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Optical properties of ablated graphene oxide in aqueous dispersions

The effect of laser radiation on the structural and optical properties of graphene oxide dispersed in water was
studied. It was shown that under laser ablation a significant reduction in the size of graphene oxide sheets can
be achieved. In this case, the resulting main parts of particles have a size of'about 110-120 nm, and are simi-
lar to graphene quantum dots. The Raman spectra indicate the reduction of graphene oxide during laser radia-
tion. The thickness of the formed particles practically wasnot changed, since the Ip/Ig ratio has close values.
The prepared dispersions of graphene oxide exhibit wide luminescence bands in the region of 400-600 nm
with a maximum of about 450 nm and a lifetime of 1.6 ns. It was shown that by laser ablation it is possible to
achieve a significant increasing in the luminescent ability of graphene oxide in an aqueous solution. In this
case, the luminescence intensity increased by almost 2 times, while the optical density of the solution was in-
creased by only 5 % relative to the initial dispersion. The results can be used to create organic luminescent
materials, in optical nanotechnology, as well as in photovoltaics, biophysics and bioimaging.

Keywords: graphene oxide, laser ablation, dispersion, size distribution, structure, absorbance, luminescence,
lifetime kinetics.

Introduction

Carbon is one of the most common chemical elements. Carbon materials that include graphite, dia-
monds, fullerenes, carbon nanotubes and graphene have been well known for a long time.

Graphene is widely used in energy and environmental materials [1], such as energy storage [2],
photovoltaics [3], photoelectrochemical [4] and photocatalytic [5—8] generation of hydrogen/hydrocarbon
fuels and photocatalysis of organic pollutants.

It is known that graphene is a superconducting material with zero band gap. In this case, graphene ox-
ides.are semiconductors with a controlled band gap width by resizing sheets and the degree of its oxidation.
Graphene oxide‘and its modifications, unlike graphene, is a more convenient material for researchers, since it
1s easy to obtain and also used for practical purposes.

The quantum confinement effect is applicable not only to graphene, but also to graphene oxide. This led
to the emergence of a new type of carbon nanostructures — graphene quantum dots. Such quantum dots have
a discrete band gap and exhibit photoluminescent properties. Graphene quantum dots of various shapes and
sizes exhibit unusual photoluminescence, which is associated with a circular polygonal shape and the corre-
sponding edge effects of graphene quantum dots [8].

Compared to traditional semiconductor quantum dots and organic dyes, photoluminescent carbon-based
quantum dots have high solubility in aqueous solutions, chemical inertness, and resistance to photobleaching.
For example, electron generation and transport at graphene dots were used for solar cells [9-11], organic
light emitting diodes (OLED) [12], photodetectors, photocatalysts [13] and supercapacitors [14]. Extinction-
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controlled fluorescence was developed for sensors of biomolecules, metal ions, and toxic/hazardous sub-
stances [15, 16].

Also, an its advantage is low toxicity and high biocompatibility compared to semiconductor quantum
dots, which makes them very promising for biophysical and medical applications, for example, for
bioimages, biosensors, drug delivery, and medical diagnostics [17, 18]. In addition, graphene dots can be
casily modified both by the addition of functional groups and by doping with heteroatoms. It may be useful
for fluorescent nanocomposites, functional hybrids, and materials with a high refractive index [18].

Over the past few years, significant progress has been made in the synthesis, study of the properties and
practical applications of carbon-based and graphene quantum dots. There is two approaches are distinguished
among the methods for the obtaining of graphene dots: «bottom-up» and «top-down». However, the synthe-
sis used in these approaches often require the usage of aggressive reagents, critical reaction conditions, are
time-consuming and, often, expensive procedures, since they involve several stages.

Pulse laser ablation in a liquid can be used as a one-step, low-cost and fast method for preparing
graphene dots with controlled parameters. Currently, very few papers have been published on the preparation
of graphene quantum dots by laser ablation [19, 20].

In particular, this method was used in Ref. [19] to obtain graphene oxide nanostructures, It was shown
that in the process of ablation, occurs the formation of graphene oxide nanostructures with-various shapes:
ribbons, flakes and quantum dots with simultaneous photoreduction of graphene oxide. The quantum dots of
graphene oxide have blue photoluminescence, which is the result of recombination of ‘charge carriers local-
ized on zigzag edges. The luminescence intensity varies for dots obtained at different irradiation times.

Also, this method was used for the synthesis of graphene oxide dots in Ref. [20]. The diameter of the
resulting structures varies from 5 to 30 nm, and they have good stability and crystallinity. The luminescence
spectrum of the resulting nanostructures is located in the yellow-green region, which is atypical for graphene
quantum dots. The authors showed that these dots have high optoelectronic properties and were used as
markers for displaying cancer cells.

In this work, we studied the effect of laser radiation‘on the structural and optical properties of graphene
oxide dispersed in water.

Experimental

For the preparation of dispersions, a single-layer graphene oxide (GO, Cheaptubes) was used. Since it
was shown earlier in our work [21], GO dispersed into particles of various sizes and stability in various or-
ganic solvents. Here we selected water: Deionized water was purified using the AquaMax system. The spe-
cific resistance of water was equal to.18.2 MQ/cm. The surface tension of water was equal to 72.8 mN/m at
pH=5.6 and a temperature of 22 °C.

The GO concentration in the solution was equal to 0.25 mg/ml. To obtain dispersion, it was treated with
ultrasound for 30 minutes. The GO dispersion was undergo to laser ablation with the second harmonic of a
solid-state Nd:YAG laser with a generation wavelength at 532.0 nm, a pulse duration of 10 ns, and an pulse
energy of ~16 J/cm®. The heightof the ablated liquid was 0.8 cm. The particle size of graphene oxide in the
solutions was determined by dynamic light scattering method using a Zetasizer nano analyzer (Malvern).

The absorption and fluorescence spectra of the samples were measured on Cary and Eclipse (Agilent)
spectrometers, respectively. Raman spectra of the prepared samples were recorded using Confotec MR520
(3D Scanning-Raman Confocal Microscope, Sol Instruments) with laser excitation at a wavelength of
532 nm.

The fluorescence lifetimes of dispersions were determined using the TCSPC system (Becker&Hickl) at
an excitation wavelength of A., = 488 nm. The fluorescence lifetimes were determined from decay kinetics
processing with SPCImage software (Becker&Hickl). All measurements were performed in 1 cm quartz cu-
vettes at room temperature.

Results and discussion

Measurements showed that after dispersing of GO in water and before laser irradiation, about half of the
particles have an average size of 4900 nm, and the second half of sizes are in the order of 2300 nm (Fig. 1a).
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Figure 1. Size distribution of GO particles in water before (a) and after () laser irradiation

After ablation (Fig. 1), a darkening of the GO solution was registered and a decrease’in the average
particle size to 200-250 nm were observed. And about 13 % of the particles have a diameter of about
1400 nm.

Measurements of the optical characteristics showed (Fig. 2) a wide absorption band with a maximum of
about 230 nm of the prepared dispersion, which is formed by transitions between orbitals of mn*-nature in
C—C aromatic bonds [22, 23]. A shoulder of about 300 nm is associated with n—n* transitions in C=0O
bonds, and it is almost indistinguishable in the absorption spectra.

It can be seen from the spectrum that the optical density of the dispersion of graphene oxide in water af-
ter ablation is higher than before irradiation. It is a result of uniform distribution andrincrease in the concen-
tration of GO particles after laser treatment. As well as the fact that prior to ablation, graphene oxide flakes
were clearly distinguishable in solution. After laser treatment, the solution became more transparent and in-
tensely colored due to the uniform distribution of graphene oxide particles.
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Figure 2. Absorption (a) and Raman (b) spectra of GO dispersion before (1) and after (2) ablation

The' effect of laser ablation on the structural properties of graphene oxide is shown in Figure 25. Two
intense bands.in the region of 1300 and 1600 cm™ were registered in the Raman spectrum of GO. The
G-band of GO is located at 1605 cm™ and is shifted to higher frequencies compared to the position of this
band in graphite (1581 cm™) due to the presence of separate double bonds that resonate at higher frequencies
[24, 25]. After complete reduction of graphene oxide to graphene, a bathohromic shift usually occurs. As can
be seen from the figure, it was not occurred after laser ablation.

Also, in the Raman spectrum of GO, there is exhibits a D band of about 1360 cm™, which characterizes
the defectness of graphene and is active only if defects participate in double resonance scattering near the
Brillouin zone [24]. Therefore, the Ip/Ig intensities ratio is often used to determine the size of domains with
sp” hybridization in carbon materials. The data obtained showed that the ratio of the intensities of the G and
D bands was changed from 1.10 to 1.05, which indicates a partial reduction of graphene oxide during laser
ablation.
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Under the studying the luminescent properties of the prepared dispersions, the spectra shown in Fig-
ure 3 were obtained.

A wide band with a maximum of about 450 nm was registered in the GO luminescence spectrum. When
the luminescence excitation wavelength was changed from 320 nm to 350 nm, the position and shape of the
fluorescence band was not changed. The fluorescence intensity in this case was increased by ~20 %.

After ablation, the luminescence spectrum also practically was not changed in its shape, however, the
luminescence intensity was increased almost in 2 times for both excitation wavelengths. This fact could be
explained by growth in the optical density D of the solution after ablation. However, the D value was in-
creased by only 5 %. Therefore, growth in the luminescence intensity is associated with other processes. As
shown by the measured fluorescence excitation spectra (on the inset in Fig. 3a), the main contribution to the
GO fluorescence is made by the centers actively absorbing light in the region of 320-340 nm. After laser
ablation, their changes practically do not occur. When the excitation spectrum was recorded at the long-
wavelength edge of the luminescence (at ~580 nm), a spectrum that was similar in shape to. the absorption
spectrum of GO was obtained. At present, the mechanism of the occurrence of fluorescence.in graphene
nanostructures remains incompletely studied, but most authors [24, 25] believe that it can be assigned to dif-
ferent emitting groups or localized electron—hole pairs due to the isolation of sp® clusters inside the sp’ ma-
trix. In any case, this will be the basis for our further studies.
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Figure 3

When measuring the lifetime of GO Iuminescence in solutions, the excitation was carried out at a wave-
length of 375 nm (Figure 3b). The decay kinetics of GO is described by a bi-exponential equation. The aver-
age fluorescence lifetime of GO at A =455 nm is equal to 14 = 1.6 ns for the initial dispersion. After ablation,
1 has changed little and it was equal to 1.57 ns. This indicates a similar nature of luminescence before and
after laser ablation of a graphene oxide dispersion.

Conclusion

Thus, it has been shown that by laser ablation of graphene oxide in water, a significant reduction in the
size of GO sheets can be achieved. In this case, the resulting particles have a size mainly of about 110-
120 nm, and are similar to graphene quantum dots. The measured Raman spectra indicate the reduction of
graphene oxide during laser ablation. In this case, the thickness of the formed particles practically does not
change, since the Ip/I; ratio has close values.
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It was shown that by laser ablation it is possible to achieve a significant increase in the luminescent
ability of GO in an aqueous solution. In this case, the luminescence intensity was increased by almost
2 times, while the optical density of the solution was increased by only 5 % relative to the initial solution.
The recorded fluorescence excitation spectra indicate that the main contribution to the GO luminescence is
made by the centers actively absorbing light in the region of 320-340 nm. After laser ablation, changes in the
fluorescence excitation spectra practically do not occur.

The results can be used to create organic luminescent materials, in optical nanotechnologies, as well as
in photovoltaics, biophysics and bioimaging.

This work was carried out as part of the research project AP08052672, funded by the Ministry of Edu-
cation and Science of the Republic of Kazakhstan.
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Cy nucnepcusicblHAAFbI a01UpPJIeHIeH rpadeH OKCUAIHIH ONTHKAJIBIK KacueTTepi

Cyna paucnepcusuianFad TpadeH OKCHAIHIH KYpPBUIBIMABIK JKOHE ONTHKAIBIK KAaCHETTEpIHE Ja3epiiik
CoyJieNIeHyIiH ocepi 3eprrenreH. ['padeH okcuaiH cyaa Jiasepiik aOmsUusiay apKbwibl rpadeH OKCHI
naparbIHbIH MOJILepiH efdyip a3aiiTyra OONaThIHIBIFEI KOpceTinai. by jkaraaima ajgpiHFaH OOJIIeKTepaiH
memmmrepi mramamer 110-120 HM Gomazael xoHe oy rpadeH KBaHTTHIK HYKTelepiHe ykcac. Paman crekTpin
OIIIIey Ja3epIliK COyNeNeHIIpy Ke3iHae rpadeH OKCHIIHIH KaJlblHA KeNETIHIrH KkepceTTi. by karnmaiina
KaJIBIITaCKaH OOJIIIEKTEeP/IiH KaIBIHIBIFHI iC KY31He o3repMeiliy eiTKeH1 Ip/l; KaThIHACKH JKaKbIH MOHJICPTE
ne. I'paden oxcuninin padppanran gucnepcusuiapsl 400-600. HM aiiMakTa MakcuMmyM 450 HM xoHE eMip
CYPY Y3aKThIFbI 1,6 HC OONAThIH KeH JIIOMHHECLCHIMSIBIK JKOTAKTap Al KepceTTi. JIasepiik abusius apKbLibl
Cy epiTiHaiciHge rpadeH OKCHAIHIH JIOMHHECHEHTTIK ~KaOUICTIHIH eaoyip apTyblHAa KOJ JKeTKi3yre
GonaThIHABIFEI KepceTinreH. by jkaFaaiina TIOMUHECUEHINTHBIH KapKbIHIBUIBIFBI 2 €Ce OCTi, all epiTiHAiHIH
ONTHUKAIBIK THIFBI3JBIFEI OACTANKbl EPITIHAIMEH (CalbICThIpraHna S %-ra ecTi. AJIBIHFaH HOTWXKeNepai
OpraHHMKaJbIK JIOMUHECLCHTTI MaTepHaiap/ibl, ONTUKAIBIK HAHOTEXHOJIOTHSUIAP/IbI JKacay YIIiH, COHBIMEH
Karap (pOTOIECKTpUKTEpEe, OHo(hU3NKa MEH OHODEITHeeyIe Kol IanyFa 0oa bl

Kinm ce30ep: TpadeH okcumi, 1a3epiik abisnus, TUCIICPCHs], OIIIEMICPAIH Tapalrybl, KYPbUIBIMBI, XKYTBITY,
JFOMHUHECHCHIHS, OMip CYPY KHHETHKACHL.

E.B. CenusepcroBa, H.X. Vopaes, [[.A. Temupbaesa, I'.C. OmapoBa

OnTuyeckue cBOMCTBa aﬁJII/IPOBaHHOl"O OKCHuaa rpa(beﬂa B BOJAHBIX TUCHIEPCUAX

N3y4yeHo BIMSHHE JA3€PHOrO OOIydeHHS Ha CTPYKTYPHBIC W ONTHYECKHE CBOMCTBAa OKCHIA TpadeHa, Juc-
MEeprupoBaHHOrO B BojE. IlokaszaHo, uTo myTeM JazepHOi abnsamu okcuia rpadeHa B BOJE MOXKHO JOOUTHCS
3HAYUTENLHOTO YMEHBIIEHUS pa3MepOB JTUCTOB OKcuaa rpadena. IIpu stom obpasyromuecs 4acTUIBI UMEIOT
pa3mep dipenmymiecTBeHHO okosio 110-120 HM U cx0kH ¢ rpadeHOBHIMH KBAaHTOBBIMH TOYKaMu. M3mepeH-
HBIE paMaH-CIIEKTPHl yYKa3bIBAaIOT HA BOCCTAaHOBJIECHHE OKCHAA rpadeHa B IpoIecce JIa3epHOrO OOIydeHHS.
IIpu sTOM TOMmMHA 00pa3yeMBIX YacTHIl IPAKTHYECKH HE W3MEHSETCs, TaKk Kak oTHomeHue /p/l; mMeer
Omm3kwme 3HaveHns1. [IpuroToBIeHHBIE JUCIEPCUH OKCHIA TpadeHa MPOSIBIIOT MIHPOKKE TI0JIOCH CBEUSHHUS B
oGusracti 400-600 HM ¢ MakcuMyMoM okoiio 450 HM 1 BpemeHeM xu3HH 1,6 He. [Tokazano, uTo myTem nazep-
HOW abIAIIMN MOXKHO JOOUTHCS 3HAYUTENBHOTO YBEJIMYCHHUS TIOMUHECLIEHTHON CIIOCOOHOCTH OKcHia rpade-
Ha B BOJHOM pacTBope. IIpu 3TOM HHTEHCHBHOCTH CBEYEHHs BO3POCIA MOUTH B 2 pa3a, TOra Kak ONTHYECKast
TUIOTHOCTh PAacTBOPA YBEIUYUIACH JMIIb HA 5 % OTHOCHTENIBHO HCXOJHOTO pacTBopa. IlomyueHHbIE pe3yb-
TaThl MOTYT OBITH UCIIOIB30BAHBI ISl CO3AAHUS OPTaHUYIECKHX TIOMHHECIIEHTHBIX MAaT€PUAIOB B ONTHYECKUX
HAHOTEXHOJIOTHSX, a TAKOKe B ()OTOBOJIBTANKE, OHO(PH3NKE U IsT OMOMMU/KHIHTA.

Knioueswvie crosa: oxcnp rpadena, asepHas abisinus, TUCHEPCHs, paclpeeieHne 110 pa3Mepam, CTPyKTypa,
HOIJIOLICHUE, TIOMUHECLICHIUS, KUHETUKA BPEMEHH KHU3HU.
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