
Vol.:(0123456789)1 3

Applied Physics A  (2018) 124:282  
https://doi.org/10.1007/s00339-018-1711-5

Fluorescent carbon and graphene oxide nanoparticles synthesized 
by the laser ablation in liquid

A. Małolepszy1 · S. Błonski2 · J. Chrzanowska‑Giżyńska2 · M. Wojasiński1 · T. Płocinski3 · L. Stobinski1 · Z. Szymanski2

Received: 20 October 2017 / Accepted: 2 March 2018 
© The Author(s) 2018. This article is an open access publication

Abstract
The results of synthesis of the fluorescent carbon dots (CDots) from graphite target and reduced graphene oxide (rGO) 
nanoparticles performed by the nanosecond laser ablation in polyethylene glycol 200  (PEG200) are shown. Two-step laser 
irradiation (first graphite target, next achieved suspension) revealed a very effective production of CDots. However, the abla-
tion in PEG appeared to be effective with 1064 nm laser pulse in contrast to the ablation with 355 nm laser pulse. In the case 
of rGO nanoparticles similar laser irradiation procedure was less efficient. In both cases, received nanoparticles exhibited 
strong, broadband photoluminescence with a maximum dependent on the excitation wavelength. The size distribution for 
obtained CDots was evaluated using the DLS technique and HRTEM images. The results from both methods show quite 
good agreement in nanoparticle size estimation although the DLS method slightly overestimates nanoparticle’s diameter.

1 Introduction

Pulsed laser ablation in liquid (PLAL) is a widely recog-
nized method of synthesizing contamination-free nanostruc-
tures especially nanoparticles [1, 2] among them fluorescent 
carbon nanoparticles (FCNPs) [3], carbon polyynes [4], etc. 
Most of the attention is given to fluorescent nanoparticles, 
especially with diameters of 2–8 nm called carbon dots, 
which are widely used for purposes of fluorescent imaging, 
mainly of cells and tissues [5, 6]. Their most remarkable 
property is the excitation-dependent fluorescence emission. 
The laser synthesis of fluorescent carbon nanoparticles was 
performed in several liquids such as deionized water [7], 
isopropyl alcohol (IPA), acetone [8], polyethylene glycol 
(PEG) [5], ethylenediamine (EDA) and ionic liquids [9]. In 
the case of water, the fluorescent carbon dots are obtained 

only after further functionalization, either with the use of 
UV radiation [7] or by attaching simple organic species to 
the acid-treated carbon particles [5].

A comprehensive review of laser synthesis of nanoparti-
cles in liquids has previously been presented [2].

Nanoparticles (NPs) approved in preclinical studies for 
both imaging and therapy often include polyethylene gly-
col. Attachment of PEG (PEGylation) improves the bioavail-
ability, safety and prolongs circulation time in the blood of 
therapeutic agents [10]. Since NPs permeate through the 
leaky tumor vasculature to a higher degree than through the 
healthy tissue and remain in the area, they can be used for 
signaling or therapy [11] and, therefore, PEG is increas-
ingly used to improve the properties of nanoparticles used 
as therapeutic or diagnostic agents in biomedicine.

In addition, nanoparticles suspended in other liquids had 
the tendency to agglomeration. Nanoparticles aggregate 
when the attraction between particles is stronger than the 
attraction with solvent particles. PEG decreases the surface 
energy of NPs and minimizes van der Waals attraction [10]. 
In addition, PEG is a very effective passivation agent and 
surface functionalization (passivation) of carbon nanopar-
ticles is necessary to make them fluorescent. Although the 
origin of fluorescence from carbon nanoparticles is still 
not completely clear the fluorescence properties of carbon 
dots are associated with the particles’ surface, specifically 
“surface defects” responsible for light absorbance. The 
photoluminescence originates from the surface functional 
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groups attached to carbon nanodots and functionalization 
with hydrocarbon chains such as in PEG is very effective [5].

However, the experiments with laser synthesis in PEG 
are rather scarce [3, 5, 12, 13] and most of them were made 
in graphite powder [3, 12, 13]. For carbon dots produced 
by laser ablation of a carbon target in the presence of water 
vapor photoluminescence was achieved only after dots’ sur-
face passivation [5]. In this paper, the results of the synthesis 
of the fluorescent carbon dots (CDots) from solid carbon 
target and reduced graphene oxide (rGO) nanoparticles per-
formed by the laser ablation in  PEG200 are presented.

2  Synthesis

Graphite target irradiation was performed in a quartz beaker 
with diameter 40 mm using an Nd:YAG laser (Quantel, 981 
E). The laser operated at a wavelength of 1064 and 355 nm 
with a 10 ns pulse duration and repetition rate of 10 Hz. The 
thickness of liquid layer over the target was about 4 mm. In 
the case of 355 nm radiation the laser fluence was 3.5–15 
J cm− 2. In the first step of synthesis the target was irradiated 
for 15 min. In the case of 1064 nm, the maximum fluence 
during the ablation was 3.5 J cm− 2 because greater fluence 
resulted in a shock wave and splashes of the liquid. The color 
of resulting suspensions was very different—after 355 nm 
radiation the suspension was still transparent while after 
1064 nm radiation its color became brownish, which pro-
vides that the production of CNPs was much higher. After 
initial 15 min of ablation the obtained suspension was trans-
ferred to another beaker (20 mm in diameter) and 15-mm-
high suspension column was further irradiated (second step), 
either at a fluence of 15 J cm− 2 in the case of 355 nm or at 
a fluence of 7 J cm− 2 in the case of 1064 nm (in this case 
higher fluence again resulted in splashes of the liquid). All 
irradiations were made in an ultrasonic bath.

After the second step suspension irradiated with 355 nm 
radiation was still transparent. In the case of 1064 nm the 
color of the suspension became yellowish. It is worth men-
tioning that we performed the synthesis of nanoparticles by 
the laser ablation in various liquids such as deionized water, 
isopropyl alcohol (IPA), acetone and  PEG200. The carbon 
nanoparticles synthesized in all these liquids, with excep-
tion of water, exhibited considerable fluorescent emission.

Similar procedure was applied in the case of rGO. 
Reduced graphene oxide was prepared using the method 
described previously [14]. Obtained graphene flakes 
were filtered and washed with deionized water to remove 
the by-products of the synthesis till the pH of the filtrate 
reached ~ 6.5. Reduced graphene oxide rGO (0.1 g of dry 
powder) was mixed with 40 ml of  PEG200 and milled in a 
planetary ball mill for 18 h. Next the suspension was cen-
trifuged for 30 min at a speed of 18,000 rpm. Finally the 

centrifuged part of suspension was diluted 1:100 in  PEG200 
and was irradiated by the laser beam at a 1064 nm wave-
length—initially for 15 min at a fluence of 3.5 J cm− 2 and 
next at a fluence of 7 J cm− 2.

3  Results and discussion

The analysis of synthesized nanoparticles was made using 
the absorption and fluorescence spectroscopy as well as 
transmission electron microscopy (TEM), high-resolution 
TEM (HRTEM), and dynamic light scattering (DLS) tech-
nique. The photoluminescence spectra were taken with the 
use of inverted confocal microscope Leica TCS SP5 X as 
well as with a fluorescent microscope Leica DMI3000B con-
nected with an HR4000 Ocean Optics spectrometer.

The absorbance of carbon nanoparticles was measured 
with a spectrophotometer (Thermo Scientific Multiscan 
GO). The absorbance of CNPs was obtained from the sus-
pension by subtracting the absorbance of pure  PEG200. It 
has been checked that the irradiation of the pure PEG does 
not change its absorbance. The absorbance A of obtained 
CNPs after 15 min of ablation is shown in Fig. 1. Further 
irradiation of the suspension does not change the absorbance 
substantially.

After 15 min of ablation the peak of absorbance is at 
230 nm but practically in the range 215–320 nm whole 
incident radiation is absorbed on 1 cm path (Multiscan GO 
cuvette size). Since such high absorption does not give rel-
evant information about the absorbance shape in the case of 
1064 nm wavelength, the sample was diluted 1:10 in  PEG200 
and absorbance was measured again. The shape of absorb-
ance curve is similar for both cases, 355 and 1064 nm; the 

Fig. 1  Absorbance of suspension of CNPs in  PEG200 after 15 min of 
ablation; solid line—sample obtained with 355 nm laser pulse, dot-
ted line—sample obtained with 1064 nm laser pulse (diluted), broken 
line—PEG. Inset shows absorbance of undiluted 1064 nm sample
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peak is around 230 nm but in the case of 1064 nm the dis-
tribution is broader.

The absorption of sample produced with 1064 nm wave-
length is incomparably higher as a result of much greater 
concentration of nanoparticles. The Beer–Lambert law links 
the intensity attenuation of optical radiation through a sam-
ple to the density N of species present in it.

where IT (λ) is the intensity of transmitted light, I0 is the 
intensity of light incident on the sample, σ(λ) the absorp-
tion cross section, d is the absorption length, and α(λ) is the 
absorption coefficient. The density of absorbing species in 
a sample can be determined from the value of the absorb-
ance A,

Since the absorption cross section is proportional to 
square diameter of absorbing particles and DLS showed 
similar diameters of carbon nanoparticles produced with 355 
and 1064 nm laser radiation, the much smaller absorbance 
in the case of 355 nm indicates smaller density of absorbing 
particles.

The very small output of nanoparticles with the 355 nm 
wavelength laser radiation at fluences of 3.5–4 J cm− 2 is 
surprising. These results are essentially different from 
those obtained in vacuum when the ablation rate at 355 and 
1064 nm was similar at fluences below 10 J cm− 2 [15].

The measured absorbance of  PEG200 was used to calcu-
late the absorption of the laser beam in a liquid layer over 
the target. The absorption coefficient was calculated from 
the formula � = 2.3026 ⋅ A∕d where A is the absorbance and 
d the sample thickness (1 cm in our case). The calculation 
using Lambert–Beer law showed that at 355 nm the laser 
beam is attenuated merely by 6% during ablation in a 4-mm 
PEG layer. Such result does not explain such small ablation 
from the target in comparison with 1064 nm wavelength 
and suggests that ablation rates in liquids are considerably 
different from those in vacuum, especially in such a dense 
and viscous liquid such as PEG.

However, at large fluences F > 10 J cm− 2 the ablation 
mechanism in the case 355 nm changes to explosive boiling 
[15] or fragmentation [16]. Contrary to thermal evapora-
tion such mechanisms probably do not lead to the nano-
particle formation. Indeed, after ablation with 355 nm at a 
fluence of 15 J cm− 2 several carbon micro-fragments on the 
beaker bottom were observed, which explains a low output 
of nanoparticles.

Further analysis concerns only results were obtained at 
1064 nm wavelength.

The photoluminescence spectra were taken with the use 
of an inverted confocal microscope Leica TCS SP5 X as 

(1)I
T (�) = I0(�)e

−N�
�
d = I0(�)e

−�
�
d

(2)A = − log
I
T

I0

= N�
�
d.

well as with a fluorescent microscope Leica DMI3000B 
connected with an HR4000 Ocean Optics spectrometer. 
The excitation wavelengths were 405, 488, 561, 633 nm 
and 370, 405, 470, 550 nm, respectively. All suspensions 
resulting from 1064 nm ablation exhibited a typical strong 
broadband photoluminescence with a maximum dependent 
on the excitation wavelength. Although its origin is not yet 
fully understood, there is rising evidence that it is extrinsic 
fluorescence resulting from surface states. Indeed, the close 
relationship between functional groups of ligands attached 
to the CDots surface and carbon dots luminescence has been 
demonstrated in many studies [5, 17–19].

The results for the sample obtained after 15 min ablation 
with 1064 nm laser pulse and additional 1 h irradiation of 
the suspension are presented in Fig. 2. It is worth noting 
that photoluminescence spectra were similar in the case of 
355 nm radiation although the emission was much smaller 
due to low concentration of nanoparticles. On the other 
hand, contrary to expectations, when the first step was made 
using 1064 nm wavelength the change of the wavelength 
in the second step to 355 nm wavelength did not improve 
the results. This was due to much higher absorption coef-
ficient of 355 nm which resulted in a poor penetration of the 
15-mm-high suspension. Calculation shows that the incident 
355 nm radiation is attenuated by a factor of 5 on the path 
of 5 mm.

Figure 3 shows the FTIR spectra of suspension of CNPs 
suspended in  PEG200. The whole spectrum together with 
the position of vibrational absorption band of carboxylate 
group C=O at 1647 cm− 1 is very similar to that presented by 
Castro et al. [12]. The intrinsic features of CDots spectrum 
are overshadowed by the absorption of PEG and can be well 

Fig. 2  Photoexcitation and photoluminescence spectra of carbon nan-
oparticles (CNPs) suspended in  PEG200. Excitation wavelengths are 
indicated by arrows; solid line—inverted confocal microscope, bro-
ken line—fluorescent microscope
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seen only where the IR absorption of PEG is close to zero. 
The intensity of the C=O band clearly increases with the 
concentration of CDots.

The size of carbon particles was measured by dynamic 
light scattering technique (DLS) using Zetasizer Nano ZS 

(Malvern Instruments Ltd., UK). The Zetasizer system 
measures Brownian motion and relates it to the particle size. 
Samples were measured in different media: acetone, water, 
and PEG 200. The measuring chamber of Zetasizer was kept 
at constant temperature of 25 °C for samples prepared in 
acetone and water, and 20 °C for samples prepared in PEG 
200. Measurements were performed five times for each sam-
ple with automatic detection of number of runs, and results 
are presented as average size distribution by number of par-
ticles in the sample (histograms). The results are shown in 
Fig. 4. The additional 1 h irradiation significantly shifted the 
distribution towards few nanometer size particles. This result 
is supported by the HRTEM images shown in Fig. 5. The 
observations were taken with Scanning Transmission Elec-
tron Microscope HITACHI HD2700 (STEM) at accelerating 
voltage for 200 keV. Sample was prepared by deposition of 
carbon particles on the surface of thin carbon film of TEM 
grid. To avoid contamination in the microscope the sample 
was treated in plasma cleaner with H–O gas mixture for 20 s. 
The images were made in a bright field (BF) and in a high 
angle annular dark field (HAADF). The image 5a was taken 

Fig. 3  FTIR spectra; solid line—suspension of CDots in  PEG200, dot-
ted line—PEG200

Fig. 4  Particle size distribution 
from the dynamic light scat-
tering (DLS) method: a after 
15 min of ablation (1064 nm, 
F = 3.5 J cm− 2), b after 1 h of 
additional irradiation of the sus-
pension with 1064 nm radiation 
at F = 7 J cm− 2

Fig. 5  HRTEM images after 
additional irradiation; a BF-
TEM, b HAADF-STEM
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in a bright field where the atomic mass contrast is weak, and 
only thicker carbon particles are well visible. The image 5b 
was taken with HAADF detector and represents density con-
trast. Scattered electrons were collected with annular detec-
tor; therefore, even small changes in density are well visible. 
This picture shows prevailing presence of carbon dots. The 
particle size distribution obtained from HRTEM images 
is presented in Fig. 6. The results acquired from HRTEM 
images show somewhat smaller size nanoparticle size than 
the DLS measurements.

Similar results were obtained in the case of laser-modified 
rGO. Figure 7 shows the absorbance of rGO nanoparticles. 
The absorbance of rGO changed dramatically after laser irra-
diation. Second step irradiation did not change the qualita-
tive character of the absorbance. Quantitatively the shape 
is different because of greater concentration of absorbing 
particles.

The photoluminescence spectra after laser irradiation 
(Fig. 8) are similar to those obtained in the case of carbon 
dots but are several times weaker. However, as indicated 
in Fig. 9 very small nanoparticles were not obtained after 
the two-step laser irradiation, although the particle size dis-
tributions have been considerably shifted towards smaller 
diameters. In fact, HRTEM images (Fig. 10) showed even 
smaller particles—with diameter about 10 nm.

4  Conclusions

Two-step irradiation applied in the case of graphite target 
resulted in a very effective production of carbon nanodots. 
However, the ablation in PEG appeared to be effective only 
in the case of 1064 nm laser pulse, the ablation with 355 nm 
resulted in a surprisingly small production rate of nanoparti-
cles. The very small output of nanoparticles with a 355 nm 
laser radiation at fluences 3.5–4 J cm− 2 shows that ablation 

rate in liquid, specifically in such a dense and viscous liq-
uid like PEG, is considerably different from that in vacuum. 
At large fluences F ≥ 10 J cm− 2 the ablation mechanism is 
apparently explosive boiling and does not lead to nanopar-
ticle formation. In the second step the irradiation with a 
355 nm wavelength was not effective due to absorption of 
the laser radiation on a short path.

The same two-step irradiation procedure was less effec-
tive in the case of rGO and resulted in larger particles.

In both cases, produced nanoparticles exhibited strong, 
broadband photoluminescence with a maximum dependent 
on the excitation wavelength. The diameters of nanoparti-
cles and their distributions were determined from the DLS 

Fig. 6  Particle size distribution derived from the HRTEM images

Fig. 7  Absorbance of suspension of rGO in  PEG200; dotted line—
before irradiation, solid line—after 15  min irradiation at F = 3.5 
J  cm− 2, broken line—after 1  h of additional irradiation at F = 7 
J cm− 2

Fig. 8  Photoexcitation and photoluminescence spectra of rGO/
PEG200 suspension after second step of laser irradiation. Excitation 
wavelengths are indicated by arrows
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measurements and HRTEM images. The agreement between 
both methods was fair although the DLS provided higher 
particle size than the HRTEM measurements.
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