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Abstract

The effect of laser ablation of N-doped graphene oxide (NGO) sheets ot its optical properties has been
studied. It was shown that the average lateral size of NGO sheets was de€seased from 644.4 4 143.8 to
114.4 £ 59.8 nm after 60 min of ablation. The data of FTIR speétroseopy have shown that after
ablation the intensity of the vibrations bands of N-containing gredps increases. The optical density of
NGO dispersions and the intensity of their emission are depended @ft the ablation time. The highest
fluorescence intensity was recorded upon excitation aga wavelength of 350 nm. For all NGO samples
after laser irradiation a noticeable increase in the fluoreséence intensity was registered. The
enhancement factor was equal to ~11.0 and 8.5,times for 30%and 60 min, respectively. The lifetime of
NGO fluorescence after ablation was increased from 1.73'ns to 3.63 ns. After ablation, the samples
under study exhibit long-term luminescence with amaximum at about 450 nm. The data obtained
open up possibilities to control the optigal properties of N-doped graphene oxide and nanodots based
onit.

1. Introduction

Carbon is one of thewidespread chemical elements. Carbon materials that include graphite, diamonds,
fullerenes, carbon nanetubes, and graphene have been well known for a long time.

Graphene gnd itsiderivatives are currently being actively investigated and used in the development of devices
for optoelectraniés | 1,2], photovoltaics [3], and photocatalysis [4, 5]. Graphene with surface oxygen-containing
gropsis called asigraphene oxide. Graphene oxide and its modifications, in contrast to graphene, is a more
conyenient material for researchers, since it is easy to synthesize and use for practical purposes.

Researchyin the field of graphene applicatiion has recently led to a significant increase in publications
dedicatedito the synthesis and study of luminescent carbon and graphene dots. In comparison with traditional
semigefiductor quantum dots and organic dyes, photoluminescent carbon-based quantum dots are highly
stable in aqueous solutions, posses by chemical inertness, photostability, biocompatibility and low toxicity [6, 7].

Various authors have shown that the optical properties of graphene dots are depended on both their
structure and composition. For example, the band gap of graphene dots affects the position of the maximum of
their luminescence on the wavelength scale [8]. This parameter can be modified by changing the oxidation of
graphene, as well as by surface-edge states. In addition, it was demonstrated that during the chemical synthesis of
graphene quantum dots [9], it is also possible to control the quantum yield of their luminescence by reducing
carboxyl and epoxy groups on the surface of graphene oxide, which acts as centers of nonradiative
recombination of electron-hole pairs. The authors of [10] demonstrated that doping of graphene dots with
nitrogen atoms leads to a hypsochromic shift of the photoluminescence, while a decrease in defectiveness and
the presence of functional groups leads to a bathochromic effect.

It is worth noting the works where the luminescence of graphene dots was studied both experimental
methods and calculations. For example, in [11], the nature of the observed luminescence of graphene quantum
dots doped with nitrogen and oxygen was investigated. On the basis of experimental data and the results of

©2021 The Author(s). Published by IOP Publishing Ltd
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calculations from first-principles it has been established that luminescence occurs mostly from surface states,
and not due to recombination inside the core of a quantum dot. It is shown that the role of functional groups
prevails over quantum confinement effect determining optical properties. In addition, in the work of [12] it was
shown that a wide variety of spectral manifestations of the luminescence of graphene quantum dots is associated
the ratio of their size, composition, shape, and fractal inhomogeneity.

The synthesis of graphene dots is possible with ‘bottom-up’ and ‘top-down’ approaches [13]. The first
method is based on the growth of a suitable precursor, for example, small molecules of aromatic hydrocarbons
or polymers, into nano-sized graphene dots by catalysis reactions, hydrothermal or microwave synthesis, etc.
The top-down approach implies the direct splitting of bulk carbon materials, such as soot or graphite, into
nanoscale quantum dots, by liquid exfoliation or by electron beam lithography. Also, this approach can be
implemented with laser ablation method. This excludes the use of additional reagents, which is especially
important for luminescent objects, for example, carbon and graphene dots.

In present work, the structural and luminescence properties of nanodots based on nitrogen-doped graphene
oxide (NGO) were studied. It is shown that the laser ablation method can be used to enhance NGO
luminescence. Up to date there is not many papers have been published about synthesis of NGO dots bylaser
ablation method and their study. Meanwhile, this method is quite widespreaded for prepasatiomof graphene
dots based on graphene oxide [ 14—17]. For example, N-doped graphene dots in diéthylenetriamine were
prepared using laser ablation in [18]. Synthesized dots have a higher emissivitygomparedjto undoped graphene
dots. The authors of [19] proposed the method of carbon onions doping dufing their@ablation in various
N-containing solvents. In the work [20] nitrogen-doped graphene quantum,dotsy(IN-GQD) were obtained using
pulsed laser ablation in dimethylformamide using a Nd:YAG laser (532 nni). The freshly prepared N-GQD
structure was modified by solvothermal treatment. NGO dots haveshown promising characteristics for their
application in photocatalysis, photovoltaics and sensors 20-23]. However, in these works the long-term
luminescence of prepared graphene dots was not studied. Meanwhile, this type of luminescence can find its
application in photodynamic therapy, as well as in the development of material for the deposition of protective
coatings [14, 24].

2. Materials and methods

NGO dots were obtained by laser ablation of NGO dispersion. Ammonia functionalized graphene oxide in water
(NGO, 1 mg ml ™}, Sigma Aldrich) was used. Prior to ablation, the samples were sonicated for 30 min and 5-fold
diluted with deionized water (Aquamax,300). After that samples were centrifuged at 14 500 rpm for 60 min to
precipitate large particles.

Ablation was carried out withsecond harmonics of Nd:YAG laser (LQ215, SolarLS) with A\se, = 532 nm,
Tpulse = 8 nsand E =179 mjj. Thelaser beam was focused by alens into 0.1 cm diameter spot. During laser
ablation, the dispessionWas continuously mixed. The ablation time was equal to 30 and 60 min. The height of
the ablated dispersion was equal to 0.8 cm.

The NGO patticle size was estimated by dynamic light scattering using a Zetasizer Nano S90 analyzer
(Malvern). The morphology of particles was investigated with using of TESCAN Mira-3 scanning electron
micgoscope (SEM).

Optical properties was studied by FTIR spectroscopy with FSM 1201 spectrometer (Infraspec). Absorption
spectra were measured on a Cary-300 spectrometer (Agilent). Fluorescence awas obtained using an Eclipse
spectrofluorimeter (Agilent). The fluorescence lifetimes were determined using the TCSPC system
(Becker&Hickl) at an excitation wavelength of A.,. = 375 nm. The fluorescence lifetimes were determined by
processing the decay kinetics using the SPCImage software (Becker&Hickl) as in [25, 26]. The long-lived
luminescence was recorded with Eclipse spectrometer (Agilent). The spectrum and kinetics were recorded with a
time delay of 0.3 ms in the time range up to 15 ms. Measurements of both fast and long-lived luminescence were
carried out in cuvettes without degassing. The optical path length was equal to 1 cm.

The fluorescence quantum yield (r) was estimated by the relative method according to the method
proposed in the [27]. Anthracene was chosen as the standard. Its fluorescence quantum yield was equal to 27% at
Aexe = 366 nm [28]. The optical density of solutions, both anthracene and NGO, was the similar and equal
to ~0.028.

3. Results and discussion

Average size of NGO sheets before the laser ablation was equal to 644.4 + 143.8 nm. After ablation, both the
particle size and their scatter were decreased (figure 1).
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Figure 1. Size distribution and SEM images of NGO before and after ablation during the various ti
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Figure 2. (a) FTIR and (b) absozptien spe GO before and after ablation during the various time.

t diameter after 30 min ablation was equal to 192.1 4 74.8 nm. With an increase in
@ artherdecrease in the diameter of the NGO particles was observed. For an ablation time of
rded size was equal to 114.4 + 59.8 nm. SEM images of NGO before and after ablation (figure 1)
ablation NGO form micrometer aggregates. After ablation, both morphology and particle
arkedly. As can be seen from the images obtained, wrinkles and folds are practically absent
over, for particles obtained by ablation for 60 min, the particle sizes vary from 53 to 135 nm,
se to the values obtained by the dynamic light scattering method. According to the definition given in
ene dots are considered as sheets of graphene or its derivatives with lateral dimensions less than

The average

nm.

Several bands can be distinguished in the recorded IR spectra of NGO before and after ablation (figure 2(a)).
The bands around 1058 and 1730 cm ™" are correspond to the epoxy C-O—C and carbonyl C=0 stretching
vibration band. The peaks at ~1090 cm "' can be attributed to C-O stretching vibrations, at 1241 and
3420 cm~'—to C-OH stretching vibrations. A band at about 1455 cm ™' can also be distinguished, which is the
result of O—H deformation.

After laser treatment, the NGO spectra show an increase in the intensity of the C-N stretching vibration
band; in addition, doublet bands at 2929 and 2851 cm ™! are more pronounced, which are related to the N-H
bend in the amino group [8, 20]. The band at ~1350 cm ™' is also more pronounced, which appears as a result of
aryl C—N stretch [19]. As can be seen, some modification of the NGO structure occurs under the action of laser
radiation.

Absorption spectra of NGO before and after ablation are shown in the figure 2(b). Before ablation, the
absorption spectrum of NGO exhibits a maximum at 240 nm, as well as a weak shoulder at ~315 nm. The short-
wavelength band is associated with 77"~ and n7*transitions in C=C and C=0 sites [29, 30]. The long-
wavelength shoulder corresponds to wm*~transitions in C=N groups [21]. After ablation, the ratio of optical
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Figure 3. Fluorescence spectrum of NGO before (a) and after (b) 30 min ablation. Spectra were registw at
wavelengths. The inset: corresponding fluorescence excitation spectra registered at 450 nm.
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Figure 4. (a) Fluorescence spectra O before and after ablation registered at various excitation wavelength (220 and 350 nm);
(b) fluorescence decay kinetics of NG d after ablation (Aexc = 375 nm, Aoy = 442.5 nm).

densityat 240 a 5 nm changed. At the same time, the maximal optical density is practically the same. Thus,
the D value at erablation was decreased of 2.7 and 3.6 times for samples ablated during of 30 and

60 min, respe y.

ence spectra before ablation are shown in figure 3(a). Upon photoexcitation of dispersion
xhibits with a maximum at about 305 nm. The fluorescence spectra are bathochromically
increase in excitation wavelength A.... Thus, at Aex. = 250 nm along with a low-intensity band at
second luminescence band appears with a maximum at 385 nm. Subsequently it shift to the long-
th and exhibits at 440—-450 nm. At A\o,c = 310 and 370 nm the maximum fluorescence was recorded at
0 and 452 nm, respectively. It should be noted that the luminescence intensity is highest when using the Ay
ual to 220 or 330 nm. The fluorescence excitation spectra recorded at 450 nm reveals the photoexcitation of
centers absorbing in the range of 200-300 nm and 300-370 nm with a maximum at 330 nm.

Luminescence bands with the maxima at ~320 and 440-450 nm, depending on A, were also recorded in
the fluorescence spectra of NGO after ablation for 30 min (figure 3(b)). An increase in the photoexcitation
wavelength leads to an intensification of the long-wavelength NGO luminescence band and a red shift of its
maximum to 450 nm. The maximum intensity of NGO fluorescence was observed at Aexc = 350 nm, which
coincides with the maximum of the long-wavelength band of the excitation spectrum (inset of figure 3(b)). For
samples ablated for 60 min, similar position and intensity behavior of the fluorescence spectra was observed.

It should be noted that the intensity of the NGO emission after ablation is increased (figure 4(a)). Largest
intensity enhancement at Ao, = 220 nm s 3.6 and 6.5 times for samples ablated for 30 and 60 min, respectively.
At the same time, fluorescence was increased by ~11.0 and 8.5 times at A\, = 350 nm, for 30 and 60 min,
respectively. The fluorescence quantum yield of NGO increased almost twofold after ablation. Its value was
equal to 0.2%, 0.3% and 0.4% for samples before and after 30 and 60 min ablation, respectively. The obtained
values of the (rare in agree in order of magnitude with the data published in [20].
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Figure 5. Deconvolution of fluorescence spectra of NGO before and after ablation d
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at shorter-wavelength luminescence at 300-320 nm is originates from
arbon domains. The long-wavelength fluorescence is associated with
functional groups o NGO dots [18, 20]. To confirm this, the fluorescence spectra of NGO were
deconvoluted b ian according to earlier works [20, 30, 31]. They report that the peak I and peak II can be
transitions, respectively. The first type of transition is the result of deactivation of
energy in functional oxygen- and nitrogen-containing groups. The second type is
ions in sp” domains in C=C in the graphene network [20]. In NGO dots before ablation
contribution to fluorescence is made by the transitions of the first type.
samples, along with peak I, the contribution from the second band also increases. This means that,
ng withydeactivation of excitation in functional groups, radiative decay occurs in the sp> domains of NGO. A
058i echanism could be partial reduction of oxygen groups. This is confirmed by the data of FTIR
ctroscopy. In addition, fluorescence at 440 nm has been attributed by various research groups to radiation
m alarge proportion of hydroxyl groups.

The recorded fluorescence decay kinetics are well approximated by the biexponential law (figure 4(b),
table 1). The average lifetime 7,, of NGO fluorescence after ablation is increased. The main contribution to the
luminescence kinetics before ablation give the fast component 7, whereas after ablation, the contribution
fraction is redistributed in favor of the longer luminescence component 7.

Long-lived luminescence was recorded only for ablated NGO samples (figure 6) at Aexc = 340 nm. the The
luminescence was very weak under the photoexcitation at 220 nm. The maximum of the long-lived
luminescence spectrum of NGO for different ablation times exhibits at 450455 nm. The lifetime of the long-
lived luminescence practically was not changed for different ablation times.

As can be seen from the data obtained, after ablation, the intensity of the long-lived luminescence of NGO
increases, which may be a consequence of its structural modification. For example, it was shown in [32, 33] that
phosphorescence predominates in graphene dots with a large amount of sp” carbon due to large singlet—triplet
splitting. Whereas delayed fluorescence can be recorded for the dots with a large number of oxygen-containing
groups.
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Figure 6. Spectra (a) and kinetics (b) of long-lived luminescence (Aexe = 340 nm, A;e; = 450 nm) of I‘O
during the various time.

4. Conclusion

The effect of laser ablation of nitrogen-doped graphene oxide on its opti opetties was studied. It was shown
that after laser ablation, the average lateral size of NGO sheets can be m644.4 + 143.8 to
114.4 £+ 59.8 nm. The FTIR spectra showed bands characteristic fox n oped graphene oxide. After laser
irradiation, the bands associated with the vibrations of the N ing groups were intensified. This indicates
the modification of the NGO structure under the laser radiation.
It was found that the optical density at 240 and 31 ftegablation was changed. Its value at 315 nm after
ablation decreased in 2.7 and 3.6 times for 30 and 60ymi
density remained practically the same as before
For all samples, the intensity of fast s on the excitation wavelength and
bathochromically shifts with its increase. highestintensity was recorded at Ao, = 350 nm. For all samples, a
noticeable increase in the fluorescence inten 1.0 and 8.5 times at Ao, = 350 nm was recorded after
laser irradiation of the dispersion fof30 and 60 min, respectively. The lifetime of NGO fluorescence after

ablation increases from 1.73 ns to 3.63\ns. After ablation, the samples under study exhibit long-term
luminescence with a maximum a 450 nm, which coincides with the fast fluorescence spectrum. The
highest intensity of long-li iminescence was recorded for the sample ablated for 60 min.

Thus, it has be changing the laser ablation time of the NGO one can noticeably increase its
fluorescence quant esults obtained can be used for the development of organic luminescent
materials, in p ta iophysics, and bioimaging.
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