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Abstract. A simple and flexible method is presented for fabricating the Au or Ag nanoparticles
(NPs) coated with an ultrathin layer of carbon via laser ablation of metal targets in carbon-contained
solutions. After the ablation, Au and Ag NPs (about 20nm in mean size) are wrapped with an
ultrathin layer of graphite-like carbon. Typically, ablation of Au or Ag metal target in toluene
contained solution can form carbon shell-wrapped Au or Ag NPs with the homogeneous shell’s
thickness. Further experiments have revealed that the carbon shell’s thickness depends mainly on the
carbon content in solutions and can be tuned from 2 nm down to 0.5nm, while laser ablation power
and duration only insignificantly influence the thickness. The formation of the wrapped NPs is well
described by the metal NPs’ generation and then carbon-deposition during the ablation. This work
provides a flexible route for wrapping the metal NPs with the ultrathin shell-layer.

Keywords: Ultrathin carbon layer-wrapped metal nanoparticles, one step synthesis route, laser
ablation in carbon-contained solutions.

1 Introduction

The noble metal nanoparticles (NPs) have been attracting much attention due to their unique properties,
and have many applications, in catalysis [1], optical-electronic devices [2], optical sensors [3] and
medicine [4] and so on. For some practical applications, surface-coating or wrapping is necessary to
isolate the metal NPs from environment. For example, noble metal NPs can be used for the excellent
substrates of surface-enhanced Raman scattering (SERS) sensors due to their surface plasmon resonance,
which has been extensively reported [5-8]. For some target test molecules, the films[9, 10] or arrays [11-
14] consisting of the noble metal NPs can be used, without any surface coating, as SERS substrates for
detecting them. However, for the gas molecules which cannot be adsorbed on the metal NPs, or even if
these molecules can be adsorbed on the metal NPs, catalysis or charge transfer between them during
laser excitation would occur, it is invalid to directly use the noble metal NPs as SERS substrates.
Obviously, if these metal NPs are coated or wrapped with a thin layer of material which can not only
isolate the NPs from the test molecules but also adsorb or capture them, the above issue could be solved.
Importantly, this wrapping shell should be thin (~ 1 nm or less) and uniform enough in thickness for the
SERS-based detection [15]. Otherwise, over-thick shell would induce weak or even no SERS effect
because the enhancement effect of local electromagnetic field is mainly confined within the nanoscaled
space above the noble metal NPs.16 There have been many methods developed for coating the NPs,
such as sol-gel coating [16], solution dipping [17, 18], vapor deposition [19-21], etc. However, using these
methods, it is difficult to obtain the ultrathin (or nanoscaled thin) and homogeneous coating layer. The
controllable fabrication of the uniform and ultra-thin wrapping layer on the noble metal NPs is still
expected and in challenge.

In this study, we present a simple and flexible route for fabricating the ultrathin carbon-wrapped
noble metal (Au and Ag) NPs just via laser ablation of Au or Ag targets in the carbon-contained
solutions. Carbon is used as wrapping material due to its relatively high chemical and thermal stability
[22-24]. Tt can protect the metal NPs from oxidation and agglomeration, but could adsorb many target
molecules and possess good biocompatibility and non-catalysis. The uniform and ultrathin carbon layer-
wrapped Au or Ag NPs have been obtained via laser-ablating metal targets in carbon-contained
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solutions, Typically, for ablation in toluene-contained ethanol solution, the carbon wrapping is
controllable in thickness from 2 nm down to ~ 0.5nm, depending on the toluene content in the solution.
It has been found that the wrapping-layer’ thickness can be tuned mainly by carbon content in solutions.
This work presents an effective route to the ultrathin shell-wrapped metal NPs.

2  Experiments

A gold (or silver) metal plate or target (1.5 cm x1 cm in size and 99.99% in purity) was fixed on a
bracket immersed in a quartz glass cup with 10 mL of toluene-contained ethanol solution (the ratio of
toluene to ethanol was 1:9 in volume). The cup was put on a table. The solution in the cup was stirred
continuously, and the metal plate immersed in the solution was ablated by a Nd:YAG pulse laser (10 ns
in pulse width, 1064 nm in wavelength and 10 Hz in frequency) with 60 mJ/pulse in power and 2 mm in
spot size on the metal plate, as schematically in Figure S1. After ablation for 30 min, colloidal solution
was obtained in the cup. In addition, the Au or Ag plate in water was also ablated for comparison. The
optical absorption spectral measurements were conducted for the ablated solutions on a Cary-5E UV-
vis-NIR spectrophotometer. The morphology and microstructure for the metal NPs in the ablated
solutions were examined on a field emission scanning electron microscope (FESEM, FEI Sirion 200) and
transmission electron microscope (TEM, JEM-200CX). The Raman spectra were measured on a Raman
spectrometer (Renishaw in Via Reflex) using a laser beam with 1 mW in power, 532 nm in wavelength,
and 5 pm in spot size.

3 Results and Discussion

After laser-ablating a Au target in water or the toluene-contained ethanol solution, Au colloidal solution
was obtained. The optical absorbance spectra are shown in Figure 1. For ablation in water, an optical
absorbance peak was observed at 520nm, which correspond to the surface plasmon resonance (SPR) of
Au NPs [25-28] and indicate formation of Au NPs in water after ablation. In contrary, ablation in the
toluene-contained ethanol solution only results in a much weaker but broader SPR peak at about 555
nm, as illustrated in Fig.1A. Also, if using Ag target, the ablation in water induces a strong SPR, of Ag
NPs at 400 nm, while the only a broad absorption band with much lower intensity at 420 nm was
observed after ablation in the toluene-contained ethanol solution , as shown in Fig.1B. The ablation in
the toluene-contained solution results in the significant decrease of SPR in intensity and red-shift in
position.
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Figure 1. The absorbance spectra of the colloidal solutions obtained after laser ablation of Au (A) and Ag (B)
targets in (I) water and (II) the toluene-contained ethanol solution.
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3.1 Morphology and Structure

Correspondingly, TEM examination has revealed that the Au NPs were formed with size smaller than
20 nm after ablating Au target in water (see Fig. S2). Contrarily, after ablation in the toluene-contained
solution, the ultra-thin coating-wrapped Au NPs with the mean size of 20 nm were obtained, showing
core-shell structure, as illustrated in Fig.2A, B. The high resolution TEM has confirmed that the core
parts in the wrapped NPs are Au crystal (not shown here). The coating is about 2 nm in thickness with
layered structure of 0.37 nm in spacing (Fig.2C). Such spacing is close to that of (001) plane in bulk
graphite (0.34nm). If ablating Ag target in the toluene-contained solution, we could correspondingly
obtain the wrapped Ag NPs with 15 nm in mean size and about 2 nm in shell thickness. The
morphology is similar to that shown in Fig.2, as illustrated in Fig.3.

Figure 2. The TEM observations of the particles obtained after laser-ablating Au target in the toluene-contained
solution. (A): TEM image with low magnification. (B): The TEM image of a single particle, showing core-shell
structure. The scale bar is 5 nm. (C): The high resolution TEM image of the shell layer.

Figure 3. The TEM observations of the particles obtained after laser-ablating Ag target in the toluene-contained
solution. (A) and (B): TEM images with low and high magnifications respectively. The shell thickness is about 2
nm.
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Further, Raman spectral measurement was carried out for the structural information of the wrapping
layer on the metal NPs. The wrapped Au NPs’ film was prepared on an ITO glass via electrophoretic
deposition (Fig.S3), as previously reported [29-31], before Raman measurement. Fig.4 shows the
corresponding result. The broad peaks around 1570 cm™ and 1350 cm™ are assigned to G and D bands of
graphitic carbon, respectively [32-34]. The Raman spectrum is also similar for the wrapped Ag NPs.
Obviously, it is such carbon coating that the SPR of the Au or Ag NPs is significantly suppressed.
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Figure 4. Raman spectrum of the wrapped Au NPs.

Finally, the Au NPs are controllable in size by the laser ablation power. In our experimental
conditions, the mean size of NPs decreases from > 20 nm to about 10 nm with increasing laser power
from 40 to 100 mJ/pulse, as illustrated in Fig. S4. But, the wrapping-layer is nearly unchanged in
thickness (~2 nm) with the laser power.

3.2 Influence of the Solution Composition

It has been revealed that the NPs” amount in the solution increases with the ablation time, as expected,
but the carbon wrapping layer is nearly unchanged in thickness when the ablation was longer than 2min,
and remains to be about 2 nm, as shown in Fig.2. However, the coating’s thickness is mainly determined
by content of the carbon component in the solution. The high carbon content in solution would induce
the thick carbon coating, or vice versa.

Figure 5. The TEM images of the products obtained after laser-ablating (A) Au and (B) Ag targets in the pure
ethanol solution without toluene, showing formation of the ultrathin carbon shells.

JAN Copyright © 2019 Isaac Scientific Publishing



Journal of Advances in Nanomaterials, Vol. 4, No. 3, September 2019 43

If laser-ablating the Au or Ag target in the pure ethanol solution without toluene, we could also
obtain the wrapped Au or Ag NPs, but the wrapping layer was much thinner and only ~0.5 nm in
thickness, as shown in Fig.5. The Raman spectral measurements have confirmed that the wrapping layer
is carbon. The spectrum is similar to that shown in Fig.4. The carbon wrapping layer on Au or Ag NPs
increases in thickness with increasing toluene content in the ethanol solution.

In addition to the ethanol or toluene-contained ethanol solution, the other carbon-contained solutions,
such as methanol, are also suitable for fabricating the noble metal NPs coated with the ultrathin carbon
layer via laser ablation. It means that the thickness could be well controlled by the carbon content in
solution.

3.3 Formation of the Carbon-Wrapped Metal NPs

The formation of the metal NPs wrapped with carbon shell is easily understood. Briefly, when a pulse
laser beam was irradiated on a metal (Au or Ag) target in carbon-contained solution, the metal plasma
plume with high temperature and high-pressure would be generated instantly on the interface between
the metal and solution [35-37]. Such metal plasma plume would adiabatically expand ultrasonically,
resulting in cooling of the metal plasma and formation of metal NPs. Meanwhile, C-C and C-O bonds in
toluene and ethanol molecules, on the interface between the carbon-contained solution and the metal
plasma plume, would be broken to produce carbon atoms due to the laser-induced extreme local
environment. The produced carbon atoms could be deposited on the pre-formed Ag or Au NPs to
generate graphite-like wrapping shell.

On this basis, the thickness of the wrapping layer depends on the capability of the solution to produce
carbon atoms. So, the carbon-abundant solutions, such as toluene-contained ethanol solutions can induce
the thicker carbon wrapping layer than the pure ethanol solution. Only the laser ablation in the
solutions with low carbon content can produce the ultrathin carbon layer-coated NPs.

As mentioned above, the wrapping shell’s thickness is nearly independent of the laser ablation power
and duration. This originates from the balance between the laser ablation-induced C atoms and metal
NPs in number. It means that the higher laser power or the longer ablation would not only generate the
more carbon atoms in the solutions but also produce the more Ag or Au NPs. In our experimental
conditions, both are nearly balanced, leading to the ablation parameter-independent thickness of the
carbon shell.

4  Conclusion

In summary, an effective route has been used for fabricating the ultrathin carbon layer-wrapped Au or
Ag NPs via pulse laser ablation in carbon-contained solutions. The pulse laser irradiation on a metal
target in the solution would not only instantly form the metal plasma, which induces formation of metal
NPs, but also generate carbon atoms by breaking C-C and C-O bonds in solution, that results in carbon
deposition and hence graphite-like carbon layer wrapping on the metal NPs. The wrapping layer could
be controlled and tuned in the thickness just by carbon content in solutions. Typically, for ablation in
toluene-contained ethanol solution, we can obtain the carbon-wrapped Ag or Au NPs with the thickness
from about 2 nm down to ~ 0.5 nm depending on the toluene content in the solution. This study could
be also suitable for the ultrathin shell layer-wrapped metal NPs of the other materials.
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Figure S1. Schematic illustration of pulse laser ablation of a solid target in solution.
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Figure S2. TEM image of products induced by ablation of Au target in the water. The inset is the selected area
electronic diffraction of the particles, showing formation of Au NPs with the size below 20nm.
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Figure S3. FESEM image for the carbon-wrapped Au NPs’ film on ITO glass induced by electrophoretic
deposition.

Figure S4. The TEM images of the products obtained after laser ablation of Au target in the toluene-contained
ethanol solution using different laser powers. (A): 40 mJ/plulse. (B):100 mJ/plulse.
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