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0D Zero dimensional;

1D One dimensional;

2D Two dimensional/ Graphene Raman peak at ~270¢ cm
3D Three dimensional;
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BLG Bi-layer graphene;
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FET Field-effect transistor;
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HOPG Highly oriented pyrolytic graphite;

ITO Indium tin oxide;
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LDW Laser Direct Writing;

Nd:YVO, Neodymium-doped ytterbium vanadate;
NMP N-Methylpyrrolidone;

PC Polycarbonate;

PECVD  Plasma enhanced chemical vapor deposition;
PLD Pulsed laser deposition;

QHE Quantum Hall effect;

rGO Reduced graphene oxide;



SEM
SLG
SLM
TEM
UHV
XPS

Scanning electron microscope;
Single layer graphene;

Spatial light modulator;
Transmission electron microscopy;
Ultra high vacuum,;

X-ray photoelectron spectroscopy.
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1 INTRODUCTION

Graphene is one-atom thick two-dimensional crystainsisted from
carbon atoms, joined into a honeycomb lattice. Fitsndiscovery in 20041],
this material gained huge amount of interest frasearchers working in
various fields. Graphene has unique physical pt@sersuch as high carrier
mobility [2], high thermal conductivity and quantum hall effeadt room
temperaturg¢3], high optical transparence in visible rarige It is also
mechanically strong materigd]. These properties made graphene very
attractive material for various applications. Grapé can be applied in
ultrafast FET transistor$6,7], it can be used as a transparent electrode
material[8], applied in various polymer composites, saturabhsorbers,
biological and medicine applicatiof.

Diverse graphene production methods have beenamatisince the first
graphene flake was obtained by mechanical exfohatnethod. Nowadays,
most of developed methods are based on CMDP and various
implementations of graphene oxide reduc{ibi]. So far, these methods are
considered to be the most promising for mass-pitimluof graphene.

Some graphene oxide production methods employ laseliation. Laser
can be useful tool for performing the reductiongass, as it helps to avoid
using hazardous aggressive materials such as lhiydrawchemical reduction
or using complex heating systems, which are use@ and thermal GO
reduction operations. Focused laser beam enablewin® of complex
conductive graphene microstructures on insulatuigsates. Such fabrication
features can be useful in electronics applicatisnsh as super capacitors,
electrodes or heat removal systems formdis®,12-22.

Furthermore, the laser-based modification of GQ@raphene layers can
be a versatile implementation for fabrication ofieas devices. Tailoring of
different laser microfabrication parameters, sushflaence, scanning rate or

focusing spot diameter leads to extensive modiboatange: from thinning of
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material to complete its ablation. Such flexibleqegssing enables controlling

of physical properties of graphene/GO materialsigy

1.1 THE AIM OF THE RESEARCH

The aim of this research was to investigate foromaéind modification of
graphene layers applying laser irradiation. Thislgeas divided into two
tasks:

1 Reduction of graphite oxide to graphene using lasadiation, evaluation
of the reduction results depending on compositibthe graphite oxide
film and laser irradiation parameters. The task w#snded to fabricate
the heat-conductive graphene channels in thermdatisg graphite oxide
substrate.

2 Maodification of graphene/chitosan composite filmghwlaser irradiation
for bio-sensor contacts improving of their elechrmical properties, and
evaluation of spectroscopic and electrochemicapgnttes of the contacts

depending on laser treatment parameters.

1.2 PRACTICAL VALUE AND NOVELTY

1.2.1 THE NOVELTY OF THE THESIS

Various graphene production methods are under dprent to be
applied in the mass production. Despite that thereamechanical cleavage
technique offers the best-quality monolayer graphiéakes, it is not suitable
for production due to relatively slow yield, powpeatability, and small sizes
of produced graphene flakes, which are not accéptabmost applications.

Reduction of graphene oxide is one of the strongestdidates in
producing graphene for various devices. The lasduged reduction of
graphene oxide allows transformation of graphernideoiocally and precisely

forming heat and electro-conductive graphene cHanngmong all GO
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reduction methods, this approach is new, with gusw trials, and needs a lot
of development until commercial application will teasible.

In this research, doping of GO films with Congo-RB@& molecules and
its input to the GO reduction quality was evaludtadhe first time.

Laser treatment of the graphene/chitosan compdsites is a new
technics for fabrication of bio-sensor electrod@sir new approach showed
that, despite of the increasing disorder of graphemers, laser irradiation of
the composite can improve electrochemical activdly the composite

electrodes.

1.2.2 THE PRACTICAL VALUE OF THE THESIS

1. Results of conducted experiments and theoretigallstions helped to
evaluate the most effective conditions for GO réiducto graphene using
the picosecond laser treatment.

2. Thermo-conductive graphene containing channel® i@med in the GO
layer, which itself possess physical propertiemsilator.

3. Laser reduction of GO with different dopants wasleated and it was
shown that Congo-Red molecules link graphene shegésher.

4. Experiments on the graphene/chitosan composites fiilmodification with
laser irradiation, allowed improving electrochericaroperties of
graphene/chitosan contacts on ITO substrate far thee in bio-sensing

applications.

1.3 STATEMENTS TO BE DEFENDED

1 Irradiation of graphite oxide with a picosecondelasan lead to its
reduction to graphene, which is evident from depelent of the 2D line,
intrinsic to graphene, in Raman spectra of lassatéd films in particular
range of the processing parameters, a decrease @ldctrical resistance

and increase of thermal conductivity.
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2 Product of the pulse energy and the number of laps#ses per spot
efficiently describes the process of GO reductiorgtaphene during the
laser treatment. These parameters determine theetatare in the
irradiation zone and the time the material is heéatefluence of this
product is clearly visible in Raman spectra of taseated graphite oxide
films.

3 Laser treatment improves electrochemical charatiesi of
graphene/chitosan composite films which are usedlexstrodes for bio-
sensing applications. Picosecond laser irradiatamms nanocrystalline
graphene and exposes graphene flakes after chiagdation which leads

to enlargement of the active surface area of thetrede.

1.4 APPROBATION

Results of the research, presented in the thesse \published in 5
scientific papers and together with coauthors #silis were presented in 18

contributions to conferences.

1.4.1 SCIENTIFIC PAPERS

Al.R. Trusovas G. R&iukaitis, J. Barkauskas, R. Mazeikégh.aser Induced
graphite oxide/graphene transformatidbMN 7 (2012) 49-53.

A2.J. Barkauskas, J. DaksSeéyviR. JuSknas, R. Mazeikie®)y G. Niaura, G.
Ratiukaitis, A. Selskis, |. Stankesierné, R. Trusovas Nanocomposite
films and coatings produced by interaction betwegesphite oxide and
Congo red,). Mater. Sci47(2012) 5852-5860.

A3.R. Trusovas K. Ratautas, G. Raikaitis, J. Barkauskas, |. Stanké&eine,
G. Niaura, R. Mazeikie Reduction of the graphite oxide to graphene
with laser irradiationCarbon52,(2013) 574-582.

A4.l. Matulaitiere, J. Barkauskas,R. Trusovas G. R&iukaitis, R.
Mazeikeire, O. Eicher-Lorka, G. Niaura, Potential dependeoL&ERS
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spectra of reduced graphene oxide adsorbed orassdinbled monolayer
at gold electrodeChem. Phys. Leth90(2013) 141-145.
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16-18, 2011, (oral).

2. R. Trusovas,G. Rafiukaitis, J. Barkauskas, R. MazeikignLaser
induced graphite oxide/graphene transformation, Th#h International
Symposium on Laser Precision Microfabrication (LRNI2), Takamatsu,
Japan, June 7-10, 2011 (poster).

3. R. Trusovas G. R&iukaitis, J. Barkauskas, R. MazeikéeriReduction of
the graphite oxide to graphene with laser irradmtiL2th Int. Conference
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4. J. Barkauskas |. Stankeuier¢, J. DakSew, R. Trusovas, G.
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5. R. Trusovas, G. Rakaitis, R. Mazeikiea, J. Barkauskas I.
Stankewvtiené, J. DakSewi, Thermal conductivity of laser-treated
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Carbon 2011, Shanghai, China, July 24 — 29, 2011.
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2 LITERATURE REVIEW

2.1 GRAPHENE PROPERTIES AND APPLICATIONS

Graphene is the most recently discovered carbatragle. It is a two-
dimensional crystal consisting of one layer of carbatoms joined into
honeycomb lattice. Graphene can be considered & dfasome other carbon
allotropes. Graphite can be treated like huge amadinstacked graphene
layers, carbon nanotubes can be produced by rajliaghene into the tube and

fullerenes can be considered as graphene rolledsptieres (Fig. 1).

Fig. 1 Graphene is a 2D building material for carbuaterials of all other
dimensionalities. It can be warped up into 0D buchtls, rolled into 1D nanotubes or
stacked into 3D graphif{@3].

Before graphene discovery, freestanding 2D mateaasumed to be not

existent. Atomic monolayers could only be growntapally on the top of
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other material. In 2004, group of scientists in lklaester University lead by
A. Geim and K. Novoselov succeeded to obtain grapheonolayer by
mechanical exfoliation method]. They measured that mobility of graphene
charge carriers can reach ~1000G/&s at room temperature and ballistic
transport takes place in sub-micrometer scalesh Simaracteristics make
graphene an attractive material for FET (Field &ff€ransistor) applications.
On the other hand, the absence of a band gapcisstlirect utilization of
graphene in this field.

Despite the fact, that graphene is a gap-less sachictor, there is an
option for introducing the bang gap with electhield in multilayer graphene.
Zhang et al.[24] demonstrated precise tuning of the band gap iayéil
graphene. They showed that the band gap can bgethidrom 0 to 250 meV
by application of a perpendicular electric fieldiilet al.[25] studied the same
effect in three-layer graphene.

Ultra-thin graphene strips - graphene nanoribb@NRs) can be used
for FET applications. They are quasi-one-dimendiosructures with
nanometer scale widths and atomically smooth ed@ms) et al.[26]
investigated energy gaps in GNRs and showed th&<3hith homogeneous
armchair and zigzag edges have energy gaps whichhaersely proportional
to the structure widths. Yang et f7] estimated that the band gaps can reach
values up to 1-3 eV for 2-1 nm width GNRs. Suchdgap values are larger
than achieved by tuning the band gap in multilagesiphene[24]. Thus,
presence of the band gap, high carrier mobility fastl switching speed makes
GNR useful for room temperature FET applicati{#&29.

Lee et al.[5] measured Young modulus of defect-free graphenetshe
which reaches 1 TPa. The superior mechanical ptiepasf graphene make it
attractive for flexible electronics applicatiof@. High cost and finite supply of
indium forces for searching of indium-tin oxide QT alternatives. Bae et al.
[14] have demonstrated roll-to-roll production and wbkemical doping of
mostly monolayer graphene films grown by chemicaboar deposition onto

flexible copper substratefl4]. They also used layer-by-layer stacking to
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fabricate a doped four-layer film which demonstajgoperties superior to
ITO electrodes. Recent achievements in electramdcistry allowed creating
novel flexible devices. Flexible screens are imgairt part for such
implementations. Graphene stands as a strong Geddfl contact material for
such applications.

Lack of bandgap determines another interesting l@eity of graphene.
Gap-less material absorbs the light evenly acrdss whole spectrum
demonstrating optical transparency of ~97.7% at levhasible region of
spectrum. Such feature makes graphene an idealded@dfor transparent
electrode material. J. Wu et 4BQ] investigated graphene as a transparent
electrode for organic solar cells. GO prepared bynbkhers method was spin-
coated on a quartz substrate, and then reductienpegormed by vacuum
annealing at 1100°C or by a combination of a hydetfreatment and Ar-ion
annealing at 400°C. Resistance of prepared graphlene was higher than
ITO at the same transparency. This could be exgdainy incomplete reduction
of the GO. Nevertheless, improving of GO reductiguality will allow
graphene to complete with ITO.

Thermal conductivity of graphene is dominated byrmn transport,
diffusive conduction at high temperature and biadliconduction at low
temperatured31]. Balandin et al[32] measured thermal conductivity of a
graphene flake prepared with method of mechanixfliation by means of
Raman spectroscopy. Suspended graphene was usieel @xperiment; laser
beam was focused into the flake and caused heatingraphene. Laser
induced heat caused bond softening which refleatedhift of the G-peak
position towards larger wavenumbers in Raman spedthis shift linearly
depended on temperature of the sample at useddser power. Thus, the
thermal conductivity in value of 5000 W/m-K was reglated form the G-
line position dependence on excitation power. C\¥&pbene and graphene on
SiO, have lower values of thermal conductivity due te ihteraction with

substrate.
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Thermal conductivity depends on graphene flake dsimas. Heat
dissipation from graphene devices and interconnéxtdimited by their
environment and the relatively weak Van der Waatsrfaces of graphene.
Thermal properties can be highly tunable in grapheomposites. Thus
graphene is an attractive material for both: he#d#hsg and for the high
thermal conductivity requiring applicatiofy.

Goli et al. [33] applied graphene for a heat-sinking setup. They
investigated graphene-enhanced Phase Change Nwat¢R&Ms), which
consisted of pristine paraffin as the baseline cusitp and a few layer
graphene or graphene as filler. Graphene enhaheech&l conductivity of the
composite at room temperature from 0.25 W/m-K t&\IBn- K.

Graphene enhanced paraffin was applied for he&irgrof the pack of
cylindrical Li-ion batteries (Fig. 2). Temperatur&as monitored with
thermocouples connected to data acquisition systemng 10 charge-
discharge cycles. Temperature logging results sdawat graphene improves

thermal conductivity of the paraffin.

Outside shell

@10
Q G Liion battery
O O

PCM

Fig. 2 Top view of the setup of the Li-ion battgrgck embedded in the PCM.
Adapted fron{33].

In the case of no PCM placed between the battaridsghe outside shell,
the temperature in the cylinders was at its maxinofimbove 330 K. The outer
shell also heated up to ~315 K via conduction tglhouhe air. Standard
paraffin wax reduced the temperature of the cylisde around 320 K without
heating the outside shell. Thermal management wtbrid graphene PCM
resulted in the lowest temperature of the battgiynders of ~310-315 K with
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some increase in the temperature of the outsidk whech also resulted in
more uniform temperature distribution through ti&WP

A few reasons explain such rise of thermal condiigtof the graphene-
enhanced PCMs. The arrangement of graphene flalezting a network
within the composite is ideal for thermal percalatior the strong binding of
graphene flakes to the hydrocarbon based mdine& second possible reason is
a good thermal coupling between the fillers andrm34].

Superior conducting properties, chemical purity dade surface area

make graphene a promising candidate for sensofcajppns:

e Graphene is a two-dimensional material, thus alb@a atoms in the
volume are exposed to the analyte of interest;

e Graphene is highly conductive with low Johnson @dedectronic noise
generated by the thermal agitation of the chargeieta (electrons)
inside an electrical conductor at equilibrium, whitappens regardless
of any applied voltage), hence, a small changeamier concentration
can cause a great variation of electrical condugtiv

e Pristine graphene has a small number of crystaaiefensuring a low
level of noise caused by thermal switching;

e Four-probe measurements can be made on singleakrgsiphene
device with ohmic electrical contacts having lowiséancd35].

2.2 GRAPHENE CHARACTERIZATION APPLYING RAMAN

SPECTROSCOPY

Due to nano-range thickness, identification of rgl&-layer graphene is
quite challenging. Several methods can be impl@dstich purpose. When
placed on the certain base — 300 nm thick,$@med on Si substrate surface,
graphene can be detected by means of optical nompys due to the change of

interference color between monolayer flake and grapbstrat¢36].
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Atomic force microscopy (AFM) is a precise methoddentify single or
few layer graphene, but it has low throughput. emnore it is also limited by
the range of substrates on which graphene can dsdified as instrumental
offset (~0.5nm) is larger than graphene monolayaynsequently the
additional data fitting is required for accurateasgremenf37).

Raman spectroscopy is known as a reliable and stndéve method
for identification of carbon allotropes. Graphitioaterials show prominent
spectral features in 1000-3000 ¢rregion (Fig. 3). The main features in the
Raman spectra of carbons are the G- and D-pealet pbsitions are ~1560
cm* and 1360 cm, respectively. Raman spectroscopy can clearlyndisish a

single-layer graphene from less than 5 layers grag38].
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Fig. 3 (&) Raman spectra of graphene with 1, and,4 layers. (b) The enlarged
2D band regions with curve fitting9].

The G-peak corresponds to thg, ghonon in the Brillouin zone center, it
is characteristic to many carbonous materials. Hpeak at ~1360 cihis due
to the breathing modes of’sptoms and requires a defect (vacancy, dislocation
etc.) for its activation. Usually, as-prepared ¢pape without structural defects
does not exhibit a strong D-peak because the gmneing Raman mode is
active only on edges of flakes. The 2D-peak at Ot (sometimes

denoted as G’ peak) — the second order of the R-pe&athe most intrinsic to
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graphend39,40. This peak is always present in the graphene Rapaotra
even in the absence of the D-peak because no dedeetrequired for its
activation. In a single-layer graphene, this baad be fitted with sharp and
symmetric peak, while in graphite spectra, the 2Debis not symmetric and
can be divided in two peaks 2Bnd 20, which intensities are ¥ and %2 of the
G-peak intensity, respectivel{B7]. The 2D-peak gets broader and shifts
towards greater wavenumbers when number of graplagees increases. The
G-band intensity increases almost linearly with tinenber of graphene layers.
The ratios of the peak intensities are common rooite for graphene
investigation. Position of the G-peak and the pdatlensity ratio 3p/lg
determine the number of graphene layers. Shapepasition of 2D Raman
band are good fingerprints for single and bilaysapfene detectiof88,41].
Graphene with significant defects shows an addilialsorder related peaks:
D’ at ~1620 crt, originating from the intra-valley double resonanand
(D+D’) at ~2950 crit- a combination modgt2].

2.3 GRAPHENE PRODUCTION METHODS

Many graphene production methods have been dewklgpee first
graphene flake was exfoliated using mechanicalvelga method by Greim et
al[1]. This method implied non sophisticated approactepétitive pealing of
highly oriented pyrolytic graphite (HOPG) with aosth tape until one-atom
thick layer was separated from the material. Theshmd is still widely used in
laboratories in order to obtain the high-qualityagmene monolayers. It is
capable to produce graphene flakes in sizes ofredsdnicrons. This method
is suitable for fundamental investigation of vasographene properties or
production of graphene based devices prototyidesiever, due to the lack of
repeatability, high time consumption and relativeiyall yield, mechanical
exfoliation is not suitable for mass productiorgodphene.

Chemical graphene exfoliation is based on disperaid exfoliation of

graphite in organic solvents. This approach offaralability and high yield.
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However it is time-consuming and sample contamimafrom surfactants or
solvents utilized is possib[é3,44.

Graphene can be epitaxially grown on silicon cal(ifiC) substrates in
Ultra High Vacuum (UHV) environment. Epitaxial gtegne grows on top of a
carbon interface layer and only the second carlagerion top of this interface
acts like monolayer graphene. A bilayer grapherstesy develops during the
procesg45,44.

Other promising graphene production method is CbamivVapor
Deposition (CVD) on metal substrate. For this pseovarious carbon
containing gases are used (methane, propane, bubajeeted into the special
chambers, these gases decompose into graphen¢atyticanetal substrate at
high temperatures. Nickel or coper foils are usedwbstrates in this method.
CVD technigue can provide wafer-scale graphenerfdustrial applications.
Bae et al[14] even have introduced the roll-to-roll productidr36-inch-wide
films applying the CVD process. The high-quality motayer graphene sheets
with small amount of lattice defects can be obtdinging CVD. Moreover
physical graphene properties can be customizedsing wadditives or creating

specific defects which can be needed for specéigad implementationd.(].

2.4 GRAPHITE OXIDE REDUCTION

As discussed above, graphene is produced by udiegnical vapor
deposition, epitaxial growth on silicon carbide a@netal substrates,
etc[10,15,45,4Y. There is still a need for new production methadisch are
distinguished by repeatability and can be implem@&nh mass production.
One branch of graphene fabrication methods is baseithe reduction of GO
to graphene.

GO is widely used in graphene production techne®giThe name
“graphite oxide” means the product of the graplutdation and does not
name separate chemical subject (much like polyetteylcovers the whole set

of long chain possessing hydrocarbon moleculesgr@are many theories
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which explain GO structurpl8]. Despite the intensive studying during recent
years, still not much is known about the structfréhis compound which can
be determined by partially amorphous nature of thaterial[11]. Lerf and
Klinofski proposed structural model of G@9]. In this model GO consists of
honeycomb-like plane of carbon atoms with various/gen containing
functional groups (carboxy, epoxy) attached to phene (Fig. 4). Carbonyl

groups are present as carboxylic acids along tlee ed the sheet and as

organic carbonyl defects within the plgid].

Fig. 4 Structural model for GO; Hydroxyl groups agserpendicular to the
graphitic plane, and the inter-planar space costaiter moleculegt9].

Despite of huge interest in GO, the synthesis nusthaf this material
have not changed much since first variations. Ircades, graphite is exposed
to strong oxidizers in acid medium. Most commonlyed methods for
preparation of GO are Brodifs0], Staudenmaief51] or Hummers[52]
methods or any variations of these methods. Brad@ Staudenmaier used
potassium chlorate (KCKDP and nitric acid (HNG), while in Hummers
method, potassium permanganate (KMn@nd sulfuric acid (kB0O,) are
employed for graphite oxidatiof31]. Properties of the received product
strongly depends on the quality of pristine grapland reaction conditions
[53]. GO has a layered structure like its precursoraplgite; it is formed from
hydrophilic layers of graphite oxide. Water molesulcan be embedded
between these layers, therefore interlayer distamdlis structure may vary
from 6 A to 12 A[54]. GO can be easily dispersed in water by applying

sonication [55] or mixing for longer period of timg56]. Dispersed GO
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particles obtain negative electric charge. Applyiilgation of agueous GO

suspensions, thin GO coatinNg¥-59 or membranes can be produ¢éd-63.

Chemical, thermal and photo-induced reduction nughare implied for

GO reduction purposf1,58,63-6h Several methods based on laser-induced

reduction have been described receridg-71. This type of procedures

permits local reduction of the electrically andrthally insulating GO and

formation of conductive graphene domains,

which che used

microelectronics for efficient heat removal or ét@al connections.

Graphene synthesis methods

in

 J 4
Top down Bottom up
Mechanical | | Chemical | | Chemical |Pyrolysis| Epitaxial | | CVD | [ Other
exfoliation exfoliation | | synthesis Growth methods
Adhesive tape |
Sonication Thermal
AFM tips
Reduced Plasma
Graphene
oxide

Fig. 5 The schematic represents the different graplsynthesis methofi&?].

Many of the current graphene production methodsased on chemical
reactions. They often are quite complex, consistofgmany stages of
production and require certain conditions of prducas an extremely sterile
environment or production in high vacuum.

One of the simplest and most promising alternatteesuch methods is
the production of graphene from graphene oxides Tiethod is based on the
reduction of the oxide — breaking oxygen-carbon dbonhere are several

approaches of graphene oxide reduction:
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Table 1 Overview for various synthesis methods loé graphite oxide

reduction.

Method Experimental conditions

GO reduction by 100W, 40kHz, 1h intense ultrasonication and

alkaline conditions| centrifugation of GO suspension for 2 h at 23,48 rand
heating in alkaline solutior{g3].
Solvo-thermal Sonication at 50°C for 60 min. and diluted with NMP

reduction method | degassed for 60 min., bath sonication at 240°Q4oh under
argon atmosphere, centrifuge at 4500 rpm and ashea
250, 500 and 1000°{74].

Thermal The dried graphite oxide is charged into a quawtetand
exfoliation purged with argon. Rapid heating (>2000°C/min) 66a°C
[73].

Arc discharge GO was rapidly heated by arc discharge in a mixgffieb
exfoliation gas of H (<10 kPa pressure) and argon (90 kPa pressure). A
high-temperature discharge between the two eleetradas
generated by a direct current mode ranging from t®0
150 A. The resulting exfoliated graphite (10 mg) swa
dispersed in 10 mL of NMP (N-methylpyrrolidone) foh by
sonication. Suspension was centrifuged at 15000 foi

5 min. to remove thick graphene sheets and norliatdd

—F

graphite, and to retain thin graphene sheets istpernatan

[76].
Vacuum The as-prepared GO was put into a quartz tube cbeohéo
exfoliation vacuum pump. The tube was heated at the rate &/60OA
under a high vacuum (<1 Pa) and kept at 200°C fof75].
Chemical GO (100 mg) dispersion was sonicated using ultiadoath
reduction cleaner (150 W). Hydrazine hydrate (1.00 ml, 32rtat)

was then added and kept in oil bath at 100 °C uadeater-
cooled condenser for 24 h over which the reduced|GO
gradually precipitated and isolated by filtrationdawashed
with water and dried43].
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Microwave

reduction

20 mg of GO were dispersed into 6 mL water unddd mi
ultrasound. Then 30 mL of DMAc was added and saedca

for few minutes and suspension was obtained imthx¢ure

of DMAc/H-O. For the microwave thermal reductipn

experiment, 36 ml of the prepared GO suspension in

DMACc/H,0O (0.56 mg/ml) was put into a microwave ov
under dry nitrogen gas, and it was treated foedéft time in
the range of 1-10 min. at 800 W. After washing vathanol
for three times then the mixture was freeze drie80a’C for
24 h.[78].

Hydrothermal

25 mL of 0.5 mg/ml GO aqueous solutikas transferred tp

a Teflon-lined autoclave and heated at 180 °C for[89].

Electrochemical

method

The electrochemical reduction of GO in a threetetele
system (Pt as counter electrode, saturated caleleelrode
as reference electrode, GO film coated over GC&aging
electrode). Electrochemical reduction experimentgrey
performed on a CHI 1140 electrochemical worksta(GH
Instrument Co., USA) at a constant potential (-dr.51.3 V
vs SCE) in 10 mmol/l pH 5.0 PBS §HPQOy/KH,PQ,) under
stirring for 2 h[17].

Flash reduction

Flash reduction of free-standing fii@s can be done wit
a single, close-up (<1cm) flash from the Xenon pga
equipped on a common digital camera. Most experis
were done with a Sunpak 383 stand-alone flash witit a

larger window size of around 30 mm x 50 r{64).

en

<

m

en

Graphite oxide reduction using laser irradiatiom ¢ considered as a

thermal case of GO reduction. According to Zh. \8€], thermal reduction of
GO was manifested at medium temperatures (100-2508C,8]. GO

reduction takes place in a wide temperature ramgen {100 to 1000°C
[74,75,79,80,82-8§4 According to S. H. Huh[85, evaporation of water

molecules occurs at 200°C temperature, removalhef darboxy groups at

about 200-600°C, residual carboxyl and hydroxylugp removal takes place
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at 800°C, the removal of hydroxyl groups, partehoval of the epoxy groups
and breaking of the aromatic C=C bonds at temperaitiabout 1000°C. On
the other hand the formation of new carbon compsuf@O, CQ) occurs,

during the reduction process, and they cause smlaiefects by leaving the
basal plane of graphene. That fact reflects in ghesence of the D-band
Raman spectra of reduced GO. In addition, the dieegmoups stay in the GO

even after 1000°C temperatures.

2.5 GRAPHENE PRODUCTION AND MODIFICATION WITH LASER

| RRADIATION

2.5.1 GRAPHENE OXIDE REDUCTION WITH LASER | RRADIATION

Focused laser beam has become an important todhifetayer surface
modification and micro-structuring. The essencéhef method is an effective
heat zone creation by focusing the laser beam eeating localized transition
of physical phase. Use of sufficient laser poweaaldes ablation of materials

such as steel, ceramics, nanostructures and bialogamples.

Y. Zhou et al[86] used a focused laser beam micro-structuring afelar
GO areas to develop and carry out reduction of ird, situated on quartz
substrates. The advantage of this method is ibibly, the ability to increase
the production scale and relatively low cost. Mastportantly, such
microstructuring does not require additional sudistr preparation. The
experiment employed a continuous wave diode lasdr & wavelength of
663 nm and a maximum output power of 80 mW. Therlagam diameter was
about 3um. Fig. 6 schematically illustrates GO structuripgpcedures and
conversion to reduced GO. The film was placed icu$oof the laser beam.
When the focused beam reached the GO surfacerrttkated area absorbed
the laser energy, and local increase in temperabaie place. Intense heating

raised the temperature of the irradiated zone abO@C in air and caused a
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localized oxidative GO burning with the releasetlod volatile gases such as
CO and CQ (Fig. 6, P2 and P3). No clear evidence of graph#mese was

confirmed by Raman spectra.

_ =
f cutin Cut in air
N, gas P2

hL

HW

Hydrazine

reductlon
1: Quartz substrate 2: Multllayer film
3: Laser source 4: GO channel pattern
5: GO pillar pattern 6: G pillar pattern

7: G pattern in GO film

Fig. 6 Scheme of graphene layers microstructugeh

In the other research of gro{§7] an insulator-conductor transformation
of graphene oxide films with continuous-wave diddser (532 nm, 12 mW)
was investigated. Increase of the film conductanom 0.012uS to 2.82uS
was achieved after the laser irradiation. Ramansorements were performed
to evaluate laser induced structure changes (PFig.Tfe laser irradiation
caused increase of defects as the broadening ofdDGapeaks in the Raman
spectrum. Also the decrease of the 2D peak intemss observed. Reduction
of the film thickness after the laser treatmenéxplained by two processes:

primarily by photo thermal reduction and followingidative burning.
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Fig. 7 Raman spectrum of as deposited and laseifisebGO [87].

Zhang et al[67] inscribed microcircuits with a femtosecond lasdo ithe
GO layer, spin-coated on glass. However, from taen&n spectra of reduced
GO, no evidence of graphene formation was obseageithe 2D spectral peak
(~2700 cri) was absent.

Sokolov et al[71] used a continuous wave and a pulsed laser excitati
of graphene oxide in both air and nitrogen atmosph&he Raman spectra
revealed formation of graphene by appearance o2ihéne. The results also
showed dependence of the process quality on theeambtmosphere as a
decrease of the D-peak intensity in Raman spectes wbserved in
experiments conducted in the nitrogen atmospheig. (8). This band

represents structural defects in the graphene.layer

Fig. 8 (a) SEM image of the 10n x 5um depression produced by 532 nm CW
laser irradiation of graphite oxide. The laser ggewas 20 mW. Note the outward
expansion of the edges and lack of melt zonestheazdges. (b) A spatially-resolved
map of the Raman 2D baifidl].
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In later research, Sokolov et. l88] performed graphene oxide reduction
experiments using an excimer laser. The laser iatiad wavelength was
248 nm, pulse duration — 25 ns. Sample was plat®da hermetic chamber
and the irradiation was performed in a high vacum0® Torr), a low
vacuum (9.8 x 1T Torr) and a flowing nitrogen atmosphere. Laseeriice
was varied from 60 mJ/cnto 400 mJ/crh furthermore, the pulse number was
also varied. 5-8&m thick GO films were formed on nylon membranesmga
spectroscopy was employed for investigation ofréghuction results (Fig. 9).
After laser irradiation, reduction of the D-peakeimsity was observed and the
2D-peak emerged. It can be fit with a single Lozet with a typical FWHM
between 50-65 crh Positions of the D- and G-peaks shifted towanyget
wavenumbers, indicating decrease of disorder. Bstichdomain sizes after
the laser treatment increased from 18 nm to 31.5indicating transition of
reduced graphene to more reduced state. Remainipgak in spectra was
explained by the influence of untreated GO whids lunder reduced layer.
30 pulses at a fluence of 200-300 mJ/amere required to form the high
quality graphene in nitrogen and 15-20 laser puées150 mJ/crf in the
high vacuumAuthors stated that the laser induced reductiomireg the use

of an oxygen free environment.

I GO Before Irradiation
D {1 G GO After Irradiation
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Fig. 9 Raman spectrum of untreated GO compared wittpectrum of an
excimer laser-reduced GO produced with 32 pulsesl&8 mJ/crh laser fluence in
the high vacuum~10"° Torr). The inset is the pulse dependence of G@atézh at
138 mJ/crfiin the high vacuum~107° Torr) [88].
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Yung et al.[89] directly patterned reduced GO circuits on glassguan
excimer laser system. Laser with 248 nm radiatianelength, pulse repetition
rate of 1 Hz and pulse duration of 20 ns was engady the tests. The laser
fluence was varied from 60 to 90 mJfcduring the experiments and the beam
scanning speed was constant — gf0s. They achieved ~1.33x18/m
conductivity. Formation of the 2D-peak was also evbbed in the Raman
spectra. The FWHM of 2D line was 64 ¢maccording to the authors, such
value corresponds to the presence of turbostratiphite, which consists of
randomly oriented multiple graphene sheets. TheeBkpvas also present in
the Raman spectra due to remaining oxygen spectesdge defects.

Gao et al[66] performed GO reduction with the direct laser wagtifor
fabrication of supercapacitors. g@ser with 2.4 W power was employed for
the reduction process. This technique allowed fogrdapacitor electrodes in
various shape and sizes, and two configuratiomsn{feich” and “in plane”)
were investigated. Solid GO works as a solid ebdyte and reduced GO
serves as an active electrode material. Due t@d#ses, produced during the
reduction process after decomposition of functiogedups attached to GO
nanosheets, surface of reduced GO became porcerstadt laser treatment
(Fig. 10).

Fig. 10 Photograph of an array of concentric cacylatterns fabricated on a
free-standing hydrated GO film and SEM image of ithterface between GO and
RGO (scale bar, 100 mm), with yellow arrows inditgta long-range pseudo-
ordered structure generated by laser-beam scafithg
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Strong et al[12,13 offered production of laser scribed graphene (LSG)
with the standard LightScribe DVD optical drive. idadispersion of GO was
drop-casted on a flexible substrate and irradiatéld an infrared laser inside a
commercially available LightScribe CD/DVD opticalive. After the laser
irradiation the color change of irradiated GO filmas observed. SEM
inspection of the cross sections of the film showleat the laser irradiation
induced exfoliation of the LSG sheets like in [6Bhe irradiated films showed
a conductivity of 1738 S/m and a high mechanice¢rgjth, as the drop of
electrical resistance accounted only 1% after 1660ds cycles. Authors
predicted using such films in electrochemical c#pes applications.

Mukherjee et al.[90] demonstrated that photothermally reduced
freestanding graphene oxide paper can be applieditfdum-ion batteries.
They conducted experiments with flash reduction &mskr. Laser setup
consisted of the CQlaser cutting machine with irradiation power o8 %V,
irradiation wavelength was 98n, laser spot size was 1Qén. The laser
irradiation induced film expansion (5-10 fold inase of thickness), forming of
porous structure and cracks in the film was obskrvEhese effects were
explained by the fast increase of pressure caugeddaping oxygen generated
during the deoxygenation of material. No forming prous structure was
observed in the laser irradiated samples, whiclvipusly were chemically
reduced with hydrazine. The authors stated thatgpti@rmal reduction is
suitable for production of porous graphene anodex;e the demonstrated
electrical characteristics enabled their operatmrer a wide range of
charge/discharge rates.

Orabona et al91] conducted experiments with holographic pattermhg
GO films. Continuous wave Nd:YVO laser with wavelength of 532 nm,
average power of 100 mW and beam diameter of 5 naw wsed for photo
reduction of GO films. Desirable patterns were fedmwith Spatial Light
Modulator (SLM). Such approach allows reduction coimplex patterns in
single shot. The FT-IR spectra confirmed the desged C-O and C-OH bonds
after the reduction experiments.
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Li et al. [92] operated with resembling approach in they work.
Femtosecond laser with pulse energy of 400pulse duration of 90 fs, and an
adjustable wavelength from 750 nm to 830 nm at\araame power of 4.0 W
and pulse repetition rate of 10 kHz was choserhferexperiment. Patterns on
the GO film were generated with a digital micro mofrdevice. The number of
pulses applied to GO was varied during the experimeDepending on the
number of shots, GO reduction or ablation occuridee 2D-band was not
present at measured Raman spectra. Authors evdluglig ratio, which
depended on the number of shots, and the ratiomasmal (1.067) when
4600 pulses were applied.

Another approach of graphene production applyirggdarradiation is
based on irradiation of aqueous GO solutions. A fesearches have reported
on this topic, for example, - Kumar et 403] performed GO reduction
experiments with the UV irradiation of KrF laserafueous GO suspension in
a quartz vail. The laser irradiation wavelength ®48 nm, the pulse repetition
rate — 5 Hz, the pulse energy — 300 mJ. The authotised change in the
solution color from yellow to black after the lasemadiation. Moreover, the
reduction of carbonyl groups was visible from IRespa. The authors
demonstrated the presence of the D-, G- and 2Dsbamdspectra of laser
reduced GO. Two-probe resistance measurement shdvegdin resistance
from 5000Q2/cm in untreated GO to 42/cm after the laser reduction.

Huang et al.[94] irradiated agueous GO suspensions with the KrF
excimer laser (the radiation wavelength 248 nm,ghkse width - 20 ns, the
pulse energy - 200 mJ and the pulse repetitian-ra&tHz, the irradiation time
— 5min.). The unfocused beam of dimensions 24 mf was directed to
guartz tube with GO suspension. Raman investigatstiowed minor decrease
of structure defects in GO, the 2D-band region (€@ni') was not analyzed
(Fig. 11). After the laser irradiation, the peakemsity ratio b/l decreased
from 1.08 to 1.03. The authors determined thatdbrsespond to the decrease
of spf cluster size from 4.3 nm to 4.1 nm. The pulseérasadiation raised
the temperature of the GO flakes above 200°C amdlte®l in the thermal
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deoxygenating reactions for reducing GO as the >dp8ctra confirmed

elimination of oxygen containing groups (O-H, C =abd C-0).
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o Fig. 11 Raman patterns of (a) GO and (b) pulseer lasadiated GO powder

Chang et al[95] employed femtosecond laser for the reduction ofiGO
aqueous solution. A Ti:Sapphire laser with the @@nwavelength of 800 nm,
the pulse duration of ~120 fs, the repetition ratel kHz, and the laser
intensity of 1.5x1& W/cnf was used in the experiments. The laser beam was
focused into solution using aspheric lenses with fibcal distance of 8 mm.
Like in Kumar experiment [89], the duration of wration was varied during
the experiments. The XPS spectra showed that egctycarboxy groups were
reduced significantly as the laser irradiation timas increased. The atomic
C/O ratio increased from 1.7 (untreated GO) upltin&educed GO.

Ghadim et al[96] also performed irradiation of GO suspensions Wwith
pulsed Nd:YAG laser irradiation. For this experimehey used a nanosecond
laser with following parameters: 532 nm wavelengdims pulse duration,
10 Hz pulse repetition rate, maximum pulse enefg300 mJ and 7 mm beam
diameter. GO powder was dispersed in ammonia solulihe suspension was
placed into a glass tube and stirred with a magstt@r while irradiated with

unfocused beam. Time of irradiation was varied. ‘@S measurements
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confirmed the reduction of O/C atoms ratio from 48%21% after 10 min. of
the laser irradiation which is comparable with 1&%er hydrazine treatment.
However the changes in the Raman spectra weregitdgl(Fig. 12). After the
laser treatment, thep/llg ratio decreased from 1.5 to 1.3. Moreover, the
intensity of the 2D-band was extremely low, apglk even decreased from
0.038 to 0.025 after the irradiation.
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Fig. 12 Raman spectra of (a) GO and (b) pulsed-1&3© obtained after 10
min. of laser irradiatiof9g.

Xiong et al. [97] investigated other method of graphene fabrication
employing laser irradiation rather than GO reductidhey produced bi-layer
graphene applying laser direct writing (LDW) inrthNi/C films on various
insulating substrates (glass and $81). The sheet resistance of obtained
graphene was comparable to GO obtained by lasetedsCVD and by a
magnitude lower than in reduced GO. LDW experimevese conducted with
a femtosecond laser, laser beam spot size wasrB0Be&am scanning speed
was 500um/s and average laser power was varied. The Rap®eirescopy
revealed dependences of the graphene film quafhtyhe used laser power
(Fig. 13). The intensity ratiog/llg and bp/lg (Fig. 13 b) clarified the impact of
the laser power on the produced graphene struddefects tend to decrease

till 24 mW where the D-peak intensity reached iisimum, at the same laser
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power, bp/lg had its maximum value, larger than 1. Further iaseein laser
power resulted in decrease of thg/l; ratio and increase of the D-band
intensity due to laser-induced lattice defects.i@al fluence for this LDW

process was 0.1 J/ém
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Fig. 13 Raman spectra of the graphene lines fabdcwith three different
average laser powers — a), and Raman D/G and 2&X@Gsrof graphene lines as
functions of laser average power {97].

2.5.2 GRAPHENE ABLATION

In this section, methods used for patterning orawath of graphene are
reviewed.

G. H. Han et al[98] proposed a method of graphene layers etching by
laser irradiation. The upper layers of graphenecarapletely removed while
the lower graphene monolayer remains intact. Thisxplained by the heat
accumulation in the upper layers of graphene dutigglight absorption. In
this case, the SiIBi substrate becomes important, because it wa'ks lzeat
sink for graphene monolayer in the process, whishains unetched. Etching
was controlled by changing thickness of the oxalet.

Authors analyzed the graphene etching procescamplex heat transfer
and dissipation mechanism. Incident light was pHytiabsorbed by the
graphene layers, the remaining part of light pasisexligh the layers, and then

reflected from the interface with the substratecé&se of a silicon substrate,
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two boundaries were formed: one on top of Si@her underneath the silicon
layer. Light was reflected back from these bouretarieading to a secondary
absorption in graphene layers (Fig. 14). Amountreffected light strongly
depended on the refractive index and thicknessiliebis and silicon oxide
layers. Such complex light propagation with mutipkflections resulted in
temperature rise in graphene layers. Heating ofplggae layers was
determined by the competing processes: accumulatiothe heat from the
light absorption and heat dissipation through thapbene layers along and

perpendicular to the substrate surface.
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Fig. 14 Phonon softening by accumulated heat wigtl@ematic of the heat
accumulation in graphene with different thicknesdesch graphene layer absorbs
light and thus becomes heated. The light is redtbétom the bottom substrate. The
Si substrate acts as a heat §Bj.

The essence of this method, exploiting graphenstsatb as a heat sink
was adapted by M. Piazzi et 9] for post-treatment of CVD graphene layers
on Cu substrate. Despite selectivity for formatmfingraphene monolayer, a
few-layer graphene structures are often formednduthe process. Various
techniques are applied to homogenization of graphegers produced by
CVD technique, Dependence of graphene ablatiorsiiotd on the number of
layers allow uniform monolayer structure formatiohle-Cd blue laser

(442 nm) with average power of ~1 mW was applied experiments,
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exposition time was varied and in-situ Raman specatieasurements were
performed. After 80 s exposure, sharpening of héand and decrease of the
Ic/lop ratio were visible in Raman spectra which confidmeduction of
graphene layers. However, at the same time, irten$ithe D-band rose in
proportion to exposure time, indicating increasingmber of defects in
graphene.

S. Dhar also examined dependence of the laseri@bldtreshold of
graphene on the number of lay§t8(. Laser treatment was performed with a
248 nm laser with pulse duration of 20 ns. Autrglrewed that thick graphene
layers (more than 3-5 layers) can be ablated widldiation energy densities of
~ 0.6 J/crA. The obvious difference in the ablation threshelts observed for
a single layer (0.85 J/dinand bi-layer (0.55 J/cthgraphene. A sharp decline
of ablation threshold was observed when the nunatbdayers of graphene

grows (Fig. 15).
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Fig. 15 The ablation of graphene layers as a fanatf laser energy density and
graphene layer-number N clearly showing the excseof the differences ing
between single-, bi-or more laydi€9J.

Krauss et al[101] investigated graphene disassembly into nanochystal
network induced with the laser irradiation. Graphdtakes, prepared with
micromechanical cleavage method were placed orulStsate covered with
300 nm thick Si@layer. The laser beam with a wavelength of 488amch the
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average power of 1 mW was focused into 400 nm dianspot on the sample
surface. Graphene layers were irradiated for 18uring this time in-situ
Raman spectra were being recorded. Drastic changmsred in the Raman
spectra during the experiment (Fig. 16). After 2itsoof the laser treatment,
drop of the G-band intensity occurred and intengityntinued with a
monotonic decrease. The laser irradiation induceshiing of sp-carbon-
carbon bonds. The process was followed by gradetacti or single graphene
crystal into a network of interconnected grapheaeocrystallytes. Rise of the
D-band intensity and decrease of 2D band intermturred as well. Despite
rise of defects the 2D-band still could be fittedhwsingle Lorentz function
peak, which implies that no amorphous phase dewajoprhe D+G-band
emerged in Raman spectra simultaneously with thengést D-band

development after 12 h of irradiation.

e

Pristine flake
25

G+

N
(=}
I

after 1h
laser exposure

=
(%))
U

Intensity (arb. units)

-
o

0 L l L 1 L 1 . 1 1
1500 2500 3500

Raman shift (cm'1)

Fig. 16 Laser-induced change in the Raman spectfima.black line indicate
the peak positions in the spectrum of a pristirgpgene monolayer. Other Raman
spectra were obtained after laser exposure withA[&D1].
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3 EXPERIMENTAL SET -UPS AND PROCEDURES

3.1 SAMPLE PREPARATION

3.1.1 SAMPLES USED IN GRAPHITE OXIDE REDUCTION

Samples of graphite oxide (GO) were synthesizethénLaboratory of
Carbonaceous Materials, Vilnius University using ttandard Hummers —
Offeman[52] and modified synthesis protocols (Fig. 17).

10 g of fine graphite (Merck) and 5g of NalN@Reachim) were
suspended by mixing and cooling in 230 ml of cotegad HSO, (Donau
Chemie). During the intensive mixing for 6-8 h, of KMnO, (Merck) was
added. During adding of KMnQthe temperature of solution was monitored to
keep at 0°C. After all KMn® was added, the compound was kept cool
overnight, then it was heated up to temperatur&55iC, after that, it was
diluted by 460 ml of water every 30 minutes, sirman#ously monitoring that
the temperature of the solution would not rise &@0°C. After dilution, the
suspension was kept at the temperature of 70°@5anin, then it was diluted
by 1.41 of water. Formed MnOand residual KMn® were reduced by
concentrated §D,. A warm yellowish-brown suspension was filterecbtigh
a vacuum filter and washed with distilled wateriluneutral reaction. Brown
GO powder was pumped out and dried in the desicc@mmpound was kept
in the fridge. GO prepared in such manner was usélde production of GO
coatings and for preparation of modified GO product

GO coatings of different thickness (20-1200 nm) eveleposited on
polymer membranes using novel preparation methoelgeldped in the
laboratory. Some coatings were treated with themigreagents containing

certain functional groups, which were supposeaito yip isolated GO sheets.
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Fig. 17 Scheme of the two-step GO synthesis ushegntally modified

graphite.

Graphite oxide synthesis technique was developddadified versions

of this synthesis were created, and intermediaté faral products of GO

synthesis were analyzed. Synthesized products metkfied using functional

reagents (Table 2). Using the GO and its modifisxtipcts, a graphite oxide

coatings polymer processing technique was develogedl analysis of

substrates for these coatings was performed.
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Table 2 Functional reagents used in GO modification

Name

Structural formula

Crystal Violet

(CHz)ZN{_/>—c=<}N‘(oH3;2
L

N(CHz)2

Methyl Green

(CHa)2N —’\7;>\—C=CD=KJ(C Ha)2

Xy

"
N{CHz)3

Rhodamine G O o
OH
\
HN O (o] \NH"\
Alkali Blue 6B Q
| ¢ I o
OO0~
ACId HO 0] HZN\L
- eV
Anthraquinone Ll "5
~ % oH® Na*
Blue NH;
Congo Red s N
/\I }N:N—</:>—</7_ N=N =
SOzNa S0zNa

Two types of membrane filters with a different psree and texture were
selected for the experiments: Poly-carbonate (R@) Mylon (MagnaNylon)
with the mean pore diameter of 022 and 0.45%um. After making a series of
tests, it was found that the highest quality of @@ coatings was achieved on
the polycarbonate membrane filters. The membrdieediwith a rough surface

can be used only as a substrate in formation ckt@O layers of sufficient

quality.
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An important step was the preparation of water-hasmating
suspensions for GO production. GO disperses t@atfueous phase relatively
easy, without need of using additional chemicalpelising agents. For
fabrication of coatings, ‘50° g/ml suspensions, which were prepared from a
higher concentration (50° g/ml) with dilution, were used. Before the
suspensions were filtered, they were sonicated 30r minutes (Sonic
VibraCell, 12 mm diameter electrode, 13% amplitud&p state in solution is
sensitive to a base of the suspension (Fig. 18utrisle and basic GO
suspension (with steady-state concentration of K62 M, 0.002 M and

0.0002 M) was used for coating preparation.

Fig. 18 GO coatings prepared on a polycarbonate breame filters as a
substrate. Thickness of the GO layer: 40 nm (kft 400 nm (right), film diameter —
4 cm.

Coatings of GO and its modified products were fainhg filtration of
aqueous suspensions through the membrane filtens agueous medium. The
pH of aqueous media was chosen as acidic, neutralkaline. Coatings of
modified GO products were also prepared usingrttagod.

Details for coatings used in laser induced reduactixperiments are given
in Table 3: GO-CRa, GO-CRb, GO-AB, GO-MN1, GO-MN#&laGOL1.
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Table 3 GO samples and their preparation procedures

Preparation procedure

Sample _ o Substrate, Film
Suspension | Filtration  Dopant _
Pore d thickness
Congo
GO.CR H,O GO, 0.1 M Red dye PC, 1200
~“Ra| concentration _ nm
1.510* g/ml: KOH 0.001 M, d=0.4pum
10 ml
Congo
H,O GO,
_ Red
concentration PC,
GO-CRb A H,O 0.001 M, 1200 nm
5-10" g/ml; d=0.4pum
_ 5ml(c
sonicated 1 h 5
5:10° M)
Alkali
H,O GO, Blue dye PC,
GO-AB . H,O 1200 nm
1.510" g/ml; 0.001 M, | d=0.4um
0.5ml
Neutral GO, MagnaNylon,
GO-MN1 5 H,O - 800 nm
5:10° g/ml d=0.2um
NaOH
Neutral GO, _ MagnaNylon
GO-MN2 5 solution - 1200 nm
510° g/ml d=0.2um
0.02M
KOH+GO,
5 0.1M PC,
GO1 5-10” g/mi; - 400 nm
o KOH d=0.45um
Sonication for|
30 min;
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3.1.2 SAMPLES USED IN GRAPHITE OXIDE WITH CONGO RED DYE

REDUCTION

Graphite oxide was synthesized using the modifiedhkhers — Offeman
method from a graphite precursor. Congo-Red dye) (@Bs used as an
additive[102). Graphite oxide preserved the layered structutitsqgfredecessor
graphite. Functional reagents normally are useatitange individual graphene
sheets regularly and form larger graphene flakeshSagents can be large
organic molecules with certain functional groupattreact with the functional
groups existing in graphene or graphite oxide n@nowires, joining separate
GO sheets into larger moieties. The use of org@aogo Red (CR) dye for
this purpose was reported [203. While preparing the dye-modified GO
suspensions, it was observed that positively cliargeganic molecules
(Crystal Violet, Methyl Green, Rhodamine G, and &ikBlue) reduced
stability of the GO aqueous suspension. It was idensd that this
phenomenon occurred due to the interaction betvwieerdye molecules and
the negatively charged GO sheets. Meanwhile, théecutes with uneven
positive and negative charge distribution (Acidieitéraquinone Blue and
Congo Red) can interact with the GO sheets by fogmmanocomposite
structures. This reaction resulted in a color cleadgpending on the dye-to-
GO ratio. The more important factors affecting suspension color were the
sonication and the treatment duration (Fig. 19.b-d)

Sonicated GO-CR suspensions were used to producdCREO
nanocomposite films. The films with the thickne$sLa00 nm were prepared
on the polycarbonate membrane filters via slowdiion into alkaline media.
Such thickness was chose as from the previous iexgets it was observed
that higher GO reduction level is achieved in terckamples. Obtained films
were flexible in a wet ambient. Mechanical propestof the coatings were
dependent on the GO-to-CR ratio. The samples viighhigher CR content

were more flexible and prone to curl.
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Details for coatings, doped with different concations of Congo Red
dye used in laser induced reduction experimentsgaren in Table 4: GO-
CR1, GO-CR2, GO- CR3, GO- CRA4.

Fig. 19 Color change of the GO-CR aqueous mixtu@. concentration—
1.510%g/ml. CR concentrations (from left to right): 8.0° M; 1.010°M; 5.010°°
M; 1.010% M. Treatment of GO-CR mixtures: (a) — fresh pregarwithout
sonication; (b) — after 1 h sonication; (c) — a#t8rh; (d) — after 48 h + 1 h sonication.

Table 4 GO-CR samples with different concentratiansl their preparation
procedures

Preparation procedure
Sample _ o Substrate, Film
Suspension | Filtration Dopant _
Pore d thickness
Congo Red
H,O GO, 0.001 M, PC,
GO-CR1 A H,O 1200 nm
1.510" g/ml, 0.5 ml d=0.4um
(2 %)
Congo Red
H,O GO, PC,
GO-CR2 A H,O 0.001 M, 1200 nm
1.5107 g/ml, d=0.4um
1 ml(4 %)

50



Congo Red
H,O GO, 0.001 M, PC,
GO-CR3 . H,O 1200 nm
1.5107 g/ml 5 ml d=0.4um
(19 %)
Congo Red
H,O GO, 0.001 M, PC,
GO-CR4 . H,O 1200 nm
1.5107 g/ml, 10 ml d=0.4um
(38 %)

3.1.3 SAMPLES USED IN GRAPHENE-CHITOSAN LASER TREATMENT

EXPERIMENTS

Graphene flakes of 8 nm height were obtained fromapBene
Supermarket (USA). ITO glass slides (100 x 100’ mesistivity of 12Q cnr)
were purchased from Optical Filters (UK). The s$ideere laser cut into 2 x
2 cnf square electrodes.

K4Fe(CN)*3H,O0, CH,COOH, KCI, and chitosan from shrimp shells
were obtained from Sigma Aldrich (Germanyz3@,, HNO;, NaH,PO,H,0,
NaHPQO, and NaOH were obtained from ROTH GmbH (Germamdj).
reagents used were of analytical grade. All sohgtiavere prepared with
ultrapure MilliQ-water (resistivity of 18.2 cnf) directly taken from
Synergy 185 unit equipped with a UV lamp (MillipotéSA).

Chitosan matrix was chosen to ensure even disioibudbf graphene
flakes through the electrode surface. Previousrgte to cover the surface of
the electrode with uniform layer of graphene, usiagueous graphene
suspensions failed due to forming of graphene amgtates. Use of chtisosan
allowed to implement uniform distributions of graple flakes and increased
mechanical stability of the electrode.

Graphene flakes were additionally exfoliated to A8 and
functionalized with hydroxy- and carboxy-groups bgnication 50 mg of
graphene flakes in mixture of 5 mol/Lb&0, and HNQ 3:1 (V:V) at 40°C for
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20 h; then the mixture was filtrated and neutraizeth MiliQ water. Finally,
solid precipitate was dried at 80°C for 24 h.

Firstly, aqueous solution of 0.5% chitosan was are@. Chitosan was
dissolved in aqueous 1% QEIOOH solution; then pH was adjusted to 5.0
with 20 % NaOH solution. Then functionalized grapkevas added to the
solution and sonicated for 2 h till a homogeneospatsion. Suspensions of
appropriate concentration (Table 5) were prepanedthis way. These
suspensions were spin-coated on the indium-tineoxi@O) square electrodes
with WS-650-23 spin-coater (Laurell Technologies@mation, USA), at the
700 rpm rotation speed for the period of 1 min. #meh 1800 rpm for 30 s
(Fig. 20). The electrodes were left to dry overnhighd then characterized
applying Cyclic voltammetry (CV) and Electrochemiicdmpedance
Spectroscopy (EIS). Thickness of the graphene-shiitdilm was ~1 pum.

Table 5 Samples and their graphene suspensionsmoatons.

Gl G2 G3 G4
Sample
Concentration 10 pg/ml 10 pg/m 1 mg/mi 3 mg/ml
‘\ % " G = QWU 4a~ ry |
\(.‘ %\pb‘en‘g/cmtosan ~‘\~ﬂw
ITO 15 um
Glass 1 mm

Fig. 20 Cross-sectional view of the graphene/chitasample.

3.2 LASER TREATMENT

Experiments on reduction of graphite oxide to geapghwere performed
using localized laser heating. The picosecond lg&sgantic, 10 ps, 100 kHz,

Ekspla) was used in the experiments. Experimemalpswith a picosecond
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laser included the Ilaser, electro-optical shuttegnlinear crystal for
wavelength conversion, the beam expander and gaiveter scanners with
focusing objectives (focus =80 mm) for both 1064 nand 532 nm
wavelengths (Fig. 21).

The samples of graphite oxide / Congo-Red compdisits were treated
using the picosecond laser (Atlantic, 10 ps, 10@,kt064 nm, Ekspla) (Fig.
21). During the tests, the average laser power vaagd from 7 mW to
50 mW, which corresponded to the pulse energy 0007 pJ to 0.5 uJ. The
diameter of the focused laser beam at surface ofw@® 20um (1/€ level).
Therefore, laser energy density (fluence) in theteeof the laser spot was
from 0.048 J/crhto 0.32 J/crh respectively. The scanning speed was changed
in the range of 5 — 100 mm/s. The pulse energythadscanning speed both
together determined the irradiation dose to thesradt

The sample was placed inside a chamber with cdaldel ambient.
Experiments were conducted with the GO/CR nanocaitgdilms in the
nitrogen atmosphere to prevent the oxygen effechfthe air. Areas of the GO
films were modified by scanning the laser beam \&itatch between scanning
lines equal to the beam diameter.

Nonlinear
crystal

Picosecond

Galvanoscanner
laser

Electro- Beam
optical Expander
shutter Optics

Hermetic
[i{——\ Chamber
E.‘ GO sample

Fig. 21 Experimental setup for laser treatmergraphite oxide films.

Laser irradiation of graphene chitosan compositasfiwas performed
with the picosecond laser (Atlantic, 10 ps, 100 kH264 nm, and 532 nm
Ekspla). The scanning speed was varied from 5@@n3m/s, and the applied
mean laser power was varied from 50 mW to 200 mWy @xceptional cases

are specified in the text. Beam spot diameter efdlous was 20 pum. GO/Chit
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composite was modified by applying hatch patterhjctv means that lines
with a certain distance (hatch) between themui@) were scribed on sample
surface.

In order to achieve more uniform structuring, afetiént approach was
chosen (Fig. 22). In this approach pulse overlappmas selected to be equally
in both X and Y directions. In X direction, it waaried by means of changing
the scanning speed and in Y — by changing the haddbd. A pitch parameter
was introduced to reflect this type of overlappitigstands for the distance
between adjacent pulses in X/Y directions. The eslof the used scanning

speeds and hatch periods are shown in Table 6.

P

P

Fig. 22 Scheme of overlapping pattern with pitchepzeter.

Seven values of pitch parameter were investigaitatll¢ 6) and the laser
power was varied from 10 mW to 500 mW. Radiatiorpmisecond laser at
two different wavelengths (1064 nm and 532 nm) weed in these

experiments.

Table 6 Pitch values and corresponding scanningdsped hatched period at
the 100 kHz pulse repetition rate.

1 2 3 4 5 6 7
Pitch,um
Scanning speed, mm/s 100 200 300 400 500 600 (700
Hatch periodpm 1 2 3 4 5 6 7
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3.3 CHARACTERIZATION

Raman spectroscopy and scanning electron micro9&py) were used
to characterize the samples. Raman measurement&@oicharacterization
were performed with the 632.8 nm excitation (Heldker) by using the
confocal Raman spectrometer/microscope LabRam HR800
(Horiba Jobin Yvon) equipped with the 600 grooves/mgrating and a CCD
camera cooled down te132C working temperature. The laser power at the
sample was restricted to 1 mW and the laser beamfa@used to ~ 2 um
diameter spot on the surface. Spectra were takdnthe 50x objective lens.
The overall integration time was 100 s. Raman spegere captured from the
center of laser scribed lines and untreated ar€&Qpfilm for comparison.

Raman spectroscopy measurements for grapheneahitoesmposite
films were performed with the Raman microscope amV{Renishaw, UK)
equipped with thermoelectrically cooled CCD deteatsing four different
excitation wavelengths: 442 nm (0.8 mW) line fronHa-Cd laser, 532 nm
(0.6 mW) from a diode-pumped solid state laser, ®33(0.5 mW) from a He-
Ne laser, and 785 nm (1.8 mW) from a diode lasam&n spectra were taken
using a 50x/0.75 NA objective lens. Integrationdinvas 50 s. Wavenumber
axis was calibrated according to the Si line at.B2@m*. Frequencies and
intensities of the Raman bands were determineditbggf the experimental
contour with Gaussian-Lorentzian form componengsecBal analysis was
performed by using GRAMS/A1 8.0 (Thermo ScientifiSA) software.

The scanning electron microscope JSM-6490 LV (JE@&}¥ used for
investigation of surface morphology changes durthg laser treatment.
Samples without any additional preparation wereluséhe SEM microscopy.

Cyclic voltammetry (CV) and electrochemical impedarspectroscopy
(EIS) measurements were conducted with CompactStat
potentiostate/galvanostate with impedance modwleir{i Technologies, The
Netherlands). Three-electrode system was used g@mgldare or graphene

modified ITO as a working electrode, Pt wire wasaasounter electrode and
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Ag/AgCl (KCI sat.) electrode served as a referenmee (Fig. 23).
Electrochemical impedance spectroscopy (EIS) wafoieed with the same
equipment at a constant applied potential, withotemtial perturbation of
10 mV in the frequency range from 100 kHz to 0.1 Hz

} Potentiostat

/AE‘\

Pt ——

Ag/AgCl

Graphene-Chihitosan-ITO sample ———

Tested solution

Fig. 23 Cyclic voltammetry (CV) and electrochemicapedance spectroscopy
(EIS) measurement setup.
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4 GRAPHITE OXIDE REDUCTION TO GRAPHENE USING
PICOSECOND LASER IRRADIATION

The aim of our experiments was modification of ¢gnaphite oxide film
by converting it locally into graphene using laseadiation. An effect of the
process parameters and ambient atmosphere on fespef the laser reduced
graphene was investigated. Results are presentatiale Al.

Irradiation with the laser beam caused a changearphology of the GO
film. After laser processing, samples were at fimgestigated under the optical
microscope (Olympus BX51TF). Further evaluationtloé laser processed
samples included scanning electron microscopy, unteagent of electrical
resistance and Raman spectroscopy.

The results presented in this chapter below wenéeaed using only the
picosecond laser working at the fundamental wagglenof 1064 nm.
Depending on the thickness of the sample and tlenstg speed, the
irradiated areas burned out when the infrared lagdr average power of
100 mW and higher was applied. Use of the averaggr Ipower below 10 mW
did not show any visible effects of the laser iraéidn even in the thinnest
samples, which were 10-40 nm in thickness.

SEM (JSM-6490 LV, JEOL) was used for precise ev#@unaof surface
modifications of laser treated GO films. Charasttci SEM images are

presented below.

Fig. 24, Fig. 25 and Fig. 26 present the laser fremtliines in GO film
doped with Congo-Red dye. The laser processingnpeteas were quite
similar (the same irradiation dose). Surface of i@ was elevated when the
low laser power at the low scanning speed was udedever, in case of the
higher laser power even at the higher scanningdspg®oothening of the
surface was accompanied by exfoliation of the gtapbxide layer. Keeping
the same laser processing parameters but in nitrag@osphere, the visual
effect of laser processing was similar (Fig. 27heTrurther increase in the

mean laser power at the same scanning speed @ahtage of the GO film in
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the center of laser scan line where intensity efliser beam was maximal due

to the Gaussian distribution of the beam.

X270 - 50pm

Fig. 24 SEM image of laser modified lines in GQrfilProcess parameters:
laser Atlantic, wavelength 1064 nm; irradiation e@s37 J/crh(laser power 10 mW:;
scanning speed 10 mm/s); ambient air. Sargji>CRa.

Fig. 25 SEM image of laser modified lines in GQmfilProcess parameters:
laser Atlantic, wavelength 1064 nm; irradiation €@s37 J/crh(laser power 30 mW:;
scanning speed 30 mm/s); ambient air. San{p@:CRa.
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Fig. 26 SEM image of laser modified lines in GQrfilProcess parameters:
laser Atlantic, wavelength 1064 nm; irradiation e@s37 J/crh(laser power 30 mW:;
scanning speed 30 mm/s); nitrogen atmosphere. 8a@@l-CRa.

Fig. 27 SEM image of laser modified lines in GOnfil Process parameters:
laser Atlantic, wavelength 1064 nm; irradiation €0%0.62 J/cth (laser power
50 mW; scanning speed 30 mm/s); nitrogen atmospBarmaple GO-AB.

The used dopants modified the GO film and lasecgssing results were
different in the same range of the process paramekg. 27 and Fig. 28
present SEM images of laser modified lines in tl@ fibn doped with Alkali-
Blue dye.
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Fig. 28 SEM image of laser modified lines in GOnfilProcess parameters:
laser Atlantic, wavelength 1064 nm:; Irradiation @@s55 J/crh(laser power 20 mW;
scanning speed 50 mm/s); argon atmosphere. Sa@@leAB.

The surface of laser modified areas in samplesdiog the Congo-Red
dye was smooth and elevated, while the surfaceasdrlirradiated areas in
Alkali-Blue dye doped samples was notably damageld wwregular cracking
patterns. The reason could in ability of Congo-Redorm larger moieties
composed of the nano-platelets of graphene duentévaiction between the
amino groups in Congo-Red molecule and the funatigroups of GO located

on the edges of nano-platelets.

4.1 ELECTRICAL RESISTANCE OF MODIFIED GO LAYER

Graphite oxide and graphene possess completelgrelift electrical and
related thermal conductivity properties. GO is anlating material, while
graphene is well known as a highly conductive drteerefore, measurements
of electrical resistance were used as one of thenm& evaluate reduction of
GO to the graphene phase. The resistance was radastith an ohmmeter
between edges of the laser modified GO area of 4xtf) Results for the GO
films with the initial thickness of 800-1200 nm greesented in Fig. 29. All

films were prepared on MagnaNylon substrates, aewwnspensions (50
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> g/ml), for a 800 nm-thick film, the suspension Viétered into water, while

for the 1200 nm-thick film, the suspension wa®fid in NaOH solutions.

100M ff} =—= = -
- ]
10M - =  GO-MN1 800 nm; 1 puJ
3 —=— GO-MN1 800 nm; 0.5 pJ
o i GO-MN2 nm; 0.3 pJ
r IME —e— GO-MN2 nm; 0.2 pJ
8 i
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Irradiation dose, J/cm”

Fig. 29 Dependence of the GO film resistance on itfeiation dose for
different GO films. Samples irradiated with the 406m wavelength from the
picosecond laser in air atmosphere. Solid linesag@oximations of experimental
data.

Electical resistance of the GO films irradiated hwithe picosecond
1064 nm laser decreased by 4-5 orders from 106sghohms to one kiloohm
in a certain range of laser processing paramevengsh depended on film
preparation procedures as well. The irradiationredeas estimated from laser
fluence in the center of the focused laser beam lzaam overlap during
scanning the beam across the surface. Rapid chamgbs resistance were
observed on the low-dose side, while minimum inistasty was also
pronounced in the GO sample with thickness of 12®0which was treated
with 0.2uJ pulse energy. For the GO film with thickness 60 &m, it was
identified that the low pulse energy (Qu3) did not cause changes in resistivity
of the film independent of the accumulated doses @ifferences in response
to laser irradiation of 1200 nm and 800 nm thick fH@s evidence sensitivity

of the initial materials to film preparation proceds (Table 3). Therefore,
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further experiments were performed on samples peeply the route similar
to the 1200 nm-thick sample. Thickness of the G i important for quality
of the reduction process, as temperature simukgwasented later in section
5.3 show. Certain pulse energy is needed for @O reduction. However
the film is heated up to 1400 K at those energglevin case of thinner film,
polymer substrate would also heat up and deforrmfiogh temperature,

causing addition strains and cracking formation& @ film.

4.2 SIMULATION OF HEAT TRANSFER VIA GRAPHENE CHANNELS

Simulation of heat transfer via graphene channels performed using
COMSOL Multiphysics software. Three materials hgvihermal contact in
the scheme were investigated: graphene, graphitie exd the substrate.

Table 7. Pphysical parameters of the materials pcising heat transfer system,
used in simulation

Densityp, Thermal Thermal
Material/ 3 - .

kg/m conductivity, capacity,
Parameter

W/m-K J/kg-K

Graphengl104 2260 5000 710
Graphite oxide 2260 28.8 710
Polycarbonate 1210 0.2 1250

The graphite oxide coating was modified by the ddeeform a 1.2 mm
wide and 44 mm long zigzag channels (Fig. 30, Biy.a). One end of the
channel was heated by soldering iron, the other wad connected to the
massive copper radiator. Thermo-vision camera Fidamrded temperature
field in the sample (Fig. 31). The laser-reduced Glkannel is clearly
distinguished from the unmodified laser backgroundterial, indicating a
significant difference in the thermal propertiesveen the laser reduced and

non-reduced GO surface sites.

62



For the thermal simulations, the heat conductionatign was solved
using a method of finite element analysis. Tempeeatlistribution was chosen
to evaluate due to problematic evaluation of thecekeat flux absorbed by the
material.

Whereas, layers of graphene and graphite oxide wamethin (reduced
graphene~300 nm, according to modelling described section 5.3,
GO~1.2um) comparing to other two dimensions, thermal gratdiin the
direction of thickness was negligible. In this cafiee simulation can be
simplified to a two dimensional model. For this rabdthe heat conduction

equation for thin films was used (1):

ST 1
dypCy -+ dzpCyVT = V- (d Kk VT), @)

whered, is the thickness of the layer,is the density of the material, is the
heat capacityt is time, k is the thermal conductivity andl is temperature.
Temperature source of 200°C was added as a bourdegition to one
contact pad (Fig. 30), the second contact pad oo end of the conductor
was bonded to a heat sink of infinitive capacitileTboundary conditions for
all other boundaries were selected as thermalatisul because of significant
difference in thermal conductivity of graphene k880N/m-K and

polycarbonate k=0.2 W/m-K.

Laser
modified
GO

Fig. 30 Principal and at the same time schematev\wf the setup used for
thermal imaging of laser scribed graphene charoelSO substrate.
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Results of simulations for similar geometrical dima®ns are compared

with the thermo-vision image in Fig. 31.

16,3mm

6,3mm —l

— 3,8rmm —*

8,8mm
10,0mm

1,2mm

b) c)

Fig. 31 a) Drawing and dimensions of the zigzagcstre used in experiment
and modeling; b) temperature distribution in theile zigzag structure of graphite
oxide coating formed by localized laser reductiogtimd measured by thermo-visual
camera. Red dot is the contact point of the hedies. opposite end of the reduced
conductor was connected to a massive copper rad@tdemperature distribution in
graphene channel in graphite oxide layer in polyoaate, simulated by COMSOL.

Thermal energy transferred through a conductombeaiound by knowing

the conductor geometry and the material thermatlgotivity coefficient:

B AT
P_kES )
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So, for a conductor which cross-sectional ared& JengthAx and heat
transfer coefficienk, the temperature difference that exists betweenhtat
source and the radiator is:

PAx (3)
AT = —— = RiP,
ks K
where R is the material thermal resistance:

_ b Q
kS
One of potential applications for the graphene thdmsat conductor could

Ry

be the heat removal from LED chips. Temperaturdesetn the heat source

(e.g. LEDs) when it is connected by the conductadenof graphene and other
materials of a certain cross-section with a radiai@s evaluated. The objective
was to evaluate the possibility of cooling the LEEdnduct the heat away).

Suppose LED emit 10 W of heat output. In the caltolhs we used parameters
of metals with high thermal conductivity and grapég“pure” and reduced)

(Table 8).

Table 8 Evaluation of thermal power transmissiorconductors and conductor
temperature generated temperature dwop. k is the coefficient of thermal
conductivity; conductor dimensions, conductor th@rmesistance R P is the
thermal power emitted by heat source (such as LEMB)is the temperature
difference between the ends of the conductor, wdtenend is connected to the heat
source, and the other to the radiator of infinapawity, D is the effective diameter of
the heat conductor.

K, Length, | Width, h, Ry P, AT, D,
Conductor | w/m-K | mm mm mm | KW | W | K um
Graphene| 5000 10 1 0.001 2 10 20| 35.69

[104

Silve{105 | 429 10 1 0.001| 23.3| 10| 233.1| 35.69
Copefl105 | 401 10 1 0.001| 24.9| 10| 249.4| 35.69
Gold105 | 318 10 1 0.001| 31.5| 10| 314.5| 35.69
Graphene| 1000 10 1 0.001 10 | 10| 100 | 35.69
Graphene| 1000 10 2 0.001 5 10| 50 | 50.48
Graphene| 1000 10 3 0.001] 3.33| 10| 33.3 | 61.82
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Graphene| 1000 10 4 0.002 1.25| 10| 12.5 | 100.9
Graphene| 1000 20 0.001] 6.67| 10| 66.7 | 61.82
Graphene| 5000 100 3 0.001 6.67 | 10| 66.7 | 61.82

Semiconductor LED should be kept below 75°C. Sitmutaresults in
table 8 that a heat conductor made of grapheng, thé length of 10 mm, the
width of 1 mm and the thickness ofuin (our studied thickness) can keep the
LED below the critical temperature. At the sameetirmetal conductors with
the same dimensions are unable to remove effigidrght. The problem with
using reduced graphene coatings is that the thgyrogkrties of the conductor
are difficult to control over large dimensions, liutan be adapted to a local

heat removal in a short distance, if the heat cotmigauges are limited.

4.3 RAMAN SPECTRA ANALYSIS

Laser irradiated samples of GO films were analyzesihg Raman
scattering spectroscopy. This technique is consdléo be one of the most
reliable means in identifying graphene allotr¢f$@. Examples of the Raman
spectra captured on the sample processed at valem@s and scanning

parameters are shown in Fig. 32.
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Fig. 32 Raman spectra of untreated by laser GO é&id treated at various
scanning parameters using 1064 nm radiation iogetn atmosphere Sample: GO1
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Depending on the laser treatment parameters, tie Igdlg decreased,
and the 2D-band, indicating graphene layers fownatiappeared [13].
However, the D-line was observed in Raman spedtedl ¢taser irradiated GO
films, used in the investigations. This spectraklshows presence of packing
irregularities[106, and the reason can be presence of oxygen duniag t
experiments. The D-line was slightly reduced bydrating GO in argon
atmosphereg[40]. Shift of the G-line to the higher wave numbers dze
recognized in the spectra with the higher 2D-banténisity. Such shift
corresponds to the decrease in the number gragbhgees[107. Therefore,
experiments in an evacuated chamber filled withoggén or argon gas were
also conducted. For samples, after irradiation Ath e picosecond laser in
nitrogen or argon atmosphere, téd ratio was lower than in air atmosphere
at the same laser treatment parameters. For monerddrative identification
of most suitable laser treatment parameteggldl ratios were calculated (Fig.
33). The highest value of this ratio means the teiction results. According
to this evaluation, the better results are achiewrecargon and nitrogen

atmosphere, when the irradiation dose was 6.372J/cm

0,40 T T T T T T T T
® —— Air
—— Ny
0,35 |- —A— Ar -
fe) i i
S 030
14
_D
]
T 025t i
0,20 i
" 1 " 1 " 1 " 1
20 40 60 80 100

Scanning speed, mm/s

Fig. 33 The ratio of intensities in Raman lingg/lb versus scanning speed at
the constant mean laser power of 50 mW (F=0.16%/gmair, nitrogen and argon
atmosphere. Experiments were conducted with 1064adlimtion. Sample: GO-AB.
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Similar behavior was observed for the GO film dopeth Congo Red.
The highest ratio between intensities of the Ralivas bp/lp was achieved
when laser irradiation was performed in the oxyger-atmosphere (Fig. 34),
however the optimal laser processing parametefftedhio the lower mean

laser power, keeping the same irradiation dose.

0:28 T T T T T T T T T T T T T
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0,12 - -
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20 25 30 35 40 45 50
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Fig. 34 The ratio of intensities of the Raman lihgglp versus scanning speed
at the constant 30 mW power (F=0.1 Jgim air, nitrogen and argon atmosphere.
Experiments were conducted with 1064 nm radiat8ample: GO-CRb.

4.4 CONCLUSIONS

e Electrical resistivity of the 1200 nm-thick GO figmrradiated with the
picosecond laser at the wavelength of 1064 nm dserkin a certain
range of the laser processing parameters and thin@@appeared in
Raman spectra of the same samples after the l@s¢ment in ambient
air indicating formation of the graphene phase.

e Reduction of Graphite oxide to graphene with lasediation allows
forming the heat conductive channels which, accgyrdito the
theoretical estimations, are more effective thatathe heat conductive

systems at short (<10 mm) distances.
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e The higher quality of GO reduction to graphene veafieved by
conducting the laser irradiation experiments inrageén and argon
atmosphere compared to air ambient, as th#pl ratio in Raman

spectra increase to 0.5 in the laser modified sasapl
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5 GRAPHITE OXIDE / CONGO RED NANOCOMPOSITE
COATINGS REDUCTION

In this section results of the reduction of graplokide doped with the
Congo-Red dye are presented. From previous expetsmeith various GO
additives, Congo-Red dye was chosen as it delivere effective reduction
and less morphology changes after the laser trewtnidwus, influence of
Congo-Red dye to GO reduction with laser irradiatisas investigated in

detail. Results are presented in articles A2 and#@presentations.

5.1 INVESTIGATION OF CONGO-RED DYE INFLUENCE ON GO

REDUCTION

Picosecond laser irradiation was applied to GO/C&hoonomposite
coatings (thickness of 1200 nm) with different Cotiged (CR) concentration.
The mean laser power and scanning speed were \arigtd out the optimal
irradiation conditions for graphene phase formafieig. 35). b/l and bp/lg
ratios from Raman spectra was chosen as criteraevaluation of laser
induced reduction quality. The laser treatment pexformed in argon ambient
to prevent oxygen effect from the air. The laseatied areas of the samples
were investigated by Raman spectroscopy.

The absolute best results in our experiments wietaed when the laser
power was 40 mW and the scanning speed was 25 fimmadiation dose —
10.2 J/c). Raman spectrum of laser processed area of théCEO

nanocomposite with the CR concentration of 19 wa%hown in Fig. 36.
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Fig. 35 Dependence of thg/lls and bp/ls ratios on the scanning speed using
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Fig. 36 a) Raman spectrum of the laser-treated ®0i@nocomposite (GO-
CR-3); b) dependence of the intensities ratio efRaman lines D, G, and 2D on the
CR concentration in laser-treated GO/CR nanocongmsiaser process parameter:
wavelength 1064 nm; mean laser power 40 mW, scgnsiieed 25 mm/s (dose —

10 J/c

n).
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Presence of intense 2D-line indicates formationthed graphene-like
structure due to the laser treatment of GO/CR filine wavenumber of the
symmetric 2D-band (2660 ¢t coincides well with the estimated value for a
single-layer graphenfl0g. This band was approximated by the Lorentzian
form and the bandwidth estimated. The full-widtladtalf maximum (FWHM)
was found to be equal to 55 ¢mThis estimated value is about two times
larger than expected for the perfect single graphayer[10§. Relatively low
l,p/lg ratio and intense D-band indicates presence ottsire defects such as
edge or vacancy defects and the structure compissleral graphene layers.
Ratio of the intensities of the Raman lines depdmatethe CR concentration.
Fig. 36 b presents results variation gil¢ and bp/lg depending on the CR
concentration in the nanocomposites treated with kaser at identical
conditions. Variation in the intensities ratiosated to the quality of resulting
graphene film indicate importance of the CR conegimmn on linkage of
graphene sheets together and formation larger blogkh the increase in
order. Existence of the optimal GO to CR ratiohe GO/CR nanocomposites
is consistent with measurements of electrical cotidity and Raman
scattering performed in this work. Therefore lagperiments were conducted

with the optimal concentration of the Congo-Red (& wt%).

5.2 CHARACTERIZATION OF GO LASER TREATED FILMS WITH

OPTIMAL CONGO-RED DYE CONCENTRATION

Experiments presented in this section were condugith the GO/CR
nanocomposite films (aqueous GO suspension, dojtedGengo-Red dye by
19 wt%) in the nitrogen atmosphere to prevent thygen effect from the air.
Areas of the GO films were modified by scanning ldmer beam with a hatch
equal to the beam diameter. The sample was platedei a chamber with
controllable ambient,

Fig. 37 and Fig. 38 present SEM pictures of lasedified areas of the

GO film. All samples in those pictures were irradiwith the same dose but
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using different laser fluence. Reduction of GO tapipene normally should
lead to a decrease in the film thickness. In Figw@ can see that laser heating

initiated intensive evaporation of volatile compotge from the film, and

Biae e vt
B S

R

20kV, ,X1,000 10pm . FTIMCLTS
@ (b)

Fig. 37 SEM pictures of the laser-modified GO aogtiThe laser irradiation
dose was 3.18 J/énlaser fluence 0.16 J/ém(a) low magnification image; (b)
detailed view of the scan line ends at the highagmfication.

At lower laser fluence, the reduced region remairtelated, but no

cracks in the film were observed (Fig. 38 a).

20kV X400 ~ 50pm ' FTMCLTS " 20kV X400° - 50um FTMC LTS

Fig. 38. SEM pictures of the laser-modified GO owgt (a) laser irradiation
dose was 2.5 J/cinfluence— 0.06 J/crfi (b) laser irradiation dose 3.18 J/cm,
fluence— 0.03 J/cr.

Raman spectra of all samples were measured irasieg Irradiated areas
as well as in the untreated places. The Ramanrspeasurements revealed
dependence of the spectral line intensities onldker processing parameters

for different settings of the mean laser power scahning speed. Variation of
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those parameters affects the laser fluence (endemgity) as well as the
irradiation dose (time). Fig. 39 presents Ramarctspefrom the samples
irradiated with the similar dose, but using differéaser fluence. Differential
spectra were obtained by extracting the Raman gpeatf the laser untreated
GO film.

All spectra contain the D-band (13311338 cm?), indicating the presence
of structural defects, and the G-band (15B®2 cm’). The 2D-band
(2653 cm') appearing in the spectra after laser treatmernesponds to the
graphene formation due to the laser-induced GO catemu to graphene
reaction. When the laser fluence was increasedDtband intensity grew in
respect to the G-band as laser heating releasadicdlebonds on edges of
graphene sheets. Both D- and G-bands experienaeownag as the fluence
increased. Such behavior corresponds to decreadesarfer in the sample.
Intensity of the 2D-band significantly increasedhigther fluences (Fig. 39).

Differential spectra revealed intensification natyothe 2D-band but also
appearance of the'fpeak near 1620 crh This band was previously attributed
to the usually inactive Raman band activated duthéophoton confinement
effect induced by the generated defddi86,109. Thus, the laser treatment
induced defects which were responsible for theb&hd. This effect was

especially pronounced in the case of the highe=d laser power (Fig. 39 a).
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Fig. 39 Raman spectra normalized to the G-peaknsitie and differential
spectra obtained by extracting the spectrum ofeattd GO: (a) laser irradiation dose
was 3.18 J/ch; fluence— 0.16 J/crfi (b) laser irradiation dose 2.5 J/cr, fluence
—0.06 J/crfy, (c) laser irradiation dose 3.18 J/cm, fluence— 0.03 J/cm. Spectra are
shifted vertically to avoid their overlap in thgdire.

At the laser fluence of 0.1 J/émrbumping of the laser treated area was
slightly lower. The reduced lines were smootheg (B0 a) than using fluence
of 0.16 J/crh (Fig. 37). At the lowest used fluence (0.03 Jjcrthe reduced
lines were smooth but more irregular (Fig. 40 WjisTindicates that overlap of
the scribing lines should be considered while ciranthe laser power in order

to achieve the effective reduction.

/

20kV X400 50pm FTMC LTS

(b)

20KV X400  50pm _ FTMCLTS

Fig. 40 SEM pictures of laser-modified GO coatilt@) the laser irradiation
dose was 6.4 J/cinfluence— 0.1 J/cm (b) laser irradiation dose 3.18 J/crf
fluence— 0.03 J/crh,

75



Intensity, a.u.

1000 1500 2000 2500 3000

Wavenumber, cm™

Fig. 41 Raman spectra normalized to the G-peak diffdrential spectra
obtained by extracting the spectrum of laser utee&O: (a) the laser irradiation
dose was 6.4 J/dnfluence— 0.1 J/cm; (b) laser irradiation dose 3.18 J/crf,
fluence— 0.03 J/cr

At the higher irradiation dose (lower scanning sPee significant
narrowing of the D-band and the rise of the 2D-bamensity were observed
(Fig. 43). In Fig. 42 b., the scribed lines wemegular and indistinct. Raman
spectroscopy confirmed a low degree of reductiag. (F3). At the low used
laser power, no significant differences in the €hapthe D- and G- Raman
lines of the untreated and reduced GO were obsamddhe intensity of the
2D-band was low. The GO reduction was more effectinsing the laser
fluence of 0.16 J/cfn A pronounced narrowing of the D-band and the irise
the intensity of the 2D-band compared to the resnifitFig. 41 were observed.
This indicates that not only the mean laser powet,also the scanning speed
are important for the GO reduction process. Atweloscanning speed, GO
was longer heated at higher temperatures, whiclsechlian increase in

efficiency of the reduction process.
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Fig. 42 SEM pictures of the laser-modified GO aogti(a) laser irradiation
dose— 10.06 J/crfy fluence— 0.16 J/crfi (b) laser irradiation dose 8.18 J/cm,
fluence— 0.02 J/crh,
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Fig. 43 Raman spectra normalized to the G-peak diffdrential spectra
obtained by extracting the spectrum of the lasdreated GO: (a) laser irradiation
dose— 10.06 J/crfy fluence— 0.16 J/crfi (b) laser irradiation dose 8.18 J/cm,
fluence— 0.02 J/crh,

From Fig. 39, Fig. 41, Fig. 43, we can see thatube of the low laser
fluence (0.020.06 J/crf) did not give any significant change in Raman
spectra compared to the spectrum of the laser atetteGO. Differential
spectra do not indicate any development of the abBdbdue to the laser
treatment. The use of the 0-@16 J/cm laser fluence caused a significant

increase in the intensity of the 2D-peak, indigatiarmation of graphene. On
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the other hand, a minor rise of the intensity aadowing of the D-line were
also observed (Fig. 41, Fig. 43). It can be exgdimy structural surface
defects, which could be created by evaporating atew molecules and
carboxyl, hydroxyl, and epoxide groug85] from the GO film at high
temperatures.

The best GO reduction results in our experimentewbtained when the
laser power was 50 mW and the scanning speed was86 (laser irradiation
dose— 10.06 J/crfy fluence— 0.16 J/crf). Under these conditions, a minimal
concentration of structural defects, representedhbylow b/lg ratio and the
relatively largest intensity of the 2D-line, wastaibed. Dependence of the D-
and G-peak positions and widths determined as dtlewidth at the half
maximum (FWHM) on the of the pulse energy and tamiper of laser pulses
per spot (Fig. 44). The experimental curves wedtediby:

Y =Yo+ A-exp(R-x) (5)

Table 9 Parameters of Eq. (5 for the D-band pasition™) and FWHM (crm?),
the G-band position (cal) and FWHM (cml), and the 2D-band FWHM (c)
dependences on the pulse energy and the irradidties product.

D-band D-band G-band G-band | 2D-band
Parametef position | FWHM | position | FWHM | FWHM
Yo 1332 52 1585 47 69
A 23 164 9 65 98
Ro ~0.89 ~0.17 ~0.25 —0.18 ~0.17

Parameter y for the D- and G-band positions can be described a
specific final value of the Raman shift as fittadhves were approaching this
value exponentially by increasing the pulse enaagg the number of laser
pulses per spot product. Moreover, in the analgdithe G-peak position
dependence, it was found that the curve was apipirgache G-peak position
of a monolayer graphene (Fig. 44 c, blue lineXhim case of the line widths of
the D- and G-peaks and the normalized 2D-band witlite parameter gy

corresponds to the values which confirm the linelthhs of the monolayer
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graphene. The parametep Bhows an exponential rate of decrease for these

guantities and A is amplitude of fitted curves.
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Fig. 44 Dependence of the D-peak position (a) &dWHM (b), and the G-
peak position (c) and its FWHM (d) on the pulsergpeand the number of laser
pulses per spot product.

By increasing the pulse energy, the D-and G-peaigenhto the shorter
wavelengths. At higher pulse energies, the 2D-hatehsity tended to grow,
which corresponded to formation of a smaller nundfegraphene layefd 10.
Similar behavior of dependence of the Raman peakipos on the number of
graphene layers was observed by Rohl ej4é], where the G- and 2D-peaks
moved to shorter wavelengths when the number ophgnae layers was
decreasing. We found out that in our experimenfitinee of merit for the GO
reduction to graphene was the position and widththef Raman bands as a
function of the product of the pulse energy andrthmber of laser pulses per

spot. Both they determine the temperature in ttagliation zone and the time
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how long the material is heated. The influence h& pulse energy is more
crucial as reduction appears only from the cenpailse energy value while the
irradiation dose is adding the number of laser gailapplied and determines
the duration of the reduction process (when mdtexibeated above a certain
temperature). The dependence of the G-band postiaie pulse energy and
the number of laser pulses per spot product expi@tgnapproaches the G-
band peak position of the graphene monolgy#0,111] as it is shown in Fig.
44 c. FWHM of the D- and G-peaks tended to decraadbe pulse energy and
the irradiation dose were increased. Such behadmesponds to decreasing
disorder in a samplg12,113.

FWHM of the 2D-band was also evaluated (Fig. 4%k Tependence of
FWHM showed an exponential decline (Eq.5) as theevaf the product of the
pulse energy and the number of laser pulses pé¢rrsgeased. Such behavior
also corresponds to the decreasing number of thphgne layers, probably
due to ablation.
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Fig. 45 Dependence of the 2D-peak width (FWHM) lo& product of the pulse
energy and the number of laser pulses per spot.
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5.3 MODELING THE TEMPERATURE DYNAMICS DURING THE GO

REDUCTION

Simulation of temperature dynamics after lasediaton was carried out
using COMSOL Multiphysics software. Transient tenapere distribution in
GO films was simulated using the pulsed laser iatawh with the 1064 nm
wavelength and the Gaussian temporal beam prdfige 46). The mean laser
power (pulse energy) and the pulse overlappingn(sog speed) were varied
between simulations.

The heat conduction equation was solved for thenthk simulations
using method of finite element analysis. Heat ti@nequation was modeled
for GO layer with the thickness of 1.2 um, coatadpolycarbonate film with
the thickness of 10 um.

For this model, we used the heat conduction equd6p. All equations
were simulated in the cylindrical coordinates syste
(6)

ST
pCp—5, — V- (kVT) =Q

wherep is the density of the material;, is the heat capacity arldis the
thermal conductivityQ is the heat source, which represents amount ef las

energy absorbed by GO. Solution of (6) €rs represented by equation (7)

2(1 —R)aE —2r? 7
Q = wexp(—az)ﬂ_] <ti> exp< worz )) ( )

2
tywg P

whereR is the reflectivity of GO filmg is the linear GO absorption coefficient
of, E, is the pulse energy; is the pulse width (at 17devel of intensity) g is
the beam radius at the focal spot (af 1¢eel of intensity)z is the coordinate
perpendicular to the surface of sample, the pdith@ surface is at z=@,(t) is

the Heaviside step functionjs transfer coordinaté|s time.
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Boundary conditions for all boundaries were seléctes thermal
insulating, because of significant difference iarthal conductivity of GO and
air. Constants and coefficients used in calculagie@represented in Table 10.

Table 10. Constants and coefficients used in caficuls of the temperature
dynamics during the GO reduction

Constant or coefficient Symbol Value
GO density P) 2260 kg/n
GO heat capacity (at const. pressure) C, 710 J/kg-K
Pulse energy Eo 0.2uJ, 0.3ud and 0.51J
Beam radius at the focus (Iye o 20 um
Pulse width t, 10 ps
Linear absorption coefficient of GO o 5.5-16 m'[114
Thermal conductivity of GO Kk 28.8 W/m-K[115
Reflectivity of GO R 0.05 %

Transient temperature distribution was found dedént depths positions
in GO film from the surface point. The GO absorpticoefficient at the
1064 nm wavelength radiation is equalote5.3-16 cm™, which corresponds
to a penetration depth of 189 nm for the laser \emgth. Thus, all the laser
radiation was absorbed by linear absorption in @@ layer[114. The
transient temperature distributions were calculatthe central point of the
laser pulses for different depths in the GO filneniperatures through the

whole graphene sheet depth are shown in Fig. 46-andi7.

82



800

@)

[&)] [o2} ~
o o o
o o o
T T T
-

Temperature (K)

w

o

o
N

200 FEERTTIT ERNERTTTT EETIRTTIT ERETRTTT EECETRTTIT EAAREITT SEERTTTT EARTT
10-** 102 10" 10'© 10° 10® 107 10% 10°

Time (s)
1000

900 (b)
800
700
600

500

Temperature (K)

400

300 |

200 TRRETTTY ERNEERTTTT EETERTTTT SRR EECETRTTTT EASRRTTT SECETRETIT EAARRTT
10-** 102 10" 10 10° 10% 107 10® 10°

Time (s)
1600

1400 ©
1200
1000

800

600

Temperature (K)

400

200 -

TITTY EEETITY IENRETITT ERRTTTY IR EEETINT EERTT R
10* 1072 10'* 10'© 10° 10® 107 10® 10°

Time (s)

Fig. 46 Temporal temperature distribution after fingt laser pulse at different
depths inside the GO film: (a) 0 (20 mW), (b) 0.3J (30 mW), and (c) 0.pJ (50
mW). 1 — GO surface, 2 — 300 nm under the surfaee500 nm under the surface, 4
— 700 nm under the surface, 5 — 900 nm under thac®y 6 — at the GO and PC
substrate boundary (1200 nm).
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Absorption of the laser energy induced the tempegaincrease in the
GO film and it decays fast with the depth and tirBased on the thermal
simulation results, the time, how long the irraedthtGO sample was heated
above a certain temperature, was estimated from4@igThermal simulation
results showed that the surface of GO was heatedO@fC for a few
nanoseconds with a single laser pulse, when theeprergy exceeded 0.3 pJ
(30 mW). The heating was necessary for the effedtiermal reduction of GO
[74,74. This time of “high temperature” was multiplied the number of laser
pulses per spot, depending on the scanning speeor{atant pulse repetition
rate). Results are shown in Fig. 47. It can be idened that it is possible to
achieve greater effectiveness of reduction at pefsrgy and the number of
laser pulses per spot product values of 900 an@,2&0ile the temperature of
GO above 100 is kept for a certain time as long as 9 ns andn§l

respectively.
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Fig. 47 Dependence of temperature on the accundultwee according to
temporal temperature distribution simulations, whaetermines how long GO was
heated with different laser irradiation parameteZsirve parameters specified in
Table 11.
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Table 11 Values of laser parameters to curves|ajisd in Fig. 47.

Pulse energy x number pfAverage power, | Scanning speed,
laser pulses per spot mwW mm/s

1 2500 50 20

2 900 50 30

3 750 30 30

4 240 50 100

Since the experiment was conducted at the 100 kHse pepetition rate,
the time interval between two pulses was longen ttieacay of the graphene
temperature. Therefore, the cooling time of the €@et was shorter than the
interval between pulses.

Under our experimental conditions, the GO surfaces veated over
1400 K during the laser treatment. Laser irradratizainly heated the surface
of the GO film where the effective thermal redustioccurred. According to
Wei et al.[80], the thermal reduction of GO occurs already at enaig
temperatures (100 to 250°C). It is reported thatréduction takes place in the
temperature range from 100 to 160G74,75,79,80,82-84 According to Huh
[85], vaporization of water molecules occurs at®D@mperature, removal of
carboxyl groups at ~26@800°C, removal of residual carboxyl and hydroxyl
groups at ~80C, removal of residual hydroxyl groups, and pantéahoval of
the epoxy group and removal of aromatic C=C bonids-1®00C, which
corresponds to the 50 mW irradiation power. Morepieshould be noted that
phenol groups stay in GO even after 1Wareatment[83]. Ablation of
graphene flakes is induced at high pulse energiasn temperature exceeds
evaporation limit. The precise balance between r&nof oxygen-containing
groups and preserving the conjugation structurebmaneached by control of

the temperature conditions in the layer and bygiajpropriate ambient gases.
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5.4 CONCLUSIONS

Quality of GO-CR film reduction with laser irradiat strongly depends
on the concentration of the Congo-Red moleculeésarcomposite film.
Irradiation of the GO films with the picosecond dasat 1064 nm
wavelength induced significant changes in the naltgroperties. A
decrease in width of the G-, D-, and 2D- Raman bamds observed
upon increasing product of the pulse energy andntireber of laser
pulses per spot, indicating a decrease in disarfitre laser treated film
and the number of graphene sheets during the tiesgment.

Best results of ps-laser reduction of graphite exid graphene were
achieved by using the 50 mW mean laser power (eeh16 J/cr
irradiation dose 10.6 J/én Analysis of temperature dynamics revealed
an increase in local temperature up to 14#0@or the GO surface
irradiated 1064 nm laser at average power of 50 aid, up to 60&
for the GO layer 300 nm under the surface. Suchthkeffect was

sufficient for reduction of GO to graphene.
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6 GRAPHENE-CHITOSAN COMPOSITE FILM MODIFICATION
USING PICOSECOND LASER IRRADIATION

In this section results of laser induced modifizatof graphene/chitosan-
ITO films are presented. During experiments, lassdiation power was
varied and beam scanning speed was constant — B80§. iWlodified samples
were investigated with SEM and Raman spectrosdeprthe electrochemical
investigation of the modified composite films, nmatls of the Cyclic
voltammetry and Electrochemical impedance speabmscwere applied.

These methods The results are published in a/isle

6.1 INVESTIGATION OF GRAPHENE-CHITOSAN FILM

MORPHOLOGY

Laser irradiation induced the reduction in graphemesan film
thickness (Fig. 48). Thickness of the film stronglgpended on the applied
laser irradiation dose. Simultaneously, the surfamerphology changes

induced by laser irradiation increased with theeasing irradiation dose.

12 _
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- @— G4-Chit/ITO

Film thickness, um
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o0} o
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o
»
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04 I \ I \ I \ I \ I \
0 1 2 3 4 5

Laser irradiation dose, Jlem?

Fig. 48 Dependence of the graphene/chitosan filloktiess on the laser
irradiation dose.

87



The laser untreated film was not perfectly flat hwitlearly visible
influence of the graphene concentration in the,f(fg. 49a,b). Roughness of
the film surface increased with the graphene comagon. The laser
irradiation caused some changes in the surface hotogy of the films. A
couple of examples are presented in Fig. 49 c-fereththe increase of
roughness of the films caused by the laser irremtiavas evident. The higher

laser irradiation dose led to the larger roughméske film (Fig. 49c,e or d, f).

20kV  X1,000 10pm FTMC LTS

(b)

20kVv  X1,000 10pm FTMC LTS

20kV X1,000 10pm FTMC LTS

20kV  X1,000 10pm FTMC LTS

15kVv. X1,000 10pm FTMCLTS

(e) (f)

Fig. 49 SEM images of (a,c,e) G4-Chit/ITO and @®,&3-Chit/ITO take in
(a,b) untreated and (c-f) picosecond laser irradiareas with the laser pulse energy
of 0.75 pJ (irradiation dose 1.67 JAr(t,d), and e, f 1.5 pJ. (irradiation dose 3.34 J
cnt), using 300 mm/s scanning speed.
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Chitosan was likely ablated by the laser irradmtemd graphene flakes
were exposed with the increase of the picosecoser lpower. Since more
graphene edges were opened, the D-band was enharRadan spectra after
the laser treatment. In addition, according to R@man spectra, more edge
defects were observed after the laser treatmenthwhb in good agreement

with the SEM morphology images.

6.2 RAMAN SPECTROSCOPY MEASUREMENTS ON GRAPHENE -

CHITOSAN COMPOSITE FILMS

The laser treatment effect on the Raman spect@eChit/ITO and G3-
Chit/ITO samples is demonstrated in Fig. 50 and. 58, respectively.
Intensity of the G-band decreased after the lassatrhent because of the
conversion of the initial relatively low-defectedraghene structures to
disordered forms. For example, the laser treatmatit 200 mW (irradiation
dose 4.25 J/chy radiation resulted in the decrease of the G-pet@ksity by a
factor of 0.50 for the sample G3-Chit/ITO (Fig. 5Raman spectra revealed
the development of broad D- and G-features usigh laverage laser power.
The width of the D- and G-bands determined as thewidth at the half
maximum (FWHM) was found to be 306864 and 116153 cm*, respectively.
The FWHM of the G-band is a measure of the bondeadisorder at sp
hybridized carbon structurefl1q. For example, the FWHM of around
180 cm* was detected for sputtered amorphous carbon fjiraging the 633
nm laser excitation linfL17]. Thus, appearance of such broad bands evidenced
laser treatment induced formation of highly disoediecarbon clusters. In the
case of sample G4-Chit/ITO (Fig. 50) at relatividw laser power (50 mW),
the spectrum revealed development of one broadrie&FWHM = 430 cr)
centered at 1487 ¢ Such spectral shape can be explained by shifteofs-
peak to lower wavenumbers. Detailed Raman spedpiscanalysis of
amorphous and disordered carbon by using three staglel have revealed

softening of the G-peak upon formation of amorphocerbon from
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nanocrystalline graphitfl16,117. Similarly, a single broad Raman peak was
observed recently upon amorphization of the fumetized graphene sample
by treatment with focused ion beafidg. Considerably lower wavenumber
of the G-peak (1545 crf) comparing with initial sample (1581 chhwas also
visible in the case of the treatment by 100 mWrlassver (Fig. 50). At higher
laser power, the presence of the D- and G-peakscleasly visible and the
Ip/lg ratio was indicating formation of highly disorddrenanocrystalline
graphite (Fig. 51 Fig. 53).
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Fig. 50 Raman spectra of G4-Chit/ITO samples d¢diht laser power applied.
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Fig. 51 Dependence of thg/lls and bp/lg ratios in the G4-Chit/ITO samples at
different laser power applied.
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Fig. 52 Raman spectra of the G3-Chit/ITO samplesditfi¢rent laser power
applied.
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Fig. 53 Dependence of thg/lls and o/l ratios of the G3-Chit/ITO samples at
different laser power applied.

Multi-wavelength Raman spectroscopy provides pddsitbo distinguish
the degree of disorder in carboneous materialsigpedsion analysis of the G-
peak[11€6. Only in highly disordered carbon, the G-peak shadispersion
which is proportional to the degree of disorderjleymo such dispersion was
observed for crystalline graphite, nanocrystallgraphite or glassy carbon

[116,119. Fig. 54 compares the difference Raman spectrasuned at four

excitation wavelengths in the 968000 cm’ spectral region. Shift of the D-
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band towards lower wavenumbers is clearly visibih wicrease in excitation
wavelength; no such shift was detectable for thea@d. Quantitative analysis
of the peak positions revealed the D-peak disperdo be equal to
~53 cm*/eV. This value is very similar to the dispersiofl (cm¥/eV)
observed for defected graphite obtained by irramhatvith 2 MeV protons at a
fluence of 16° ions/cnf [120]. Absence of the G-peak dispersion for the G3-
Chit/ITO and G4-Chit/ITO samples indicated that kaser treatment with 200
mW pulsed radiation results in formation of theodiered nanocrystalline

graphite, but not amorphous carbon.
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Fig. 54 Difference Raman spectra of G3-Chit/ITO plmmeasured with 442
nm (2.81 eV), 532 nm (2.33 eV) 633 nm (1.96 eV @85 nm (1.58 eV) (upper)
and dependence of the peak wavenumbers of the €&GDdmands on the excitation
wavelength (bottom). The sample was treated with @0W, scanning speed 300
mm/s (irradiation dose 4.25 J/&mn
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6.3 ELECTROCHEMICAL INVESTIGATION OF GRAPHENE -

CHITOSAN MODIFIED ITO ELECTRODES

6.3.1 CyCLIC VOLTAMMETRY

Fig. 55 presents characteristics of the cyclicamlnetry of the bare and
modified ITO recorded in 0.1 M KCI solution. The rbalTO electrode
exhibited a reduction wave at ca. -0.8 V in thensgaing towards negative
potentials and this reduction was also observedeghtive potentials in the
backwards scan but it was shifted towards less tiveggotentials. The
electrode modification with the G2-Chit film causadhift of the position of
this reduction wave to less negative potential @slas seen from the red curve
in Fig. 55 which was closer to reduction of carbon-oxy-spedhan that of
ITO, indicating the presence of graphene. After taser irradiation, the
reduction peak decreased significantly indicatihg tTO coverage but less
carbon-oxy-species, maybe due to reduction of thdifed graphene as was
found in other work$95,121. Moreover, in such a way an effective potential

window of the electrode was extended.

40

—ITO
— — Not modified film i
— -— Laser modified film

i, nAlcm®
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Fig. 55 CVs at ITO, G2-Chit/ITO and laser irradcht82-Chit/ITO in 0.1 mol/I
KCI. Potential scan rate was 100 mV/s, mean poWan®v.
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6.3.2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

Electrochemical Impedance Spectroscopy spectra weoerded at
differently modified electrodes: bare ITO, G1-CHid, G2-Chit/ITO, G3-
Chit/ITO, G4-Chit/ITO, and the same electrodesdiated with picosecond-
laser using various potentials over the whole gaenange used in the CV
investigation: -0.75; -0.50; 0.00; 0.50; 0.75; 1\00Graphene load was varied
from 0 to 3 mg/ml.

Fig. 56 presents the complex-plane impedance spectra dabusar
potentials measured with differently modified etedes before and after laser
irradiation. The charge separation was dominatnipé double-layer region at
0 V as Complex plane EIS spectra have linear sfiaige 56a) and all spectra
of differently modified electrodes were similar. &l cases, the impedance

values rose after the laser irradiation, especw@égrly visible at low graphene

loads.
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Fig. 56 Complex plane EIS spectra at ITO, untre@&e@hit/ITO, laser-treated
G-Chit/ITO with different graphene load at diffetgotentials in 0.1 M KCI. Laser
irradiation dose 1 J/cm

As expected, the spectra showed more resistivevimehaf the electrode
In negative potential region, where reduction oDI®dr graphene-oxy-species
occurred. G3-Chit/ITO and G4-Chit/ITO had rathemigar shape of the
spectra to ITO containing semicircle meaning thatcharge transfer is

important at this potential, i.e. the electrochaahreaction occurs. In this case,
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the semicircle appears due to reduction of supalfaxy-species. However, no
clear semicircles were found at low graphene lahds to significantly lower
concentration of oxy-species. At -0.75V, the reoturc of the oxy-species
continued, and in all cases, clear semicircles was&ined. Also in the
negative potential region, the impedance valueseased after the laser
treatment due to partial reduction of modified drape during laser
irradiation. The highest values were observed wigeaphene load was
1 pg/ml. Probably, this film composition had anio@ti components ratio and
the modified graphene reduction was fastest untueset conditions, while at
the lower concentration, chitosan slowed down tiscess and at higher
graphene loads less oxy-species was reduced dherlgser irradiation.
The spectra were analyzed fitting to an electrezglivalent circuit (Fig.

57, Fig. 58). Almost all spectra except the douhier region were analyzed,
as usual for graphene modified electrodes, apphanghodified Randles’
equivalent circuit consisting on the cell resis@n&,, in series with the
parallel combination of the constant phase elem@&mRE, and the charge
transfer resistance, R and the open Warburg element,,, Vs a specific
electrochemical element describing diffusion. CP& wnodelled as non-ideal

capacitor:
CPE =-1/(Gio)a, (8)

where G means the double-layer capacitanaejs frequency; and the

exponent shows the surface roughness.

Rt
Rq — —
———

Fig. 57 Schematic diagram of Randles’ equivalemtudi for double layer
capacitance evaluation.
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The spectra at the double-layer region were andlyséng all elements
in series: — R—CPE—Wo- [40].

Fig. 58 Schematic diagram of Warburg equivalentuir for double layer
capacitance evaluation.

The capacitance of the double layer region increased also with the
electrode modification and, especially, after thsel treatment. However, it
slightly decreased after ITO modification with GiChim, depending on the
electrode. This increase also depended on grapbadeas seen from Fig. 59.
Capacitance increased with the increase in graplmt and a significant
increase in capacitance was observed after the tesatment at different
potentials (Fig. 59). Comparing capacitance chaagjffse same graphene load
depending on different laser irradiation dosesiagpduring irradiation, almost
linear behavior was obtained (Fig. 60). This faaggests that the laser
treatment improves electrochemical properties oé t6G-Chit modified
electrode due to creation the edge defects andataym of nanocrystalline

structures from graphene flakes after laser.
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Fig. 59 Dependence of capacitance calculated frindata on graphene load,
atOVand0.75 V.
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Fig. 60 Dependence of the capacitance calculated EIS data at 0 V and 0.75
V on the laser irradiation dose in G3-Chit/ITO s&enp

The data obtained are in a good agreement wittknlogvn fact that the
laser interaction with carbon nanomaterial compgo$t#tads to cleaning of
materials, morphological changes and removal oferrat at higher laser
power density[122 and [16]. Efficiency of the laser processing strongly
depends on the laser irradiation parameters suctheadluence and pulse

overlap (irradiation dose) as has been found 23,124.

6.4 UNIFORM MODIFICATION OF GRAPHENE-CHITOSAN FILM

Uniform modification of graphene/chitosan film wasplemented by
picking such values of beam scanning speed and hétat pulse overlap
would be homogeneous in scanning direction andenpgndicular direction.
For such overlapping type the pitch parameter wasduced. It describes the
distance between sequent pulses. The above desadrdiguration of laser
parameters allows minimization of process variallgs/ariation of the pitch
includes variation in scanning speed and hatch lsmeously. Therefore only
laser power and pitch were changed during thesergmpnts. Experiments
were performed with 1064 nm and 532 nm irradiatdrpicosecond laser at

constant pulse repetition rate of 100 kHz.
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No significant changes in film morphology were atvee at irradiation
powers beneath 50 mW for both laser wavelengthsager power of 300 mW
and higher, ablation of film took place. Signifitaihanges in Raman spectra
were observed at the 100 mW irradiation power udiig4 nm wavelength
(Fig. 61, Fig. 62). When higher laser power wasliadp Raman spectra
corresponded to amorphous carbon spectra.

Increase of the D- and G-bandwidth was observedr athe laser
treatment. Such conditions correspond to increadiagrder. Meanwhile 2D-
band intensity decreased. Thel¢ and bp/lg ratios were evaluated to clarify
defectiveness of the graphene-chitosan after s$er kmeatment (Fig. 62). The
intensity of the 2D-band, corresponding to graphamese was gradually rising
as the pulse overlap decreased (pitch parameterased). Opposite behavior
was observed in the D-band intensity meaning theredse of number of
defects in irradiated film. Thus the defectivenkes®l can be controlled in fine
manner with the picosecond laser irradiation usifg mW mean power at

1064 nm wavelength.
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Fig. 61 Raman spectra dependence on the pitch pseaapplying the 100 mW
1064 nm picosecond laser irradiation.
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Fig. 62 Dependence of thg/llc and bp/lg ratios on the pitch applying 100 mW,
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1064 nm picosecond laser irradiation.

Results differed in the case of 532 nm irradiat{éing. 63, Fig. 64).
Similar to 1064 nm irradiation, the broadening bé tD- and G-bands was
observed at the high pulse overlap conditions ughy 100 mW average
power. Yet the change of the D- and 2D-band intessis not as regular as
with 1064 nm irradiation (Fig. 64). Thepllg ratio decreased at the pitch of
3 um, but then it increased more rapidly than aft@$4 nm treatment. The
value of bp/lg ratio was twice higher at 6 um and 7 um pitch carag to

1064 nm. On the other hand, th€l¢ ratio dependence was more irregular

using 532 nm irradiation.

99




3,0

251

2,0

15

1,0

Intensity, a.u.

0,5

0,0
1000

Fig. 63 Raman spectra dependence on the pitch ptgaapplying the
100 mW, 532 nm picosecond laser irradiation.
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Fig. 64 Dependence of the/ls and bp/lg ratios on the pitch parameter
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At the mean laser power lower than 100 mW, no chang the spectra
were observed after the 1064 nm laser treatmentewdfier the 532 nm
treatment, the spectra differed from untreated lyggap-chitosan film. Due to
lower modification, the 2D-band intensity was highlean for the 100 mwW
modification, and fewer defects were present (lB§). Dependence of the

Io/lg and bp/lg ratio on the pitch parameter was not as strongiss100 mW

irradiation.
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Fig. 65 Raman spectra dependence on the pitch ptgaapplying the 50 mWw,
1064 nm picosecond laser irradiation.
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Fig. 66 Dependence of the/ls and bo/lg ratios on the pitch parameter
applying the 50 mW, 532 nm picosecond laser irtazha

Morphology of the laser treated film area exhibitidtinct differences
depending on the laser irradiation wavelength. SesEiges of 2um and 5um
pitch were chosen to compare surface modificatidishe same irradiation
power of 100 mW and gm pitch, forming of porous structure was observed

Fig. 67). After the 532 nm irradiation treatmermsnsity of the pores was
much higher than that after the 1064 nm treatm€&hé border between the
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laser treated and untreated zone was sharpertaéés23 nm irradiation (Fig.
68). In case of 1064 nm irradiation, the treatedezibad smoother surface than

untreated film despite the forming of porous stuuet

JokV  X2,000 10pm FTMC LTS 20kV  X2,000 . 10pm FTMCLTS

(@) (b)

Fig. 67 SEM image of the laser treated graphen®sdm film. Laser
parameters: 100 mW, pitch-2 um: a) 532 nm; b) 1064

20kV.  X1,000_  10pm FTMC LTS 20kV  X1,000 10pm FTMC LTS

(a) (b)

Fig. 68 SEM image of a border between the lasatdrke graphene-chitosan
film and untreated film. Laser parameters: 100 mpiich-2um: a) 532 nm; b)
1064 nm.

Using the same laser power but lower pulse ovdltlap pitch was equal
to 5um), the morphology changes were also observed @gFig. 70). Size
of pores increased, but their density decreasezt #fe 523 nm irradiation
(Fig. 69). The number of pores also decreased titet064 m irradiation, also
the border between treated and untreated zonesnbelass intense in both

cases.
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Fig. 69 SEM image of the laser treated graphen®sdm film. Laser
parameters: 100 mW, pitchgin: a) 532 nm; b) 1064 nm.
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(a) (b)

Fig. 70 SEM image of a border between the laseté¢re graphene-chitosan

film and untreated film. Laser parameters: 100 mpiich-5um: a) 532 nm; b)
1064 nm.

More significant changes of the surface morpholbgyween 2um and
S5um pitch are visible after 1064 nm treatment. Itresponds to more gradual
change of thepllg and bp/lg ratios depending on the pulse overlap (Fig. 62).
The size and density of pores determine the straictiefects of graphene-
chitosan film. On the other hand, porous structndécates an increase of the

surface area, which is very helpful feature in senapplications.
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6.5 CONCLUSIONS

The Raman spectroscopy showed that laser irradiatemn cut out
graphene sheets in graphene-chitosan compositessmaller pieces
inducing more edge defects and the higher graplmate — the larger
amount of side defects appeared after laser tredtrmide high laser
irradiation dose resulted in the nanocrystalineplgeme formation and
significant reduction in thickness of the grapheh&esan film.
Picosecond laser irradiation caused an increassapacitance at the
electrode surface due to formation of graphene crgstals.
Electrochemical investigation of the laser trea@Chit/ITO samples
proved that such composite electrodes are promisgugrial to use as a
substrate to sensor development.

Uniform modification of graphene-chitosan compasiédlowed gradual

controlling of defectiveness level in films usingner average powers

of laser irradiation.
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L 1ST OF CONCLUSIONS

Electrical resistivity of the 1200 nm-thick GO figmrradiated with the
picosecond laser at the wavelength of 1064 nm deerkin a certain
range of the laser processing parameters and thin@xppeared in
Raman spectra of the same samples after the las¢ment in ambient
air indicating formation of the graphene phase.

Reduction of graphite oxide to graphene with lasediation allows
forming the heat conductive channels which, aceogrdito the
theoretical estimations are more effective thanathetheat conductive
systems at short (<10 mm) distances.

The higher quality of GO reduction to graphene veafieved by
conducting laser irradiation experiments in nitnog@and argon
atmosphere compared to air ambient, as th#pl ratio in Raman
spectra increase to 0.5 in the laser modified sasapl

Quality of GO-CR film reduction with laser irradian strongly
depended on the concentration of the Congo-Red aulale in the
composite film.

Irradiation of the GO films with the picosecond dasat 1064 nm
wavelength induced significant changes in the neltgroperties. A
decrease in width of the G-, D-, and 2D- Raman bamds observed
upon increasing (pulse energy and the number ef lpsises per spot)
indicating a decrease in disorder of the laseteckéilm and the number
of graphene sheets during the laser treatment.

Best results of ps-laser reduction of graphite exid graphene were
achieved by using the 50 mW mean laser power (Beehl6 J/ct
irradiation dose 10.6 J/én Analysis of temperature dynamics revealed
an increase in local temperature up to 1K0fbr 1064 nm (50 mWw)
irradiated the GO surface, and up to &0®or the GO layer 300 nm
under the surface. Such a thermal effect is sefiicior reduction of

GO to graphene.
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The Raman spectroscopy showed that laser irradiatemn cut out
graphene sheets in graphene-chitosan compositessmaller pieces
inducing more edge defects and the higher graplmate — the larger
amount of side defects after laser treatment. Hagkr irradiation dose
resulted to nanocrystaline graphene formation aguifcant thinning
of the graphene-chitosan film.

Picosecond laser irradiation caused an increasegpacitance at the
electrode surface due to formation of nanocrystals graphene.
Electrochemical investigation of laser treated GHOFMO samples
proved that such composite electrodes are promisgugrial to use as a
substrate to sensor development.

Uniform modification of graphene-chitosan compasigéélowed gradual

controlling of defectiveness level in films usingner average powers

of laser irradiation.
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SUMMARY

In this thesis research results on application asfett irradiation for
forming and modification of graphene layers arespnéed.

Graphite oxide films on polycarbonate substrateewprepared using
Hummers-Offeman method. Composition of films di&@r by thickness,
additives and their concentration. Picosecond lasadiation was applied to
form heat conductive graphene channels. Laser pdvearm scanning speed
and atmosphere gases was varied during the expgame

Raman spectroscopy was applied for graphene idettdn.
Spectroscopy measurements showed that reducti@h ¢évGO to graphene
depends on various factors: applied optical powscanning speed,
concentration of GO additives (Congo Red) and antl@emosphere.

Forming of heat conductive channels was also cmefir by drop of
resistance in treated films and thermo-vision mesments.

Temperature dynamics of GO film after picoseconsefdapulse was
modeled. The results of modelling together with Ramspectroscopy
measurements confirmed that optimal laser poweGfOrreduction is 50 mW
at 100 kHz pulse repetition rate.

Graphene/chitosan composite film on ITO contact wasdified with
picosecond laser irradiation. Raman spectroscopweti, that laser treatment
increase the disorder in composite film. EIS s@eateasurements confirmed
that rise of capacitance occurs in samples afser laeatment. The capacitance
of modified electrodes is proportional to averagaver of applied laser
irradiation.
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