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ABSTRACT

Micrometer-sized oxidation patterns containing wagycomposition of functional

groups including epoxy, ether, hydroxyl, carbomrgiboxyl, were created in chemical

vapor deposition grown graphene through scannimdpgoiithography and pulsed

laser two-photon oxidation. The oxidized grapheimsf were then reduced by a

focused x-ray beam. Through in-situ x-ray photaetet spectroscopy measurement,

we found that the path to complete reduction depamiically on the total oxygen

coverage and concentration of epoxy and ether grodpver the threshold

concentrations, a complex reduction-oxidation psscenvolving conversion of

functional groups of lower binding energy to higlhénding energy is observed. The

experimental observation is discussed and comptargatevious work on reduced

graphene oxide.
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1. Introduction

Since the discovery of various 2D materials inahgdigraphene and transition
metal dichalcogenides, tremendous scientific pregge have been made. There are
high expectations for the applications of 2D maierin electronics, optics, and many
other fields [1-3]. However, true realization oktlanticipated applications remains
limited due to cost and stability issues. Graph@xéde (GO) is one of the most
widely applicable 2D materials in industry nowaddys7]. Through oxidizing
graphite with strong oxidizing agent, separation hydrophilic graphene sheets
containing oxygenated functionalities can be addevwn large scale and with
relatively low cost [8,9]. The composition of furmtal groups in GO is highly
dependent on the preparation protocols and cootrehvironment [10]. Furthermore,
due to the disruption of §gonfiguration by the presence of the functionalugs, the
electrical and thermal conductivities of GO are alisunot good. To improve the
electrical and thermal properties, reduction of &@ender reduced graphene oxide
(rGO) is necessary [11]. Compared to any othergragmn methods, reduction of GO
is the most economical way to obtain conductiveplgeme based 2D materials.

Nevertheless, due to complexity in the composita@nfunctional groups, the

physicochemical process involved in GO reductioocpss is not fully understood.



Mattevi et al. reported evolution of electrical,eahical and structural properties of
thermally reduced GO thin film [12]. They concludibét s bonds formed between
carbon atoms and residual oxygen in the basal pdeethe major hindrance for
complete reduction of GO back to high mobility dgrape. Larciprete et al. reported
that epoxy-epoxy recombination or epoxy-ether axgon is highly dependent on the
initial concentration of oxide functional groupsrithg the reduction process [13].
Eigler et al. reported the formation and decompmsiof intercalated C@in thermal
reduction of GO. With increasing temperature, tli& 6listers form at the surface of
GO. Eventually vacancies are formed on the rGOtsledter volatile desorption [14].
Moreover, GO is found to be an unstable materialwimch complex chemical
reactions such as reduction-oxidation (redox), @adcur at room temperature [15].
In a redox process, the conversion of epoxy graugarbonyl and carboxyl are
dominant at the beginning of reduction, followeddrgdual decrease in concentration
of C-O related functional groups in the later sgagehe complex redox process could
consume carbon atoms in the graphene network throelgase of CO/CQmixtures,
thereby disrupt the graphene network, and resultincomplete reduction and
degradation in electrical conductivity. In factys® low energy input provided from
characterization processes such as x-ray photoatedtXPS) or micro-Raman

spectroscopies are found to be enough to unintadtiochange the initial properties



of GO [16]. The above observations suggest thaetemtual chemical and structural

properties of rGO are highly susceptible to vapiatin the reduction processes. So far,

there were not many systematic and quantitativeestigations on the reduction

dynamics due to difficulty in controlling the irati conditions of GO and lack of in

situ characterization tools.

Most graphene oxidation methods including thermah@mical oxidations involve

formation of oxide functional groups in graphenegwwek without the ability to

locally control the extent of oxidation. In partiayy the chemical composition and

concentration of oxide functional groups may notupéormly distributed in a GO

sheet. From our experience, we found that the |&ghblogical, structural and

chemical characteristics of a chemical vapor dejpos(CVD) grown graphene can

vary from point to point in the same sample. Theatyics of defect generation and

its reduction may depends on the initial conditadrocal environment, namely the

local structural and chemical conditions of thepipene crystal. It is therefore

intriguing to investigate the defect generation amduction dynamics of locally

oxidized regions in a vastly different initial Id@nvironment.

Here we present a systematic, in-situ study orrédaction dynamics of graphene

containing controlled amount of oxygenated funaidres. Two different methods ,

scanning probe lithography (SPL), an atomic forceroscopy (AFM) based



technique, and two-photon oxidation (2-PO), a lasased technique, have been

employed to prepare oxidized graphene with diffetetal oxygen coverage (TOC)

up to 85 %. Commonly found functional groups in @G@luding epoxy, ether,

hydroxyl (C-OH), carbonyl (C=0), and carboxyl (COD&re found in the oxidized

graphene. We found a critical epoxy and ether aunaton that determines the route

to complete reduction. Similar redox dynamics atonthe one observed in GO

reduction is characterized and analyzed. Additignat is found that the redox

dynamics for the oxidized graphene prepared by vasily different methods share

similarity.

2. Experiment

2.1 Sample preparation

Graphene sample preparation. Two sources of graphene were used. First, we
purchased a silicon chip with 300 nm Si@nd a monolayer of CVD-grown
graphene from Graphenea Inc. Using electron be#@mogliaphy and PMMA, a
reference grid was patterned, with lines that wepnen wide and that defined a 10 x
10 matrix of squares, each 208 by 200um in size. Reactive ion etching was used
to remove graphene from the bottom of the pattefore it was metallized using 2
nm Ti as adhesion layer and 30 nm Au on top. The @as covered with an
additional PMMA layer as protection, and then dite@ suitable size of 5 mm by 5
mm, before finalizing the patterning with lift-gffrocedure. The resulting reference
grid allowed positioning of the 2-PO and SPL pai$eat a known location so that

they could be found during characterization measards. All 2-PO oxidized



graphene were prepared on this sample at the Witiyef Jyvaskyld, Finland, while
some SPL oxidized graphene were prepared on tmplsaat the National Central
University, Taiwan. The second source of graphemepdes came from our custom
made rapid thermal chemical vapor deposition (RTE\8Pstem. Details of the
RTCVD growth can be found in our previous work [1The graphene film was

grown on Cu foil at 1000C with CH4/H, ratio of 1:2 (H 100 sccm, CkI50 sccm)

under low pressure (1.5 Torr). The as-grown grapheas transferred to a 300 nm
SiO,/Si wafer using standard wet processing involvinyIMA and bubble
generation through NaOH electrolysis [18]. Silvaairp (Ted Pella) wires were
drawn on the surface and connected to the backsittee sample as grounding and
marker for pattern location. Most of the SPL oxatizgraphene were prepared on
this sample. The quality of the two types of grapghwvas checked by micro-Raman
spectroscopy. For both samples, negligible D baasd found and the samples were
mostly covered with single layer graphene (symme2D and ip/lc > 2). The
Raman spectroscopies of the initial conditionsliated in supplementary materials.
Scanning probe lithography. SPL was conducted with a Bruker Innova AFM using
a conductive AFM probe (Pt/Ir coated point-probeiese Nanosensor) at room
temperature in a sealed humidity controlled chambBercustom implemented
external bias source allowed for bias applicat®guare patterns of about 1.5um x
1.5 pm were drawn by using the built-in softwarearfNplot, Bruker) with closed
loop function to enable exact positioning down &amometer scale precisiolm. this
work, we applied voltage biases (hq) from 7 V to 10 V. More details of the SPL
method can be found in our previous publicatior] [19

Two photon oxidation. Photon-oxidation of the graphene sample was pedd by

using the output beams of two non-collinear optmalametric amplifiers (NOPAs,



Orpheus-N, Light Conversion) that were pumped vaith amplified femtosecond
laser (Pharos-10, 600 kHz, Light Conversion) thiowg high numeric aperture
microscope objective (Nikon LU Plan ELWD 100x/0.8Dgtailed description of the
laser setup can be found from our previous work.[@Xidations were carried out
under ambient air using one laser beam containd@grbn laser pulses of 40 fs pulse
duration, 13 pJ pulse energy and 600 kHz repetitada. Oxidation patterns were
formed by moving the sample with a XYZ piezo scarnel00 nm steps to produce
2 x 2 unf oxidized areas i.e. each of the squares consis#®® oxidation spots
partially overlapping each other. The exposure sirfigy) for oxidation were 0.1 to
2.0 s/spot.

2.2 Characterization

Optical images (OM) were acquired through an ugrighicroscope (BX-51,
Olympus). Topographical and lateral force inforroati(LFM) were acquired
through AFM. The chemical bond profile was probedhwmicro-photoelectron
spectroscopy (U-XPS) through soft x-ray emissiammfra synchrotron radiation
facility (beam line 09A1, National synchrotron rafion research center, Hsinchu).
Chemical bonds associated with modification of spebond and functionalization
of carbon were identified by taking the carbon pecs¢ra around photoelectron
energy at 284.5 eV (supplementary materials) [B}j].focusing the intense x-ray
beam down to < 0.1 um by a zone plate, and scarthenagample with a motorized
stage, the chemical bond profile of the SPL defeatas obtained with
sub-micrometer resolution [22]. While the x-raysatved in taking the spectrum did
not change the spectrum of the pristine grapheepeated exposure of the
SPL/2-PO treated samples resulted in significamingks in the Cls spectra after

each round (20s) of acquisition. Thus only the Bggectrum taken at each point was



used to represent initial chemical bonding conditad SPL/2-PO treated patterns
prior to reduction. The XPS signal collected froacle scanned spot was used to
produce chemical mapping images (scanning photimefeanicroscopy, SPEM).
Reduction of oxidized graphene occurs with prolehgeadiation of focused x-ray
on the oxidized patterns. The reduction dynamics wexordedn-situ by taking
multiple high resolution C1ls XPS (acquisition time20s) with continuous x-ray
irradiation at target spots until the XPS remainedhanged (located according to
the contrast shown in SPEM acquired immediatelprptdo high resolution XPS
acquisition). The reduction was probably causeddybardment from low energy
photo-electrons generated from both graphene aedutiderneath S¥Oby the

absorption of x-ray radiation.

3. Reaults

Figure 1 shows the OM, LFM, and SPEM images (frefhtb right) of (a) SPL and

(b) 2-PO patterns prepared with various experimaataditions, each indicated in the

figure. For both SPL and 2-PO patterns, the oxdlizeeas appear optically brighter

than the pristine graphene, probably due to diffeeein interference. Contrast is

found in LFM as friction is higher in the oxidizgehtterns due to the increased

roughness. SPEM images shown in Cls (284.5 eV)netahow that C=C bond

concentration is lower in the oxidized areas. Theva observations suggest the

optical, tribological, and chemical properties #fLSand 2-PO oxidized graphene are

similar under certain parameter sets [23, 24].é&@mple, at [Mad = 7 V, and Tx =

0.5 s, the chemical compositions are almost idaht{fsupplementary materials).



However, at Tx = 2.0 s, the C=C bond concentration is very lowilevSPL oxidized

graphene always retain some C=C bonds even at itifeedt achievable [\d

(otherwise the AFM tip will be damaged). Overalleaging it shows that 2-PO

oxidation offer wider tunability of TOC than SPL.néther point to note is that

applying the same SPL |\ on two different graphene samples may result in

different retained TOC or composition of functiongtoups, probably due to

difference in the local structural conditions, asaunted in our previous publication

[23]. Nevertheless, as we are focusing on the temluoxidation dynamics, we can

treat those variations as oxidized graphene wiferéint initial conditions.

Figs. 2(a), 2(b) and 2(c) show the typigaisitu acquired u-XPS contour plots and

waterfall spectra measured at oxidized patterngagoeel under two different

conditions. Three catergories of reduction behavare found. (A) No redox cases:

low SPL |Miad (7 V, 8 V) or short Jx (0.1, 0.2, 0.3, 0.4, 0.5 s/spot), (B) Border-line

cases: high SPL pd (9 V, 10 V) or medium g (0.6, 0.8 s/spot), and (C) Redox

cases: long & (1.0, 1.5 s, 2.0 s/spot), respectively. For catgdq the initial TOC is

< 60 % and the spectrum shows a monotonic tremdmversion of functional groups

from higher binding energy (B.E.) (carbonyl, carplpxXB.E. > 287 eV) to lower B.E.

(ether and epoxy) (B.E. < 287 eV). For categoryh€,initial TOC is 78~90 %, and a

redox behavior in which conversion of epoxy andeethroups to carbonyl are



observed in the beginning of x-ray exposure prqcésbowed by a step-by step

reduction process that eventually leads to completerersion to C=C bonds. For all
category C cases prepared by 2-PO oxidation whexe are higher than 78 %, redox
dynamics are always found. On the other hand, oageB possesses wide range
distribution of TOC from 60 % to 90 %, and its redon dynamics belongs to a

border like case in which redox may or may not octitseems like TOC alone is not

enough for prediction of redox behavior, i.e., éharay be other criterion that needs
to be fulfilled in order to have redox dynamics.

The detailed chemical composition of oxidized gexphprepared under various
conditions, and the temporal evoultion of each exidinctional group due to
reduction, are presented in Fig. 3. The preparatmmdition and the TOC of each
oxidized graphene is listed as follows: (a) Gragl@egraphene, SPL j¥{ = 10 V,
TOC = 70.7 %; (b) Graphenea graphene, 2-BO=T0.6 s/spot, TOC = 68.5 %; (c)
RTCVD graphene, SPL [M{ = 10 V, TOC = 89. 7 %; and (d) Graphenea graphene
2-PO Tox = 1.0 s/spot, TOC = 88.6 %. Comparing the tempewvalution plots in Figs.
3(a) and 3(b), we can see that redox dynamics @eseether and epoxy groups
decrease, while carbonyl and carboxyl increasely) astur for the higher TOC case
in Fig. 3(a). For the lower TOC case in Fig. 3fige temporal evolution shows that

the ether and epoxy groups monotonically increag@e the carbonyl and carboxyl



monotonically decreases. Despite the differencthénearly stage of reduction, most
of the oxide functional groups were converted t€-€==C bonds eventually (> 80
%), with some remaining C-OH, similar to what wasirid in our previous work
[22-24]. On the other hand, comparing the two veigh TOC (88~89 %) cases in
Figs. 3(c) and 3(d), redox can be found only in &¢loser look at the composition of
functional groups in the oxidized graphene revélads the overall compositions are
different in these samples. In particular, the em@tion of ether and epoxy
(Cether+epoxy are different among the four samples in Fig.r3(d), (b), (c), and (d),
Cether+epoxy IS 25.5 %, 22.9 %, 14.2 %, and 32.1 %, respegtivéhe above
observations show that despite having similarhhRIg@C in both (c) and (d), redox
dynamics only occur whenefrer+epoxyiS higher. On the other hand, by comparing case
(a) and (b), we can see that despite they both Gang:epoxy™> 22 %, no redox can be
observed as TOC is lower in (b). The above obsemsitsuggest there may be a
threshold TOC and &ner+epoxyfor the occurenece of redox.

In light of the above observations, we plot thetisti@al diagrams in Fig. 4,
including all available data (as shown in the sratt points in Figs. 4(a) to 4(d)), to
correlate the redox behavior to composition of fiomal groups. As shown in Fig.
4(a), redox is more likely ascCc+c.c decreases (§=c+c-.c decreases monotonically as

TOC increases, understandably). However, therestdfesome no-redox cases in the



low Cc-c+c.cregime, indicating that loss of integrity of the sarbon network is not
the key for redox occurrence. Figs. 4(b) and 4fowsthe correlation plots for TOC
vs. concentration of functional groups with loWweEB (Gpoxy+ether+hydroxyl B.E. < 287
eV) and, higher B.E.s (Go+coon B.E. < 287 eV), respectively. In both plots, thes
no clear indication for a critical threshold strgngorrelated to TOC. On the other
hand, in Fig. 4(d) we can clearly see that critesraredox to occur are two-fold. First
a high enough TOC (> 70 %), second a high enoughefepoxy (> 22 %) are
concurrently needed to enable redox.
4. Discussion

In Matsumoto et al., ultra violet (UV) photo-rediact of GO was investigated
[25]. They found decrease of C-O related bonds wihcurrent increase of C-C
related bonds after UV photo-reduction for sevé@lrs. The final A.o/Acc (XPS
peak area of C-O related bonds divided by XPS eak of C-C related bonds) is
about 0.2. While in Prezioso et al. [26], the phaduction by extreme-UV and soft
x-ray irradiation (not as tightly focused as in @ase) resulted in 0.6.4/c.s& (XPS
intensity of C-O related bonds/ XPS intensity of §PC bonds). Both works reported
on photo-reduction and discussed in depth on tthecteon mechanisms. Nevertheless,
the detailed inter-relationship between time evotutof each functional groups are

not reported in the above works. In our work, weufoon the detailed time evolution



of each bonds, and found a complex redox dynamiag atcur under high TOC.
Furthermore, probably due to the nature of tiglilgused x-ray, we are able to
observe more complete reduction of graphene. Inynt@ses in our study, x-ray
irradiation induced reduction can result in ~ 900%reduction to C-C and C=C
bonds.

Understanding the above observations may requirgheu theoretical
calculations such as density functional theory (PBT molecular dynamics (MD)
simulations. We lack the theoretical support irsthiork but some insight can be
gained from previous work on thermal reduction &@.Garciprete et al. [27] showed
experimentally and theoretically that the path feduction depends on surface
density of TOC. For low TOC the predominant path feduction is through the
epoxy diffusion-clustering-recombination pathwaythwrelease of molecular oxygen,
and the carbon network remains intact. In this adenfunctional groups with higher
B.E. such as carbonyl or carboxyl may be first oedback to functional groups with
lower B.E. such as epoxy or ether, before matesidllly reduced back to oxygen
free graphene, following the above pathway. Ondtier hand, under high TOC,
interaction between epoxy-ether or epoxy-epoxy d¢deshd to GO reduction through
the pathway of lactone-semiquinone, and then la&etther precursor, along with

release of C@or CO, leaving the carbon network disrupted duegeoeration of



vacancies. The dangling bonds around the defectvarancies could become active
sites for oxygen gas absorption and chemical mastbetween the oxygen and
carbon atoms. With continuous energy input (suctthesone provided by x-ray
induced photoelectron in this work), oxidation re@ts to form functional groups
with higher B.E. could occur. Usually, for thermratuction or UV photo-reduction
of GO, the reduction ends at the point where carmiwork is disrupted and complex
functional group clusters are generated. The resid@C remains relatively high
because epoxy diffusion become less probable togie further reduction through
the first pathway described above. As shown in B{@), the final concentration of
C-C and C=C bonds (G+c=q tends to be lower asefexy+ethedS higher. On the other
hand, there seems to be weaker correlation betWeejc-c and TOC (Fig. 5(b)).
Moreover, lower final G.c+c=c is found for most of the redox cases (marked Hs fu
symbols). Nevertheless, contrary to previous woitks, G..c+c=c in our work can be
as high as ~ 90 % even for some high TOC agézenecases, probably because the
x-ray induced photoelectron bombardment can sidbée epoxy evolution even when
the carbon network is disrupted. The above physmetures are depicted in the
diagrams in Fig. 5(c). In short, our experimengduit can be well described within
the framework of Larciprete et al. [27], but theseadditional information revealed in

this work, in which conversion between functionadgps are measured in more detail,



so that it is shown that even under high TOC, redax only occur when there is
proper composition of functional groups (higke&ey+ethet. FUrthermore we show that
almost complete deoxygenation is possible througtiuction by x-ray induced
photoelectron, even when TOC is high.
Conclusion

In summary, we performed a systematim-situ investigation on the
reduction-oxidation dynamics of micrometer-sizedd@ed graphene areas through
x-ray irradiation. Oxidized graphene containing dtional groups including epoxy,
ether, hydroxyl, carbonyl, carboxyl, were createdCivD grown graphene through
SPL and 2-PO. Througim-situ XPS measurements, we found that the paths for
complete reduction are critically dependent on bo®C and Guoxy+ether OvVer a
threshold TOC and Goxy+ether @ COMplex redox process in which conversion okgp
and ether groups to carbonyl and carboxyl is dontirsd the beginning of x-ray
irradiation process, followed by a step-by stepuotidn process that eventually leads
to conversion to c-C and C=C bonds. On the othedhbelow the threshold TOC
and Gpoxy+ether the reduction dynamics follows the step-by-stepcess whereas
oxide groups with higher B.E.s are sequentiallyucedl to those with lower B.E.s.
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CAPTIONS

FIG. 1. (a) The SPL patterns, (b) the 2-PO pattefuisided by a red dashed line).

The optical, frictional and chemical properties afidized graphene patterns are

showed in the OM, LFM and SPEM images, respecti{febym left to right).

FIG. 2: Contour plot/waterfall plot of the in-simcquired XPS (a)/(b) category A:

SPL |Miad =8 V; (c)/(d) category B: SPL |M{ = 10V, (e)/(f) category C: 2-PQxI=

1.0 s/spot.



FIG. 3: Fitted XPS (marked by TOC andypbxy+ethet and time evolution of the
functional groups during x-ray induced reductiorogridized graphene prepared by (a)
SPL |Miad = 10 V on Graphenea graphene, TOC = 70.7 % @P2Zky = 0.6 s/spot
on Graphenea graphene, TOC = 68.5 %, (c) SBLJ|¥ 10 V on RTCVD grown
graphene, TOC = 89.7 %, (d) 2-PQE 1.0 s/spot on Graphenea graphene, TOC =

88.6 %.

FIG. 4: Correlation diagram of redox/no redox wigspect to TOC vs. concentration
of (a) carbon network bonds (C-C+ C=C), (b) funcéibgroups with lower binding
energy (epoxy+ether+hydroxyl) (B.E. < 287 eV), {ahctional groups with higher

binding energy (carbonyl+carboxyl) (B. E. > 287 eafyd (d) epoxy+ether.

FIG. 5 (a) Correlation diagram of finak@+c=ct0 Cepoxy+ether (0) Correlation diagram
of final Ccc+c=cto TOC. (c) Schematic diagram showing the phygmetures of the

reduction-oxidation processes.
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