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Abstract
The pulsed laser fragmentation in liquid media of carbon black (CB) powders using picosecond (ps) 
laser pulses to produce photoluminescent carbon nanodots (CNDs) is reported. A 1064 nm Nd:YAG 
pulsed laser with a repetition rate of 15 Hz and 30 ps pulse duration was used. The fragmentation of 
CB agglomerates suspended in acetone, composed of 80 nm particles, was induced under 10, 20 and 
30 min of fragmentation time to reach CNDs with 8 nm diameter average. The PL response of the CNDs 
solutions shown excitation-wavelength dependence, whose intensity was improved for all the excitation 
wavelengths with a post-synthesis irradiation by 10 min. The post-irradiation re-fragment the already 
suspended carbon dots, reaching stable, homogenized and CNDs solutions with similar PL features 
independently of the F-time. Time-resolved spectroscopy measurements allowed to identify the PL 
response is characterized by two-lifetime components of 3 ns and 0.15 ns. Raman analysis allowed to 
observe the D and G peaks characterizing the CNDs and raw material. The CNDs solution showed stable 
emission and well-dispersion after 9 months. CB is considered a waste material but is shown here as a 
suitable carbon source to produce CNDs for light emission using the PLFL pathway.
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Introduction
Beside of chemical and biological routes [1,2], 

the Pulsed Laser Ablation (PLA) is a growing 
physical route of nanomaterials synthesis, which 
has shown to be a suitable and green method for 
the production of carbon-based nanomaterials 
from both, a solid carbon target, immersed [3,4] 
or from carbon microparticles suspended [5-7] in 
a liquid media. In the pulsed laser fragmentation 
in liquid (PLFL) route, micro or nanoparticles are 
suspended in a liquid media and then irradiated 
with laser pulses, which yields, in general, to re-size, 
re-shape or fragment the suspended material [8,9]. 
The physical description is based on the fact that in 
the laser interaction with the suspended material, 
photodynamic and photothermal effect occurs. 
Melting and/or vaporization of the suspended 
particles into atoms or molecules, or the laser- 
induced Columbic explosion, involving the ejection 
of photoelectrons or thermal electrons, are the 
most accepted mechanisms for the production 
of nanoparticles via PLFL [9]. It is well known in 
PLFL, several laser parameters (repetition rate, 
wavelength, pulse energy, pulse duration), solvent 
(organic, water, mixtures) and suspended material 
(metallic, oxides, ceramic, and based-carbon) can 
be tuned to reach nanoparticles with the desired 
features [10].

Carbon black (CB) is a kind of amorphous carbon 
that is normally presented as an agglomerate 
comprising of carbon nanoparticles with different 
sizes. It has been reported as fill material for the 
production of conductive polymer composites [11], 
in electrodes of solar cells [12], for the production 
of carbon nanostructures [13,14] and among. 
Concerning the combining of CB and PLFL route 
for the production of carbon-based nanomaterials 
it has been not explored at all; laser pulses of 0.4 
ms pulse duration and 1064 nm wavelength for 
the production of nanodiamonds in water from the 
irradiation during 4 h of CB agglomerates composed 
of 200 nm particles was reported [13]. Under 
similar experimental conditions, it was reported the 
synthesis of hydrophilic carbon onions with hollow 
cores and incomplete graphitic shells in deionized 
water from the CB fragmentation under different 
irradiation times, 1-5 hours [15]. CB suspended 
(200 nm) in ethanol was fragmented with ms laser 
pulsed for the production of photoluminescent 
carbon nanoparticles with amorphous and 
crystalline structures [16] have been reported. 

Using a laser with 0.8 ms pulse duration, the 
irradiation of CB suspended in Poly (ethylene 
glycol) (PEG

1500N
) during 2-4 h, the production of 

both luminescent carbon nanoparticles and carbon 
nanocages, has been reported [17]. In addition to 
that, the synthesis of graphitic nanoplatelets and 
luminescent carbon nanoparticles using 0.3, 0.9, 
and 1.5 ms laser pulses to fragment graphite flakes 
in PEG

1500N solution during 4 h was reported [18]. 
Using laser pulses of 8 ns pulse duration and 1064 
nm wavelength with a per pulse energy 0.7 J with 
at 10 Hz, the irradiation of CB in ethyl alcohol and 
aqueous solutions of hexachloroplatinic acid was 
performed for the formation of rose-like carbon 
globules containing nanoparticles with a size of 1-5 
nm was reported [14]. Graphite powders of 2 μm in 
average were irradiated with 1064 nm laser pulses 
while suspended in three kinds of solvents, diamine 
hydrate, diethanolamine, and PEG

200N during 2 h to 
produce carbon nanoparticles of 3.2 and 3.3 nm 
diameter with functionalized surface [19]. Using 
ethanol, acetone, or water as solvents, to suspend 
nano-carbon materials with sizes less than 50 nm, it 
was reported the successful synthesis of core-shell 
nanostructures when they were irradiated with a 
532 nm pulsed laser (8 ns pulse duration), fixing the 
repetition rate at 30 Hz. Here, structures where the 
outer layer was amorphous, and the inner part was 
onion- or polygon-like carbon with a hollow center 
were obtained [20].

In this paper, the PLFL of carbon black (CB) 
powders using ps laser pulses to produce CNDs 
with PL response is reported. The fragmentation 
of CB agglomerates suspended in acetone using 
a 1064 nm Nd:YAG pulsed laser was performed 
under 10, 20 and 30 min of fragmentation time. The 
PL response of the CNDs solutions was improved 
through a post-irradiation after the synthesis by 
10 min. Time-resolved spectroscopy allowed to 
identify the PL response is characterized by two-
lifetime components of 3 ns and 0.15 ns. The 
structural properties of the CNDs were evaluated by 
Transmission Electron Microscopy (TEM), showing 
CNDs with 8 nm of diameter on average, while 
Raman signals confirm the transformation of CB 
into CNDs structures when observing its intensity.

Materials and Methods
Materials and reagents

Carbon black agglomerates composed particles 
of around 80 nm diameter were purchased by Cabot 
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Co., CB-Vulcan XC-72. Acetone with 99.9999% pure 
was achieved by Sigma Aldrich. All materials were 
used as purchased.

Laser fragmentation
The laser fragmentation of the carbon black 

(CB) powders to produce CNDs was carried out 
with a picosecond (ps) pulsed laser (EKSPLA, 
Nd:YAG) operating at its fundamental emission of 
1064 nm, a repetition rate of 15 Hz and an output 
beam of 10 mm diameter. The laser source output 
energy was 30 mJ and 30 ps pulse duration, with 
an experimental setup as sketched in Figure 1. 
The sample was prepared with 0.0005 g of CB 
placed inside a container and then filled with 7 
ml of acetone. The laser beam was focused down 
(using a lens with 130 mm of focal distance) 15 mm 
above the container´s base (30 mm after it reaches 
the solvent surface), as can be seen in the inset 
actual picture of Figure 1, such that the laser pulses 
reaching the CB to induce fragmentation were 
those after the focal point. The reason to do not 
place the material to be fragmented in the focal 
point is to not induce damage on the base of the 
glass container, which could generate impurities 
from the glass [10,12]. The spot laser reaching 
the CB has an area of around 0.08 cm2; due to the 
energy of 30 mJ, it yields to a constant laser fluence 
of 350 mJ/cm2. The obtained solutions were kept 
at rest by one hour and then carefully taken to 
another container due to not all the material was 
fragmented, and it was deposited at the bottom 

of the container. The recovered solutions were 
subject to a post-irradiation process using the 
same laser irradiation conditions during 10 min. 
The post-irradiation was performed around 60 min 
after the synthesis when the solution was changed 
from container.

Optical properties characterization
The optical properties of the CNDs solutions 

were firstly investigated by photoluminescence 
spectroscopy in a spectrofluorometer (Fluromax-p). 
The photoluminescent response of the samples 
were monitored when these were changed from 
container and after the post-irradiation processes 
using 330 nm, 350, 370, 390, 410, and 430 nm 
excitation wavelengths. Time- resolved PL analysis 
was performed to obtain lifetimes and characterize 
the PL response. Those measurements were carried 
out with a tunable femtosecond Ti:Al2O3 oscillator 
(Spectra-Physics, Mai Tai, 100 fs, 80 MHz) that was 
frequency-doubled (tripled) with a BBO crystal via 
second-harmonic generation. The wavelength of 
the frequency-doubled beam was varied from 360 
to 430 nm, and 300 nm was achieved by frequency 
tripling. The pump fluence at the sample was kept 
constant at 6.4 J/cm-2 for all wavelengths. The 
beam was focused on a quartz cuvette containing 
the CNDs-based solutions and the emission was 
collected by fused silica optics. The emission was 
focused on an imaging spectrometer (Bruker, 
250is) equipped with a 150 g/mm grating. The 
dispersed signal was detected by a streak camera 

Figure 1: Experimental setup for the laser fragmentation process; the inset is an actual picture during the 
fragmentation.
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(Hamamatsu, C4334). Absorption spectroscopy 
was used to obtain the absorbance features using 
a double beam spectrometer (Cintra 1010 GBC) in 
the range 330 - 700 nm only for the samples after 
the post-irradiation of 10 minutes.

Structural characterization
The structural characterization of the produced 

CNDs was performed by Transmission Electron 
Microscopy (TEM) and Raman spectroscopy only 
for the sample under 20 min of F-time. Samples 
for TEM characterization were prepared on Cu 
grids coated with carbon, by evaporating 3 drops 
of the colloidal solution on the grid. The TEM and 
HRTEM measurements were both carried out using 
a JEOL 2010 transmission electron microscope, at 
an accelerating voltage of 200 kV. Both the carbon 
black and the CDs (only for the sample under 20 
min of F-Time) were characterized by micro-Raman 
spectroscopy. A micro-Raman (LabRama HR-800 
of Jobin-Yvon-Horiba) system equipped with a 
He-Ne (632.8 nm) laser and an optical microscope 
(Olympus, BX-41), with an objective lens of 50 mm 
was used to focus down the laser beam was used.

Results and Discussion
Photoluminescence response

The PL response analysis of the CNDs-based 
solutions, as was above mentioned, was recorded 
after these were taken to another container 
(around 60 min from its synthesis) and after the 
post-irradiation by 10 minutes. The behavior of 
the PL response was considerable modified and 
the intensity enhanced after the post-irradiation. 
The PL results prior to the post-irradiation are 
Figure 2a, Figure 2b and Figure 2c for 10, 20 and 
30 min of F-Time for each excitation wavelength; 
the intensity interval is fixed for each spectrum for 
comparison. The PL response of the CNDs solutions 
is characterized by broad spectrums with non-
symmetric shape, with an excitation wavelength-
dependent emission behavior, being 350 and 370 
nm the excitation wavelength maximizing the 
intensity emission for the CNDs (Figure 2a). The 
broad emission band in this kind of CNDs solutions is 
related to their polydispersity, which allows emitter 
centers with different quantum confinement as 
they have different sizes and surficial features 
[16,21]. For the larger excitations, 410 and 430 nm, 
the recorded PL spectrums were not well-defined 
with low intensity. For 20 and 30 min of F-time, as 

shows Figure 2b and Figure 2c, respectively, the PL 
intensity decrease around the middle with respect 
to 10 min sample. As the F-time increase the number 
of produced CNDs is also increased, yielding to 
higher concentrated solutions. It has been showed 
that low-concentrated carbon dots solutions have 
more efficient light emission due to the lack of 
absorption/scattering of emitted photons [3], 
which is the reason of the higher PL intensity for the 
lowest F-time. The slight increase in the intensity 
for the 30 min sample could be associated with a 
higher emitter centers concentration, which also 
competes with absorption/scattering processes.

It has been shown the constant irradiation of 
already formed nanostructures in solution, can 
yields to re-fragmentation process, yielding to their 
resizing or reshaping [5,7]. The PL response after 
the post-synthesis irradiation by 10 min for each 
sample is displayed in Figure 2d, Figure 2e and 
Figure 2f for 10, 20 and 30 min of F-times. It is easily 
observable the difference in the PL intensity and 
the shape of the spectrums under each excitation 
wavelength. For 10 and 30 min of F-time, the 
excitation maximizing the emission is 370 nm, while 
for 20 min are both, 350 and 370 nm. For the three 
CNDs-based solutions, the spectrums for each 
excitation wavelength turned to be well-defined 
compared to those prior to the post-irradiation. 
For 20 min of F-time, for example, the PL intensity 
increases over 180% and 130% for 350 and 370 nm 
excitation-wavelength.

The PL intensity for each solution was increased 
due to the post-irradiation and yielded to well-
shaped spectrums independently of the analyzed 
excitation-wavelength. For the optimum excitation 
wavelengths, 350 and 370 nm, the FWHM was 
reduced from 122 nm to 104 nm average, and from 
124 to 106 average, respectively, for the sample 
under 10 min of F-Time, with a blue-shifting, as 
shown in Table 1. After the post-irradiation, the 
recorded FWHM were reduced to 102 and 104 
nm for 20 min for 350 nm excitation-wavelength, 
while these were reduced 105 and 107 for 370 nm 
excitation-wavelength. It could be proposed that 
the post-irradiation allows to reach homogenized 
CNDs solutions for the three samples under 
analysis, with nearly-similar polydispersity but 
slight concentration of each emitter center with 
different sizes, which yields to similar FWHM 
but not the same PL intensity. It is convenient to 
appoint out the performed structural analysis is 
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not enough to support that asseveration but it is 
acceptable if consider same emitters will yield to 
same emission lines.

It has been reported that while emission from 
excitation below 300 nm is due to excitation of the 
carbogenic CNDs, the PL response with excitation 
above 320 nm originates from surface trap states 
and size-dependence, and it is gradually red-shifted 
with the increase of the excitation wavelength 
[22,23], which is the argument supporting the 
emission observed here. The formation of surface 
traps is related to the intrinsic process during the 
laser irradiation, which allows high temperature 
and ionize the surrounding media; therefore, the 

organic molecules possibly graft on the surface 
of the CNDs, resulting in visible light emission 
[16,24]. Those surface traps are also inducing 
passivation effect which helps to stabilize the 
surface charge of the CNDs to reach stable CNDs 
solutions [23], 9 months for the solutions reported 
here. The production of photoluminescent carbon 
nanostructures using CB and PLFL route has been 
reported after the irradiation by 2 h of CB suspended 
in ethanol, but using ms laser pulses at 1064 nm 
wavelength [16], or after 4 h of irradiation of CB in 
PEG solution using the same laser [17]. However, 
the specific effect of the post-synthesis irradiation 
has been not reported for CNDs solutions. The 
post-irradiation with 2 MeV protons at different 

Figure 2: (a, b and c) PL emission of the CNDs solution prior to the post-irradiation and (d), (e) and (f) after the 
post-irradiation by 10 min, for 10, 20 and 30 min of F-time, respectively.

Table 1: FWHM and peak position for the three F-times after the synthesis, and after the post- synthesis irradiation 
by 10 min.

Excitation 
wavelength

(nm)

10 min 20 min 30 min 10 min 20 min 30 min
FWHM

(nm)

Peak position (nm)

After the synth 350 nm 122 126 128 412 412 406
10 min of post- 104 102 104 402 402 403
After the synth 370 nm 124 126 124 438 434 440
10 min of post- 106 105 107 421 420 422
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other two samples, the spectra look similar and are 
not included. It can be seen the time decay of the 
sample when exciting with 360-430 nm wavelength 
are exciting the same states because the decay 
shape is virtually identical, although it is broader for 
300 nm, indicating the lack of a slow component. 
Lifetimes were calculated from a biexponential fit 
of the temporal response, spectrally integrated 
over the entire emission peak. Figure 3b contains 
the lifetimes for the three samples for the 
different excitation wavelengths. The two-lifetime 
components shown are nearly the same for all the 
excitations, which suggest the PL response is due 

fluencies, of colloidal core-shell CdSe/ZnS QDs 
embedded in polyvinyl alcohol (PVOH) induced 
a PL enhancement for a fluence of 1014 H+cm−2 
[25]. The effect on the optical properties of SnS2 
nanoparticles synthesized by liquid phase laser 
ablation has been also explored [26].

Time-resolved photoluminescence
The three CNDs solutions were analyzed then 

with time-resolved PL spectroscopy; results are 
presented in Figure 3. The typical normalized time-
resolved emission is shown in Figure 3a for the 
sample synthesized by 20 minutes of F-time; for the 

Figure 3: a) Time resolved spectroscopy determining the time delaying and b) The two components life times 
for the CNDs colloids.

Figure 4: Absorption spectrums of the three samples after the post-irradiation by 10 minutes. Insets are opti-
cal pictures under white and UV light.
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to similar radiative species or CNDs with similar 
sizes, as was above appointed. From Figure 3b, a 
lifetime of approximately 1.3 ns (1.3 × 10-9 s) for 
the slow component and roughly 0.15 ns (0.15 × 
10-9 s, 150 ps) for the fast component (excitation at 
300 nm exhibited no fast component). The origin 
of the PL response is still unclear until date; the 
presence of different surface states giving rise to 
different chromophoric groups is a well-accepted 
mechanism [27]. Though ultra-fast spectroscopy, it 
has been reported while the absorption of photons 
occurs in 10-15 s, the radiative emission appears 
10-9 s [28,29]. According to our time-resolved 
spectroscopy results, the fast component, 0.15 ns, 
could be described as a direct transition (singlet), 
while the slower component, 1.3 ns, could be a 
non-direct transition (triplet). The Hund´s Rule 
establish the triplet transition has lower energy 

than the singlet transition [27,29], which agrees 
with the recorded PL intensity in Figure 3a.

Absorption characterization
The absorption properties of the CNDs solutions, 

were evaluated for the samples only after the 
post-synthesis irradiation. Figure 4 shows the 
normalized absorption results for the produced 
CNDs-based solutions. From Figure 4, the solutions 
show large absorption for wavelengths below 450 
nm which is completely related to the presence 
of carbon material without peaks giving specific 
electronic transitions. The largest absorption was 
found for the sample synthesized with 30 min of 
F-time, which is due to the presence of a large 
number of CNDs. The top inset is an actual picture 
of the solutions from which the typical brown color 
for this kind of solutions can be observed when 

Figure 5: a) TEM pictures for the CB nanostructures. Inset-actual CB agglomerates used as raw material; b) 
TEM results for the produced CNDs, inset is an actual picture; c) HRTEM picture of a CND with 8 nm diameter 
with a lattice parameter of 3.39 Å. d) Histogram showing the 8 nm average diameter.
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illuminated with white light, while the bottom is 
when they are under a UV lamp emitting at 369 nm, 
from which a blue-green emission is captured. The 
green photoluminescence should arise from a state 
like a band edge state or trap surface states in the 
carbon dots and is mainly the typical emission color 
for CNDs solutions [3,21], although red-emissive 
carbon dots has been also reported [16].

Structural analysis
To verify the formation of CNDs during the 

fragmentation process, the corresponding TEM 
analysis was carried out and pictures were 
obtained. Figure 5 contains the results of the TEM 
analysis for the CB before the laser fragmentation 
and for the prepared CNDs under 20 min of 
fragmentation time and 10 min of post-irradiation; 
the extra samples were not structurally analysed. 
Figure 5a is a TEM picture of the carbon black 
used as raw material, from which, elliptical and 
spherical structures of sizes above 60 nm size can 
be appreciated (80 nm for technical specifications). 
The inset in Figure 5a is an actual picture of the 
spherical carbon black agglomerates before the 
fragmentation process, which has around 1 mm in 
diameter. TEM images revealed the production of 
near-spherical nanostructures with different sizes, 
as can be appreciated in Figure 5b.

HRTEM allowed showing the production of 
CNDs with an average diameter of 8 nm, as can be 
appreciated in Figure 5c and the histogram showed 

in Figure 5d, which was obtained by counting 
around 140 CNDs. In Figure 5c, the interlayer-
spacing of the carbon dots structure was identified 
as 3.43 Å. It is well accepted that the interlayer-
spacing of graphitic carbon decreases as the degree 
of crystallinity increases [30]. According to the card 
(PDF Number: 41-1487), the interlayer spacing of 
3.3756 Å corresponds to the (002) index [30,31], 
which is nearly what was found here. This distance 
indicates the material is merely a graphitic carbon, 
not crystalline graphite, by virtue of an interlayer 
spacing of 3.3553 Å is consider for crystalline 
graphite.

As is evident from Figure 5a and Figure 5c, carbon 
black spheres, composed of 60 nm nanostructures, 
were transformed to fewer CNDs with 8 nm of 
diameter on average. Koshizaki and coworkers 
reported the production of core-shell structures, 
with an amorphous layer and an inner part with 
onion or polygon-like carbon, after laser irradiation 
(ns, 532 nm) of 50 nm carbon nanoparticles [23]. 
Here, using ps laser pulses of 1064 nm and CB as raw 
material, CNDs were produced. The formation of 
the as obtained CNDs could be described as follows. 
In the first stage, the energy of the laser pulses is 
absorbed by the original CB spheres which induce 
its fragmentation into their nanoscale components, 
around 60 nm size in the used CB here. In a second 
stage, the components of the CB interact with 
consecutive laser pulses and are re-fragmented, 
induce a size reduction [18,32], leading to more 

Figure 6: Raman signal of the CB raw material and the produced CNDs.
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wavelength increases. The post-irradiation showed 
to be useful to improve the light emission. TEM 
measurements identified the presence of graphitic 
CNDs with an average diameter of 8 nm (60 nm 
for the CB used as raw material. It is convenient to 
appoint out the combination of PLFL method, CB 
and picosecond laser pulses has been not explored 
as using nano or microsecond pulses. Particularly 
microsecond pulses require over 4 hours of 
irradiation, while here, results showed the optical 
properties of CNDs solutions can be optimized with 
10 minutes of F-time and 10 minutes of a post- 
irradiation process. In general, CB is considering a 
waste material, however, their use as raw material 
for the production of CNDs is being successfully 
reported, which is important besides the fact the 
lack of experimental results related to this topic.
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