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A B S T R A C T

In this work we report the synthesis of photoluminescent carbon-coated copper nanoparticles (Cu@C-NPs)
based colloidal suspensions, using the laser ablation of solids in liquids technique (LASL). LASL experiments
were carried out by ablating a Cu solid target immersed in acetone as the liquid medium with ns-laser pulses
(1064 nm) of a Nd-YAG laser. In all experiments the per pulse laser fluence and the repetition rate frequency
were kept constant and the ablation time was varied. The as obtained Cu@C-NPs suspensions were optically
characterized with absorption and photoluminescence spectroscopies. Raman spectroscopy was used to give
evidence of the carbon shell deposited around the Cu NPs. TEM results showed that 10 nm spheroids Cu@C-
NPs were obtained. The as obtained Cu@C-NPs suspensions displayed out a PL emission band similar to that
for carbon nanoparticles suspensions obtained by the same technique. We have found that the blue-green PL
emission band intensity is mainly dependent on the ablation and aging time of the samples. The Cu@C-NPs-
based colloidal suspensions can be proposed as multifunctional due to its absorbance and emission properties.

1. Introduction

One of the key benefits of a material in the nanoscale is that its
properties considerably differs from the bulk material of the same
composition, feature which can be easily altered by varying its size,
shape or chemical environment, allowing the possibility to have
nanomaterials with well-defined properties for specific applications
[1–3]. Nanomaterials of almost any material can be produced i.e.,
metallic, semiconductors, ceramics and among; and their chemical,
physical and optical properties can generally be controlled by the route
of synthesis used [4,5], either during or after by a post-synthesis
treatment, a surface passivation, for example. In order to tune the
properties of nanomaterials, numerous chemical, physical and biolo-
gical routes of synthesis have been implemented during the past
decades [6–8]. An increasing route of synthesis for the production of
nanomaterials is the physical method termed laser ablation of solid
targets in liquid media (LASL). The increase of its use is mainly
because this technique of synthesis is considered as chemically clean
(green), simple, versatile and fast; and because through it, nanomater-
ials from almost whatever bulk material can be obtained [5,6,9,10]. It

is necessary to point it out that through the LASL route, different
experimental parameters as laser fluence, pulse duration, irradiation
time, and among, can be modified in order to have a reasonable control
of the nanoparticle size [5], however the grow mechanism of nano-
particles through this technique is very chaotic and the complete
information for the perfect control of nanoparticle sizes is still missing.
The main goal of the present work is to use LASL route to produce
copper-based photoluminiscent nanoparticles.

Copper based-metallic nanomaterials, termed copper nanoparticles
(Cu-NPs) have been attractive in different areas by virtue of their useful
properties such as the good thermal and electrical conductivity at a
much lower cost than silver or gold. Due to its plasmon surface
resonance, copper nanoparticles exhibit enhanced nonlinear optical
properties, which can result in many applications in optical devices and
nonlinear optical materials [11,12]. Due to its potential applications,
several routes of synthesis have been implemented for the production
of Cu-NPs [11–17]. Only to cite some of them, it can be referred the
chemical reduction of copper sulfate method [11], photochemical
synthesis [13], laser ablation in liquids [14–17], biological routes
[18], and among. It has also been reported the synthesis of small
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fluorescent atomic copper clusters via electrochemical synthesis [19].
The synthesis of copper/copper oxide nanoparticles through solution
plasma [20] or via Gram-negative bacterium [21] and the production of
electrically conducting copper iodide (CuI) nanoparticles synthesized at
room temperature via chemical routes have also been reported [22]. In
particular, the production of copper-based nanoparticles using the
above mentioned LASL technique requires times of synthesis as short
as 100 s [16], which is very short compared with the typical 2–3 h for
the chemical routes [12]. Inkjet-printed electronics [12], SERS techni-
que [14], as antibacterial activity agents [18], or optoelectronic
applications [22], are only some of the specifics applications of Cu-
NPs reported.

Beside of the close-pure Cu-NPs, it has interestingly been reported
the synthesis of copper nanoparticles covered with carbon, which have
mainly been designed in order to protect the Cu-NPs to the agglom-
eration phenomena, or to prevent the unwanted degradation phenom-
ena or oxidation, which impacts on its applications. With the aim to
have a better understanding and control of the carbon-shell covering
the copper-core, the production of carbon-coated copper nanoparticles
(Cu@C-NPs) have been possible performing different route of synth-
esis. To cite some examples, these are synthesized using flame spray
synthesis [23], solid-state reduction reactions [24], by detonation
decomposition of Cu ions [25], in ionic liquid under microwave heating
[26], using hydrothermal methods [27], laser ablation [28,29] and
among. Cu-NPs encapsulated in multi-shell carbon cages using Cu-
phthalocyanine as precursor material [30] or by multi-layer graphene
through metal-organic chemical vapor deposition method [31] or
reducing flame synthesis [32], have also been reported. The prevention
of the undesired degradation phenomena was also reached by incor-
porating linear carbon chains [33] containing sp hybridization either as
alternating triple and single bonds (polyynes). The benefits of the
carbon-shell on a copper-core on its applications have been exempli-
fied, indicating that the carbon shell prevents the oxidation, which
allows the possibility to use these as temperature or pressure sensors
completely exposed to air [23], being also suitable to replacing the
expensive noble metal nanoparticles utilized in the conductive inks
[30]. Another advantage is due to the carbonaceous shells, preventing
the oxidation and aggregation of metal copper, was proposed to be
useful to improve the catalytic performance of copper nanostructures
[27]. Multifunctional optical applications due to its absorbance and
fluorescence properties, like as biomedical, sensor and lubricant ones
have been proposed for Cu@C-NPs [28,29,34,35]. It is necessary to
point it out that agglomeration can be prevented by adding dispersant
or surfactant agents to the solution after its synthesis, however when
LASL technique is used, this effect can be reached after some minutes
[27,36].

Motivated on the potential applications of copper-core carbon-shell
(Cu@C-NPs) nanoparticles, the aims of this paper are focused to report
on the one hand, its synthesis using LASL technique, considered as a
simple and versatile route; on the other hand show its photolumines-
cent response and its correlation with the carbon-shell presence. To
obtain the Cu@C-NPs, the ablation of copper bulk immersed in acetone
was performed at different ablation times. The effect of the ablation
time and aging time on the optical properties of the as-well prepared
copper suspensions was analyzed, concluding that Cu@C-NPs are
formed and the carbon shell is the responsible for the photolumines-
cence.

2. Experimental

2.1. Synthesis of colloidal Cu@C-NPs in acetone

Colloidal Cu@C-NPs suspensions were obtained using the laser
ablation of solids in liquids technique (LASL). The ablation experi-
ments were carried out as is illustrated in Fig. 1A. A copper disk
(2.54 cm diameter×0.635 cm long, 99.999% pure, Kurt J. Lesker Co.)

was the solid target, which was immersed in 10 ml of pure acetone
(Sigma- Aldrich Co.), using a glass vessel of 20 ml. By focusing laser
pulses (30 mJ per pulse) on the surface of the copper disk by means of
a 135 mm focal length lens, the ablation was initiated; the copper disk
was manually moved to prevent ablation in the same place, which could
change the focus conditions. It is necessary to indicate that the laser
beam was not exactly focused on the copper surface; the spot beam
have 0.125 cm2 area (0.2 cm diameter), which is reduced to 0.005 cm2

area (0.04 cm diameter), giving a laser fluence, according to the power
per pulse, 5 J/cm2. A pulsed Nd:YAG laser (Minilite II, Continuum)
emitting at 1064 nm and operated at 15 Hz of repetition rate was used
in all experiments. Samples for irradiation times of 30, 60, 120, 180,
240 and 300 s (sec) were prepared. Even when through LASL
technique many experimental parameters can be tuned in order to
control the final properties of the prepared nanoparticles [5], the goal
of this study is to elucidate the effect of the irradiation time on the
produced copper nanoparticles when keeping constant the solvent,
repetition rate frequency, laser fluence and wavelength used for the
synthesis. Based on our experimental experience related with LASL
technique, flammable solvents as acetone could flame during its
interaction with the laser pulses, however it was found to occur when
the level of the solvent is slightly above to the target or when the laser
beam interacting with the target produces small drops; both possibi-
lities were not present in the LASL experiment reported here, ignition
of the acetone was not observed.

Fig. 1B and C shows optical images of the samples under white light
and UV (370 nm) illumination, respectively. For comparison purposes,
acetone was also included in the picture. In Fig. 1B one can observe a
brownish coloration in the liquid similar (samples obtained at 60 and
240 s of ablation time) to that observed in the carbon nanoparticles
suspension obtained by LALS from a carbon target immersed in
acetone under the same laser parameters previously reported by our
group [37]. In Fig. 1C blue photoluminescence is observed in samples
illuminated with a UV (370 nm) lamp (pictures were taken after 30
days of the synthesis). The photoluminescence observed in these
copper nanoparticles in acetone is similar to that observed in the
carbon nanoparticles suspensions in the same solvent reported by our
group [37,38].

2.2. Optical and structural characterization

The optical features of the as-obtained Cu@C-NPs and carbon
suspensions were investigated by using absorption and photolumines-
cence spectroscopies. Optical absorption spectra of the suspensions
were taken using a double beam spectrophotometer (Perkin-Elmer,
Lambda 650) from 320 to 900 nm. A quartz cuvette with an optical
path length of 10 mm was used for the optical characterization. The

Fig. 1. A-Experimental setup for the Cu@C-NPs synthesis and appearance of the Cu@C-
NPs suspensions under white (B) or UV (C) light illumination for different irradiation
times and pure acetone. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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photoluminescence (PL) spectra were taken using a spectrofluorometer
(Jobin-Yvon-Horiba, Fluoromax-p), exciting the samples at 369 nm.
The PL spectrum of the quartz cell filled with pure acetone was also
recorded for the sake of reference. The excitation and emission spectra
of all samples were then collected. All the experiments were performed
at environmental conditions (25 °C and 1 atm pressure). Raman
characterization of the Cu@C NPs was performed in a microRaman
(LabRama HR-800 of Jobin-Yvon-Horiba) system equipped with a red
(632.8 nm) He–Ne laser and an optical microscope (Olympus, BX-41).
An objective lens of 50X was used to focus down the laser beam, with
0.005 mW laser power on the sample. For Raman analysis, the Cu@C
nanoparticles sample was prepared at room temperature by dropping
2.5 ml (~50 drops) of the colloidal Cu nanoparticles suspension on a
glass slide. The structural characterization was carried out in a
transmission electron microscope (JEOL 2010) with an accelerating
voltage of 200 kV. TEM images acquisition was performed in samples
prepared by the evaporation at room temperature of a drop of the
colloidal Cu@C NPs suspension on the grid.

3. Results and discussion

3.1. SPR of Cu@C NPs in acetone

Fig. 2 shows the absorption spectra for the colloidal Cu@C-NPs
samples obtained at different ablation times and measured immedi-
ately after its synthesis (2-A), called 0 days, and 30 days (2-B) from
their preparation. The absorption band located at 584 nm corresponds
to the surface plasmon resonance (SPR) for copper nanoparticles. This
is in good agreement with the SPR absorption band position reported
between 574 and 581 nm [16,17] and 588 nm [14] for Cu-NPs
synthesized in acetone by using the LASL technique; differences are
attributed to the different experimental conditions. This absorption

band is observed for samples synthesized during 30 s of ablation time
and longer. It is clear to observe from 2-A and 2-B that the intensity of
the absorption band increases when increasing the ablation time,
which is related with the increment of nanoparticles concentration
obtained. Even when no quantitative measurements of the Cu-NPs
concentration were performed, this increase in the absorbance inten-
sity is an indicative that the copper nanoparticles concentration
increment in the colloidal suspension [31]. Hence, the copper nano-
particles concentration can be controlled by means of the ablation time.
It is important to point it out that the SPR absorption band position is
not significantly dependent on neither the copper nanoparticles con-
centration (ablation time [31]) nor the time after synthesis; blue or red-
shifts of around 3 nm were observed. The spectral position and the SPR
absorption band feature indicates that the Cu@C-NPs are spherical and
highly monodisperse [39]. The effect of the ablation time on the size
and shape of the Cu@C-NPs was not deeply investigated: however it
has been previously reported that the size of similar nanoparticles
decreases when increasing the laser fluence [16]. In this study, Z-
potential analysis to predict and control the stability of the colloidal
suspensions was not performed because it was easily observed with
naked eyes that in a period of 8 months the as obtained colloidal Cu@
C-NPs suspensions presented high stability in terms of precipitation.
The stability of copper nanoparticles obtained using the same route was
previously reported after 10 months from its synthesis in acetone,
being completely different when the synthesis is carried out in
deionized water [17].

Fig. 2C shows the absorption intensity measured at 369 nm and at
584 nm (SPR) as a function of the ablation time measured 0 days
(squares) and 30 days (triangles) after their synthesis. On the one
hand, it can be seen that for the absorption band at 369 nm
(wavelength was selected due to the posterior photoluminescence
analysis) not only the absorbance increases as a function of ablation

Fig. 2. Absorbance spectra of the Cu@C-NPs immediately (A) after its synthesis (0 days) and 30 days (B) from its synthesis. C - Maximum Absorbance recorded for 369 1 nm for each
irradiation time at the times for A, B figures.
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time, but also as a function of the aging time, samples aged for 30 days
are more absorbents than those aged during 0 days for the same time of
synthesis. The increase in the absorption intensity is mainly observed
in the UV-blue interval from 330 to 450 nm, this contribution is mostly
attributed to the presence of carbon in the Cu@C-NPs. In a previous
work, we reported the absorption spectra for carbon nanoparticles in
acetone, showing that the absorbance at 369 nm increases as the
carbon nanoparticles concentration increases [37], which is in com-
pletely agree with the observation reported here. On the other hand, in
Fig. 2C the absorbance of the SPR band as a function of the ablation
and aging time is also presented: while for the aging time the increase
is of 28% (3.4 times lower than that with ablation time), the increase of
its intensity due to the ablation time is of 96%.

The inset in Fig. 2B is the normalized absorbance of the SPR band
located at 584 nm, 0 and 30 days after its synthesis (aging time); from
the inset, it can be seen that its peak position is not changing; however
the SPR band for the sample aged 0 days is more intense (0.023) and
less broader than that aged for 30 days. This effect can be associated
with the original purity of the copper nanoparticles, which turn to be
inhomogeneous due to the interaction with the solvent and products
from the ablation, beside of the presence of carbon on the copper
nanoparticles, which modify the absorbance of the colloidal suspen-
sion. While for Cu-NPs synthesized in acetone and aged 10 h a peak
shift of 11 nm of the SPR band including a decrease in the intensity was
reported [17], for Cu-NPs synthesized in ethanol and aged 7 days, a
minuscule peak shift of the SPR band was observed with a slightly
decrease of its intensity [31]. In our present report a peak shift was not
observed, however with the aging time the intensity increases 28% as it
was above described. The decrease in the intensity in those reports was
attributed to the precipitation of the Cu-NPs in both solvents, while the
no significant shift was related to the encapsulation of the metal core by
a carbon shell, as is supported here. The apparent contradictions
observed between the decrease in the intensity with the aging time
reported in Ref. [17] and the increase reported here, can be attributed
to the differences in the ablation time, 5 min here and 30 min in in Ref.
[32] (laser fluence and repetition rate frequency were similar), which
increases the amount of copper nanoparticles in the last, allowing the
possibility of agglomeration and precipitation; behavior not showed up
by the as prepared Cu@C-NPs reported here. It is necessary to clarify
that for copper–carbon core–shell NPs synthesized by chemical vapor
deposition, it was found that the carbon shells capping the copper core
[28,29], had a significant effect on the surface-plasmon resonance band
and the fluorescence emission, however at least the first behavior was
not observed here.

3.2. Characterization of the PL of Cu@C-NPs and C-NPs

With the aim to elucidate the PL response of the samples, we study
the emission features of the carbon nanoparticles (C-NPs) based
colloidal suspensions and the colloidal Cu@C-NPs suspensions, both
in acetone and synthesized under 120 s of ablation time. We propose
that during the ablation process of metallic copper in acetone, the laser

beam interacts with the acetone molecules ( ) inducing its

breakdown, in such case the ionized carbon species are deposited on
the Cu-NPs surface forming a core shell structure Cu@C-NPs. This was
probed by focusing the laser beam on pure acetone and then irradiating
it during 120 s, finding that the irradiated acetone displays a very weak
emission; the recorded intensity was ~3% (not showed) of the total
intensity measured in the colloidal Cu@C-NPs suspensions to obtained
during 120 s of ablation. The thermal decomposition of solvents during
a LASL experiment has been already reported in [31,40]. The forma-
tion of carbon shells on nanoparticles synthesized through LASL was
recently explained in terms of the thermal decomposition of the organic
liquid (toluene or chloroform) in contact with hot inorganic nanopar-
ticles ejected from the bulk target (LiNbO3, Au or Si) [40]. Presumably,
this is the mechanism of formation of the carbon shell observed in the
Cu@C-NPs reported here, by virtue of the carbon contained in acetone,
which is also mentioned in references [30,31], using solvents as
acetone and methanol, respectively. In Fig. 3, the PL spectra of
colloidal C-NPs (triangles) and Cu@C-NPs (circles) suspensions ob-
tained under the same experimental conditions are showed. Both PL
spectra are very similar, indicating that the carbon shell is, as we
assumed yet, the responsible for the photoluminescence observed in
the Cu@C-NPs suspensions. It is worth mentioning that colloidal Cu-
NPs synthesized in water (not showed here) do not showed photo-
luminescence. As was above described, the carbon shell stabilizes the
colloidal Cu@C-NPs in acetone, as the liquid medium when synthe-
sized by the LASL technique, obtaining a photoluminescence colloidal
suspension of Cu@C-NPs.

3.3. Effect of the aging time on the PL intensity

Fig. 4 shows the PL spectra (exciting at 369 nm) of the colloidal
Cu@C-NPs suspensions obtained at different ablation times. Fig. 4A
and B correspond to the measured spectra 0 days and 30 days after its
synthesis, respectively. The PL spectrum of acetone (pink line) was also
measured and included in Fig. 4A and B for comparison. While the
colloidal Cu@C-NPs suspensions, 0 days from the synthesis, show a PL
band centered at 433 nm, acetone does not show a significant PL
signal. The PL intensity of the colloidal Cu@C-NPs suspensions slightly
increases when increasing the ablation time (Fig. 4C).

For the sample aged for 30 days, interesting changes are observed.
Fig. 4B show how the original non-well shaped PL emission bands
(Fig. 4A) acquire a close-Gaussian shape. The broad emission band
ranging from 380 nm to 540 nm is centered at 433 nm and several
peaks can be appreciated for all the spectrums without any tendency in
the PL intensity as a function of the irradiation time. In a previous
report, this behavior in the PL emission of Cu nanoparticles was
observed for samples obtained with different laser fluences in the same
solvent [16]. However, in that case the band was centered between 424
and 430 nm, with several peaks around it, when exciting with 230 nm,
indicating that the origin of the PL emission have different nature in
both cases. In the present report the PL response is mainly related with
the carbon presence, while in Ref. [16] the PL emissions were
attributed to interband transitions occurred in a few nanometers
nanoparticles, mostly supported by the size of the nanoparticles, 1–
5 nm. When water was used as liquid media (in which no carbon is
present), a broad band centered at 397 nm with at least two peaks
around it was recorded in samples excited with 355 nm; in that case,
the oxidation was presumed to be responsible of the observed

Fig. 3. Normalized PL emission of the Cu@C-NPs (black circles) and the C-NPs (red
triangles), both in acetone and under 120 s of ablation time. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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fluorescence. These reports allow pointing out that the multiple peaks
forming the PL band reported here can come from different emission
traps presents in the Cu@C-NPs.

The maximum value of the PL intensity measured at 433 nm is
plotted as a function of the colloidal Cu@C-NPs concentration and
shown Fig. 4C for those samples aged during 0 days (red squares) and
30 days (blue triangles). An important increment in the intensity of the
emission band is obtained in the sample aged for 30 days. The PL
reaches its maximum intensity in the sample synthesized at 120 s of
ablation time, representing an increment of 500% with respect to that
sample synthesized under same conditions but aged for 0 days. In ref.
[16] above discussed, the effect of the laser fluence was analyzed for Cu
nanoparticles produced by LASL in the same solvent, the main peak
reaches its maximum value at 1.5 J/cm2, being less for 1, 2, 2.5 and
3 J/cm2, which is a similar behavior observed here. The presumable
explanation is that when increasing the irradiation time or laser
fluence, the amount of the produced Cu-NPs or Cu@C-NPs is also
increased, in such case the emitted photons due to the excitations are
absorbed by the large amount of nanoparticles, which can also occurs

with the incident photons, reducing the emission efficiency. In that
sense as reported in Ref. [16], 1.5 J/cm2 optimize the light emission,
here it corresponds to 120 s of ablation time. The decrease in the PL
intensity of carbon dots obtained by LALS when increasing the ablation
time was recently reported by the authors of the present work [38],
making feasible the previous supposition. Even when measurements of
the carbon shell thickness were no performed in this study, we believe
that the previous behavior may be related with a critical thickness of
the carbon shell that optimizes the PL emission intensity. Under this
argument, if the thickness of the carbon shell is greater than the critical
thickness, the PL emission will decrease due to the carbon defects that
can be also act as traps for the emitted photons. In order to clarify the
dependence of the PL intensity on the thickness of the carbon shell,
more studies are required.

3.4. Raman and TEM results

The sample synthesized at 300 s of ablation time was analyzed. The
presence of a non-uniform carbon shell on the surface of Cu-NPs to

Fig. 4. PL spectra of the Cu@C-NPs suspensions 0 days (A) and 30 days (B) from its synthesis. D - Maximum PL recorded for 433 nm for each irradiation time at the times for A, B and
C figures. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 5. A - Raman spectrum of the as prepared Cu@C-NPs in which the typical D and G peaks of carbon were identified. B - Typical shape of the Cu@C-NPs in which copper and carbon
are identified.
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form Cu@C-NPs was corroborated by TEM and Raman spectroscopy as
shown in Fig. 5. Both, TEM and Raman analysis were done with the
sample obtained under 300 s of ablation time and 30 days aged after its
synthesis. The Raman spectrum in Fig. 5A shows the D and G bands,
which, after a fitting of the raw data were identified at 1355 cm-1 and
1572 cm-1, respectively, that are assigned to carbon vibration in the
carbon shell of the Cu@C-NPs. The preparation of Cu@C-NPs either
using chemical routes [23–27] or LASL technique [30,31] has been
already reported. Fig. 5B shows TEM images of some Cu@C-NPs,
displaying the typical shape and size of the as obtained Cu@C-NPs,
showing spheroidal nanoparticles of around 10 nm sizes. Interplanar
lines corresponding to a core of copper (Cu) are present and the carbon
(C) shell is clear around the copper core. The TEM image is similar to
that reported in references [30] or [33], however is clear that more
detailed analysis needs to be performed to insight the entire features of
the carbon shell (HRTEM or XPS, for example). As was above
mentioned hybrid inorganic core–carbon shell nanoparticles based
on LiNbO3, Au or Si as core and carbon as shell were have also reported
in hydrocarbon liquids such as toluene and chloroform [40], in such
case, beside of the reports in references [30,31], it is clear the observed
carbon shell on the nanoparticles reported here. It is necessary to
indicate that for a better understanding of the carbon shell nature, a
more detailed analysis of the carbon shell for each ablation time needs
to be done.

4. Conclusions

We reported the use of LASL technique for the facile and fast
synthesis of photoluminiscent Cu@C-NPs, proposing that the observed
PL emission has its origin in the carbon coating formed during the
ablation process in which the carbon species are produced during the
thermal decomposition of the liquid acetone in contact with hot copper
nanoparticles ejected from the bulk target, are deposited on the Cu-NPs
surface forming a copper-core carbon shell structure, called Cu@C-
NPs. The PL intensity of the colloidal Cu@C-NPs in acetone was found
to be dependent on the ablation time and the aging time after the
synthesis. An increment over 500% of the PL intensity was measured in
samples synthesized at 120 s of ablation time and aged for 30 days after
their synthesis. Absorbance yielded to identify the plasmon resonance
typifying the cooper nanostructures, while the presence of carbon was
confirmed by microRaman. A more detailed work to determine the
carbon nature is required. Even so, we believe that the reported results
help to increase the understanding of the formation in one step of Cu@
C-based core@shell nanoparticles, and how the presence of the carbon
shell impacts on its optical properties; the as prepared nanoparticles
could have important application in catalysis and light emission
sources.
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