural and morphological betwawf two-photon oxidized graphene with
different irradiation doses via transmission el@etmicroscopy (TEM): pristine (a, d and g),
intermediated radiation do&of 160 MJ/(s.nt) (b, e and h) and high irradiation dd3ef 340

MJI%(s.nf) (c, f and i). HRTEM images are shown in pane)s (8) and (c) where the inset in
panel (a) is a Fourier filtered image showing tleiquic structure of a monolayer region.
Intensity of ED reflections are displayed in pan@ls (e) and (f). In panels (g), (h) and (i) DF



images are shown at intermediate magnification.F3ge S1 and S2 in the support information

available online for complementary information.



3.2 Structural characterization

There is a vast literature where different typesleflects and microstructure features of
crystalline solids are studied by analyzing X-rayeutron diffraction-peak profiles [14, 21, 22].
In the last few years, with the raise of nanotetbgypand nanoscience, electron diffraction (ED)
in a TEM is becoming more and more attractive siitdeas the ability to probe very small
volumes, as required by these fields [23-25]. Agaisly to X-ray diffraction, the intensity
profile of each individual reflection in ED is affied by defects. This effect can be used to relate
the ED peak profile parameters (for example, peakdening) with microstructural features of a
material. The analysis and interpretation of the g&ak profiles can be based, for example, on
the statistical approach by a Fourier series [B&} minimizes the need farpriori assumptions
with respect to the defects characteristics. Howesmech a method requires considerable effort
to separate the sample’s contribution from instntaiecontribution to peak profile. In case of
ED, the determination of such a contribution is lallenging task prone to considerable
experimental inaccuracies. On the other hand, nuiucipler approaches, as for example the
Scherrer model, and simplified assumptions aboutastructural details (e.g. about crystallites
size distribution) provide mostly estimations ofcroistructural characteristics. Nevertheless, a
simple approach to evaluation of microstructuradrelsteristics can be very useful in case of
comparative analysis. Therefore, efforts to cotestae peak width of the ED experiments with
the level of structural disorder are of great iestr Indeed, ED and HRTEM have already been
used to study graphite [27], graphene [28, 29] &l [30, 31] in a few cases. Usually the
analysis is very local and limited to HRTEM [32,] 38 which a disorder coefficient [27] or an
average defect density [29] (in terms of the EDisbooadening) is determined.

Here, for a better understanding of the structesadlution of two-photon irradiated
graphene the electron diffraction is further anatyand the width of the spots in ED is measured
in order to associate these changes with the atiegin size of crystallite domains, micro
strains, sheet roughness and domain fragmentafibe. electron diffraction of graphene
irradiated to 260 MJ(s.nf) is shown in Fig. 2a. The inset of Fig. 2a hightiythe diffraction
peak broadening in radial direction (along the pemsal lattice vector), as well as diffraction
peak streakingy, along the tangential direction (perpendiculathte reciprocal lattice vector).
The intensity profiles of (120) reflections measured along the reciprocal dattrector are
plotted in Fig. 2b. Fig. 2c shows the average Wwillith at half maximum (FWHM) of the



intensity profiles of {010), 2110) and Z200) reflections as the function of the dose patame
D. The determination of FWHM was performed by peoffitting of the average of three
equivalent peaks using a Lorentz function. The ayerof FWHMs of peaks profiles are
determined by fitting the different reflections HD pattern. Since single reciprocal spaces are
measured in most of ED patterns (it is not the cdsgaphene illuminated under 40 #3.nt)

as shown in Fig. S1d, where less intense spots &gecond grain can be seen), the illuminated

areas in these experiments, with a diameter onb80cover single graphene grains.

For D up to 70 M3/(s.nf) the recorded changes in diffraction patternsvarg similar to
the one of pristine graphene. The FWHM values tdnsity profiles (see Fig. 2c) are nearly
equal at respective irradiation doses. Furthediatéon results in a rapid increase of FWHM
values that reach the magnitudes characteristidifafse rings at about 330 Kigs.nt). The
above results indicate that considerable microirat changes of pristine graphene start
developing after a certain amount of irradiatiothea than immediately with initiation of
irradiation. One can conjecture that the accumutabf oxygen-containing carbon functional
groups is required to onset appreciable structaitarations during irradiation by lasers. This
conclusion is supported by EELS measurements piex$en next section. Based on FWHM
values, the intense transition from lowly disordkte highly disordered graphene (or graphene
oxide) occurs between intermediate to high irraoiiatiose regimes (160 Kigs.nt) < D < and
260 MJ/(s.nf)). This dose interval correlates well with the leation and growth of pores in

graphene observed in the TEM studies (see Fig. 1).

The details of microstructural changes of graphgpen irradiation are also reflected in
diffraction spots streaking. Generally, one cartimlisiish two types of streaks: radial streaks
(along the Debye-Scherrer rings or perpendiculdhéoreciprocal lattice vector) and non-radial
(linear). The latter type of streaks is relatedhe kind of relrod features and the former one is
related to disorientation of coherently scatterifugnains. The obtained ED patterns show that
the observed streaks are radial. Consequently, caneexclude the occurrence of strongly
correlated atomic displacements (atomic linear rehaif displacements) that may take place
during irradiation, because such defects would peedinear streaks [34]. The formation of the
radial streaks also excludes that the buckling raplgene sheet is the only process occurring
during irradiation. As shown previously [29], thadiling results in an isotropic broadening of

diffraction spots. In the proposed model of buallimhomogeneous atomic displacements are



isotropic and produce characteristic micro strdfact in ED pattern which is independent of a

direction in the reciprocal space.

In the present study, we estimated the extent ef gtreaking observed upon the
irradiation taking (120) reflection, for which this effect is more prommedly seen. The
azimuth anglep of Debye Scherrer ring covering the observablensity was approximately’4
at D = 160 MJ/(s.nf) (see inset in Fig. 2a). It increases to approiéiga7’ at D = 260
MJ?(s.nf) and reaches about L@t D = 330 MJ3/(s.n). We believe that besides the pore
formation, irradiation breaks coherency of graphetwmmains and the fragments can be
disoriented in both in plane and out of plane dioes. Oxidation and formation of $ponds
may contribute to fragmentation of graphene cryatad to disorientation of fragments. One
cannot exclude the buckling of graphene analogotiset study of Ref. [29]. Most probably both
fragmentation and buckling processes are inducedabgr irradiation and contribute to the

increase of FWHM of radial profiles of diffracti@pots.
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3.3 Chemical characterization

Oxygen functional groups in GO and reduced graploeide (RGO) are subjects debated
in the literature [35-37] and the use of quantiar semi-quantitative chemical analyses is still
a topic of interest for these materials. In thisrkyao determine the chemical changes of
irradiated graphene as function of irradiation ddbe core-loss regions of C, O and N EELS
spectra were acquired and respective atomic canteete computed (the detailed quantitative
analyses are summarized in Table S4 and the eteetrergy loss spectra are presented in Fig.
S3 in the support information). Well-definetl and o* peaks in the region of C K-edge spectra
were observed at low irradiation doses, while higadiation doses produced a broadening of
these peaks. The accuracy of theoretically caledlatross sections for quantitative chemical
analysis using EELS for two dimensional materiaishsas graphene still needs to be improved.
Therefore, we assumed that all computed crossosectiontribute with blanket 10% uncertainty
to the total error in the final quantitative resutibtained by EELS analyses (see for instance
Hartree-Slater model [38, 39]). This uncertaintpiispagated through calculations that make use

of computed cross sections [39-41]. See suppartnmdtion for more details.

The obtained relative amount of oxygen increases danction of irradiation dose
starting from the beginning of the irradiation lasér (see in Fig. 3). This result undoubtedly
demonstrates that the oxidation of graphene isedriby two-photon absorption process. The
amount of nitrogen remained at the same level tireardetection limit of the method of the
analysis for all irradiation doses. The presencaiwbgen in the sample can be attributed to its
adsorption from atmosphere either upon synthesisdwiing the oxidation process. A
comprehensive discussion about atoms adsorbedaphgne can be found elsewhere [42].
Another important observation is related to thegety obtained for pristine graphene. In order to
separate the sample’s effect, we collected EELStspé&om highly crystalline graphene regions
of 10 nm x 10 nm and obtained the amount of oxymemhese regions of less than 2%.
Consequently, the oxygen measured in pristine gra@hmost likely comes from polymer
residues (typically PMMA) used to transfer grapheméhe TEM grid. Therefore, we applied a
correction to the O/C ratios taking into accoung #wvaporation of PMMA with increasing



irradiation dose). See support information for thetails of the correction procedure. Fig. 3
shows the corrected O/C ratio values. By considetirat PMMA is covering 50 % (from Fig.
19g) of the pristine graphene with an O/C measuatio of 27%, we estimate a PMMA average
thickness of about 3 nm, which is a reasonableeveduthe contrast in the TEM images. Indeed,
after transferring CVD graphene the polymer ressdiseone of the drawbacks for large area
single layer graphene applications [43]. One cantkat O/C ratio shows a trend to saturation at
high irradiation doses. This behavior is, most ptiy, due to the decreasing amount of not
oxidized carbon atoms available for two-photon abison with increasing irradiation dose. The
saturation effect becomes more pronounced for tise grarameters higher than 163N &Int).

It is worth noting that this level of irradiatiorelimits the regime of irradiation characterized by
initiation of pores growth, as observed in HRTEMdsés, and by an active disordering of
graphene structure, as indicated by FWHM valuesimeasurements. Consequently, the laser
irradiation of graphene to the dose parametersnbéi MJ/(s.nf) can be classified as a low
dose regime (low disorder) and above 163/{8nf) as a high dose regime (high disorder) of
graphene irradiation.
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Fig. 3. EELS semi-quantitative analyses of the @3/gen to carbon) atomic ratio of the two-
photon oxidized graphene in function of laser dpammeteD. The O/C ratio increases up to

one where it reaches the limit of the low and hdggorder regimes.



3.4 Raman spectroscopy

The Raman spectrum of crystalline graphene is wedwn [44] showing two most
prominent bands, namely the G band centered ne0 &5' and the 2D band centered near
2700 cnt. The G band is a first ordengsymmetry normal optical mode at the center of the
Brillouin zone (BZ) originated by in-plane C-C gtieing. The 2D band is a second order of the
double-resonant D Raman mode [45] assigned toaneptransverse optical phonons near the K
point of the BZ [46]. The D band is only observailnléhe presence of disorder in the crystalline
structure, where defects act as scattering ceritgrelectrons involved in electron-phonon
scattering. The D band appears at approximately) X38' for an excitation laser of 2.33 eV
(532 nm). In the presence of a disorder, a leeng# band, called D’, is also observed near 1620
cm’. Like the D band, D’ is also a defect-induced dewulesonant Raman mode. The intensity
of the D band has long been used as a measurearfidr in carbon materials [47] and a simple
mathematical relation between the ratio of thensitées of the D and G bands and the mean
crystallite sizel,, of polycrystalline graphite was found. This ideas further used [48] to study
amorphous carbon, and was only valid lfgrgreater than a few nanometers (2 nm ~ 3 nm). For
amorphous carbon, whog is typically smaller than 2 nm, a new mathematredhtion was
used [9, 10]. Recently, a phenomenological desoriptor single defects [9] on a monolayer
graphene established a deterministic relation ef i{{D)/I(G) ratio with the mean distance
between defectd,p. In the same path, a more detailed descriptiothefrelation between the
crystallite size of different heat-treated diamdiké- carbon (DLC) samples and their Raman
spectra was proposed [49]. Similar results were &and for oxidized graphene produced by
plasma etching [50]. In all cases, one first obsera rise in 1(D)/I(G) ratio correlated with the
increasing disorder or oxidation level and, afi@ame maximum value, the 1(D)/I(G) ratio starts
to decrease as the graphene structure evolve tevaar@amorphous state. When we have mixed
types of defects, it is more appropriate to evaw@atlisorder state of graphene from Raman data
by plotting 1(D)/I(G) ratio as a function of G bamddth [51]. In this plot, one can distinguish
two different structural regimes of graphene repméiag low disorder and high disorder (see
Fig. 4b). Moreover, from this plot one can judgewatthe character (one or zero-dimensional) of
structural imperfections present in the graphengpga The I(D’)/1(G) ratio also shows a similar
behavior in the equivalent plot. It is worth notititat D’ band intensity also depends on the

disorder level as well on the type of the defe6®.[For instance, for Sgiype defects, such as in



oxidation, I(D)/I(D’) is around 13; for vacancy-tgdlow dose ion bombardment), I(D)/I(D’) is
around 7; and for boundary defects, I(D)/I(D’) isan 3.5.

Fig. 4a shows the typical Raman spectra of grapheaiated to a specific dose together
with the spectrum of the pristine graphene. Thetspavere normalized by the G band intensity
for the sake of comparison. One can see that thetrspn of pristine graphene already has a
weak D band. This is typical of CVD grown graphematamination by hydrocarbons, which
occasionally form C-C bonds to graphene [4]. Asitrediation dose increases, the intensity of
the D band increases accordingly and also doewitté of both D and G bands, showing that
the system is becoming more disordered. For a Bos€55 MJ/(s.nf) and higher, the D band
intensity starts do decrease, indicating that fstesn reached the maximum of the I(D)/I(G)

curve, and the graphene is becoming amorphous.

Fig. 4b shows the plot of I(D)/I(G) versus G baniitw, I'c. Different square symbols
with same color represent spectra acquired atrdifteparts of the sample subjected to the same
dose. A theoretically calculated dashed curve @esguosed on experimentally obtained data
points in the plot. This curve was adapted from @(.of Ref. [9], wherd_p was replaced by
(Te-To)?, andrg =12 cm' is the G band width of pristine graphene. Thigisifiable because it
is well known thatl ¢ always increases with the level of disorder, tm&ans, it is inversely
proportional to any disorder length, eitHgy [10] or L, [49]. This is a simple approximation,
because in the present case the type of defectsroar predominantly for a given dose is

changing, as it will be clear in the following pgraphs.

The experimental data points follow fairly well ttreeoretical curve up to dose parameter
of 163 MJ/(s.nf). At this dose one observes a considerable sitajtef the data depending on
the probed region of the sample. We attribute r@lsavior to the formation of a considerable
number of one-dimensional defects that form atdloise level and that may reduce substantially
I(D)/I(G) ratio. Their spatial distribution is stigly heterogeneous at the scale of the size of the
Raman laser beam. As a consequence, significaiffilyeht amounts of one-dimensional defects

are probed from region to region causing dataegag in the plot.

The 1(D)/I(D’) ratio plotted as function of the dogarameter provides an additional
insight into the evolution of defects during irratibn (see Fig. 4c). This ratio starts at expected

“infinite” (around 70) value for pristine grapherad reduces down to 2 for the highest



irradiation dose of this study. A nearly linear wetion of I(D)/I(D’) ratio with increasing
irradiation dose follows up to dose parameter ef MIF/(s.nf). At this dose the I(D)/I(D’) ratio
was 13. Further increase of irradiation dose resala much slower decrease of I(D)/I(D’) ratio.
At the dose parameter of 163 M3.nf) which delimits the low and high disorder in grapk

structure, the I1(D)/I(D’) ratio was close to 7.

The above results are consistent with the previstusly [53]. The initial stage of
irradiation results in a formation of $fype defects corresponding to the oxidation opbemne.
After certain irradiation dose, other types of défelike vacancies and vacancy clusters are
formed and dominate the defect structure of graph&he further vacancy clusters growth and
concomitant fragmentation of graphene domains tesulpredomination of boundary defects on
the I(D)/I(D’) ratio at highest irradiation dosefkthis study. This scenario of structural evolution

is in a good agreement with the results of all mesments of this work.
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Fig. 4 — Raman spectroscopy analyses of two-photadized graphene. (a) Typical Raman
spectra of the different samples showing the maen® G bands. The D’ band is typically very

weak, so it can hardly be seen in this scale. (l§nD G band intensities ratio versus G band



width. Data obtained by fitting the Raman spectith Worentzian curves. The maximum of the
curve separates the low and high disorder regifegddean values of I(D)/I(D’) ¢ symbol, left
axis) and I(D)/1(G) & symbol, right axis) as a function of laser doseapeeterD. The dashed
blue line corresponds to I(D)/I(D’) = 7, and thssa threshold between two different types of

defects, which also correspond to the separatidheofwo disorder regimes.

4. Discussion on a structural implication of oxygen incorporation in graphene via two-
photon oxidization.

Two-photon oxidation of graphene has already prdedoe a reliable all optical method
to create graphene devices at sub micrometer sia¢eobtained results show that it can be also
used as a reference method to model and to unddrstaictural and morphological changes that
occur during the oxygen incorporation in graphehe.our knowledge, conventional chemical
methods cannot produce GO with oxidation level vayyas much as the two-photon oxidation
method does. The obtained results show that thdat®n of graphene induced by laser
irradiation can be divided into three regimes adow to the produced irradiation effects: 1)
nearly constant oxidation rate as a function addration dose (low irradiation dose regime at
dose parameter® below 104 M3(s.nf)); 2) saturation stage of Spype defects formation
accompanied by point defects formation and nudeatif pores (intermediate irradiation dose
regime at 104 M(s.nt) <D < 255 MJ/(s.nt)); and 3) boundary defects formation as a redult o
pores growth and fragmentation of graphene domgigh irradiation dose regime B above
255 MF/(s.nt)).

During the first regime, one identifies highly orde crystalline domains of the graphene
structure via HRTEM, the ED patterns cannot berbfedistinguished from the one of pristine
graphene and the O/C atomic ratio stays bellow Dhsough Raman spectroscopy one sees a
low disorder regime and the defects are identifisdof sp-type indicating the formation of
oxygen functional groups in the graphene strucflings regime of irradiation modifies graphene

in a way similar to conventional chemical methoti&® production.

During the intermediate regime, the crystallineisag become scarce in HRTEM, pores
with diameter of up to about 10 nm are presentha sample, the ED spots exhibit a clear
broadening, and the oxygen to carbon ratio becdngtser than 0.5. With Raman spectroscopy,



one identifies a transition from low to high stuwet disorder driven by the formation of
vacancy type defects in graphene lattice. At tegme the two-photon oxidation of graphene
samples starts to make profound modifications @irtktructure, and the level of oxidation is
undoubtedly higher than those achieved via congratichemical methods. The origin of pores
might result from structural instabilities (breaka@f C-C bonds of aromatic carbon rings due to
formation of reactive oxygen species such as hydroadicals. At early stages of oxidation,
epoxide and hydroxyl groups are formed in the bpkale of graphene. When all sites of basal
plane are functionalized with these groups, theeesmxidant attacks them, and may produce
high energy peroxide bridges C-O-O-C which are dl-kveown source of reactive oxygen
species such as hydroxyl radicals [54]. Indeeda iorevious work [17], it was found that for
graphene supported on Si/SiO2, oxidation propagatem island-like fashion, i.e. oxidation
initially happens randomly but then islands getvilgaoxidized while the region between them
remains less oxidized. Eventually, formed nitrodgeitges and other nitrogen functionalities
may also act as catalyst to reduce the energyebdor C-C bonds rearrangement or breakage
[55].

During the third irradiation regime, the structwkoxidized graphene sample exhibits
amorphous and crystalline phases, the sheet mamgak replete of pores from a few
nanometers up to 100 nm and higher, the graphensgél® continue to broaden. Diffraction
spots radial streaking tends to form powder ditftac rings as a consequence of graphene
domains fragmentation, their rotating and buckliAgthis regime, the amount of incorporated
oxygen stays nearly fixed, having an oxygen to @anatio close to one, which is probably the
highest concentration of oxygen supported by grapheefore carbon evaporation. Via Raman
spectroscopy one identifies a high disorder regivhere boundary defects dominate the overall
defect structure of graphene.

5. Conclusions

In this work we studied the structural and chemidanges of graphene oxidized by
means of the laser induced two-photon absorptiongss using HRTEM, ED, EELS and Raman
spectroscopy. The oxygen incorporation in graphenesases at nearly constant rate until it

reaches an O/C atomic ratio of about one. This &agppn the low and intermediate irradiation



dose of graphene, which we identified as a lowrdsoregime. At higher irradiation doses the
structure of the oxidized graphene sample undergopsofound modification moving from a
low disorder regime to a high disorder regime ctia@zed by the formation of an amorphous
structure, with pores and domain fragmentationpagganied by rotation and buckling. The low
disorder state of graphene during the initial stafeghe two-photon process is similar to a
conventional chemical oxidation of graphene. Thiadiation regime results in a creation of-sp
type of defects, whereas during the high irradratiose vacancies and boundaries become the
main type of defects in graphene subsystem. We\eelhat the obtained results contribute to a
harmonization in definitions of the oxidation statd#f graphene and to a formation of a unified
basis for comparison of results on studies of Glere different levels of oxidation might bring

desired chemical, biological, structural and motpgal functionalities.
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