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Nanomaterials, defined as materials with typical dimensions of less than 100 nm in
at least one dimension, exhibit very special physicochemical properties that are highly
dependent on their size and shape. These new properties, different from those of the
corresponding bulk material, are behind the revolution in both nanomaterial fabrication
techniques and the application of nanomaterials in many areas of science and technol-
ogy. The possibility of tailoring the properties of materials by manipulating them at the
nanoscale to obtain materials with highly specific surface area and improved mechanical,
optical, magnetic, etc., properties has opened up and promoted new and promising lines of
research. Assembling nanostructures by different methods, called nanofabrication, has led
to enormous growth in the majority of industrial sectors.

There are many techniques and methods for producing nanostructures. These can be
broadly classified into: “top down” methods, in which the starting material is reduced to
the desired sizes following physical or chemical methods (such as electron or ion beam,
milling, laser ablation, and reactive ion etching), and “bottom-up” methods, in which
nanofabrication is carried out by assembling individual atoms or molecules to obtain the
final nanostructure; this strategy includes chemical and physical vapor deposition (CVD
and PVD), epitaxial growth, self-assembly, etc. [1,2].

Among the wide range of nanofabrication techniques, laser ablation is a nanomaterial
synthesis technique with outstanding advantages, such as high production efficiency, low
cost, good stability, and reliable processing quality, in addition to being environmentally
friendly. This technique has been used to fabricate a wide range of nanomaterials and
nanostructures with improved chemical, optical, magnetic, and electronic properties. Laser
ablation technique has been used in a variety of experimental setups and configurations
to synthesize different nanomaterials in a wide range of atmospheres and conditions.
Laser-based techniques, such as laser ablation, laser vaporization, pulsed laser deposition
(PLD), laser–chemical vapor deposition (LCVD), etc., are being used to fabricate nanoscale
materials with a controlled size, shape, and specific properties [3]. Another laser-based
nanomaterial processing technique with major impact in nanotechnology is laser synthesis
and processing of colloids (LSPC), a scalable and versatile technique for the synthesis of
ligand-free nanomaterials in controlled liquid environments. With this method, nanoparti-
cles with high surface purity can be synthesized and alloys or series of doped nanomaterials
can also be obtained. This technique can be classified into three approaches: laser ablation
in liquids (LAL), where the laser beam is kept scanning a bulk target in liquid to produce
colloidal nanoparticles.; laser fragmentation in liquids (LFL), in which microparticle sus-
pensions or colloidal nanoparticles are irradiated with lasers to be fractured; and laser
melting in liquids (LML), in which the laser beam is used to melt primary nanoparticles
into bigger ones [4]. In this context, the present Special Issue has been organized to include
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works focused on obtaining nanostructured materials by laser-based synthesis methods.
Combined properties of different starting materials can be also obtained by laser synthesis,
as is reported by Alexey Rybaltovsky et al. [5]. Two approaches are used to synthesize
bimetallic Au/Ag nanoparticles, using a laser to ablate targets of gold and silver in a
medium of supercritical carbon dioxide. In the first configuration, Ag and Au targets are
placed side-by-side, vertically, on the side wall of a high-pressure reactor, and the ablation
of the target plates occurs alternately with a stationary “wide” horizontal beam with a
laser pulse repetition rate of 50 Hz. With this configuration, Ag/Au alloy nanoparticles
are obtained. Meanwhile, “core–shell” bimetallic Au/Ag nanoparticles with a gold core
and a silver shell are synthesized by placing the targets horizontally at the bottom of a
reactor, and the ablation of their parts is carried out by scanning from above with a vertical
“narrow” laser beam with a pulse repetition rate of 60 kHz.

Roman Romanov et al. [6] conducted an investigation to produce MoSx~4/WSe2/
C(B)/Al2O3 photocathodes using PLD, which can be employed for effective solar water
splitting to produce hydrogen. The fabricated photocathode presents the following char-
acteristics as regards hydrogen evolution reaction in 0.5 M H2SO4 acid solution during
light irradiation with an intensity of 100 mW/cm2: the current density at 0 V (RHE) is
~3 mA/cm2; the onset potential reaches 400 mV (RHE).

The synthesis of air-stable Cu nanoparticles by irradiating solutions of copper acety-
lacetone in a mixture of methanol and isopropyl alcohol by femtosecond laser is reported
by Ashish Nag et al. [7] following the method of bottom-up laser reduction in liquid. The
obtained Cu NPs exhibit remarkable stability over 7 days on the basis of the lack of signifi-
cant changes observed in the UV-vis absorbance and XRD features, and their photocatalytic
performance was maintained.

Izumi Takayama et al. [8] reported the fabrication of hollow channels surrounded by
gold nanoparticles in poly(ethylene glycol) diacrylate (PEGDA). The hollow channels and
gold nanoparticles were formed in a single step of irradiating a femtosecond laser pulse in
PEGDA hydrogels which contained gold ions. Taking into account that hydrogels and gold
nanoparticles present high biocompatibility, this research could open the door to many
applications in tissue engineering, microfluidics, and drug delivery.

The structure and chemical states of thin-film coatings obtained by pulsed laser co-
deposition of Mo and C in a reactive gas (H2S) are investigated [9]. The performance
of these coatings was analyzed for their prospective use as solid lubricating coatings for
friction units operating in extreme conditions, showing that the nanophase composition
in Mo–S–C–H_5.5 coatings has good antifriction properties and increased wear resistance,
even at −100 ◦C.

An approach for producing porous plasmonic nanostructures using direct ns-laser
ablation followed by Ar-ion beam etching is reported in Ref. [10]. The nanopores were
found to form through the explosive evaporation/boiling of the nitrogen-rich metal film
areas irradiated by an ns laser pulse. This scalable method for producing 3D plasmonic
nanosponges represents a promising technique to control and improve their performances
for various nonlinear optical and sensing applications.

Iron oxide nanoparticles are synthesized by laser ablation in water by María J. Rivera-
Chaverra et al. [11]. Their characteristics, as a function of the laser energy and for the
possible application in magnetic hyperthermia, were evaluated. It was shown that the
temperature rise in iron oxide nanoparticles was not greatly influenced by the energy
change in magnetic hyperthermia measurements. Experiments show that, for hyperthermia
applications, low values of laser energy give better results, as these produce higher specific
absorption rate (SAR) values.

Li-Hsiou Chen et al. [12] reported the synthesis of Graphene (Gr)/gold (Au) and
graphene-oxide (GO)/Au nanocomposites (NCPs) by pulsed-laser-induced photolysis
(PLIP) on hydrogen peroxide and chloroauric acid (HAuCl4) that coexisted with Gr or GO
in an aqueous solution. Both kinds of nanoparticles exhibited photocatalytic degradation
of methylene blue under solar light illumination with removal efficiencies over 92% and
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showed good stability and a large potential in the practical treatment of dye-contaminated
wastewater through an ecofriendly fabrication process.

Kristin Charipar et al. [13] used pulsed laser fragmentation in liquid as a ligand-free
alternative to traditional nanoparticle synthesis techniques for the fabrication of ZnO
nanoparticles. They also demonstrated the possibility of producing hybrid ZnO nanopar-
ticle/graphene phototransistors, exhibiting a responsivity of up to 4 × 104 AW−1 with a
maximum gain of 1.3 × 105 and superior spectral selectivity below 400 nm, which make
them ideal for solar-blind UV photodetectors.

The carbonaceous flake-like structures self-assemble during a laser-induced growth
process is studied in Ref. [14], with particular emphasis to the dependence of the optical
and geometrical properties of these hybrid carbon–metal flakes on the fabrication param-
eters. This study shows that the geometrical parameters of orthorhombic metal–carbon
hybrid flakes can be tailored during the fabrication process by controlling various fabri-
cation parameters, such as irradiation time and the application of an external field along
the substrate.

Yanwei Huang et al. [15] reported the synthesis of Zn-doped calcium copper titanate
(CCTO) by rapid laser sintering of sol–gel-derived precursors without the conventional
long-time heat treatment. The used technique overcomes the shortcomings of long-time
thermal energy supply by a furnace and presents references to synthesize the ceramic
materials through a combination of soft-chemical methods.

Mónica Fernández-Arias et al. [16] reported the synthesis of Cu and Cu oxide nanopar-
ticles by laser ablation in open air and in argon atmosphere using 532 and 1064 nm radiation
generated by nanosecond and picosecond Nd:YVO4 lasers, respectively, to be directly de-
posited onto Ti substrates. The coatings were tested as an antibacterial agent, showing
strong antibacterial activity of the obtained copper nanoparticles against S. aureus. The
best inhibitory effects are provided by Cu nanoparticles obtained by laser ablation in
argon with a laser radiation of 1064 nm in wavelength. These results confirm the influ-
ence of size, crystallographic structure, and oxidation state in the bactericidal effects of
copper nanoparticles.

Two modes of PLD from a MoS2 target were reported by V. Fominski et al. [17] to obtain
amorphous MoSx-based catalysts with different compositions and morphologies. The mode
of off-axis PLD differs from the mode of on-axis PLD in terms of a higher deposition rate
for catalytic MoSx~3 + δ films and a larger S concentration in the amorphous MoSx~3 + δ

(δ ~0.8–1.1) phase.
Maurizio Muniz-Miranda et al. [18] reported the synthesis of magneto-plasmonic

nanoparticles constituted of gold and iron oxide in an aqueous environment by laser
ablation of iron and gold targets in two successive steps without the presence of surfactants,
stabilizers, or any contaminants. The plasmonic properties of the obtained colloids, as well
as their adsorption capability, were tested by surface-enhanced Raman scattering (SERS)
spectroscopy using 2,2′-bipyridine as a probe molecule.

Laser-based synthesis techniques emerged as powerful and versatile technology for
nanomaterials synthesis, proving their feasibility for the synthesis of nanoparticles and
nanostructures from different starting materials (metals, oxides, semiconductors, etc.) in a
wide range of liquid and gas environments. This Special Issue presents different works us-
ing different laser-based techniques and approaches to tailor the final nanomaterial in order
to obtain specific properties to improve certain applications, such as SERS, photocatalysis,
photodetectors, hyperthermia, or antibacterial agents.

However, despite the relatively simple experimental setup of laser-based synthesis
of nanomaterials, there are many limitations and challenges to be overcome, such as the
limited productivity, adequate nanomaterials adhesion onto the appropriate substrate,
better understanding laser beam–target interactions and removal mechanisms to better
control the final product, higher stability in the case of colloidal solutions, etc.

Given the increasing number of researches and the rapid evolution of the laser syn-
thesis of nanomaterials field, it is expected that most of the mentioned disadvantages will
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be reduced or overcome in the near future by improving the aforementioned techniques
and/or integrating them with other synthesis routes.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Two approaches are proposed for the synthesis of bimetallic Au/Ag nanoparticles, using
the pulsed laser ablation of a target consisting of gold and silver plates in a medium of supercritical
carbon dioxide. The differences between the two approaches related to the field of “green chemistry”
are in the use of different geometric configurations and different laser sources when carrying out
the experiments. In the first configuration, the Ag and Au targets are placed side-by-side vertically
on the side wall of a high-pressure reactor and the ablation of the target plates occurs alternately
with a stationary “wide” horizontal beam with a laser pulse repetition rate of 50 Hz. In the second
configuration, the targets are placed horizontally at the bottom of a reactor and the ablation of their
parts is carried out by scanning from above with a vertical “narrow” laser beam with a pulse repetition
rate of 60 kHz. The possibility of obtaining Ag/Au alloy nanoparticles is demonstrated using the
first configuration, while the possibility of obtaining “core–shell” bimetallic Au/Ag nanoparticles
with a gold core and a silver shell is demonstrated using the second configuration. A simple model is
proposed to explain the obtained results.

Keywords: laser ablation; supercritical fluid; supercritical carbon dioxide; plasmonic nanoparticles

1. Introduction

The recent increase in interest in the synthesis of bimetallic nanoparticles of sil-
ver and gold (Ag/Au BMNPs) is associated with their unique plasmonic and catalytic
properties [1–3]. It is possible to purposefully change their characteristics and give them
new functional properties by varying the elemental composition and morphology of such
particles [4–7]. Due to this behavior, Ag/Au BMNPs can serve as the main elements in sen-
sitive spectroscopic systems based on SERS, which can be used for detecting small amounts
of bioorganic molecules or can be used in optical systems as detectors for recording changes
in certain characteristics of liquid media, such as the refractive index [4,6].

One of the first methods for the synthesis of Ag/Au BMNPs was the chemical method,
which is implemented through the preparation of a mixture of solutions of inorganic com-
pounds of gold and silver, such as AgNO3 and HAuCl4 [8]. Recently, synthesis technologies
based on the methods of “green chemistry” have been developed. These include methods
using plant extracts as the biogenic agents, allowing Au NPs, Ag NPs, and Ag/Au BMNPs
of various types to be obtained [3,9,10]; methods of biosynthesis of functionalized nanopar-
ticles using biomolecules from microorganisms as the reactants, and capping agents of
noble metals of microorganisms [11,12].

Simultaneously with the above approaches, methods based on laser ablation in various
media have been developed. Their advantages include higher productivity and flexibility
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compared to other methods for synthesizing metal nanoparticles [5,13–17]. Currently,
many methods for the synthesis of Ag/Au BMNPs using laser ablation are already known.
For example, in some cases, the effect is achieved due to the action of laser radiation on
thin films of silver and gold [14]. In other experiments, the required concentrations of
gold and silver nanoparticles are first produced in separate volumes by laser ablation of
the corresponding massive targets, and then the mixture of colloids is subjected to laser
action [6]. Some articles [3,6,8,14] have noted the possibility of varying the molar compo-
sition of the obtained Ag/Au BMNPs by changing the content of the initial components
for synthesis. In this way, it is possible to obtain not only nanoparticles with different
plasmonic characteristics, but also with different morphologies—either the “alloy” type or
the “core–shell” type [3].

The efficiency of the ablation process, the particle size distribution, their morphology,
and other characteristics are influenced by the environment, the geometry of the experiment,
and the parameters of the laser action (wavelength; energy, duration, and frequency of
pulses; focusing parameters). In most works devoted to the formation of Au NPs, Ag
NPs, and Ag/Au NPs, ablation was carried out in liquid, mainly in water [5,8,13–15].
Vacuum [18], gas [19,20], and supercritical carbon dioxide (scCO2) [7,21] have also been
used as ablation media.

The use of a scCO2 medium for laser ablation is of interest because this medium has
a number of unique properties that affect the formation, modification, and deposition of
nanoparticles. The fundamental difference between a supercritical fluid medium and liquid
media is the absence of an overheating regime and, as a consequence, the virtual absence of
explosive boiling and the formation of vapor gas bubbles during pulsed laser heating. An
important advantage of supercritical fluids is the ability to adjust the density and a number
of other characteristics of the medium within a wide range by changing the temperature
and pressure. This allows the ablation process to be controlled by selecting the optimal
parameters of the medium, including during laser exposure [22]. The supercritical state of
CO2 is characterized by extremely low viscosity at the level of gases, and high mobility
of molecules, which allows ablation products to penetrate into hard-to-reach cavities and
pores of various materials. At the same time, scCO2 is a strong nonpolar solvent and a
cheap and environmentally friendly material, so it is widely used in the development of
new technologies in the field of “green” chemistry [23–25]. Unlike organic media, scCO2
creates practically no byproducts arising from the photodegradation of organic molecules
as a result of laser action.

This work is devoted to the development of approaches to the synthesis of Ag/Au
BMNPs using the method of laser ablation of massive targets in supercritical fluid media.
As in our first experiments on this topic [7,22], we used targets consisting of silver and gold
plates. The scCO2 medium was chosen as the working medium in which the production of
nanoparticles occurred.

We aimed to find specific experiment configurations to synthesize Ag/Au BMNPs
by pulsed laser ablation of a target, which would make it possible to implement different
morphologies of Ag/Au BMNPs. Two ablation modes were implemented with different
sources of laser radiation and optics schemes, different geometrical configurations of the
target, and different laser beam locations. In the first regime, at a peak power density of laser
pulses of ~33 GW/cm2 and a large spot size on the target surface (Ø: ~0.3 mm), scanning
by radiation over the target surface was not performed. In this case, the pulse repetition
rate was low (50 Hz), and the laser radiation was supplied to the target horizontally.
In the second regime using the same laser peak power density but a small spot size
(Ø: ~45 µm), continuous scanning was carried out over the target surface. In this case,
the pulse repetition rate was high (60 kHz), and the laser radiation was supplied to the
target vertically.
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2. Materials and Methods

Experiments on the synthesis of Ag/Au BMNPs using the pulsed laser ablation of a
double target were carried out in two configurations of the experimental setup (Figure 1),
corresponding to two different ablation modes. The facilities were based on a high-pressure
reactor (1) with a set of optical ports. The reactor had a modular design that made it
possible to implement various configurations of laser action on the target with simultaneous
diagnostics of the ongoing physical and chemical processes, using visual observation and
spectral measurement methods. The reactor was equipped with six transparent 10-mm-
thick quartz windows arranged in a hexagonal pattern in the horizontal plane, as well as
an additional window in the upper cover of the reactor. Control over the process of laser
ablation of targets in all experiments was carried out visually through the windows (15)
using a digital camera. In the first configuration, the target was fixed on the side wall of
the reactor, while in the second configuration, the target was mounted on the bottom of
the reactor.

Figure 1. Schemes of installations for the synthesis of Ag/Au BMNPs show two different models
of ablation. The schematic sections of the reactor, showing top (for configuration 1) and side views
(for configuration 2): 1—high-pressure reactor; 2—laser sources; 3—galvo scanner with F-theta
lens; 4—gold and silver targets; 5—UV and visible light sources; 6—collimator lens; 7—optical
fibers; 8—spectrometer; 9—PC; 10—heating plate; 11—ring heaters; 12—needle valves for CO2

inlet and outlet; 13—pressure and temperature sensors; 14—backlight; 15—observation window;
16—quartz lens.

To achieve the first ablation regime (configuration 1), a Lotis LS-2138TF Nd:YAG laser
(Minsk, Belarus) with an average power of PL = 11 W operating in Q-switching mode was
used as the source of laser radiation. Laser radiation (λ = 1064 nm, τ = 15 ns, Ep = 220 mJ,
f = 50 Hz) was introduced into the internal volume of the high-pressure reactor through a
side window and focused on the target using quartz lenses with a focal length of 8 cm (16).
We used non-sharp focusing of the laser radiation with a spot size on the target surface of
Ø 0.30 ± 0.02 mm. The target was gradually moving towards the focal plane of the laser
beam along the path of the beam. In this case, with this spot size at the time of the onset
of ablation, the optical breakdown of the medium occurred directly on the target surface.
The peak power density of laser pulses on the target was 33 ± 5 GW/cm2.

To implement the second ablation regime (configuration 2), we used the radiation of a
YLPP-1-150V-30 fiber laser (IPG Laser GmbH, Burbach, Germany) with an average power
of P L= 30 W. Laser radiation (λ = 1064 nm, τ = 2 ns, Ep = 0.5 mJ, f = 60 kHz) was introduced
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into the reactor through the upper window. Focusing and movement of the laser beam were
carried out using an LscanH-10 galvanic scanning system (Ateko-TM, Moscow, Russia)
with an SL-1064-50-63 F-theta lens (Ronar-Smith, Singapore). The optical system made it
possible to form a laser spot with Ø 45± 5 µm on the Au–Ag target. In the experiments, we
used targets made of gold (99.95%) and silver (99.8%) with dimensions of 10 × 5 × 1 mm3,
located side-by-side inside the reactor on a PTFE holder. The peak power density of the
laser pulses in the focusing region, as in the first regime, was 34 ± 8 GW/cm2.

In the second regime (configuration 2), the laser radiation spot was moved using a
galvanoscanner over the target surface at a speed of 100 mm/s, filling a rectangle of the
selected size with a fill density of 100 lines per mm. The dimensions of these rectangles in
the case of ablation of individual parts of the target made of gold or silver were 1 × 1 mm2,
while in the case of simultaneous ablation of two parts of the target were 1 × 5 mm2.

To record the extinction spectra in both configurations, a fiber-optic spectroscopic
system was assembled (5–9). The spectra were recorded using MAYA2000 PRO (spectral
range: 200–1100 nm) and QE65000 (350–1100 nm) (Ocean Optics, Orlando, FL, USA) fiber
spectrophotometers. Radiation from a halogen lamp and a deuterium gas discharge lamp
(5) was introduced into the volume of the high-pressure reactor using 74UV collimators
(Ocean Optics) (6) and an optical fiber (7). The radiation that passed through the reactor
volume was collected by a collimator and entered the spectrometer (8). The spectra were
recorded during the entire experiment with intervals ranging from 1 to 5 s.

The formation of Ag/Au BMNPs in both configurations consisted of successive laser
action cycles on parts of the Au and Ag targets in scCO2 (P = 200 bar, T = 50 ◦C). In config-
uration 1 (Figure 1), a sequence of three ablation cycles of the golden part of the target was
carried out as Au→ Au→ Au, then a sequence of three ablation cycles of the silver part of
the target was carried as Ag→ Ag→ Ag. The duration of each cycle was 1 min, with 1 min
intervals between cycles. In configuration 2 (Figure 1), one ablation cycle for the golden
part of the target, one cycle for the silver part of the target, then one cycle simultaneously
ablating both parts (three cycles in total) were carried out. The duration of each cycle was
10 min, with 20 min intervals between cycles.

The structure of the obtained nanoparticles was studied by transmission electron
microscopy (TEM), scanning transmission electron microscopy with a wide-angle dark
field detector (HAADF STEM), and energy-dispersive analysis (EDX) using FEI Osiris
(FEI, Lincoln, NE, USA), FEI Scios (FEI), and Phenom PROX (Thermo Fisher, Eindhoven,
Netherlands) electron microscopes. When using the TEM method, samples in the form
of suspensions in organic solvents (after pretreatment in an ultrasonic bath for 15 min)
were applied onto carbon-coated copper grids using the drop method. The collection of
nanoparticles in the form of a suspension was carried out by washing them off the walls
of the reactor with isopropyl alcohol. Measurements with an electron microscope were
carried out on either the day of synthesis or the next day.

3. Results and Discussion

The first results were obtained using a Lotis LS-2138TF laser source in configuration 1
(Figure 1), with a horizontal introduction of the beam onto the target. As a result of the laser
action, the amplitude and shape of the extinction spectra gradually changed. The spectra
were recorded continuously. Figure 2a shows the characteristic spectra obtained during the
ablation of gold (times: 70 s and 240 s) and during the subsequent transition to the ablation
of silver (times: 10 s, 80 s, and 195 s).
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Figure 2. (a) Transformation of the extinction spectra of a colloidal solution of scCO2 during suc-
cessive cycles of ablation of Au and Ag plates in configuration 1. The numbers corresponding to
the curves show the times since the beginning of the ablation of the indicated (Au or Ag) target.
(b) Variant of decomposition of the final spectrum (red line) into the sum (black dashed line) of
individual Gaussian components (1–4) and the Rayleigh scattering component (Rayleigh).

As a result of three successive gold target ablation cycles, an Au NP colloid was
formed in the reactor. This led to the appearance of a plasmon resonance (PR) band with
a maximum at the wavelength of 520 nm (Figure 2a) [22,26–28]. During the laser action
for ~1 min (“70 s Au” curve, Figure 2a), the plasmon resonance band reached intensity
saturation. At the same time, during the 1 min pause, the intensity hardly decreased,
indicating low rates of aggregation and sedimentation processes of the Au NP colloid in
scCO2. In the next stage, three consecutive cycles of laser ablation of a silver target were
carried out, involving 1 min of ablation and a 1 min pause. This led to the efficient formation
of a colloidal solution of plasmonic Ag NP. As a result, an increase in the absorption of
the medium inside the reactor was observed and a PR band appeared on the extinction
spectrum with a maximum at the wavelength of 380 nm (“240 s Au” curve, Figure 2a),
corresponding to Ag NPs with a size of 4–10 nm [7,22,26,29]. However, it should be noted
that during the pause, the intensity of this band decreased much faster than in the case of
the colloid with Au NPs. We believe that this was due to the more efficient aggregation of
small silver nanoparticles into large ones as compared to gold nanoparticles, followed by
their gravitational sedimentation to the bottom of the reactor [22]. The faster aggregation
of Ag NPs can be explained by the higher energy activation ability of silver atoms to
form chemical compounds and complexes in comparison with gold atoms [28]. At the
same time, it has been argued [3] that the gold atoms in liquids are able to participate
more efficiently in comparison with silver atoms in the processes of their self-assembly into
nanoparticles. It is likely that at the initial stage of the synthesis of such metal nanoparticles,
this process is primarily influenced by the interactions of metal atoms with molecules from
the environment.

Upon ablation of a silver target, simultaneously with an increase in the PR band with
the maximum at 380 nm, a rapid degradation of the PR band with a maximum at 520 nm
occurred, which was even previously retained during pauses. At the same time, a new
band with a maximum at 420 nm appeared on the long-wavelength wing of the PR band,
with a maximum at 380 nm. This effect was especially pronounced during pauses, when
the intensity of the component from the PR of silver dropped and another component
remained, which we believe was from Ag/Au BMNPs. In Figure 2b, the decomposition of
the final spectrum into separate components can be seen. The experimental spectrum is
shown with a black dashed line, while the sum of the five proposed components is shown
with a solid red line. It was observed that in addition to the PR bands corresponding to
Ag NPs (curve 1, maximum at 380 nm), there were Au NPs (curve 2, maximum at 550 nm)
and possibly AuNP aggregates (curve 3, maximum at 750 nm); curve 4 (maximum at
420 nm) can be attributed to Ag/Au BMNPs. Regarding differences in the positions of the
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maximum and the widths of the PR band for single Au NPs obtained in this expansion
in comparison with the results in Figure 2a, these can most likely be associated with the
manifestation of the PR band from some residual Au NP fraction (larger), which had not
yet entered the “hot zone” near the silver target.

A similar transformation of the extinction spectra was observed (Figure 3) when
using a YLM-1-150V-30 laser source in configuration 2 (Figure 1), with a vertical insertion
of the beam onto a double target of gold and silver located at the bottom of the high-
pressure reactor.

Figure 3. Transformation of the extinction spectra of a colloidal solution scCO2 during successive
cycles of ablation of the (a) gold and (b) the silver parts of the target. (c) Simultaneous ablation of
both parts in configuration 2. The numbers on the curves show the times from the beginning of
the ablation in seconds. The numbers to the right of the curves show the times in seconds since the
start of the ablation cycle. (d) Variation of the decomposition of the spectrum obtained 10 s after the
end of the last stage of ablation (red line) into the sum (black dashed line) of individual Gaussian
components (1–4) and the Rayleigh scattering component (Rayleigh).

In the first stage, an Au NP colloid was formed during the ablation of a gold target, as
in the previous case. This led to the appearance in the extinction spectrum of the colloid
of the PR band, with the maximum at 520 nm (Figure 3a). In the next stage of ablation of
the silver target, a broad band appeared with a maximum at 380 nm (Figure 3b), which
corresponded to the PR of Ag NPs with a size of 4–10 nm [22]. Note that simultaneously
to the growth of this maximum during the second stage, the amplitude of the maximum
corresponding to the PR from gold nanoparticles also increased.

We believe that this effect was due to the fact that at the location of the target at the
bottom of the reactor, the large gold nanoparticles that formed in the colloid during the
first stage of ablation were also effectively deposited onto the surface of the silver target.
Therefore, in the second stage (during the ablation of the silver target), the silver target
was actually ablated together with the surface layer consisting of Au NPs, which were
deposited onto the surface as a result of the ablation of the gold target. The presence
of this deposited Au NP film on the target plates was confirmed by visual observations
when the reactor was opened after the first cycle of the experiment. Figure 3c presents the
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extinction spectra, which were obtained in the process of ablation of gold and silver targets
simultaneously, when scanning a laser beam over the surfaces of the two parts (Au and
Ag) of the target. With a gradual increase in extinction in the entire observed wavelength
range, the shape of the curves underwent transformation, in which an absorption band
corresponding to Ag/Au BMNPs appeared against the background of PR bands from Ag
NPs and Au NPs, as well as a long-wavelength absorption band.

Figure 3d shows a variation of the decomposition of the extinction spectrum of a
colloid, obtained as a result of the simultaneous ablation of two parts of the target (Au
and Ag) in configuration 2. It was observed that in addition to the PR bands of silver
nanoparticles (curve 1, the peak with the maximum at 380 nm) and gold (curve 2, the peak
with the maximum at 520 nm), there were also long-wave absorption bands (curve 3, the
peak with the maximum at 700 nm), which can be classified as large nanoparticles and their
aggregates. Additionally, in Figure 3d, band 4 (the peak with the maximum at 450 nm)
stands out; in our opinion, it comprises Ag/Au BMNPs, but most likely is of a slightly
different type, meaning it differs from the particles obtained in configuration 1.

The large width of the obtained spectra is associated with a rather strong scattering of
NPs in terms of the composition (Ag/Au ratio), shape, and size. However, the obtained
results can be considered preliminary, which makes it possible to reveal the specifics of the
experimental parameters and the regularities for the preferential synthesis of bimetallic
NPs of a certain type.

The TEM analysis of the obtained nanoparticles using the EDX method turned out
to be informative and confirmed the stated provisions on the formation of bimetallic
nanoparticles of various types. A similar method using the EDX system for the analysis
of the compositions of composite nanoparticles was successfully used by the authors of
another study [30] in the synthesis of carbon-coated Au NPs in the process of pulsed laser
ablation of a gold target in a scCO2 medium. Figure 4 shows a TEM image of nanoparticles,
which was obtained using the EDX method during laser ablation of a double target in
configuration 1.

In the upper region of this figure, nanoparticles measuring less than 10–20 nm can be
observed, the PR bands of which are in the visible and near-UV wavelength ranges. Indeed,
the maxima of the PR bands shown in Figure 2 for NP are in the range of 380–520 nm.
The band with a maximum at 380 nm corresponds to small silver nanoparticles in scCO2.
Usually, for such particles dispersed in organic solvents, solid matrices, or water, the
maximum of the PR band is observed in the range of 410–420 nm [26,28,29,31], and the
short-wavelength shift for such a PR arises from other dielectric properties of the scCO2
medium. It is likely that a certain shift in the PR band for small Au NPs will also occur when
they are placed in a supercritical medium. In our situation, the maximum of the PR band
for such particles based on Figure 2 is in the region of 520 nm, while for similar particles
in organic or aqueous media, the maximum is at 540 nm [27,31]. According to [3], with a
homogeneous distribution of Au and Au atoms during the formation of bimetallics of the
“alloy” type, the maximum of the PR band smoothly shifts to the short-wavelength region
from the position at 540 nm (at 100 mol % Au), with an increase in the molar content of the
silver atoms contained within. The appearance in the PR spectrum of a component with
a maximum at 420 nm (see Figure 2b) may well correspond to the synthesis of bimetallic
nanoparticles of the “alloy” type, whereby the content of silver atoms, taking into account
the above considerations, should be in the range of 60–80 mol %. The observed color gamut,
which corresponds to the mixed elemental composition of the Ag/Au BMNPs, one part of
which is indicated by an arrow, also does not contradict the reasoning given here.
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Figure 4. TEM images of nanoparticles obtained using the EDX method. The arrow indicates
one of the largest Ag/Au-BMNP-type “alloys”, measuring up to 40 nm in size. Nanoparticles
were synthesized in the setup of configuration 1, using a low-frequency laser source with a high
pulse energy.

Figure 5 shows TEM images of nanoparticles that appeared during the ablation of
a double target in configuration 2. In this figure, using the EDX technique, two particles
can be distinguished, which can be attributed to the bimetallics. Figure 5b shows the
profiles of the intensity distribution of pixels corresponding to Ag and Au elements from
two nanoparticles from Figure 5a. Comparison with the corresponding distribution for a
model nanoparticle with a core–shell structure (Figure 5b, top) shows that the two isolated
nanoparticles also have a core–shell structure. It can be observed that these Ag/Au BMNPs
are composed of a gold core and a silver shell. The core and cladding diameters are 17 ± 1
and 19 ± 1 nm for the larger Au/Ag BMNPs and 13 ± 1 and 15 ± 1 nm for the smaller
ones, respectively.

In these experimental studies, we used two configurations of installations (Figure 1),
allowing two different ablation regimes at the same peak power densities (~33 GW/cm2).

In the first configuration (Figure 1), laser action with a low pulse repetition rate
(f = 50 Hz) was carried out horizontally without moving the laser spot over the target
surface. As a result of the ablation, a crater with a diameter of 300 µm formed on the target.
When implementing this regime, it was planned that the synthesis of Ag/Au BMNPs
would mainly occur during the action of a laser pulse in a sufficiently wide laser beam
(Figure 6). In the case of large laser spots, the ejection of the silver target material occurred
mainly perpendicular to its surface towards the beam. As shown in [32], with increases in
the size of the plasma source over 20 µm, its density on the optical axis gradually increased.
The formation of a flux of atoms, ions, and electrons directed perpendicular to the target
surface was also facilitated by the formation of a crater on the surface of the silver target.
Such a directed flux of particles from the target led to numerous optical breakdowns in the
region of the laser beam (Figure 6). A visual confirmation of this effect was the observed
bright laser track in the scCO2 medium in the first configuration of the experiment. Such a
breakdown was accompanied by a sharp increase in temperature throughout the entire
region and the formation of an ion atom plasma with Ag and Au. Further self-assembly
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of these particles led to the predominant formation of Au/Ag BMNPs of the “alloy” type,
which were recorded using TEM (see Figure 4).

Figure 5. (a) TEM images of Au/Ag “core–shell” BMNPs, demonstrated using the EDX technique.
Nanoparticles were obtained by laser synthesis in configuration N2. (b) Top: A cross-sectional image
of a nanoparticle model with a core–shell structure and the pixel intensity profile of the elements
from the core and shell for the corresponding EDX TEM image. Arrows show the direction of the
flow of electrons (e-) during image acquisition. Bottom: Pixel intensity profiles for Au and Ag for
TEM images of two nanoparticles.

Figure 6. Model representation of the processes occurring during the ablation of a silver target in two different con-
figuration setups (Figure 1) and leading to the synthesis of Au/Ag BMNP “alloy” (configuration 1) and “core–shell”
(configuration 2) types.

In the second configuration (Figures 1 and 6), laser action with a pulse frequency
of 60 kHz was carried out vertically. In this case, the spot size on the target surface
was relatively small (Ø: 20 µm) and constantly moved over the target surface. With this
configuration, during the ablation of the gold target (at the first stage), a layer of Au
NPs was deposited on the surface of the silver part of the docked target due to the effect
of gravitational sedimentation. In this case, with further ablation of the silver target,
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the removed target material interacted not only with the colloid but also with the gold
nanoparticles on its surface. It should also be taken into account that due to the small size
of the laser spot on the target and the absence of a crater comparable in area to the spot size,
the substance in this case was carried into the colloid at a wide solid angle [32]; thus, when
this configuration was implemented, the synthesis of Ag/Au BMNPs mainly occurred
not in a relatively narrow laser beam but in a sufficiently large volume of the colloid into
which the target material was ejected (Figure 6). In this volume, the deposition of Ag ions
and atoms on the surfaces of Au NPs contained in scCO2 took place with the formation of
Au/Ag BMNPs of the “core–shell” type (see Figure 5). It is noted that in this configuration,
due to the wide scattering angle of the silver target material, breakdown events occurred
only in the immediate vicinity of the target surface at a relatively small volume, as was
observed visually during the experiment. Therefore, the probability of the formation of
Au/Ag BMNPs of the “alloy” type in configuration 2 was several orders of magnitude
lower than in configuration 1.

The mechanisms of the formation of small bimetallic nanoparticles in the scCO2 colloid
in the two presented configurations were different. These different mechanisms led to the
predominant formation of Au/Ag BMNPs of the “alloy” type (Figure 4) in configuration 1
and Au/Ag BMNPs of the “core–shell” type in configuration 2.

In configuration 1 (Figure 6), Au/Ag BMNPs of the “alloy” type (Figure 4) were
synthesized in scCO2 from a cloud of Ag and Au ions and atoms in a wide laser beam. The
formation of this cloud occurred as a result of numerous breakdown events caused by the
interaction of a laser pulse with a strongly directed flux of particles from an Ag plate flying
towards it. In configuration 2 (Figure 6), Au/Ag BMNPs of the “core–shell” type (Figure 5)
were synthesized, mostly from a cloud of Ag ions and atoms and Au NPs in a wide region
formed by a weakly directed flow of particles from an Ag plate [33–35].

In general, the formation of bimetallic nanoparticles in scCO2 occurred as a result of (1)
the self-assembly of atoms, (2) the aggregation (or coalescence) of nanoparticles and atoms,
or (3) autocatalytic growth [36]. Some of these structures in the process of enlargement can
form Ag or Au nanoparticles. The others can be transformed into bimetallic nanoparticles
of the “core–shell” type [3,4,6,35] (Figure 5) or form nanoparticles of the “alloy” type mixed
from Au and Ag atoms (Figure 4). It should be noted that the proposed simple model
shows possible ways of obtaining NPs with different Ag/Au ratios. For example, if it is
necessary to obtain gold nanoparticles of the core–shell type with a thinner silver layer
on the surface of the gold core, configuration 2 will reduce the laser intensity or the silver
ablation time.

Due to the vortex and convection flows arising from pulsed laser heating, the formed
nanoparticles are scattered throughout the reactor volume and enter the observation zone,
causing the appearance of characteristic plasmon resonance absorption bands. As noted
in our first experiment [7], as well as in other papers on this topic [4,5,33], the PR bands
for Au/Ag BMNPs are located in the interval between the known PR bands of pure silver
and gold. Our explanation for the mechanism of the predominant formation of bimetallic
nanoparticles of different types in two configurations does not contradict the considerations
expressed in a previous [3], where the authors argue that the formation of Ag/Au BMNPs
of one type or another largely depends on the ratio of silver and gold atoms in the reaction
zone; with a significant excess of gold atoms in a liquid medium, these primarily combine
with each other due to higher rates of movement in this environment in comparison with
silver atoms. Indeed, in our situation, in the presence of an Au NP layer formed on the
surface of a silver target in a scCO2 medium, this phenomenon is possible.

It is important to note that the proposed specific approaches to the implementation of
Au/Ag BMNP synthesis using a supercritical fluid medium belong to the field of “green
chemistry”. First of all, scCO2 is usually used as a substitute for organic solvents, which
allows one to get rid of large volumes of liquid waste. In addition, scCO2 can be converted
into a gaseous state during the synthesis process, which makes it possible to implement a
closed production cycle without the emission of pollutants.
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4. Conclusions

Two different modes of laser action on a target consisting of two plates of Au and
Ag in supercritical carbon dioxide in two different configurations were considered. The
configuration for the experiment and the mode of laser action—with the same peak power
density for the laser pulses (~33 GW/cm2)—played fundamentally important roles in the
production of bimetallic Au/Ag nanoparticles of both the “alloy” and “core–shell” types
(with a gold core and silver cladding).

In configuration 1, when the double target was located vertically on the side wall
of the chamber and its components were ablated alternately by a stationary wide beam
of a low-frequency laser with a high pulse energy, Au/Ag BMNPs of the “alloy” type
were predominantly formed. In the case of configuration 2, in which the double target
was located horizontally at the bottom of the chamber and the ablation of its components
occurred alternately by scanning a narrow beam of a high-frequency laser, Au/Ag BMNPs
of the “core–shell” type were predominantly formed. A simple model was proposed that
explains the predominant formation of the two types of nanoparticles (core–shell type or
alloy type) with different experiment configurations and laser action parameters.

Author Contributions: Conceptualization, A.R., V.Y., and N.M.; data curation, E.E., D.K., A.S., and
N.M.; formal analysis, E.E. and A.S.; funding acquisition, V.Y.; methodology, A.R., E.E., and Y.Z.;
project administration, V.Y. and N.M.; resources, A.S. and N.M.; supervision, E.E.; validation, Y.Z.;
visualization, D.K.; writing—original draft, A.R., A.S., V.Y., and N.M.; writing—review and editing,
A.R., V.Y., and N.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the Russian Foundation for Basic Research (project
No. 18-29-06056mk), as well as by the Ministry of Science and Higher Education in the framework
of the work of the State Task of the Federal Research Center “Crystallography and Photonics”
of the Russian Academy of Sciences in the analysis of nanoparticles. The TEM was performed
using the equipment from the Shared Research Center of the Federal Scientific Research Center
“Crystallography and Photonics” of the Russian Academy of Sciences.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jellinek, J. Nanoalloys: Tuning properties and characteristics through size and composition. Faraday Discuss. 2008, 138, 11–35.

[CrossRef] [PubMed]
2. Eng, N.B. Synergetic Antibacterial Effects of Silver Nanoparticles @ Aloe Vera Prepared via a Green Method. Nano Biomed. Eng.

2010, 2, 267–274. [CrossRef]
3. Meena Kumari, M.; Jacob, J.; Philip, D. Green synthesis and applications of Au-Ag bimetallic nanoparticles. Spectrochim. Acta Part

A Mol. Biomol. Spectrosc. 2015, 137, 185–192. [CrossRef] [PubMed]
4. Boote, B.W.; Byun, H.; Kim, J.H. Silver-gold bimetallic nanoparticles and their applications as optical materials. J. Nanosci.

Nanotechnol. 2014, 14, 1563–1577. [CrossRef] [PubMed]
5. Intartaglia, R.; Das, G.; Bagga, K.; Gopalakrishnan, A.; Genovese, A.; Povia, M.; di Fabrizio, E.; Cingolani, R.; Diaspro, A.; Brandi,

F. Laser synthesis of ligand-free bimetallic nanoparticles for plasmonic applications. Phys. Chem. Chem. Phys. 2013, 15, 3075–3082.
[CrossRef]

6. Sharma, G.; Kumar, A.; Sharma, S.; Naushad, M.; Prakash Dwivedi, R.; ALOthman, Z.A.; Mola, G.T. Novel development of
nanoparticles to bimetallic nanoparticles and their composites: A review. J. King Saud Univ. Sci. 2019, 31, 257–269. [CrossRef]

7. Tsypina, S.I.; Epifanov, E.O.; Shubny, A.G.; Arakcheev, V.G.; Minaev, N.V.; Rybaltovskii, A.O. Single-Stage Formation of Film
Polymer Composites in Supercritical Colloid Solutions of Nanoparticles Obtained by Laser Ablation. Russ. J. Phys. Chem. B 2019,
13, 1235–1244. [CrossRef]

8. Chen, D.H.; Chen, C.J. Formation and characterization of Au-Ag bimetallic nanoparticles in water-in-oil microemulsions. J. Mater.
Chem. 2002, 12, 1557–1562. [CrossRef]

9. Jacob, J.; Mukherjee, T.; Kapoor, S. A simple approach for facile synthesis of Ag, anisotropic Au and bimetallic (Ag/Au)
nanoparticles using cruciferous vegetable extracts. Mater. Sci. Eng. C 2012, 32, 1827–1834. [CrossRef]

10. Shankar, S.S.; Rai, A.; Ahmad, A.; Sastry, M. Rapid synthesis of Au, Ag, and bimetallic Au core-Ag shell nanoparticles using
Neem (Azadirachta indica) leaf broth. J. Colloid Interface Sci. 2004, 275, 496–502. [CrossRef]

15



Nanomaterials 2021, 11, 1553

11. Weng, Y.; Li, J.; Ding, X.; Wang, B.; Dai, S.; Zhou, Y.; Pang, R.; Zhao, Y.; Xu, H.; Tian, B.; et al. Functionalized gold and Silver
bimetallic nanoparticles using Deinococcus radiodurans protein extract mediate degradation of toxic dye malachite green. Int. J.
Nanomed. 2020, 15, 1823–1835. [CrossRef] [PubMed]

12. Li, J.; Tian, B.; Li, T.; Dai, S.; Weng, Y.; Lu, J.; Xu, X.; Jin, Y.; Pang, R.; Hua, Y. Biosynthesis of Au, Ag and Au–Ag bimetallic
nanoparticles using protein extracts of Deinococcus radiodurans and evaluation of their cytotoxicity. Int. J. Nanomed. 2018, 13,
1411–1424. [CrossRef]

13. Han, H.; Fang, Y.; Li, Z.; Xu, H. Tunable surface plasma resonance frequency in Ag core/Au shell nanoparticles system prepared
by laser ablation. Appl. Phys. Lett. 2008, 92, 023116. [CrossRef]

14. Nikov, R.G.; Nedyalkov, N.N.; Nikov, R.G.; Karashanova, D.B. Nanosecond laser ablation of Ag–Au films in water for fabrication
of nanostructures with tunable optical properties. Appl. Phys. A Mater. Sci. Process. 2018, 124, 847. [CrossRef]

15. Navas, M.P.; Soni, R.K. Laser-Generated Bimetallic Ag-Au and Ag-Cu Core-Shell Nanoparticles for Refractive Index Sensing.
Plasmonics 2015, 10, 681–690. [CrossRef]

16. Heinz, M.; Srabionyan, V.V.; Avakyan, L.A.; Bugaev, A.L.; Skidanenko, A.V.; Kaptelinin, S.Y.; Ihlemann, J.; Meinertz, J.; Patzig, C.;
Dubiel, M.; et al. Formation of bimetallic gold-silver nanoparticles in glass by UV laser irradiation. J. Alloys Compd. 2018, 767,
1253–1263. [CrossRef]

17. Chau, J.L.H.; Chen, C.Y.; Yang, M.C.; Lin, K.L.; Sato, S.; Nakamura, T.; Yang, C.C.; Cheng, C.W. Femtosecond laser synthesis of
bimetallic Pt-Au nanoparticles. Mater. Lett. 2011, 65, 804–807. [CrossRef]

18. Dikovska, A.O.; Alexandrov, M.T.; Atanasova, G.B.; Tsankov, N.T.; Stefanov, P.K. Silver nanoparticles produced by PLD in
vacuum: Role of the laser wavelength used. Appl. Phys. A Mater. Sci. Process. 2013, 113, 83–88. [CrossRef]

19. Kawakami, Y.; Seto, T.; Yoshida, T.; Ozawa, E. Gold nanoparticles and films produced by a laser ablation/gas deposition (LAGD)
method. Appl. Surf. Sci. 2002, 197–198, 587–593. [CrossRef]

20. Machmudah, S.; Wahyudiono; Takada, N.; Kanda, H.; Sasaki, K.; Goto, M. Fabrication of gold and silver nanoparticles with
pulsed laser ablation under pressurized CO2. Adv. Nat. Sci. Nanosci. Nanotechnol. 2013, 4. [CrossRef]

21. Machmudah, S.; Sato, T.; Wahyudiono; Sasaki, M.; Goto, M. Silver nanoparticles generated by pulsed laser ablation in supercritical
CO2 medium. High Press. Res. 2012, 32, 60–66. [CrossRef]

22. Minaev, N.V.; Arakcheev, V.G.; Rybaltovskii, A.O.; Firsov, V.V.; Bagratashvili, V.N. Dynamics of formation and decay of
supercritical fluid silver colloid under pulse laser ablation conditions. Russ. J. Phys. Chem. B 2015, 9, 1074–1081. [CrossRef]

23. Eckert, C.A.; Knutson, B.L.; Debenedetti, P.G. Supercritical fluids as solvents for chemical and materials processing. Nature 1996,
383, 313–318. [CrossRef]

24. Sihvonen, M.; Järvenpää, E.; Hietaniemi, V.; Huopalahti, R. Advances in supercritical carbon dioxide technologies. Trends Food Sci.
Technol. 1999, 10, 217–222. [CrossRef]

25. Stauss, S.; Urabe, K.; Muneoka, H.; Terashima, K. Pulsed Laser Ablation in High-Pressure Gases, Pressurized Liquids and
Supercritical Fluids: Generation, Fundamental Characteristics and Applications. In Applications of Laser Ablation—Thin Film
Deposition, Nanomaterial Synthesis and Surface Modification; InTech: London, UK, 2016; p. 221.

26. Kelly, K.L.; Coronado, E.; Zhao, L.L.; Schatz, G.C. The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape,
and Dielectric Environment. J. Phys. Chem. B 2003, 107, 668–677. [CrossRef]

27. Klimov, V. Nanoplasmonics; CRC Press: Boca Raton, FL, USA, 2014; ISBN 9814267422.
28. Pomogailo, A.D.; Rozenberg, A.S.; Uflyand, I.E. Metal Nanoparticles in Polymers; Khimiya: Moscow, Russia, 2000; ISBN 572451107X.
29. Khlebtsov, N.G.; Dykman, L.A. Optical properties and biomedical applications of plasmonic nanoparticles. J. Quant. Spectrosc.

Radiat. Transf. 2010, 111, 1–35. [CrossRef]
30. Mardis, M.; Wahyudiono; Takada, N.; Kanda, H.; Goto, M. Formation of Au–carbon nanoparticles by laser ablation under

pressurized CO2. Asia Pacific J. Chem. Eng. 2018, 13, e2176. [CrossRef]
31. Bagratashvili, V.N.; Rybaltovsky, A.O.; Minaev, N.V.; Timashev, P.S.; Firsov, V.V.; Yusupov, V.I. Laser-induced atomic assembling of

periodic layered nanostructures of silver nanoparticles in fluoro-polymer film matrix. Laser Phys. Lett. 2010, 7, 401–404. [CrossRef]
32. Blonskyy, I.V.; Danko, A.Y.; Kadan, V.N.; Orieshko, E.V.; Puzikov, V.M. Effect of the transverse size of a laser-induced plasma

torch on material processing. Tech. Phys. 2005, 50, 358–363. [CrossRef]
33. Yang, G. Laser Ablation in Liquids: Principles and Applications in the Preparation of Nanomaterials; CRC Press: Boca Raton, FL, USA,

2012; ISBN 9814241520.
34. Becker, M.F.; Brock, J.R.; Cai, H.; Henneke, D.E.; Keto, J.W.; Lee, J.; Nichols, W.T.; Glicksman, H.D. Metal nanoparticles generated

by laser ablation. Nanostruct. Mater. 1998, 10, 853–863. [CrossRef]
35. Barcikowski, S.; Devesa, F.; Moldenhauer, K. Impact and structure of literature on nanoparticle generation by laser ablation in

liquids. J. Nanoparticle Res. 2009, 11, 1883–1893. [CrossRef]
36. Urabe, K.; Kato, T.; Stauss, S.; Himeno, S.; Kato, S.; Muneoka, H.; Baba, M.; Suemoto, T.; Terashima, K. Dynamics of pulsed laser

ablation in high-density carbon dioxide including supercritical fluid state. J. Appl. Phys. 2013, 114. [CrossRef]

16



nanomaterials

Article

Application of Pulsed Laser Deposition in the Preparation of a
Promising MoSx/WSe2/C(B) Photocathode for Photo-Assisted
Electrochemical Hydrogen Evolution

Roman Romanov 1, Vyacheslav Fominski 1,* , Maxim Demin 2, Dmitry Fominski 1, Oxana Rubinkovskaya 1,
Sergey Novikov 3 , Valentin Volkov 3 and Natalia Doroshina 3

Citation: Romanov, R.; Fominski, V.;

Demin, M.; Fominski, D.;

Rubinkovskaya, O.; Novikov, S.;

Volkov, V.; Doroshina, N. Application

of Pulsed Laser Deposition in the

Preparation of a Promising

MoSx/WSe2/C(B) Photocathode for

Photo-Assisted Electrochemical

Hydrogen Evolution. Nanomaterials

2021, 11, 1461. https://doi.org/

10.3390/nano11061461

Academic Editors: Antonio Riveiro,

Jesús del Val and

Mohamed Boutinguiza

Received: 26 April 2021

Accepted: 30 May 2021

Published: 31 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Kashirskoe sh., 31,
115409 Moscow, Russia; limpo2003@mail.ru (R.R.); dmitryfominski@gmail.com (D.F.);
oxygenofunt@gmail.com (O.R.)

2 Immanuel Kant Baltic Federal University, A. Nevskogo St 14, 236016 Kaliningrad, Russia; sterlad@mail.ru
3 Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology (MIPT),

141700 Dolgoprudny, Russia; novikov.s@mipt.ru (S.N.); vsv.mipt@gmail.com (V.V.);
doroshina.nv@phystech.edu (N.D.)

* Correspondence: vyfominskij@mephi.ru

Abstract: We studied the possibility of using pulsed laser deposition (PLD) for the formation of
a MoSx/WSe2 heterostructure on a dielectric substrate. The heterostructure can be employed for
effective solar water splitting to produce hydrogen. The sapphire substrate with the conducting
C(B) film (rear contact) helped increase the formation temperature of the WSe2 film to obtain the
film consisting of 2H-WSe2 near-perfect nanocrystals. The WSe2 film was obtained by off-axis
PLD in Ar gas. The laser plume from a WSe2 target was directed along the substrate surface. The
preferential scattering of selenium on Ar molecules contributed to the effective saturation of the
WSe2 film with chalcogen. Nano-structural WSe2 film were coated by reactive PLD with a nanofilm
of catalytically active amorphous MoSx~4. It was established that the mutual arrangement of energy
bands in the WSe2 and MoSx~4 films facilitated the separation of electrons and holes at the interface
and electrons moved to the catalytically active MoSx~4. The current density during light-assisted
hydrogen evolution was above ~3 mA/cm2 (at zero potential), whilst the onset potential reached
400 mV under irradiation with an intensity of 100 mW/cm2 in an acidic solution. Factors that may
affect the HER performance of MoSx~4/WSe2/C(B) structure are discussed.

Keywords: hydrogen evolution; pulsed leaser deposition; heterostructure; photoelectrocataly-
sis; semiconductors

1. Introduction

Transition metals chalcogenides have received considerable attention from scientists
involved in the development of photoelectrochemical cells for producing hydrogen by
solar water splitting [1–3]. These semiconducting materials have physio-chemical prop-
erties that enable their usage as both photo-active materials and hydrogen evolution
electrocatalysts [4–6]. The good catalytic properties of metal chalcogenides (particularly
amorphous molybdenum sulfides MoSx) allow the compounds to replace expensive plat-
inum. Moreover, they can ensure high efficiency of photo-assisted hydrogen evolution
when using silicon-based heterostructures (n+p-Si) [7–9]. The photoactivity of crystalline
transition metal dichalcogenides is sufficient for creating photocathodes based on these
materials. Efficient hydrogen evolution is usually achieved by using an expensive (Pt/Ru)
cocatalyst [10,11].

It is essential to coalesce the useful semiconductive and catalytic properties of transi-
tion metal chalcogenides in creating hybrid or heterostructures. These structures consist
entirely of thin-film metal chalcogenides that have been selected for their structure and
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chemical composition. These compounds also act as photo-assistant agents in water split-
ting for hydrogen production [12].

Tungsten diselenide is a promising photo-active transition metal dichalcogenide [12–15].
Crystalline WSe2 is a p-type semiconductor with a small band gap (~1.1 eV). If the con-
ductivity is sufficiently high, this compound can be combined with catalytically active
n-type metal chalcogenides to form photocathodes. The central requirement for WSe2
films used in such photocathodes arises from the need to obtain a nearly perfect structure
with minimum defects, including edge states. The recombination rate of nonequilibrium
carriers (electrons and holes), which form during irradiation, decreases in the process.
However, nanostructured WSe2 films can have a greater area for hydrogen evolution, while
edge states can be passivated by a co-catalyst [10,13]. WSe2 films with a nearly perfect
crystal lattice are usually obtained by chemical synthesis (from the vapour phase or in a
special solution) or by the selenization of thin-film precursors (for instance, [16,17]). These
techniques have both advantages and disadvantages. Thus, finding alternative techniques
to obtain thin WSe2 film with targeted properties remains a challenge.

In its traditional on-axis configuration, pulsed layer deposition (PLD) makes it possible
to create WSe2 with a crystal structure and good catalytic properties [18–21]. However,
when using the on-axis PLD to obtain WSe2 films, problems were revealed with obtaining a
stoichiometric composition with a perfect chemical state of atoms in the film. This situation
can be attributed to several factors, including the preferential sputtering of selenium
on a growing WSe2 when exposed to laser-plasma and the propensity of selenium to
form pure Se nanoparticles at room temperature or to be desorbed at higher substrate
temperatures [20,22–24]. Submicron- and nanoscale particles of metal W can be introduced
into the film [25]. These particles form upon laser irradiation of a WSe2 target.

In the case of on-axis PLD geometry, the substrate is placed normally to the axis of the
laser plume expansion. Fominski et al. [26] have established that, under some on-axis PLD
regimes, using a buffer gas makes it possible to decrease the efficiency of the preferential
self-sputtering of chalcogen atoms. However, this technique suffers from considerable
limitations: under some regimes of ablation of a dichalcogenide metal target, a laser plume
may form and localize in a narrow solid angle. It has been revealed that chalcogen atoms
can move to the plume periphery, while a buffer gas cannot preclude the metallization of
the centre of the film deposition area [27].

Experiential studies of amorphous molybdenum sulfide (a-MoSx) catalytic film cre-
ation have shown that, during off-axis PLD, the buffer gas has the conditions necessary for
the effective saturation of films with chalcogen atoms [28]. These conditions are a result of
the difference between the S and Mo atomic masses. During off-axis PLD, the substrate
is placed parallel to the plume expansion. The film grows chiefly through the deposition
of atoms that have collided with buffer gas molecules and changed their direction. The
same effect can be achieved during the off-axis PLD of WSe2 films due to the substantial
difference between the W and Se atomic masses. One of the goals of this study was to
test whether the off-axis PLD technique could be applied to a WSe2 target to obtain WSe2
nanocrystal films that are nearly perfect in terms of structure and chemical state.

Films based on a-MoSx-nanomaterial have a high electrocatalytic activity during hy-
drogen evolution reaction (HER) [7,13,29–31]. The most common technique to obtain such
films is a chemical synthesis or chemical deposition in the solutions of special precursors.
The applicability of a laser-based technique to create amorphous a-MoSx films with good
electrocatalytic properties has been described in the literature [28,32–35]. Fominski et al.
demonstrate that the PLD technique is associated with the highest catalytic activity in
MoSx~4 films because they contain Mo3S12/Mo3S13 clusters [35]. It is suggested that re-
active PLD (RPLD) in H2S gas be used to create thin homogenous a-MoSx films with a
high content of catalytically active states of sulfur [34]. Performing on-axis RPLD from
a Mo target prevents the formation of a substantial number of particles of various sizes
during ablation. It also ensures a relatively conformal coating of a rough surface, which is
typical of catalysts. This beneficial effect is possible because deposition is carried out using
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a flux of Mo atoms, which scatter at different angles once collided with H2S molecules.
Given the difficulty of predicting the conductivity type in a-MoSx films with increased S
content, it was necessary to establish whether the mutual arrangement of energy bands in
the MoSx~4/WSe2 heterostructure is optimal for the effective separation of electron-hole
pairs when light irradiated during the photo-assisted HER.

It is widely accepted that the material of the rear contact to the semiconductor can
have a pronounced effect on the current transport in the semiconductor photovoltaic
structure and probably also the photoelectrocatalyst [36]. We investigated boron-doped
carbon films as rear contacts. A preliminary study showed that the introduction of boron
atoms could produce p-type conductivity of C(B) films [37]. Films with good conductivity
and mechanical strength were created by PLD from a mixed boron/graphite target. The
substrate of the heterostructure was a sapphire plate. However, sapphire can be replaced
by a cheaper material—glass, quartz, etc.

Our study aimed to form a multi-layered MoSx~4/WSe2/C(B) by PLD. The structure
had to contain thin-film nanomaterials with properties sufficient for an effective photo-
assisted HER in an acidic solution. When selecting PLD conditions for obtaining these
nanomaterials, we used the results of a preliminary investigation of each nanomaterial.
After the heterostructure have been assembled (i.e., after layer-by-layer nanomaterial
deposition), chosen PLD conditions may prove to be non-optimal for efficient photoelec-
trocatalysis of hydrogen evolution. Nonetheless, the findings made it possible to produce
recommendations on how laser-based processes may be improved and the structure and
composition of selected nanomaterials modified.

2. Materials and Methods
2.1. Experimental Methods for On-Axis and Off-Axis PLD of Functional Nanolayers for
MoSx~4/WSe2/C(B) Heterostructure Formation

Figure 1 shows the mutual arrangement of the target and the substrate when using
on-axis and off-axis PLD for the formation of a MoSx~4/WSe2/C(B) heterostructure. The
on-axis PLD configuration was used to deposit a C(B) film. The target, which consisted
of a carbon (soot) and boron powder mixture in the proportion C/B~6, was concurrently
ablated. For more detail on target manufacturing and the selection of laser ablation, see [37].
A Solar LQ529 laser (Minsk, Belarus) was used to ablate the target. The pulse duration
and energy were 10 ns and 100 mJ respectively. The pulse repetition rate was 20 Hz. The
energy density on the surface of the C(B) target was 9 J/cm2. The substrate was placed to
the laser plume axis, 3 cm away from the target, and heated to 500 ◦C. The deposition was
performed in a vacuum at a residual pressure of 5× 10−4 Pa. The deposition period of C(B)
films was 10 min. The film thickness did not exceed 150 nm.

Figure 1. A schematic of the PLD technique employed to form functional layers in a
MoSx~4/WSe2/C(B) heterostructure on a sapphire substrate. Comments are given in the text.

A WSe2 film was deposited by off-axis PLD on the surface of the substrate coated with
a C(B) film. The substrate was rotated 90◦ and placed along the laser plume axis 2 cm away
from the WSe2 target, which was manufactured by cold pressing of WSe2 powder [22].
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During the WSe2 target ablation, the laser fluence was reduced to 4 J/cm2. The substrate
temperature was 700 ◦C. WSe2 film deposition was performed in an Ar + 5% H2 mixture
at a pressure of 15 Pa. The gas mixture was introduced into a chamber that had been
evacuated to a residual gas pressure of 5 × 10−4 Pa or less. The deposition time of a WSe2
film of a thickness of ~200 nm was 20 min.

After the formation of WSe2 films, the sample was allowed to cool down to room
temperature. Then it was rotated 90◦ for subsequent MoSx film deposition by PLD in the re-
action gas. The Ar + 5% H2 gas mixture was pumped out with the help of a turbo-molecular
pump, and H2S gas was introduced into the chamber until the pressure reached ~26 Pa.
The Mo target ablation was carried out using 100 mJ pulses. The MoSx film deposition
time was set at 6 min. The thickness of a deposited MoSx film on a smooth substrate did
not exceed 20 nm. The choice of the Mo ablation conditions and the H2S pressure was
motivated by the results of preliminary investigation of RPLD of MoSx films [38]. Under
the chosen conditions of on-axis RPLD, the expected ratio was = S/Mo~4.

2.2. Structural, Chemical, Electrical, Optical, and Photoelectrochemical Characterization Techniques

In this study, WSe2 films were produced by off-axis PLD for the first time, and
thus they require further examination. Yet, C(B) and MoSx films obtained by on-axis
(R)PLD have been studied extensively. We also discussed their structural and chemical
properties in several publications. Therefore, in this article, we will focus on the information
that will give a comprehensive picture of the components (layers) of the MoSx~4/WSe2/
C(B) heterostructure.

The surface morphologies of the prepared films and heterostructures were examined
by scanning electron microscopy (SEM, Tescan LYRA 3, Brno, Czech Republic). Using
this microscope, the surface distribution of elements was studied by energy dispersive
X-ray spectroscopy (EDS). The structure of the films was investigated by micro-Raman
spectroscopy (MRS, Horiba, Kyoto, Japan), using a 632.8-nm (He-Ne) laser. The cross-
section of the laser beam was <1 µm. To explore the structural features of WSe2 films
obtained by off-axis PLD, the films were separated from the substrate and transferred onto
metal grids to study by high-resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) with the help of a JEM-2100, JEOL microscope
(Toyo, Japan).

Band gaps (Eg) in the prepared films were measured optically by processing absorption
spectra. To this end, a Tauc plot was constructed to describe the dependence between
(αhν)1/r and (hν), where α is the absorption coefficient, hν is the photon energy, and r
is a parameter that is taken to be 2 for indirect transitions. The optical absorption and
transmission spectra were measured using an Agilent Technologies Cary Series UV-Vis-NIR
spectrophotometer. Special samples were manufactured to explore the optical properties
of WSe2 and MoSx films. In these samples, WSe2 and MoSx films were deposited on
transparent sapphire substrates in the selected conditions.

The chemical states of WSe2 and MoSx films were studied by XPS. XPS spectra were
obtained using a Theta Probe Thermo Fisher Scientific spectrometer with a monochromatic
Al Kα X-ray source (hν = 1486.7 eV) and a 400 µm X-ray spot. The spectrometer energy
scale was calibrated using Au4f7/2 core level lines located at a binding energy of 84.0 eV.
The Advantage Data Spectrum Processing program was used for deconvolution of the
experimental XPS spectra. The Shirley background is an approximation method that
was used for determining the background under an XPS peak. The peaks were fitted
by symmetric convolution of Gaussian and Lorentzian functions. The ratios of atomic
concentrations of elements (x = S/Mo) were calculated considering the intensities of Mo 3d
and S 2p peaks and the corresponding Scofield’s Relative Sensitivity Factor.

The thickness of quite thick MoSx films (thickness is ≥100 nm) was measured by
SEM. For this, the Si substrate with the deposited thick MoSx film was cleaved and the
vertical cross section was investigated by SEM. These measurements made it possible
to estimate the deposition rate of the MoSx films during reactive PLD. The deposition
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rate was used to determine the time for preparation of a very thin MoSx film (thickness
is ~3 nm). The thickness of this thin film was then estimated from the results of XPS
studies for MoSx/WSe2 heterostructure. The thickness of thin MoSx film was estimated as
quite adequate if the XPS spectra of both films (MoSx and WSe2) could be detected at the
same time.

The XPS measurements were used to determine the mutual arrangement of valence
bands (VB) in the semiconductor heterostructures. The employed technique is widely used
to study the band structure in heterojunction the formation of which can cause a change
in the energy distribution of electrons [35,39,40]. The leading edge of the valence band
spectrum was approximated by a linear function using the least-square fit of the leading
edge of the VB spectra. The position of the valence band maximum (VBM) was determined
as the intersection of the approximating linear function and the baseline. Determining the
shift between the core levels of semiconductors in the heterojunction made it possible to
calculate the valence band offset (VBO).

To calculate the VBO in a MoS x/WSe2 heterostructure, a series of measurements was
performed. Firstly, the XPS spectra of the Mo3d and W4f core levels were measured along
with the spectra of the valence bands of quite thick MoSx and WSe2 films. Secondly, the
spectra of the Mo3d and W4f core levels were measured for a MoS x~4/WSe2 heterostruc-
ture, in which the thickness of the upper layer (MoS) did not exceed 3 nm. Thirdly, the
VBO value for heterojunctions was calculated based on the formula:

VBO = (EMo3d5/2 − EW4f7/2)interface + (EW4f7/2 − VBMW)bulk − (EMo3d5/2 − VBMMo) bulk,

where VBMW and VBMMo are the energies of the upper edge of the valence band for WSe2
and MoS, respectively. ‘Interface’ stands for spectra for heterojunctions, and ‘bulk’ for the
spectra of thicker films on C(B)/Al2O3 substrates.

The work function (ϕ) needed to withdraw an electron from a WSe2 film was cal-
culated using the formula ϕ = hν − ECutOff + EF, where ECutOff is the secondary electron
cutoff, EF is the Fermi level if these magnitudes are considered on a kinetic energy scale.
The Fermi level was determined based on an analysis of the energy spectrum of the valence
band. To enable XPS investigation, the samples were created on a conducting C(B) film.
This way, charge storage was prevented in the sample. The zero-value point of the binding
energy scale corresponded to the Fermi level. In this case, the ECutOff value marked on the
kinetic energy scale coincides with ϕ.

The electrical properties of C(B) films on sapphire substrates were studied by a four-
contact method in the van der Pauw geometry; Hall-effect measurements were performed
at room temperature. A magnetic field, varying from 0 to 1 T, was used for Hall-effect
characterization. Metallic contacts to the sample with a circular mesa were formed from an
InSn alloy, and the linearity of the volt–ampere characteristics of all contacts was monitored.
During the measurements, the direction of the current was switched to eliminate the effects
of thermoelectric power. The resistivity was calculated by averaging the values from all
pairs of contacts.

To study the photoelectrocatalytical properties of MoSx/WSe2/C(B)/Al2O3 samples,
we irradiated these samples with 100 W Xe lamps in an 0.5 M H2SO4 aqueous solution. The
light intensity was 100 mW/cm2. A three-electrode configuration was used to determine
the photo-assisted current in an electric circuit with modified cathodes. The polarization
curves were measured using linear sweep voltammetry (LSV) with a change in the applied
potential from −100 to 400 mV and a scan rate of 2 mV/s. When measuring LSV curves
and the time evolution of the photocurrent, the light source was turned on and off. For
chronoamperometry measurements, the potential of the photocathode was 0 V (relative to
the reversible hydrogen electrode, RHE).
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3. Results
3.1. On-Axis PLD of C(B) Films

Figure 2a,b show the morphology of a C(B) film formed on sapphire by traditional
PLD. Detached rounded particles were observed on the smooth surface of C(B) films. The
particle size ranged from 0.1 to 0.5 µm. This morphology is attributed to the deposition
of B-rich particles [37]. The Raman spectrum of a C(B) film has two broad peaks at 1343
and 1545 cm−1 (Figure 2c), which correspond to the peaks marked D and G. The peaks are
shifted to the lower wavenumber relative to the peaks associated with graphite (1360 cm−1

and 1580 cm−1 respectively). This shift meant that the films had a graphite-like local
packing, which contained B atoms and some C atoms with sp3-bonding in sp2-matrix. A
more detailed analysis of the Raman spectra of C(B) films obtained by PLD can be found
in [37,41].

Figure 2. SEM images obtained at (a) normal and (b) 45◦ angles to the surface; (c) Raman spectrum
of a C(B) film prepared on sapphire substrate by on-axis PLD in a vacuum.

The C(B) films had a specific resistance of ~1.5 mΩ·cm and p-type conductivity.
At room temperature, the carrier concentration and mobility were 4.4 × 1019 cm−2 and
180 cm2/V·s, respectively. The low resistance to the current flow in C(B) films enabled their
use as a rear contact to the MoSx~4/WSe2 heterostructure, and p-type conductivity made it
possible for holes formed upon illumination to move from the WSe2 film to the external
electric circuit.

3.2. Off-Axis PLD of WSe2 Films

Figure 3 shows the morphology of the WSe2 film obtained by off-axis PLD on the
surface of C(B) film. The WSe2 film covers the surface of the C(B) film with a continuous
layer and the WSe2 film had a nanocrystal structure consisted of petal-like crystals with
random orientation relative to the film surface. The linear sizes of WSe2 crystals reached
1 µm, whereas the thickness of the nanopetals did not exceed 50 nm.

Figure 3. (a,b) SEM images of the surface of the WSe2 film (two magnifications) obtained by off-axis
PLD on the surface of C(B)/Al2O3 sample.
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A structural investigation by MRS and TEM/MD techniques demonstrated that the
WSe2 film had a crystal structure. An MRS spectrum (Figure 4a) only had peaks character-
istic of the 2H-WSe2 phase. The peaks associated with the vibrational modes E2g

1 and A1g

coincided because the shift between them was approximately 3 cm−1 [42,43]. The narrow
half-height width of the peak (3 cm−1) points to the suitable quality of the crystal structure.
A high-resolution TEM and SAED analysis of a single WSe2 petal showed that it consisted
of several nanocrystals with a hexagonal lattice of the 2H-WSe2 phase (Figure 4b). The
nanocrystal size was ~10 nm. Although the nanocrystals were oriented randomly relative
to the c-axis, the basal plane of all the nanocrystals was parallel to the petal surface.

Figure 4. (a) Raman spectra and (b) HRTEM and SAED patterns of the WSe2 film obtained by
off-axis PLD.

Figure 5 shows part of the XPS spectra for the surface of WSe2 film deposited on the
surface of C(B) film. The W4f spectrum was well described by a doublet in which the
W4f7/2 and W4f5/2 peaks had binding energies of 32.24 and 34.47 eV, respectively, which
are characteristic of WSe2. The Se3d spectrum was described by a doublet whose Se3d5/2
and Se3d3/2 peaks were at 54.50 and 55.37 eV, respectively. The XPS spectra indicated
effective chemical interaction between Se and W during off-axis PLD [13,43,44].

Figure 5. Core level XPS W4f and Se3d spectra of the WSe2 film obtained by off-axis PLD.

An analysis of the energy spectrum of secondary electrons and the valence band
showed that the work function for WSe2 electrons was 4.9 eV (Figure 6a). The Fermi level
was close to the bottom of the band gap 0.25 eV away from the upper edge of the valence
band (Figure 6b). An investigation of the WSe2 film optical properties demonstrated that
the film had an absorption spectrum characteristic of WSe2; the band gap width was
1.4 eV (Figure 7). A study of the band structure of the WSe2 film proved that it had p-type
conductivity typical of this compound [45,46].
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Figure 6. (a) XPS spectrum of secondary electrons cutoff and (b) evaluation of the valence band edge
position for a WSe2 film obtained by off-axis PLD on the surface of C(B) film.

Figure 7. (a) Optical absorption spectra and (b) Tauc plots for the WSe2 film on the sapphire substrate.
The A and B peaks are explained by excitonic absorption.

3.3. On-Axis Reactive PLD of MoSx~4 Film

Figure 8 shows an SEM image of the surface of WSe2/C(B)/Al2O3 sample after MoSx
film deposition by on-axis reactive PLD. MoSx film deposition did not cause a substantial
change in the morphology of the sample surface. The principal difference between SEM
images of the WSe2 film before (Figure 3) and after MoSx film deposition (Figure 8) was
that the sides of the WSe2 nanocrystal petals lost their sharpness when coated by a thin
MoS film, which is a porous structure. Mapping element distribution in the sample surface
suggested that the MoSx film had a sufficiently homogeneous distribution over the sample
surface (Figure 9). During PLD, the collision of Mo atoms with H2S molecules ensured
their scattering at different angles. As a result, a MoSx film could be formed even on those
WSe2 nanopetals that were oriented perpendicular to the surface of the substrate.
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Figure 8. (a,b) SEM images (two magnifications) of the MoSx/WSe2/C(B)/Al2O3 sample.

Figure 9. SEM image (top gray) and EDS maps (colored) of element distribution on the surface of the
MoSx/WSe2/C(B)/Al2O3 sample. Intensity of different colors indicates where the corresponding
elements (Se, W, S, Mo, B, and C) are most abundant. The presence of submicron rounded particles is
explained by B-rich particle deposition during C(B) film formation.

Figure 10 shows the results of XPS investigation of a quite thick MoSx film obtained
by on-axis RPLD. An analysis of the chemical state of elements showed (Figure 10a,b) that
core level XPS Mo3d spectrum was well described by a doublet corresponding to the Mo4+
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state. The bonding energy of the peak Mo3d5/2 was 229.24 V, accounted for by chemical
bonds with S atoms [26,34]. Molybdenum oxides (Mo6+) or metallic 0 were not observed.
The Mo3d5/2 peak partially overlapped with the S2s peak. The S2s peak consisted of
singular peaks whose position correlated with that of doublets in the S2p spectrum. When
analyzing the S2p peak, we used the traditional approach, i.e., we identified the states
of sulfur with high and low binding energy (HBE and LBE, respectively) [34,35]. The
LBE doublet was associated with single S2- atoms (in MoS2-like clusters) and a terminal
(S2

2−)tr ligand (in Mo3S13/Mo3S12 clusters). The doublet had S2p3/2 and S2p1/2 peaks with
binding energies of 162.04 and 163.35 eV, respectively. The HBE doublet had S2p3/2 and
S2p1/2 peaks, whose binding energies were 163.28 and 164.50 eV. This doublet is usually
attributed to apical S2- and bridging (S2

2−)br ligands in Mo3S13/Mo3S12 clusters. An XPS
studies-based calculation of S/Mo atomic concentration ratios for this film confirmed that
x~4.0. Measuring the valence band spectrum showed that the Fermi level was 0.4 eV away
from the bottom of the band gap (Figure 10c).

Figure 10. XPS spectra of (a,b) core level Mo3d and S2p and (c) the valence band of a relatively thick MoSx film obtained by
on-axis RPLD.

Figure 11a shows the spectrum of optical absorption for the MoSx~4 film. Figure 11b
demonstrates a Tauc plot calculated for that spectrum. The optical properties of MoSx~4
films are very similar to those of WSe2. This similarity sets a limit on the thickness of the
MoSx film in a MoSx/WSe2 heterostructure since both films absorbed light most efficiently
at wavelengths below 500 nm. The width of the band gap in a MoSx film was 1.55 eV.
A Fermi level in the lower part of the band gap indicated p-type conductivity in the
MoSx~4 film.

Figure 11. (a) Optical absorption spectra and (b) Tauc plots for the MoSx~4 film deposited on
sapphire substrate.

The local packing of atoms in the MoSx~4 film was investigated by MRS. It can be
seen in Figure 12 that the Raman spectrum of the film consists of a set of broadened
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strips, whose position correlates well with that of the bands in the Raman spectrum of a
catalytic molybdenum sulfide film obtained by chemical synthesis in a solution [13] and
by reactive magnetron sputtering [47]. The spectrum had two clear broadened peaks at
~525 and ~550 cm−1, which were accounted for by the vibrational modes ν(S-S)tr and
ν(S-S)br respectively in Mo3S13/Mo3S12 clusters. The peak at ~450 cm−1 is explained by
the vibrations of apical S in Mo3S13 clusters. A broad band in the range 250–400 cm−1 is
characteristic of an amorphous featureless structure of MoSx. Thus, the selected regime of
on-axis RPLD made it possible to obtain thin layers of an amorphous molybdenum sulfide
containing Mo3S13/Mo3S12 clusters on the surface of a nanostructured WSe2 film. The high
electrocatalytic activity of such an amorphous molybdenum sulfide could contribute to a
photo-assisted HER if the flux of nonequilibrium carriers (electrons) through the interface
with WSe2 was sufficient.

Figure 12. Raman spectra of MoSx~4 film obtained by on-axis RPLD on a sapphire substrate.

3.4. Photoelectrocatalytic Properties of the MoSx~4/WSe2/C(B)/Al2O3 Cathode

Figure 13 shows the results of an investigation of photoelectocatalytic properties of var-
ious heterostructure based on laser-deposited MoSx~4, WSe2, and C(B) films on a sapphire
substrate. During photo-assisted HER, the MoSx~4/WSe2/C(B) materials combination
had the most suitable properties (Figure 13a). A luminous flux caused the photo-current
density to increase to ~3 A/cm2 at a voltage of 0 V(RHE). The photocurrent magnitude was
superimposed with the relatively high dark current raised due to transient effects [43]. The
onset potential reached 400 mV (RHE). The heterojunction between MoSx~4 and WSe2 films
was largely responsible for an efficient photo-assisted HER in this photocathode. Cathodes
with a single semiconductive layer (MoSx~4 or WSe2) on the C(B) layer were associated
with very low efficiency of photo-assisted HER (Figure 13b).

In the study of the temporal stability of the MoSx~4/WSe2/C(B)/Al2O3 photocathode,
the current density was found to rapidly decrease by 20% in 20 min under chopped
illumination. After a period of decline, the current density remained relatively stable for
two hours. Longer tests of the temporal stability of this photocathode were not performed.

Table 1 contains collected data for comparison of the main parameters of metal
chalcogenide-based photocathodes that characterize their performance in photo-assisted
HER. It can be seen that the MoSx~4/WSe2/C(B)/Al2O3 photocathode created by pulsed
laser deposition is not inferior in general in photo-assisted HER to the performance of pho-
tocathodes which were prepared by the methods of wet/dry chemical synthesis, exfoliation,
spin coating, etc. Next, we will discuss the factors that should be overcome to enhance the
photo-assisted HER efficiency of the MoSx~4/WSe2/C(B)/Al2O3 photocathode.
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Figure 13. (a) Chopped LSV curve for the MoSx~4/WSe2/C(B)/Al2O3 photocathode in 0.5 M H2SO4

upon illumination; (b) Chopped photocurrent density versus time for MoSx~4/WSe2/C(B)/Al2O3

(curve 1), MoSx~4/C(B)/Al2O3 (curve 2) and WSe2/C(B)/Al2O3 (curve 3) photocathodes at 0 V
(RHE) in 0.5 M H2SO4 upon illumination.

Table 1. Comparison of photo-assisted HER performances for metal chalcogenide-based photocathodes with
heterojunction structure.

Hetero-
Structures

Rear Contact/
Support Preparation Methods Uonset, mV

(RHE)
Photocurrent at
U = 0, mA/cm2

Light Intensity,
mW/cm2 Ref.

WSe2(Pt) TiN:O/
SiO2/Si aSLcS process *1 ~500 ≤1 100 [48]

(NH4)2Mo3S13/WSe2
TiN:O/
quarts glass

Spin coating/
aSLcS ~250 5.6 100 [13]

MoSxOy /2D-WSe2
F:SnO2/
glass

SDCI *2/
drop casting

~300 2.0 100 [49]

MoxSy/WSe2 rGO/F:SnO2/
glass

Drop casting/
successive dip coating ~0.2 ~3–4 100 [50]

WSe2-PANI (Polyaniline)
nanohybrid

Vapor transport
technique 280 ~20 30 [51]

WSe2(Pt-Cu) F:SnO2/glass Exfoliation/
spin-coating ~350 ~4 100 [52]

Pt/(NH4)2MoS4/WSe2 TiN:O/glass aSLcS/spin coating ~200 ~5 100 [14]

MoS2/WSe2 F:SnO2/glass
mechanical
exfoliation/chemical
vapor deposition

800 (SCE) 0.4 100 [53]

p-WSe2/FePt Metallic tungsten
substrate

Chemical vapor
transport 200 4 100 [54]

MoS4/WSe2 C(B)/Al2O3 RPLD/PLD 400 3 100 This
work

*1 the amorphous solid–liquid–crystalline solid process with Pd promoter. *2 selective dip coating impregnation.

4. Discussion

XPS studies of MoSx~4 and WSe2 layers obtained by PLD showed that they had
p-type conductivity. Such a combination of the electrophysical properties of contacting
semiconductors creates a situation when the efficiency of photo-assisted HER processes
largely depends on the structure of energy bands at the MoSx~4 /WSe2 interface. Figure 14
shows band alignment at the interface which was determined through a comprehensive
study of the films by XPS and optical methods. The conductive band offset (CBO) value
was calculated using the formula:

CBO = VBO + Eg(WSe2) − Eg(MoS x~4).
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Figure 14. Band alignment diagram for the MoS x~4/WSe2 heterojunction system obtained by PLD.

The obtained CBvalue equaled 0.1 eV. Thus, the band alignment was of type II, which
is associated with the most efficient separation of photo-generated electron-hole pairs. In
this case, electrons will move into the MoSx layer from the WSe2 and participate in the
hydrogen evolution reaction, whilst holes will move from MoSx into the WSe2 layer. From
WSe2, holes will migrate into the C(B) rear contact and further into the external electric
circuit.

An additional study of MoSx~4/WSe2/C(B)/Al2O3 samples by electrochemical
impedance spectroscopy (EIS) demonstrated that the C(B) contact layer did not ensure a
sufficiently low resistance to the flow of current. The value of equivalent series resistance
(Rs), which was extracted from EIS data, achieved 30 Ω. When a glassy carbon conducting
substrate was used to create a MoSx~4/WSe2/GC photocathode, Rs did not exceed 4 Ω,
and the density of the photo-assisted HER current increased. Therefore, to increase the
efficiency of a photo-assisted HER when using a MoS x~4/WSe2 heterojunction system, it
is recommended to choose a rear contact with an electrical resistance lower than that of
the C(B) film. Further work may focus on the effect of the B concentration on the electrical
properties of such films.

The analysis of the optical characteristics of the MoSx~4 and WSe2 films showed
that these films absorb light rather efficiently. These nanomaterials are potentially active
catalysts for the hydrogen evolution reaction. However, these factors did not provide
effective photo-assisted HER in the MoSx~4/C(B)/Al2O3 and WSe2/C(B)/Al2O3 samples.
Additional experiments with thicker MoSx~4 and WSe2 films did not reveal significant
changes in the efficiency of photo-assisted HER. This indicated that after the generation of
electron-hole pairs under a light flux, electrons and holes could rapidly recombine in the
bulk of the films. The formation of a heterojunction turned out to be the most important
factor contributing to an increase in the photocurrent. At the interface of the MoSx~4 and
WSe2 films, not only the processes of separation of nonequilibrium electrons and holes
due to the specificity of the energy bands alignment could occur, but also recombination
processes can be expected. The recombination processes will facilitate to photo-assisted
HER if electrons from WSe2 and holes from MoSx~4 actively participated in the recombi-
nation process (Z-schema) [35]. However, one cannot exclude the recombination at this
interface of electrons and holes generated by the light flux in the WSe2 film. In addition,
the small size of the crystalline domains in the WSe2 film and their random orientation
resulted in a high density of edge states. This should lead to a decrease in the efficiency of
charge separation since such edge states serve as recombination centers [13]. Insufficiently
large values of CBO and VBO for the MoSx~4/WSe2 heterojunction could also be the reason
limiting the efficiency of photo-assisted HER in our samples.

Another factor that could reduce the efficiency of a photo-assisted HER with a
MoSx~4/WSe2/C(B)/Al2O3 photocathode is modification of the MoSx~4/WSe2 interface
under the influence of hydrogen sulfide activated by laser-induced plasma. Figure 15
shows W4f and Mo3d XPS spectra measured for a very thin MoSx film formed by on-axis
RPLD on the surface of the WSe2 layer. A comparison of these spectra with those of
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pristine WSe2 and MoSx~4 (Figures 5 and 10) demonstrated that the chemical state of W
has practically not changed after the deposition of MoSx film. The Mo3d spectrum shifted
by 0.37 eV towards greater bonding energies, whilst the S2s spectrum increased in intensity.
These changes indicated that, at the initial stage of the MoSx film growth, sulfur could be
effectively deposited on the WSe2 as a result of H2S molecules interacting with the WSe2
surface. The plasma that formed in H2S during the ablation of the target could activate the
process. The introduction of S atoms into the WSe2 crystal lattice can distort the latter and
thus cause the formation of new energy levels in the WSe2 band gap. At the same time,
energy bands will bend in the contact area. Band bending may cause a bonding energy
shift for the Mo3d5/2 peak and increase the width at the half maximum of the peak from
1.4 to 1.8 eV. At these energy levels, effective recombination of electrons and holes formed
upon illumination may occur.

Figure 15. XPS W4f and Mo3d (overlapped with S2s) spectra for a very thin MoSx film obtained by
on-axis reactive PLD on the surface of WSe2 layer.

To change the conditions under which the MoSx~4/WSe2 interface is formed, one can
employ a different technique for the deposition of a molybdenum sulfide film—one that pre-
vents the influence of plasma-activated H2S gas. Fominski et al. [55] and Giuffredi et al. [32]
demonstrate that the pulsed laser ablation of a MoS2 target in a buffer gas enables the
formation of MoSx films with an increased concentration of sulfur (x ≥ 3). These films
have an extremely high electrocatalytic HER activity. The area of MoSx film deposition
(i.e., WSe2 nanopetals) can be oriented randomly to the axis of the plume expansion [56]. If
this technique for MoSx film deposition is applied, the deposition of Mo and S atom flux
on the interface with the WSe2 film occurs almost simultaneously. This contributes to the
formation of Mo-S chemical bonds in the growing film. The energy of atoms deposited
during the ablation of the MoS2 target in the on-axis PLD configuration is much lower
than during the ablation of metallic Mo in the on-axis RPLD configuration. As a rule, the
ablation of metals occurs in the conditions of effective laser plume ionization under the
influence of more powerful laser pulses. This factor can also impact chemical processes at
the MoSx/WSe2 interface.

The regulation of the MoSx/WSe2 interface formation is not the only factor that affects
the efficiency of photo-assisted HER. Another one is the texture of the WSe2 layer [10,13].
WSe2 petals sitting along the substrate surface minimize the impact of edge states on the
recombination on nonequilibrium carriers. Yet, the orthogonal orientation of the petals
increases the area of the surface involved in catalysis. The negative effect of edge states
can be reduced through their passivation by a MoSx catalyst. We carried out additional
studies to obtain WSe2 by off-axis PLD at varying buffer gas pressures. This factor did not
have a marked effect on the texture of WSe2 films. When this WSe2 formation technique is
used, other parameters of off-axis PLD may vary as well. These are laser fluence, the laser
plume incidence angle, deposition temperature, etc. Co-deposition with some metals (for
example, Pd [13]) will also affect the growth of WSe2 films. The optimization of regimes
for obtaining WSe2 films with a targeted structure by laser-based methods is a central
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condition for creating HER photocatalysts with suitable characteristics. Achieving the latter
requires further research into the MoSx/WSe2 heterojunction system.

5. Conclusions

Using different PLD configurations makes it possible to fully form a HER catalyst
(in one production vessel) on a dielectric substrate (sapphire). A robust rear contact
(conducting layer) was obtained using B-doped amorphous carbon by traditional on-
axis PLD. A nanostructured WSe2 layer was grown on the C(B) contact layer. The WSe2
layer consisted of differently oriented nano-petals, which had a nearly perfect 2H-WSe2
crystal lattice. To obtain a WSe2 layer, off-axis PLD was performed in a buffer gas. A
catalytic MoSx~4 layer was created on the surface of WSe2 petals by on-axis reactive
PLD from Mo target in H2S gas. The temperature of functional layer formation for a
MoSx~4/WSe2/C(B)/Al2O3 photocathode ranged between 22–700 ◦C.

The MoSx~4/WSe2/C(B)/Al2O3 photocathode obtained by laser-based processes has
the following characteristics as regards HER in 0.5M H2SO4 acid solution during light
irradiation with an intensity of 100 mW/cm2: the current density at 0 V (RHE) is ~3 A/cm2;
the onset potential reaches 400 mV (RHE). Given that these photocathodes are made from
relatively cheap materials commonly found in nature, these are suitable characteristics.
The performance of MoSx/WSe2 heterojunction system for photo-assisted water splitting
for hydrogen production can be substantially increased by enhancing the composition of
the photocatalyst (i.e., employing a different rear contact) and optimizing PLD regimes for
creating functional semiconductor layers.
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Abstract: We report the synthesis of air-stable Cu nanoparticles (NPs) using the bottom-up laser
reduction in liquid method. Precursor solutions of copper acetlyacetonate in a mixture of methanol
and isopropyl alcohol were irradiated with femtosecond laser pulses to produce Cu NPs. The Cu
NPs were left at ambient conditions and analyzed at different ages up to seven days. TEM analysis
indicates a broad size distribution of spherical NPs surrounded by a carbon matrix, with the majority
of the NPs less than 10 nm and small numbers of large particles up to ∼100 nm in diameter. XRD
collected over seven days confirmed the presence of fcc-Cu NPs, with some amorphous Cu2O,
indicating the stability of the zero-valent Cu phase. Raman, FTIR, and XPS data for oxygen and
carbon regions put together indicated the presence of a graphite oxide-like carbon matrix with oxygen
functional groups that developed within the first 24 h after synthesis. The Cu NPs were highly active
towards the model catalytic reaction of para-nitrophenol reduction in the presence of NaBH4.

Keywords: laser synthesis; laser reduction in liquid; copper nanoparticles; para-nitrophenol

1. Introduction

Laser synthesis techniques have emerged over the last decade as reliable methods for
producing pure nanomaterials (NMs) [1–3]. Laser synthesis has several advantages over
traditional chemical synthesis methods including: facile generation of metastable phases
and bonding environments, rapid conversion of precursors to NM products, and avoidance
of capping ligands. For instance, alloys of immiscible metals can be formed [4], reactions
can be completed in seconds [5], and grams per hour synthesis yields can be attained with
high-repetition rate lasers [6]. Moreover, laser synthesis techniques are considered ’green’
because they do not employ toxic chemical reducing agents or surfactants and produce
little chemical waste [7].

The lack of otherwise required capping ligands results in high purity nanoparticles that
are important to several applications. Biofunctional assemblies can be produced by func-
tionalizing laser-generated nanoparticles (NPs) for in-vitro applications [8]. The absence of
ligands makes more active sites available for catalysis, resulting in laser-synthesized NPs
often having higher activities than their conventional counterparts [9–11]. Higher purity
also makes laser-synthesized NPs attractive candidates for other biomedical applications
and as references for modeling chemical reactions [12–15]. In addition, photoluminescence
can be introduced to the NPs by in-situ generation of carbon shells through laser-induced
decomposition of organic solvents [16,17].

Cu NPs in particular are of high interest both due to the natural abundance of copper
and their myriad applications in catalysis, electronics, and biology [18–22]. However,
conventional wet-chemical methods used to synthesize Cu-based NPs require toxic sol-
vents, reducing agents, or both [23–25]. Hence, greener synthesis routes to Cu NPs are
of primary importance. To address this need, pulsed laser ablation in liquid (PLAL) has
been widely employed to generate Cu NPs [26–30]. In these syntheses, copper oxides are
a major product when ablation is conducted in water [26–29], and Cu0 phases are only
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stable when the ablation liquid contains an organic solvent, such as acetone, methanol, or
ethanol [28–30].

The top-down PLAL method is by far the most common laser synthesis technique used
to produce colloidal metal NPs [1]. PLAL involves focusing of laser beam on the surface of
a solid or powdered target immersed in a solvent, causing the removal of target material
from the surface and its coalescence into colloidal NPs. However, NP products from PLAL
in many cases exhibit bimodal size distributions due to the ejection of both small clusters
and large droplets from the surface [31–33]. An alternative method is bottom-up laser
reduction in liquid (LRL), which involves focusing picosecond (ps, 10−12 s) or femtosecond
(fs, 10−15 s) laser pulses into a solution of molecular precursors to generate a dense plasma
containing electrons that reduce metal ions to colloidal NPs. LRL can enable superior
control over Au NP sizes in a single step when the chemistry of the precursor solution and
laser irradiation conditions are carefully controlled [34,35].

A current limitation to the wide use of LRL is that the vast majority of studies reported
to date focus on the easily reduced noble metals Au [34–38], Ag [39–41], Pt [42], and their
alloys [43–45] because these metals are resistant to oxidation. Unlike in PLAL where
the zero-valent metal is present in the initial target, metal NP formation in LRL requires
chemical reactions between the molecular precursor(s) and the reactive species in LRL
plasma. In aqueous solution, the major species are hydrated electrons (e –

aq ) and hydroxyl
radicals (OH · ) [38]. Whereas e –

aq are exceptionally strong reducing agents towards metal
ions, OH · radicals and their recombination product H2O2 can back-oxidize zero-valent
metal atoms. Although Au is resistant to back-oxidation and HAuCl4 precursor can be
reduced by H2O2 [37], effective production of Ag-containing NPs by LRL requires the
addition of OH · scavengers, such as ammonia or isopropyl alcohol, to prevent back-
oxidation of Ag [40,41,45]. Moreover, the few LRL studies on the non-noble metal Fe report
production of only Fe oxides [46,47].

The detrimental effects of reactive oxygen species on Cu NP synthesis have been
widely known since Dhas et al. [48] reported that OH · and H2O2 formed during sono-
chemical synthesis lead to the formation of copper oxides. In PLAL of Cu metal in water,
Cu oxides are formed due to the presence of OH · radicals in the laser plasma from water,
dissolved O2, or both [28]. Oxide formation during PLAL can be hindered through the use
of organic solvents [27–30], which also can result in the formation of a protective carbon
shell around the Cu NPs [27,28]. On the basis of these results, we designed an air-free
LRL synthesis route to Cu NPs using an isopropyl alcohol/methanol solvent mixture. We
report, to the best of our knowledge, the first LRL synthesis of air-stable Cu NPs and their
catalytic activity towards reduction of para-nitrophenol in the presence of NaBH4.

2. Materials and Methods
2.1. Materials

Copper acetylacetonate (Cu(acac)2, Acros Organics, Fair Lawn, NJ, USA), isopropyl
alcohol (IPA, Fisher Scientific, Waltham, MA, USA), methanol (MeOH, Fisher Scientific,
Waltham, MA, USA), sodium borohydride (NaBH4, Acros Organics, Fair Lawn, NJ, USA),
and para-nitrophenol (PNP, Acros Organics, Fair Lawn, NJ, USA) were used as received.

2.2. Cu NP synthesis

A working solution of 0.8 mM Cu(acac)2 in 25%/75% (v/v) MeOH/IPA solvent was
purged with nitrogen for 20 min before 3.0 mL of the solution was transferred to a nitrogen-
filled 10 × 10 × 40 mm quartz fluorimeter cuvette. The solution was then irradiated with
laser pulses to yield Cu NPs. Upon formation, Cu NPs were exposed to air and analyzed
at different time intervals (0 h, 3 h, 24 h, and 7 days) to study the aging of NPs. By 24 h
after synthesis, all the Cu NPs are precipitated out of the solution but can be redispersed
via brief sonication.
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2.3. Instrumentation
2.3.1. Laser Synthesis

The experimental setup is described elsewhere [38]. Briefly, samples were irradiated
using a commercial titanium-sapphire chirped-pulse amplifier (Astrella, Coherent, Inc.,
Santa Clara, CA, USA), delivering 30 fs pulses, with the bandwidth centered at 800 nm and
a repetition rate of 1 kHz; 2 mJ laser pulses were focused using a f = 5 cm aspheric lens into
the center of the sample cuvette to produce a peak irradiance of 5 × 1016 Wcm−2. Details
for calculating peak irradiance can be found in Ref. [38]. The sealed cuvettes containing
Cu(acac)2 solution were irradiated for 10 min.

2.3.2. UV-Vis Spectroscopy

Conversion of precursors to Cu NPs was monitored using a home-built in-situ UV-vis
spectrophotometer described in Ref. [38] and the irradiation was stopped when no further
growth in Cu surface plasmon resonance (SPR) was observed. The catalytic performance
of Cu NPs was tested for the reduction of PNP with NaBH4 (see Section 2.4) by employing
a second home-built in-situ UV-vis spectrophotometer described in Ref. [49]. Finally, to
observe the effect of aging of Cu NPs, absorbance data was recorded using Agilent 8453
UV-vis spectrophotometer at times up to 7 days after synthesis.

2.3.3. Transmission Electron Microscopy (TEM)

Cu NPs were visualized using TEM (JEOL JEM-1230 TEM) at 120 kV. A diluted
solution of colloidal Cu NPs was drop-casted onto carbon-coated grids (Structure Probe,
Inc., West Chester, PA, USA) and left to dry for 24 h or longer. Average sizes and size
distributions were measured using ImageJ software. At least 350 particles from images of
three separate areas of a TEM grid were evaluated.

2.3.4. X-ray Photoelectron Spectroscopy (XPS)

XP spectra were collected on a PHI VersaProbe III Scanning XPS Microprobe with a
monochromated Al Kα X-ray source (1486.6 eV), with a typical resolution of 0.4–0.5 eV.
Survey scans and high resolution scans were collected with pass energies of 280 eV and 26
eV, respectively. Charge neutralization was done by running an ion gun and a flood gun
during sample analysis. The measurement spot diameter was 200 µm with take off angle
of 90◦ and the detector at 45◦. Spectral analysis was carried out using PHI Multipak XPS
software with 70% Gaussian/Lorentzian convolution to fit each spectral peak. Samples
were prepared by drop-casting Cu NPs on a gold-sputtered silicon wafer, followed by
drying under vacuum for at least 24 h. All spectra were corrected using a Au4f peak shift
to center at 84.0 eV.

2.3.5. FTIR Spectroscopy

A Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with a mid- and far-IR-
capable diamond ATR was used to record FTIR spectra. All spectra were obtained using 32
scans in the range from 4000 to 400 cm−1 with 4 cm−1 resolution. Cu NPs were directly
drop-casted on to the diamond crystal.

2.3.6. X-ray Diffraction (XRD)

XRD data was collected on a Panalytical Empyrean Diffractometer with CuKα radia-
tion (0.15418 nm) at 40 kV and 45 mA, with scanning angle (2θ) of 30–80◦ and a gonio focus-
ing geometry. Sample preparation involved drop-casting of Cu NPs on a low-background
silicon substrate, followed by drying under vacuum for at least 24 h.

2.3.7. Raman Spectroscopy

Raman spectra were recorded on a Thermo Scientific DXR3 SmartRaman Spectrometer
involving a 532 nm excitation laser. All spectra obtained were averaged over 32 scans in the
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range of 50 to 3500 cm−1 with 5 cm−1 resolution. Samples were prepared by drop-casting
Cu NPs on a silicon wafer, followed by drying under vacuum for at least 24 h.

2.4. Catalytic Reduction of Para-Nitrophenol (PNP)

PNP reduction reactions were carried out in a home-built in situ UV-vis spectrometer
setup described elsewhere [35] at different time intervals after laser synthesis (0 h, 3 h,
24 h, and 7 days). Spectra were recorded every 2.4 s using LabVIEW software (National
Instruments). A solution containing a final concentration of 0.1 mM PNP and 10 mM of
freshly prepared NaBH4 was prepared in a 10 × 10 × 40 mm quartz fluorimeter cuvette
with a magnetic stir bar, resulting in the formation of p-nitrophenolate ion with UV-vis
absorbance at 400 nm. Prior to the addition of the catalyst, this peak was observed for 24 s
to confirm no reaction occurred in the absence of a catalyst. After this period, 300 µL of the
Cu NP catalyst was added, triggering the reduction of PNP. Data collection was terminated
when the absorbance at 400 nm (p-nitrophenolate ion) had disappeared.

3. Results
3.1. Physical Characterization

Figure 1 shows TEM images and size distributions for Cu NPs samples obtained 0 h
(a), 3 h (b), and 24 h (c) after laser synthesis. In all images, small <10 nm NPs surrounding
significantly larger NPs are observed. Fitting the size distributions to a log-normal function
primarily captured the small NPs, producing mean diameters of 3.30 nm (PDI = 0.16),
4.54 nm (PDI = 0.19), and 4.57 nm (PDI = 0.16) for 0 h, 3 h, and 24 h samples, respectively.
Despite the large numbers of small NPs, they make up a tiny fraction of the overall mass of
Cu NPs, as evident in the mass-weighted size distributions. Nevertheless, the contribution
of NPs smaller than 10 nm to the overall mass slightly increased from 0.16 % at 0 h to 0.34 %
at 3 h and 24 h. The slight size increase in the small NPs after the initial synthesis was also
observed for Fe oxide NPs synthesized by LRL from Fe(acac)3 in hexane [47], although, in
that work, no large NPs were observed. A carbon shell around clusters of Cu NPs is also
visible in Figure 1, particularly for the 3 h and 24 h samples. Similar carbon shells have
been observed for Cu NPs produced by PLAL in acetone [28] and methanol [27].

Figure 1. TEM images and corresponding number-weighted and mass-weighted size distributions
for samples analyzed (a) 0 h, (b) 3 h, and (c) 24 h after synthesis. Scale bars in magnified regions are
20 nm.
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Figure 2 shows the XRD spectrum of the 24 h sample. Intense diffraction peaks
observed at 43.35◦, 50.47◦, and 74.18◦ were indexed to (111), (200), and (220) planes of
fcc-Cu (JCPDS no. 01-085-1326), respectively. A broad feature centered at 36.85◦ indexed to
cubic-Cu2O(111) (JCPDS no. 00-005-0667) was also observed. Using the Scherrer equation,
the crystallite sizes were calculated to be 29.89 nm for the Cu(111) [50]. Thus, we can
infer that the large NPs observed in Figure 1 are Cu metal NPs, whereas Cu2O exists as an
amorphous thin layer around the Cu NPs, as the smaller NPs, or both.
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Figure 2. XRD spectrum of 24 h sample (blue), with references for Cu2O (cyan) and Cu (dark red).
Inset magnifies a broad peak observed in the spectra for 24 h sample indexed to Cu2O (111).

Figure 3 shows XP spectra obtained for the 24 h sample. Two peaks in the Cu2p3/2
region (Figure 3a) at 933.0 eV (cyan) and 934.2 eV (violet) were assigned to either Cu0

or Cu+ and Cu2+, respectively [51]. To distinguish between Cu0 and Cu+, the CuLMM
region was analyzed (Figure 3b) and resulted in two peaks at 568.4 eV (blue) and 570.6 eV
(magenta) assigned to Cu0 and Cu+, respectively [51]. The presence of both Cu0 and Cu+

in the XP spectra is consistent with the XRD results (Figure 2). In the O1s region (Figure 3c),
the peaks at 530.8 eV (magenta), 531.7 eV (light blue), 532.2 eV (light green), and 533.0 eV
(dark green) were assigned to Cu–O, C=O, –OH and C–O species, respectively [52,53]. In
the C1s region (Figure 3d), peaks at 284.4 eV (red), 284.8 eV (orange), 286.1 eV (dark green),
and 288.4 eV (light blue) are assigned to C=C, C–C, C–O, and C=O species, respectively [53].
This collection of carbon species is associated with the carbon shell observed around the
Cu NPs (Figure 1).

d

282 284 286 288 290
binding energy (eV)

in
te

ns
ity

 (a
.u

.)

C=O

C-C
C-O

C=C

284.4

284.8

286.1
288.4

C1s
c

529 530 531 532 533 534 535
binding energy (eV)

in
te

ns
ity

 (a
.u

.)

C=O
Cu2O
OH
C-O

533.0

531.7

530.8

532.3
O1s

b

564 566 568 570 572 574
binding energy (eV)

in
te

ns
ity

 (a
.u

.)

Cu+

Cu0570.6

568.4

CuLMM
a

930 932 934 936 938
binding energy (eV)

in
te

ns
ity

 (a
.u

.)

Cu0/Cu+

Cu2+

934.2

933.0
Cu2p3/2

Figure 3. XPS spectra of (a) Cu2p3/2, (b) CuLMM, (c) O1s and (d) C1s regions with fitted peaks for
24 h samples.

Spectral characterization of the Cu NPs (Figure 4) confirms the chemical species
assigned in Figures 2 and 3. Figure 4a shows the UV-vis absorbance data collected at 0 h,
3 h, and 24 h after synthesis. An absorbance peak at 574 nm assigned to the Cu surface
plasmon resonance (SPR) was observed at 0 h, followed by broadening and red-shifting to
586 nm and 596 nm at 3 h and 24 h, respectively. These changes in the absorbance peaks are
associated with the oxidation of Cu to Cu2O over time [54] and likely indicate the formation
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of a Cu2O shell around the large Cu NPs on the basis of the XRD spectrum (Figure 2).
Raman spectra shown in Figure 4b closely resemble graphite oxide spectra [55]. The intense
G band at 1600 cm−1 and D band at 1350 cm−1 correspond to the in-plane vibrational
modes of sp2-hybridized carbon atoms and structural disorder due to functionalization,
respectively [56]. Moreover, the weak and broad 2D and D + G bands at 2680 cm−1

and 2910 cm−1 arise from disorder due to formation of oxygen functional groups [55].
The presence of oxygen functional groups is confirmed by the FTIR spectra (Figure 4c)
with peaks indicating C=O stretch of COOH groups at 1722 and 1696 cm−1, COO−

stretch at 1415, 1522, 1575 cm−1, O–H deformations of C–OH groups at 1356 cm−1, C–O
stretch of epoxide groups at 1261 cm−1, C–O stretch at 1000–1100 cm−1, and C–H bend
at 800 cm−1 [56,57], although some of these bands may be overlapped with vibrational
modes of other functional groups. Notably, these IR peaks grow in intensity over the
course of 24 h after synthesis, suggesting that the carbon shell formation occurs mostly
after laser irradiation is terminated. Overall, these data and the XP spectra for C1s and
O1s (Figure 3a,b) indicate that the carbon shell around the Cu NPs consists of disordered
graphite oxide-like structures that contain multiple different functional groups.
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Figure 4. (a) UV-vis absorbance spectra for 0 h, 3 h, 24 h samples and precursor. (b) Raman spectra
for 24 h samples. (c) FTIR spectra for 0 h, 3 h, 24 h samples and precursor.

3.2. Catalytic Activity of Cu NPs

Reduction of PNP by NaBH4 is a commonly used model reaction to test catalytic
activity of metal NPs by employing UV-vis spectroscopy to monitor the decrease in ab-
sorbance of the p-nitrophenolate ion at 400 nm, which allows for convenient determination
of pseudo-first-order rate constants when excess NaBH4 is present [58,59]. Figure 5a shows
representative kinetic curves obtained from the ratio of the natural log of the 400 nm
absorbance feature at time t, A(t), to the initial absorbance, A(0), as a function of reaction
time t for the 0 h, 3 h, and 24 h samples. The slopes obtained from the linear regions of the
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curves (shown in black) give the apparent rate constants (kapp). The values of kapp were
averaged over three different samples for all three post-synthesis times and then converted
to the mass-specific rate constants (k) of 1084, 1479, and 1927 s−1g−1 for 0 h, 3 h, and 24 h
samples (Figure 5b). The specific rate at 3 h is comparable to the rate of 1490 s−1g−1 for
Cu NPs synthesized by PLAL in a water-ethanol mixture [30]. Although the rate constant
is higher at 24 h, this increase could be due to some evaporation of the solvent over time,
resulting in concentration of the Cu NPs and an artificially high measured rate.
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Figure 5. (a) Time dependence of the absorbance of p-nitrophenolate ions at 400 nm for a representa-
tive sample at 0 h, 3 h, and 24 h; black portion of line is where kapp (s−1) is extracted. (b) Specific rate
constants (s−1g−1) with error bars generated over three runs for 0 h, 3 h, 24 h samples each.

3.3. Stability of Cu NPs

Figure 6 compares the UV-vis absorbance, XRD spectrum, and PNP kinetics for 1 day
(24 h) and 7 day samples. The Cu SPR peak observed for 7 day sample was only slightly
red shifted compared to 1 day sample (Figure 6a), indicating no significant oxidation
of Cu NPs. No changes were observed in the XRD peaks for 7 day samples (Figure 6b)
compared 1 day samples (Figure 2), further confirming no or insignificant oxidation of Cu
NPs. Accordingly, similar rate constants were obtained for 1 and 7 day samples for the
PNP reduction reaction (Figure 6c). Collectively, these data indicate that the LRL Cu NPs
are highly stable to oxidation.
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4. Discussion

The production of Cu metal NPs using LRL requires both an organic solvent and
air-free conditions, as no laser-induced conversion of Cu(acac)2 precursor was observed
when the solvent was water or when the precursor in IPA/methanol mixture was irradiated
under ambient conditions. This result underscores the importance of minimizing reactive
oxygen species formation during LRL, which was also needed to effectively control the
sizes of Au NPs [35] and enable formation of Ag-containing NPs [41,44,45]. The important
role of reactive oxygen species has also been noted in PLAL synthesis of Cu NPs, where
air removal completely eliminated formation of the highly oxidized CuO phase during
PLAL in water [28]. Collectively, these results highlight similarities in the chemical reaction
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pathways induced during both PLAL and LRL that can lead to metal NP oxidation, as well
as the potential for the same strategies to mitigate oxide formation.

The formation of substantial quantities of sub-10 nm Cu NPs in our LRL synthe-
sis is similar to previous LRL results for Au and Ag NPs using well-controlled solvent
chemistry [35,45], whereas the large Cu NPs up to ∼100 nm in diameter resemble the
large Fe oxide NPs obtained from LRL of ferrocene in hexane [46]. The formation of two
distinct size distributions of Cu NPs strongly suggests the participation of two different
reaction mechanisms [33], although specific identification of these mechanisms is beyond
the scope of this work. Nevertheless, on the basis of the PLAL literature demonstrating
that substantial control over Cu NP size and morphology can be achieved by changing
solvent mixtures [27–30], we anticipate that further exploration of different solvents will
enable better control over Cu NP sizes using LRL. Finally, we note that the catalytic activity
of the LRL Cu NPs to PNP reduction is comparable to that reported for PLAL Cu NPs [30],
despite the presence of a thick carbon shell around our NPs. This result indicates that
the carbon shell is sufficiently permeable to allow for catalytic reactions to take place and
suggests that our LRL Cu NPs may have additional catalytic applications in areas, such as
CO2 reduction or cross-coupling.

The formation of a substantial carbon shell around the LRL Cu NPs after termination
of laser irradiation strongly suggests that the carbon formation is not entirely attributable to
direct laser-induced solvent decomposition, as with PLAL in organic solvents [16,17,27,28].
Moreover, the lack of carbon shell formation during LRL of Fe(acac)3 in water [47] indicates
that the acetylacetonate ligands from the precursor are not sufficient to induce carbon shell
formation in LRL. On the basis of these results, we can speculate that the carbon shell is
formed from catalytic activation on the Cu NP metal surfaces of long-lived solvent and
ligand byproducts produced during laser irradiation. Cu metal is known to be a highly
active catalyst in carbon-carbon cross-coupling reactions [19] and induces graphene growth
from aliphatic alcohols under low-temperature CVD conditions [60]. Hence, we anticipate
that the active bare Cu surfaces present immediately following laser irradiation catalyze
the formation of the carbon shell. Although carbon shells are widely known to effectively
protect transition metal NPs from oxidation [61–63], the evident permeability of the carbon
around the LRL Cu NPs on the basis of their high catalytic activity suggests that a thin
Cu2O layer around the Cu NPs also contributes to their observed stability [61].

5. Conclusions

We have reported the first synthesis of air-stable Cu NPs using the laser reduction
in liquid (LRL) approach. Both small (<10 nm) and large (up to 100 nm) spherical NPs
were observed, which primarily consisted of Cu0 metal on the basis of XRD and XPS
analysis, although a Cu2O shell around the large NPs may be present. The Cu NPs exhibit
remarkable stability over 7 days on the basis of the lack of significant changes observed
in the UV-vis absorbance and XRD features and the similar rate constants obtained for
PNP reduction. The LRL Cu NPs compare favorably with PLAL-synthesized Cu NPs
in terms of Cu0 content, stability, and catalytic activity. The insights into LRL of Cu2+

gained in this manuscript can be extended to other metals for which oxidation of NPs is
commonly observed during PLAL or LRL. Finally, further development of the synthesis
conditions, such as conducting LRL in a flow setup, could increase Cu NPs yield to
produce heterogeneous catalysts for applications, such as cross-coupling reactions and
CO2 reduction.
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Abstract: The fabrication of hollow channels surrounded by gold nanoparticles in poly(ethylene
glycol) diacrylate (PEGDA) is demonstrated. The absorption spectra show that gold nanoparticles
were formed at the periphery of the focus by reduction of gold ions. The microscope observation and
Raman spectroscopy analyses indicate that the center of the channels were void of PEGDA, which can
be attributed to the femtosecond laser-induced degradation of the hydrogel. Since both the hydrogel
and gold nanoparticles are biocompatible, this technique of fabricating hollow channels surrounded
by gold nanoparticles is promising for tissue engineering, drug screening, and lab-on-a-chip devices.
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1. Introduction

The fabrication of tissue in vitro is essential in advancing the development of tissue engineering
and drug screening. A tissue scaffold is necessary for growing cells and to support the tissue.
Cell adhesion, differentiation, and proliferation are highly dependent on cell interactions with the
tissue scaffold; therefore, it is necessary to control the shape and properties of the tissue scaffold when
fabricating a tissue that resembles biological tissue. The mechanical strength of the material of the
tissue scaffold should be comparable to that of the tissue from which the cell originates [1]. In addition,
a chemical composition and surface structure that has a high compatibility to cells are required for the
tissue scaffold.

Hydrogels have been used as tissue scaffolds because of their high biocompatibility. Because the
mechanical strength of hydrogels can be tuned by the water content and molecular weight,
hydrogels have been utilized as scaffolds for soft tissues, such as nerve tissue, to harder tissues,
such as bone tissue [2]. In addition, hydrogels show high permeability to liquid, which allows
the diffusion of glucose, oxygen and other nutrients to cells adhered in the bulk hydrogel [3].
3-dimensional tissues fabricated on hydrogel tissue scaffolds have applications in tissue engineering
including the regeneration of spinal cords, but also can be useful in organ-on-a-chip, drug screening,
and diagnostics [4–8]. Existing methods for processing bulk hydrogel for the fabrication of tissue
scaffolds include, multiphoton polymerization, soft lithography, molding using sacrificial materials,
and laser processing [9]. Femtosecond lasers are powerful tools for the fabrication of a 3-dimensional
channel in bulk materials including hydrogels. Liu et al. fabricated a channel in collagen and showed
the adhesion of human HT1080 fibroblasts aligned along the channels [10]. Sarig-Nadir et al. fabricated
channels, with 4–17 µm width and 10–80 µm height, in a bulk poly(ethylene glycol) diacrylate (PEGDA)
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based hydrogel, one of the most typical hydrogels, by irradiating femtosecond or nanosecond laser
pulses [11]. Dorsal root ganglion cells adhered in the channels and aligned along the direction of
the channel. Because PEGDA does not induce high cell adhesion on its own, PEGDA mixed with
fibrinogen cysteines was used for the tissue scaffold.

Gold nanoparticles have a high biocompatibility and allow the adsorption of proteins which
enhance cell adhesion [12]. In recent years, it has been reported that the patterning of gold nanoparticles
on the surface of hydrogels accelerates cell adhesion in monolayer cultures. Ren et al. patterned
10 µm wide arrays consisting of 20 nm gold nanoparticles on the surface of PEGDA hydrogels by
microcontact printing. Murine fibroblast L-929 cells were reported to have only adhered to the region
with patterned gold nanoparticles [13].

It has been reported that by focusing femtosecond laser pulses into the bulk of a material that
contains metal ions, metal particles generated by photoreduction dispersed around the focal point.
Tosa et al. irradiated a femtosecond laser pulse at a repetition rate of 82 MHz into a film consisting of
gold chloride and poly (4-styrene sulfonic acid) [14]. In the fabricated structure, no gold nanoparticles
were observed at the center of the focus but were precipitated around the focal point, which were
considered to be attributable to the gradient of the electric field to thrust the nanoparticles to the edge of
the laser beam. Bellec et al., used a femtosecond laser pulse at a repetition rate of 9.44 MHz to fabricate
a silver structure by irradiating the pulse into silver doped phosphate glass [15]. The resulting structure
consisted of clusters of silver nanoparticles at the edge of the laser beam. The photodissociation
of silver nanoparticles in the focal point were discussed to explain the distribution. To the best of
our knowledge, the simultaneous fabrication of hollow channels and gold nanoparticles around the
channels by laser irradiation has yet to be reported.

In this paper, we demonstrate the simultaneous fabrication of hollow channels surrounded by
gold nanoparticles in hydrogels by femtosecond laser irradiation. The bright-field microscope images
and absorption spectra show the reduction of gold ions around the channels, induced by femtosecond
laser irradiation. In addition, the digital microscope images and Raman spectroscopy results indicate
that the center of the channels were void of PEGDA matrix.

2. Materials and Methods

2.1. Hydrogel Preparation

Hydrogels were prepared by dissolving 0.1 g of PEGDA (molecular weight 4000) (Polysciences,
Warrington, PA, USA) in 1 mL of pure water, containing 1% Irgacure 2959 initiator (Sigma-Aldrich Co. LLC,
St. Louis, MI, USA). The PEGDA solution was stirred with a magnetic stirrer for 30 min until completely
dissolved. The solution was added to a silicon mold with dimensions of 8 mm × 11 mm × 2.5 mm.
The PEGDA solution was irradiated with an ultraviolet (UV) lamp (LUV-16, AXEL, Osaka, Japan)
with a central wavelength of 365 nm for 1 h to induce photo-crosslinking. The crosslinked hydrogels
were immersed in a gold chloride solution (Fujifilm Wako Chemicals, Osaka, Japan) for 10 min to
induce the uptake of gold ions into the hydrogel matrix. The concentrations of gold chloride (AuCl4)
solution used in this paper was 1, 2, 4, or 8 mg/mL. After immersing the fabricated hydrogels in water
for 1 day, black India ink was injected into the channels with a syringe (Terumo, Tokyo, Japan) to
assess whether the channels are hollow. The channels with black India ink, were observed with a
bright-field microscope.

2.2. Laser Parameters

A Ti:sapphire chirped pulse amplification (CPA) laser system (Libra, Coherent. Inc., Santa Clara
CA, USA) generated linearly polarized femtosecond laser pulses with a pulse duration of 100 fs, at a
central wavelength of 800 nm, at a repetition rate of 1 kHz. PEGDA hydrogels were placed onto a
glass slide on a XY stage. Femtosecond laser pulses were focused into PEGDA hydrogels with an
objective lens (60×, NA 0.7). The setup of the experiment is shown in Figure 1. In hydrogels that
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were immersed in gold chloride solution, all structures were fabricated with a scanning speed of
200 µm/s and 2 scans. In order to prevent the shrinkage of the hydrogel while fabricating channels,
the same concentration of gold chloride solution that the hydrogel was immersed in, was dropped
on the hydrogel. Pulse energies of 2–10 µJ and gold chloride concentrations of 1–8 mg/mL were
used to fabricate structures in PEGDA hydrogels. The channels were observed with a bright-field
microscope (Eclipse Ti-E, Nikon, Tokyo, Japan). The hydrogels were cut by an iron gel cutter to observe
the cross-sections of the hydrogels. The widths of the channels were measured from the bright-field
microscope images of the top view of the channels by using ImageJ. For the fabrication of a channel
with a larger width, a structure consisting of 3 parallel channels at an interval of 50 µm was fabricated
at a pulse energy of 10 µJ and gold chloride solution concentration of 4 mg/mL.

Figure 1. Schematic diagram of the simultaneous fabrication of hollow channels and surrounding
gold nanoparticles.

2.3. Absorption Spectrum Measurements

The absorption spectra of the channels were measured to evaluate the relative concentration of
gold nanoparticles formed around the channels. A white light was irradiated onto gratings consisting
of channels inside a hydrogel. The transmission light was coupled to an optic fiber connected to an
ultraviolet-visible-near infrared spectrophotometer (USB4000, Ocean Optics, Largo, FL, USA). A glass
slide was used for the background correction.

2.4. Digital Microscope

A digital microscope (HRX-01, HIROX, Tokyo, Japan) was used to acquire the bright-field images
of the cross-sectional view of the fabricated structures. Both the 2-dimensional and 2.5-dimensional
image of the cross-sectional view of the structures were obtained.

2.5. Raman Spectroscopy

A laser-excited Raman spectrometer (InVia Raman Microscope, Renishaw, Wotton-under-Edge,
UK) was used to analyze the chemistry of the fabricated structures. The excitation wavelength was
532 nm and the structures were analyzed for a wavenumber range of 100 to 3000 cm−1. A 20× objective
lens (NA 0.40) was used to focus the laser at the center of the cross-section of the structures and the
unirradiated region of the hydrogel. From the wavelength and NA, the spatial resolution is estimated
to be approximately 1.6 µm.

3. Results and Discussion

3.1. Fabrication of Hollow Channels Surrounded by Gold Nanoparticles

Figure 2a–c shows the bright-field microscope images of the structures fabricated at pulse energies
of 2–10 µJ, a scan speed of 200 µm/s, and 2 scans. The concentrations of the gold chloride solution
was 4 mg/mL for all structures. The top view and cross-sectional view of the fabricated structures are
shown in Figure 2a–c, respectively. By immersing the hydrogel in gold chloride solution, a spontaneous
color change from transparent to reddish color was observed in the hydrogel with fabricated channels,
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where the laser pulse was not irradiated, similar to the case of other studies using gold chloride
solution [16]. In the cross-sectional view of the structures (Figure 2b), the change in color at the center of
the structures was small, whereas the change in color around the structures was significant. The color
of the structures changed from a light red to a darker red with the increase of pulse energy, suggesting
that the density of the gold nanoparticles increased. As indicated in Figure 2c, the injected ink flowed
into the fabricated channels. These results suggest that a hollow channel with gold nanoparticles
distributed around the channel was fabricated. Figure 2d shows the relationship between the pulse
energy and the widths of the fabricated channels. The widths of the channels increased with the
increase in pulse energy. Even with the lowest pulse energy in the present study, 2 µJ, the intensity of
the laser pulse was calculated to be 1.71 × 1015 W/cm2, which is significantly higher than the reported
threshold of the optical breakdown in water, which is in the range of 1013 W/cm2 [17,18]. Therefore,
it is highly probable that the laser induced plasma contributed to the fabrication of the structures.

Figure 2. Fabrication of channels at different pulse energies. The bright-field microscope images of the
(a) top view and (b) cross-sectional view of the fabricated channels. (c) The bright-field microscope
images of the channels with ink. (d) The widths of the channels fabricated at different pulse energies.

Figure 3a,b show the top view and cross-sectional view of the structures fabricated at different
concentrations of gold chloride solutions, respectively. All structures were fabricated at a pulse energy
of 10 µJ, a scan speed of 200 µm/s and 2 scans. In hydrogels that were immersed in gold chloride
solution concentrations of 1, 2, 4 mg/mL, the regions where there was no laser irradiations exhibited a
reddish color. The color became darker with the increase of the gold chloride solution concentration.
However, in hydrogels that were immersed in a gold chloride solution with a concentration of
8 mg/mL, the color of the unirradiated hydrogel was a bluish purple. The discussions for the result
will be described in the next section. In hydrogels that were immersed in gold chloride solution
concentration of 1 mg/mL, ink did not penetrate the channels. From Figure 3c, it can be observed
that the ink penetrated the fabricated structures at gold chloride solution concentrations of 2, 4,
and 8 mg/mL. The results suggest that hollow channels were fabricated, similar to Figure 2c. The
widths of the channels increased with the increase in gold chloride solution concentration (Figure 3d).
It is thought that in hydrogels that were immersed in higher concentrations of gold chloride solution,
more gold nanoparticles were generated spontaneously or by photoreduction with primary laser
pulses. The widths of the channels probably increased due to the change of absorption coefficient of
the hydrogel by the nanoparticle generation. When a laser pulse with an intensity above the threshold
of the optical breakdown of water is irradiated into a hydrogel, electrons in the water are excited in
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a short time, which results in the generation of plasma at the focus of the laser pulse. Because the
water in the focus flows outward, the pressure at the focus becomes exceedingly low, and consequently
the water undergoes a phase change from water to vapor, which results in the generation of a
cavitation bubble [19]. As the cavitation bubble expands, the polymer bonds of the hydrogel would
be physically dissociated, leading to hydrogel degradation. The dissociation of the bonds and the
generation of shockwave are probably the mechanisms behind the fabrication of hollow channels
in hydrogels [20]. The gold nanoparticles surrounding the channels were formed by the reduction
of gold ions. It has been reported that, by inducing multiphoton reduction with the irradiation of a
femtosecond laser pulse, metal ions have been reduced into metal nanoparticles in a hydrogel [16,21,22].
The reduction of metal ions is attributable to the electron donation induced through multiphoton
absorption (multiphoton reduction) and/or thermal reduction from the heat accumulation caused by
high repetition rates laser pulse. The photoreduction of metal ions can also be induced by radicals from
photoinitiator. Izquierdo-Lorenzo et al. used biphenyl-(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO)
as a photoinitator to fabricate gold nanoparticles by two-photon photoreduction [23]. In addition,
the reduction of metal ions can be induced by a plasma produced by a focused laser pulse. Tasche et al.
discussed that the electrons at the boundary of the plasma and silver nitrate solution reduced the silver
ions to create silver nanoparticles [24]. The gold nanoparticles in the structures formed in the present
study were distributed to regions larger than the focal spot size of the laser pulse. As described above,
the laser intensities in the present study were higher than the threshold of the optical breakdown in
water, which could result in the generation of plasma. Possible explanations are that either the gold
nanoparticles generated by multiphoton reduction were pushed to the periphery by the expansion of
the plasma and subsequent shockwave, or that the gold ions were reduced by plasma ion radiation at
the interface of plasma and hydrogel.

Figure 3. Fabrication of channels at different gold chloride concentrations. The bright-field microscope
images of the (a) top view and (b) cross-sectional view of the fabricated channels. (c) The bright-field
microscope images of the channels with ink. (d) The widths of the channels fabricated at different gold
chloride concentrations.
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3.2. Absorption Spectra of the Fabricated Channels

In order to measure the relative density of the gold nanoparticles, the absorption spectrum of
the structures was obtained. The absorption spectrum of the structures that were fabricated with a
pulse energy of 2–10 µJ, a scan speed of 200 µm/s and 2 scans are shown in Figure 4. The increase in
pulse energy led to an increase in the peak height of the absorption spectrum. The results suggest
that the number of formed gold nanoparticles increased with the increase of pulse energy. In addition,
the absorbance peak was approximately 540 nm, which corresponds to the resonance wavelength of
gold nanoparticles. The diameter of the gold nanoparticles was calculated from the equation below,
where λSPR is the absorbance peak [25].

d =
ln
(
λSPR−512

0.0216

)

6.53
(1)

Figure 4. The absorption spectrum of channels fabricated at different pulse energies.

From Equation (1), the diameter of the gold nanoparticles was calculated to be approximately
67 nm. In previous studies, we have reported that the diameter of gold nanoparticles fabricated by
multiphoton photoreduction was approximately 10 nm [16]. From the unaltered color transmission
electron microscopy (TEM) images in our previous studies, it is thought that the calculated diameter in
the present study is probably the value for the gold nanoparticle in the form of aggregation [16].

Figure 5 shows the absorption spectrum of the channels fabricated in hydrogels with different gold
chloride solution concentrations. The peak height increased with the increase of gold chloride solution
concentration, which indicates that the number of gold nanoparticles increased. In gold chloride
solution concentrations of less than and including 4 mg/mL, the absorbance peak of the fabricated
channels was approximately 540 nm. However, in gold chloride solution concentrations of 8 mg/mL,
the absorbance peak of the channels was approximately 560 nm. The diameter of the gold cluster
calculated from the absorbance wavelength was estimated to be 92 nm. The result suggests that the
size of the gold nanoparticles, probably in the aggregated form, increased at a high concentration
of gold chloride solution. The red shift of the absorption peak corresponds to the results shown in
Figure 3, in which the color of the hydrogel changed to bluish purple. In multiphoton photoreduction,
subsequent laser pulses irradiated to the gold nanoparticles would induce growth and aggregation of
nanoparticles due to the plasmonic-enhanced photoreduction and photothermal effect. The results
suggest that when the concentration of gold chloride solution was high, the gold ion in the vicinity of
the laser focus was not depleted, which led to the formation of nanoparticles with a larger diameter.
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Figure 5. The absorption spectrum of channels fabricated at different gold chloride concentrations.

3.3. Fabrication of Structures with Different Number of Pulses

To investigate the interactions between subsequent laser pulses and gold nanoparticles,
gold nanoparticles were formed with a different number of laser pulses. The laser pulse was
irradiated in a setup similar to the setup shown in Figure 1, but without the laser scanning. The laser
pulses at a pulse energy of 10 µJ were irradiated into the hydrogel with a gold chloride concentration
of 4 mg/mL. Figure 6 shows that when 1 and 10 pulses were irradiated, modification of the hydrogel in
the focal spot can be observed while no identifiable color change was observed. In contrast, when 50 or
more laser pulses were irradiated, the color of the irradiated region changed to red. The region where
color change was observed expanded with the increase of irradiated laser pulses. Since the repetition
rate of the laser pulses was 1 kHz in the present study, heat accumulation by succeeding laser pulses
may be negligible. The expansion of the region may be attributed to the absorption of subsequent laser
pulses to the gold nanoparticles formed by primary laser pulses.

Figure 6. The bright-field microscope images of structures fabricated by irradiating a different number
of pulses. The arrows indicate the modification of hydrogel, by laser irradiation, without significant
color change.

3.4. Anaylsis of Structures Consisting of Parallel Channels

Figure 7a shows the bright-field microscope image of structures consisting of 3 parallel channels.
The color of the irradiated regions is dark red, which indicates that a significant number of gold ions
were reduced by laser irradiation. Black ink penetrated the structure as shown in Figure 7b. In the case
of structures consisting of parallel channels, the ink penetrated the structure easily without the use
of a syringe. Figure 7c,d show the 2-dimensional and 2.5-dimensionnal images of the cross-sectional
view of the structures taken by a digital microscope. The hydrogel was cut perpendicularly to the
structures for the observation. The focal point of the microscope did not coincide for the center of the
structure and the periphery, which supports the result that a hollow channel was fabricated by the
material removal.
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Figure 7. Fabrication of wide channels with applications in tissue engineering, microfluidics, and drug
delivery. The bright-field microscope images of the fabricated channels (a) without ink and (b) with
ink. The (c) 2-dimensional and (d) 2.5-dimensional image of the cross-sectional view of the channels
captured by a digital microscope.

Figure 8 shows the result of Raman spectroscopy analyses for the structures consisting of 3 parallel
channels. The hydrogel was cut perpendicularly, then the unirradiated region and the center of the
structure were analyzed. In unirradiated regions of the hydrogel, the spectrum peaks corresponding to
C–O–C (850 cm−1), C=O (1720 cm−1), and C–H (2950 cm−1), respectively were observed, indicating the
presence of PEGDA. No peaks corresponding to bonds present in PEGDA were observed at the center
of the structures, and only a single peak at 1650 cm−1, corresponding to H–O–H bonds was observed.
These results also indicate that the center of the structures was void, i.e., without PEGDA matrix.

Figure 8. Raman spectra of (a) the bulk hydrogel and (b) the center of the structures.

4. Conclusions

In conclusion, the structures consisted of hollow channels which were surrounded by gold
nanoparticles. The hollow channels and gold nanoparticles were formed in a single step of irradiating
a femtosecond laser pulse in PEGDA hydrogels which contained gold ions. To the best of our
knowledge, this is the first example of fabricating a hollow channel surrounded by gold nanoparticles
in a hydrogel, by femtosecond laser irradiation. Given that hydrogels and gold nanoparticles have
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a high biocompatibility, this research has many applications in tissue engineering, microfluidics,
and drug delivery.
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Abstract: This work investigates the structure and chemical states of thin-film coatings obtained by
pulsed laser codeposition of Mo and C in a reactive gas (H2S). The coatings were analysed for their
prospective use as solid lubricating coatings for friction units operating in extreme conditions. Pulsed
laser ablation of molybdenum and graphite targets was accompanied by the effective interaction of
the deposited Mo and C layers with the reactive gas and the chemical states of Mo- and C-containing
nanophases were interdependent. This had a negative effect on the tribological properties of
Mo–S–C–H nanocomposite coatings obtained at H2S pressures of 9 and 18 Pa, which were optimal
for obtaining MoS2 and MoS3 coatings, respectively. The best tribological properties were found for
the Mo–S–C–H_5.5 coating formed at an H2S pressure of 5.5 Pa. At this pressure, the x = S/Mo ratio
in the MoSx nanophase was slightly less than 2, and the a-C(S,H) nanophase contained ~8 at.% S
and ~16 at.% H. The a-C(S,H) nanophase with this composition provided a low coefficient of friction
(~0.03) at low ambient humidity and 22 ◦C. The nanophase composition in Mo–S–C–H_5.5 coating
demonstrated fairly good antifriction properties and increased wear resistance even at −100 ◦C. For
wet friction conditions, Mo–S–C–H nanocomposite coatings did not have significant advantages in
reducing friction compared to the MoS2 and MoS3 coatings formed by reactive pulsed laser deposition.

Keywords: reactive pulsed laser deposition; solid lubricants; nanocomposite; molybdenum sulfides;
coefficient of friction; wear; diamond-like carbon

1. Introduction

Researchers and practitioners turned their attention to solid lubricating coatings based on
transitional metal dichalcogenides (TMDs), such as MoS2, WS2, MoSe2, and WSe2, in the 1980s [1,2].
This was due to the need to improve qualitatively the tribological properties (low coefficient of friction,
durability, wear resistance) of friction units operating in a vacuum or the inert environment of a
spacecraft. By that time, sufficiently effective technologies for the deposition of such coatings (mainly
ion sputtering) had already been developed. This made it possible to regulate flexibly the modes of
deposition and the composition of the coatings [3,4]. At the initial stage of research into these coatings,
the emphasis was on finding the optimal conditions for the deposition of monophase (pure) TMD
coatings and for obtaining their required composition and structure. Soon the main problem of such
coatings became apparent: it was low wear resistance, especially at high contact loads. Consequently,
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the focus of research shifted towards the search for nanocomposite and multilayer (nanolayer) coatings.
The wear resistance of nanocomposite coatings can be significantly increased by combining the plastic
TMD phase with a harder/stronger or corrosion-resistant component (metals, hard carbon, metal
carbides or nitrides) [5–8].

Despite the breakthroughs in the formation of nanocomposite TMD-based coatings with improved
tribological characteristics, the problem of obtaining solid lubricating coatings to reduce friction under
various operating conditions remains topical. This is due to both the growing demand for such
coatings in traditional and new hi-tech industries (space technology, vacuum/cryogenic technology,
micromechanics, etc.), and the interest in new processes that can bring about a radical change in the
patterns of friction and wear. Modern studies show that it is necessary to regulate the architecture
of the coating, i.e., morphology and phase composition, at the nanoscale to improve the tribological
properties of nanocomposite TMD-based coatings [9–14]. In this case, triboinduced processes in the
contact layer can change significantly and new nanophases can form in the tribofilm.

Nanocomposite coatings containing the TMD nanophase and hard carbon/diamond-like
carbon/graphene have always stirred the intense interest of researchers since the C-based nanophase
causes both the strengthening of the coating and contributes to the manifestation of the “chameleon”
effect upon changing friction conditions [5,9,15]. In high air humidity, nanocomposite coatings can be
used for a wider array of applications. During triboactivated interaction of nanodiamonds with the
ultrafine (2D) MoS2 phase, onion-like inclusions can form in the tribolayer. This leads to a decrease in
the friction coefficient in vacuum to very low values (~0.005) [16]. Certain composition of coatings
containing nanosized MoS2 phases and diamond-like carbon demonstrate superlubricity: reduced
wear can be achieved in air due to the formation of a tribofilm containing nanoscrolls of graphene-like
material [17]. Many researchers note a significant effect of such graphene-like carbon nanoscrolls on
friction and wear [18,19].

The majority of works on the production and study of nanocomposite TMD-based films analyse the
method of deposition by ion (magnetron) sputtering of multisector targets. The method of ion sputtering
has been used in many experiments and is still being perfected [20,21]. Pulsed laser deposition (PLD)
is also used to form sufficiently high-quality solid lubricating TMD-based coatings [22–25]. This
method differs from the more traditional magnetron sputtering since PLD gives precise control of
the growth rate of the coating (up to one monolayer of the material) [26]. It allows researchers to
obtain numerous combinations of different materials under controlled vacuum conditions; it is also
possible to supplement deposition by the implantation of high-energy ions for ion mixing [27,28].
Yet, the PLD method has a deficiency due to the specificity of pulsed laser ablation of TMD targets.
It is difficult to achieve the deposition of pure vapour (plasma) during the ablation of MoS2 targets
prepared by pressing MoS2 powder. The ablation of the MoS2 target results as a rule in the formation
of microparticles/microdroplets, the deposition of which contributes to the formation of the porous
structure of the coating [29,30]. During pulsed laser ablation of MoSe2 and WSe2 targets, explosive
boiling of the material and the formation of liquid metal droplets can occur. However, for these
materials, most of the particles on the surface of the coating are round in shape and ~10–100 nm
in size [31–33]. Such nanoparticles do not have any noticeable negative effect on the formation of
high-quality monophase and nanocomposite coatings with solid lubricating components MoSex and
WSex [24,27,33]. Still, these nanoparticles may complicate the formation of multilayer coatings with
layer thickness controlled at the nanoscale [34].

The aim of this work is to study the composition, structure, and tribological properties of
Mo–S–C–H thin-film coatings formed by reactive PLD (RPLD) on steel substrates at room temperature.
Reactive PLD makes it possible to form smoother and more uniform layers of a molybdenum sulphide
MoSx and alter the ratio of elements x = Mo/S over a wide range (1 ≤ ≤ 4) [35]. Varying the composition
of the coatings has proven to be an important factor for the development of their specific applications.
For instance, the MoS3 coatings of clustered type demonstrated improved antifriction properties
when tested at low temperatures (−100 ◦C) and low humidity. The deficiency of these coatings is
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their reduced wear resistance compared to MoS2 coatings. As shown above, the wear resistance
of such coatings can be improved through the formation of a nanocomposite material containing
both the MoSx nanophase and the nanophase of hard (diamond-like) carbon. During the RPLD
of a Mo–S–C–H nanocomposite coating from a target containing sectors of pure molybdenum and
graphite, the deposition of a pulsed laser plume occurs in a reactive medium—hydrogen sulphide
(H2S). Fominski et al. [35] revealed the dependence of the composition of solid lubricate MoSx thin-film
coatings on the pressure of H2S. The influence of H2S on the composition and properties of carbon thin
films obtained by RPLD remains unexplored, which creates difficulties in choosing optimal conditions
for obtaining high-quality nanocomposite coatings Mo–S–C–H.

It was found in the work that during the ablation of graphite target in H2S, the deposited a-C(S,H)
films effectively captured S and H atoms. The tribological properties of nanocomposite Mo–S–C–H
coatings under various sliding conditions were largely determined by the properties of amorphous
a-C(S,H) nanophases, which strongly degraded with an increase in S content. The Mo–S–C–H coating
formed at a relatively low H2S pressure (~5.5 Pa) turned out to be the most promising. Overall,
these coatings outperformed MoS2 and MoS3 monophase coatings in their tribological characteristics
when tested in dry friction conditions at room and low (−100 ◦C) temperatures. In humid air at
room temperature, the Mo–S–C–H coatings did not show a noticeable improvement of low friction
properties in comparison with the MoS2 and MoS3 monophase coatings previously obtained by RPLD
and studied in [35].

At first glance, the RPLD technique is not quite suitable for large area deposition, especially
onto shaped work pieces used in practice. Moreover, the use of H2S gas requires special safety
measures since it is explosive and toxic. However, several important issues should be highlighted in
the research of this technique. Within the framework of a fundamental problem, if new nanomaterials
with unique/interesting properties would be formed by RPLD, these results could initiate improving
more conventional deposition techniques (e.g., ion-sputter deposition). From a practical point of view,
the solvent of environmental safety problem arising due to H2S is not very complicated. In the case
of the unique results of the RPLD application, the area of the covered surface can be increased by
moving/rotating the processed parts under a laser-induced plume. Also, the use of pulsed electric
fields applied to a shaped work piece would improve the uniformity of RPLD treatment. Obviously,
the RPLD technique can be applied (and even difficult to replace) when processing small-sized parts or
the inner surface of pipes/rings.

2. Materials and Methods

Reactive pulsed laser deposition technique for MoSx thin-film coating formation was analysed in
detail in [35]. The Mo target was ablated by nanosecond laser pulses with a radiation wavelength of
1064 nm. The pulse energy did not exceed 85 mJ at a pulse repetition rate of 25 Hz. A laser fluence
of ~20 J/cm2 ensured efficient evaporation of the Mo target without any noticeable formation of a
droplet fraction. When obtaining Mo–S–C–H films, a graphite target was placed next to the Mo
target. The ablation time of the Mo target was 8 s, and the C target—4 s. Before the ablation, the film
deposition chamber was evacuated with a vacuum pump to a pressure no higher than 10−3 Pa. Then,
hydrogen sulphide was introduced into the chamber to a predetermined pressure. The pressures were
chosen taking into account the results of [35]. Fominski et al. [35] established that for obtaining films
MoS1.5, MoS2 and MoS3, the pressure of hydrogen sulphide had to be maintained at 5.5, 9, and 18
Pa, respectively. The prepared nanocomposite coatings were designated taking into account the H2S
pressure used: Mo–S–C–H_5.5, Mo–S–C–H_9 and Mo–S–C–H_18.

To reveal the effect of H2S on the carbon nanophase, additional experiments on the deposition of
carbon films from a graphite target at the same H2S pressures were carried out. To better understand
the effect of hydrogen sulphide on the deposition rate of Mo and C, Mo-C films were obtained under
vacuum conditions (at a residual gas pressure of 10−3 Pa).
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We used polished discs made of 95Cr18 stainless steel (C content of 0.95% and Cr content of 18%)
and polished silicon wafers as substrates for the deposition of thin-film coatings. The total deposition
time of the Mo–S–C–H coatings on the steel substrates was 40 min and on silicon substrates, 20 min.
The total thickness of Mo–S–C–H thin-film coatings on steel substrates was ~300-400 nm.

The substrates were kept at room temperature during the formation of the coatings. Before the
deposition of the Mo–C–S–H coatings on the steel substrates, a SiC sublayer was deposited on the
surface of the substrates. The sublayer was obtained by PLD from the SiC target under vacuum
conditions. It was considered that the silicon carbide sublayer can increase the adhesion of C-based
coatings to the steel substrate [36,37].

To determine the atomic composition of the coatings, Rutherford back-scattering spectroscopy
(RBS) and elastic recoil detection analysis (ERDA) techniques were used. The energy of helium ions
in the analysing beam was 1.5 MeV, and the detector resolution was 20 keV. The RBS spectra were
recorded in the configuration α = 0◦, β = 20◦, θ = 160◦. The ERDA spectra were recorded in the
configuration α = 80◦, β = 80◦, θ = 20◦. The measured spectra data were processed using the Simnra
software (Max-Planck-Institut für Plasmaphysok, Garching bei München, Germany). The surface
morphologies of the Mo–S–C–H coatings were studied using scanning electron microscopy (SEM,
Tescan LYRA 3, Brno, Czech Republic) before and after friction testing. The crystal structure of the
coatings was examined by grazing incidence X-ray diffraction (XRD) using an angle of 5◦ and Cu Kα

radiation in an Ultima IV (Rigaku, Tokyo, Japan) diffractometer. The chemical states of the coatings
were studied by X-ray photoelectron spectroscopy (XPS). The XPS spectra were obtained by a Theta
Probe Thermo Fisher Scientific spectrometer (Madison, WI 53711, USA) with a monochromatic Al Kα

X-ray source (1486.7 eV) and an X-ray spot size of 400 µm. The photoelectron take-off angle was 50◦
with respect to the surface plane. The spectrometer energy scale was calibrated using Au4f7/2 core
level lines located at E = 84.0 eV.

The structure of the coatings before and after the friction tests was studied by micro-Raman
spectroscopy (MRS). Raman spectra of the samples were collected using a Horiba Jobin Yvon
micro-Raman spectrometer LabRam HR800 (Horiba, Kyoto, Japan) with a 100×magnification lens.
Measurements were conducted at room temperature in air. A He-Ne laser with a 632.8 nm wavelength
was used to excite Raman scattering. The irradiation power density on the sample was chosen to
avoid any structural changes or phase degradation in the films. The typical measurement conditions
involved a laser power of ~1 mW and a laser spot with a diameter of ~30 µm.

To study the structure of the nanocomposite coatings at the nanoscale level, thin Mo–S–C–H films
were deposited on NaCl substrates. The conditions for obtaining thin Mo–S–C–H films reproduced
the conditions for obtaining coatings on steel discs. Thin films were studied using transmission
electron microscopy (TEM, including high-resolution HRTEM) and selected area diffraction (SAED) in
a JEM-2100 microscope (JEOL Ltd., Tokyo, Japan). The films deposited on NaCl crystals were first
planted in water using a metal mesh and then transferred to the microscope to obtain a planar image.

The friction testing of thin-film coatings was carried out with the help of an Anton Paar TRB3
tribometer (Anton Paar GmbH, Graz, Austria) in the reciprocating motion mode, using a steel ball
(100Cr6) with a diameter of 6 mm as a counterbody. The load on the ball was 1 N, and the Hertzian
contact stress was ~660 MPa. The average speed of the ball over a substrate with a Mo–S–C–H coating
was 1cm/s. The length of the wear track was 5 mm. A detailed description of the technique and setup
for friction testing can be found in [35]. Three conditions were selected for testing, differing in ambient
humidity and substrate temperature. The first tests were carried out at 22 ◦C in air at a related humidity
(RH) ~58% (wet friction conditions). The second tests were carried out at a reduced atmospheric
humidity (RH ~8%, dry friction condition), which was achieved by pumping argon through the testing
chamber. The sample temperature was 22 ◦C. The third series of tests was carried out at low humidity
(RH ~8%) and the sample was cooled to −100 ◦C (low temperature/dry friction conditions). The wear
tracks were studied by MRS, SEM, optical microscopy, and optical profilometry.
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3. Results

3.1. Composition of Mo–S–C–H Films Obtained by RPLD

Figure 1 shows the experimental and simulated RBS and ERDA spectra for Mo–C and Mo–S–C–H
films obtained by pulsed laser codeposition of molybdenum and carbon under vacuum conditions and
in H2S gas with different pressures. For the film obtained under vacuum, mathematical processing of
the spectra showed that the composition of this film was described by the formula C0.81Mo0.16H0.03.
There was almost no sulphur in the bulk of o–C–H film. A small amount of sulphur was found at the
boundary of the Mo–C film with the Si substrate and on the surface of the Mo–C–H film. This was
possibly due to the fact that the walls of the deposition chamber were not subjected to any special
treatment prior to the formation of the Mo–C–H films. The walls of the chamber were covered with
a thin S-containing film, formed during previous experiments on RPLD of MoSx films. Sulphur
atoms desorbing from the walls of the chamber could have deposited on the surface of the Si plate
during vacuum pumping of the chamber and on the surface of the Mo–C–H film—after its deposition
and storage (for some time) in the chamber. The presence of a small amount of hydrogen in the
Mo–C–H films was possibly due to the interaction of the growing film with residual water vapour in
the deposition chamber.

Figure 1. Experimental and simulated RBS (left) and ESDA (right) spectra of the films prepared on Si
substrates by pulsed laser co-deposition of carbon and molybdenum under vacuum conditions (residual
gas pressure was ~10−3 Pa) and in H2S gas with different pressures. The RBS spectrum of the film
deposited in vacuum contains a peak at the channel number 230. This peak is due to scattering of ions
by sulfur atoms that have been adsorbed on the surface of the Si substrate before the film deposition.
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According to the RBS data, the thickness of the Mo–C–H film obtained during 20 min of deposition
was 8.2 × 1017 atom/cm2. In reactive H2S gas, S atoms penetrated the deposited Mo–C–S–H film.
Despite this fact, the overall deposition rate of atoms decreased. For hydrogen sulphide pressures
of 5.5, 9, and 18 Pa, the composition of the films was described by the formulas C0.49Mo0.13S0.28H0.1,
C0.405Mo0.13S0.37H0.095, and C0.24Mo0.115S0.55H0.095 respectively. The thickness of these films was 6.2 ×
1017, 5.8 × 1017, and 5.2 × 1017 atom/cm2. For ablation of graphite and molybdenum targets, 1.5 × 104

laser pulses were used, which were divided into series of 100 pulses for the C target and 200 pulses for
the Mo target. The ablation of the C target resulted in the deposition of ~2 × 1015 atom/cm2 in hydrogen
sulphide. This was sufficient for the formation of approximately one monolayer of amorphous carbon,
given the atomic density in amorphous carbon of ~(1 ÷ 1.7) × 1023 atom/cm3. The same estimates for
Mo showed that a 0.6 ÷ 1 MoSx monolayer could be formed after 200-pulse ablation of the Mo target in
hydrogen sulphide.

Figure 2 shows a change in the rate of deposition of various elements in the Mo–C–H and
Mo–S–C–H films following an increase in the hydrogen sulphide pressure. As it is shown, H2S gas did
not only ensure the saturation of the films with S atoms, but also had a significant effect on the rate
of carbon deposition. At a pressure of 18 Pa, the rate of carbon deposition dropped almost fivefold
compared to the rate of deposition in a vacuum. Under the same conditions, the rate of deposition
of Mo atoms decreased only twofold. This could be explained by the difference of collisions when
light (C) and heavy (Mo) atoms moved through H2S gas. The relatively heavy Mo atoms changed
their trajectory only slightly and slowly lost their kinetic energy in collisions with the relatively light
H2S molecules. When colliding with the H2S molecules, the lighter C atoms are scattered at large
angles and leave the area where the deposition on the substrate took place. The possibility of reactive
collisions of carbon ions with H2S molecules cannot be ruled out. These collisions may have resulted in
the formation of volatile hydrocarbon molecules. This is a possible explanation as to why an increase
in the H2S pressure did not result in a discernible change in the rate of the saturation of the films
with hydrogen.

Figure 2. Influence of hydrogen sulfide pressure on the composition of Mo-S-C-H films which were
obtained by pulsed laser codeposition of carbon and molybdenum in 20 min.

The analysis of the RBS and ERDA data for a-C(S,H) films formed during pulsed laser ablation
of graphite in H2S confirmed the assumption about the effective interaction of the ablated flux of
carbon atoms and H2S molecules (see Figure S1, Supplementary Materials). An increase in the pressure
of hydrogen sulphide resulted in a noticeable increase in the concentration of sulphur in the a-C (S,
H) films. The compositions of the films at hydrogen sulphide pressures of 5.5, 9, and 18 Pa were
described by the formulas C0.71S0.15H0.14, C0.61S0.26H0.13, and C0.42S0.4H0.18. The thicknesses of the

62



Nanomaterials 2020, 10, 2456

films were 2.2 × 1018, 1.7 × 1018 and 1.0 × 1018 atom/cm2 respectively. During the PLD of carbon films
in vacuum (residual gas pressure ~10−3 Pa), their thickness was 2.88 × 1018 atom/cm2, and the H atoms
concentration did not exceed 1 at.%.

3.2. Morphology, Structure, and Chemical State of Mo–S–C–H Films Obtained by RPLD

The use of RPLD for obtaining Mo–S–C–H thin films made it possible to produce sufficiently
smooth and dense coatings, the morphology of which, according to the results of SEM studies (Figure 3),
did not depend on the H2S pressure. There were individual round-shaped particles of a submicron size
on the surface of the Mo–S–C–H coatings. These particles could have formed because of the deposition
of droplets formed during the ablation of the Mo and graphite targets. Such particles were found
in a-C(S,H) films produced by RPLD from a graphite target in H2S gas (Figure S2, Supplementary
Materials).

Figure 3. SEM images of the surface of Mo–S–C–H thin-film coatings obtained by reactive pulsed laser
deposition (PLD) on steel substrates at the following H2S pressures: (a) 5.5; (b) 9; (c) 18 Pa.

The results of the XRD of Mo–S–C–H thin-film coatings (Figure 4) show the deposition of Mo
particles upon ablation of the Mo target. The X-ray diffraction pattern of the Mo–S–C–H_5.5 coating
had a weak intensity peak, which corresponded to the (110) reflection for a body-centred cubic Mo
lattice. The peak was practically invisible in the X-ray diffraction patterns of the Mo–S–C–H_9 and
Mo–S–C–H_18 coatings. This could be attributed to the fact that with an increase in the pressure
of H2S gas, the surface of the Mo target interacted with the reactive gas. Following this interaction,
molybdenum sulphides could form on the target surface; this changed to a certain extent the mechanism
of pulsed laser ablation of the Mo target.

XRD studies showed that at all selected pressures of H2S, the Mo–S–C–H thin-film coatings had
an amorphous structure with a broadened diffraction peak in the angle range from 35◦ to 50◦. With
greater hydrogen sulphide pressure, the intensity of this peak noticeably weakened. This indicated
an increased disordering of the structure following a rise in the sulphur concentration. This type
of XRD pattern has been extensively described in the literature; in most experiments, the Mo–S–C
coatings have been obtained by ion sputtering/codeposition from MoS2 and graphite targets (for
example, [15,38–40]). For TMD coatings having an amorphous structure, this broad peak is usually
explained by the formation of nanosize inclusions with a hexagonal lattice of the 2H-MoS2 type [41].
In the cases when there was no peak at angles 2θ~13◦, but there was a peak in the 2θ range from 35◦
to 50◦, the turbostratic stacking of (10L) planes into Type I texture was supposed. With this texture,
the basal planes (002) are oriented perpendicular to the surface of the substrate [42]. The absence of a
peak at 2θ~13◦ shows that the reactive PLD of Mo–S–C–H_5.5 films in H2S may not have caused the
formation of a self-assembled multilayer structure MoSx/a-C (doped with Mo/S/H) with a periodicity in
the nanometer scale, as it was the case during the magnetron sputtering of graphite and MoS2 targets
in Ar/N2 gases [14,39]. In XRD patterns for the Mo–S–C–H_18 coatings, a weak-intensity and a very
broad band appears at 2θ~15◦. This shows that a MoSx nanophase with a high sulphur concentration (
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≥ 3) formed in the structure of these coatings. Such coatings are characterized by an XRD pattern with
two strongly broadened bands at 2θ~15◦ and 2θ~40◦ [35,43].

Figure 4. In plane grazing incidence X-ray diffraction patterns of Mo-S-C-H thin-film coatings obtained
on steel substrates by the reactive PLD at various pressures of H2S gas. For comparison, X-ray diffraction
pattern for the bare steel substrate is shown.

HRTEM studies of the Mo–S–C–H thin films confirmed their amorphous structure. Only in the
Mo–S–C–H_5.5 films obtained at the lowest H2S, pressure, MoS2 nanocrystallites with laminar packing
of atomic planes were found in some local regions. The size of these crystallites did not exceed 10 nm,
and they were surrounded by an amorphous matrix. The concentration of MoS2 nanocrystallites in the
Mo–S–C–H_5.5 film was not high, and their structure probably had a turbostratic character with a high
degree of disordered local atomic packing. This was confirmed by the SAED pattern, consisting only of
diffusely broadened rings (Figure 5), as well as by the results of the Raman studies of Mo–S–C–H films.

Figure 5. High-resolution TEM image of the Mo-S-C-H thin film obtained by reactive PLD at an H2S
pressure of 5.5 Pa.

The Raman spectrum for the Mo–S–C–H_9 coating in the frequency range of 100–600 cm−1 was in
many respects similar to the spectrum of the Mo–S–C–H_5.5 coating (Figure 6). Broad peaks at 350
and 402 cm−1 indicated the formation of the MoS2 nanophase with a disordered atomic packing. The
appearance in the spectrum of the Mo–S–C–H_9 coating of weak-intensity and broad peaks at ~200
and ~500 cm−1 suggested that, along with the MoSx nanophase, Mo3–S clusters could form. When
such clusters are combined into a polymer-like network, MoSx compounds are formed, in which ≥ 3
(Mo3S12/Mo3S13-type). The composition of Mo3-S clusters includes three Mo atoms connected in the
Mo3–S triangle through monomers and/or dimers of S atoms (S2−/S2

2−). With a sufficiently ordered
packing of atoms in such clusters, narrow peaks are observed in the indicated frequency range; they
correspond to various sulphur ligands [35,43–45]. In the Raman spectrum for the Mo–S–C–H_18
coating, the Mo3–S clusters corresponded to peaks at the following vibration modes: ν(Mo-Mo) at
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~210 cm−1, ν(Mo-S)coupled at ~330 cm−1, ν(Mo-Sapical) at ~450 cm−1, ν(S-S)terminal at ~520 cm−1, and
ν(S-S)bridging at 550 cm−1. In addition to these peaks, the spectrum of this coating exhibited peaks at
360, 380, and 401 cm−1, which could be due to atomic vibrations in the defective MoS2 nanophase.

Figure 6. Raman spectra for the Mo–S–C–H thin-film coatings obtained by reactive PLD in the H2S gas
at pressures of (a) 5.5, (b) 9, and (c) 18 Pa. The regions of Raman shifts corresponding to resonance light
scattering by MoSx- and a-C(S,H)-based nanophases are shown at the top and bottom, respectively.
The model of spectrum decomposition into the indicated peaks is discussed in the text. Inserts show
the Raman spectra in the region from 100 to 2000 cm−1 that allows a correct comparison of the peak
intensities for different nanophases.

When choosing a model for the decomposition of the Raman spectra for C-based nanophase
in Mo–S–C–H films, we took into account the changes in the Raman spectra for a-C(S,H) films with
increasing hydrogen sulphide pressure. The Raman spectra for a-C(S,H) films are shown in Figure S3
(Supplementary Materials). Figure S3 shows that, as the H2S pressure grows, i.e., with an increase in
the concentration of sulphur and hydrogen in a-C(S,H) films, the contribution to the Raman spectra of
the two peaks at frequencies of ~1220 cm−1 and ~1440 cm−1 rises as well. The intensity of these peaks
in films having the highest concentration of S exceeded the intensity of the D (at ~1340 cm−1) and G
(at ~1530 cm−1) peaks characteristic of pure a-C films. In this case, with an increase in the sulphur
concentration, the ID/IG ratio grew, which indicated an increase in the disordering (defectiveness) of
atomic packing in graphite clusters.

Comparative analysis of the Raman spectra for the C-based nanophase in Mo–S–C–H and a-C (S,H)
films showed (Figure 6) that the addition of Mo atoms to the depositing flux did not cause significant
changes in the Raman spectra for the C-based nanophase. This was confirmed by the fact that the
spectra of Mo–S–C–H coatings and a-C (S, H) films in the frequency range of 1000–1800 cm−1 were
similar in many respects. An increase in the H2S pressure during RPLD of the Mo–S–C–H coatings led
to an increase in the contribution to the spectrum of lines at ~1220 and ~1440 cm−1. Our analysis of the
published data on Raman studies of Mo–S–C films formed by codeposition under magnetron sputtering
(including the reactive one in an Ar/CH4 mixture) showed that the spectra of these films did not have
properties characteristic of the spectra of the Mo–S–C–H films produced by RPLD. In the spectra of
Mo–S–C films for the C-based nanophase, the positions of the D and G peaks, as well as the ratio of their
intensity, tended to change, but new peaks did not appear [14,15,38,39,46,47]. Changes in the Raman
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spectra were caused by the influence of the MoS2 nanophase on the sp2/sp3 ratio (graphitization) and
the level of mechanical stresses in the a-C(H) nanophase. More significant changes in the Raman
spectrum of the carbon component in the a-C(S,H) films were found when using chemical vapour
deposition in H2S, as well as during magnetron sputtering and pulsed laser ablation of composite
targets made of a mixture of powders (MoS2, sulphur, graphite) [48–50]. Unfortunately, these works do
not contain a sufficiently detailed analysis of the Raman spectra. Therefore, to investigate the C-based
nanophase in the a-C(S,H) and Mo–S–C–H films obtained by RPLD, we used the approach proposed
by Takeuchi et al. [51] for organic carbon sulphur materials.

Takeuchi et al. [51] have identified a class of organic carbon sulphur materials, the Raman spectrum
of which has peaks at ~1250, 1350, 1440, and 1590 cm−1. The position of each peak has a tolerance
of ±50 cm−1. The structure of such materials depends on the ratio of the intensities of these peaks.
If the peak at 1400 cm−1 is the most intense, there is a large amount of the sp3 component of the
G-band, and the majority of the carbon component form an undeveloped graphene (C-C) skeleton.
Other peaks correspond to the sp3 component of the D band (~1250 cm−1), the sp2 component of the
D band (~1350 cm−1), and the sp2 component of the G band (~1590 cm−1). The S-S bond stretching
vibration should peak at ~480 cm−1. This peak is present in the Raman spectrum of the Mo–S–C–H_18
coating (Figure 6c). The low intensity of this peak shows that RPLD was not effective for the formation
of sulphur clusters. The process of dispersing sulphur in the carbon nanophase turned out to be
more productive and caused a change in the local packing of carbon atoms and in the structure of
the carbon skeleton. With a rise in the H2S pressure, i.e., with an increase in the concentration of
sulphur, the contribution from the sp3 states caused by the introduction of sulphur in the structure of
the carbon skeleton grew. At the same time, an increase in the intensity of the ID peak at 1350 cm−1

(compared to IG at 1540 cm−1) was indicative of a growing number of defects in the atomic packing of
pure graphite clusters. Low intensity peak at 1080 cm−1 should be introduced for better fitting of the
Raman spectrum.

The RBS technique made it possible to determine the concentration of sulphur in the nanocomposite
Mo–S–C–H coatings. This technique nevertheless does not distinguish between the sulphur content
in MoSx and a-C(S,H) nanophases. Therefore, XPS measurements were carried out. Figure 7 shows
the XPS spectra, revealing chemical bonds in the surface layer of the Mo-S-C-H coatings formed by
RPLD at various H2S pressures. Decomposition of the Mo 3d spectrum showed that the chemical
state of Mo atoms did not undergo significant changes with the increasing pressure of H2S. The Mo
3d spectra contained Mo3d5/2-Mo3d/2 doublets, corresponding to Mo2+, Mo4+, Mo5+, and Mo6+. The
electron binding energies for the Mo3d5/2 peaks at such valences of molybdenum were 228.6, 229.2,
230.3, and 232.6 eV, respectively. The dominance of the Mo4+ doublet indicated the effective formation
of MoS2 and/or MoSx compounds (with packing Mo3-C), in which ≥ 3 [35,43,52,53]. The Mo5+ doublet
may have been a result of the binding in the MoS3 compound with a linear packing of atoms into
Mo-S3 clusters [35,53,54]. The presence of a Mo6+ doublet with a low relative peak intensity indicated
weak surface oxidation and the formation of Mo–O compounds [35,55]. With increasing H2S pressure,
the intensity of the Mo6+ doublet weakened even more due to the chemical properties of hydrogen
sulphide, which is a strong reducing agent. An increase in the H2S pressure caused a decrease in the
contribution of the Mo2+ doublet, which corresponded to the Mo–C (Mo2C) bonds [55,56]. This was
due to both an increase in the total sulphur concentration in the Mo–S–C–H films with a rise in the H2S
pressure and, probably, due to an increased chemical activity of radicals formed upon activation of H2S
by a laser plasma, compared with carbon atoms in a laser plasma from a graphite target. Considering
the small contribution of the Mo-C states, the effect of the carbide nanophase on the properties of
M–S–C–H coatings was not considered in this work.

In the decomposition of the C 1s spectra for Mo–S–C–H coatings, it was assumed that C atoms
could form chemical bonds with each other (C=C binding energy 284.6 eV and C-C binding energy
285.5 eV), with S atoms (C-S energy bonds 286.5 eV), and Mo atoms (C-Mo binding energy 283.6 ÷
284.2 eV) [36,37,56,57]. The peak with the highest binding energy (~289 eV) is usually attributed to C-O
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bonds [57]. The analysis of the C 1s spectra showed that, at all H2S pressures, the peak corresponding
to the sp2 bonds of C atoms dominated. As the H2S pressure grew, the contribution from the peak
corresponding to C-S bonds increased too. In this case, the contribution of the peak at 285.5 eV,
corresponding to sp3 bonds of carbon atoms, slightly decreased. A thin film of organic contaminants
containing CHx molecules may form on the surface of Mo–S–C–H coatings after being blown out of
the PLD chamber. The presence of this film could have a definite effect on the results of studying the
chemical state of carbon in Mo–S–C–H coatings, first of all, it could have increase the intensity of the
XPS peak binding energy of ~284.5 eV.

Figure 7. XPS spectra of C 1s, Mo 3d, and S 2p which were measured on the surface of the Mo–S–C–H
thin-film coatings obtained by reactive PLD at H2S pressures of (a) 5.5, (b) 9, and (c) 18 Pa. For Mo 3d
spectra, the S 2s spectra of different S species are indicated.

The deconvolution of the S 2p spectra for Mo–S–C–H coatings allowed us to assume that S atoms
can form chemical bonds with Mo atoms, which are characteristic of MoSx compounds with different
values of x, as well as of chemical bonds with C atoms. The most common approach to analysing the
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chemical state of S atoms in molybdenum sulphides is the separation of two doublets S 2p3/2-S 2p1/2

having “low” and “high” binding energies. A doublet with a low binding energy (the binding energy
of the S 2p3/2 peak does not exceed 162.3 eV, and the S 2p1/2—163.5 eV) usually corresponds to the
S2− species characteristic of the MoSx compound [35,58]. A doublet with a high binding energy (the
binding energy of the S 2p3/2 peak is ~162.8 ÷ 163.4.4 eV) corresponds to the S2

2-species, which are
characteristic of MoSx compounds, where clusters of Mo-S3 and/or Mo3-S are formed due to a high
concentration of sulphur ( > 2), [35,43,52,53]. S atoms in the chemical bond with C atoms (-S-C-S-)
correspond to the doublet S S 2p3/2-S 2p1/2, in which the binding energy of the S 2p3/2 peak is 163.6 eV,
and the S 2p1/2 peak equals 165.2 eV [57]. The choice of a model for describing the chemical state of S
in a carbon matrix seems to be quite problematic since the binding energies of S atoms can strongly
depend on the configuration of the nearest atoms. Thus, for a certain configuration of chemical bonds,
the spin-orbit splitting of the S 2p state does not occur. Our analysis of the published results of XPS
studies of sulphur-doped carbon materials has shown that even in the absence of spin-orbit splitting,
a band at ~163.5 eV can dominate in the XPS spectra of S 2p (for example, a configuration of the
C-S1÷2-C type), together with which a band at 165.0 eV (for instance, a configuration of the -C=S-type)
appears [59,60].

The application of the chosen model of the decomposition of the S 2p spectra showed that an
increase in the H2S pressure resulted in a decrease in the concentration of S2− states, and the contribution
to the S2

2− states increased. The contribution of the species corresponding to the C-S bonds increased
as well. The calculation of the ratio x = S/Mo, taking into account S species (S2− + S2

2−) associated with
Mo, and Mo species (Mo4+ + Mo5+) associated with S, showed that it was approximately 1.8, 2.5, and
4.0 for the Mo–S–C–H coatings obtained at pressures of 5.5, 9, and 18 Pa respectively. The composition
of the C component in these coatings was described by the approximate formulas C0.78S0.08H0.14,
C0.73S0.11H0.16, and C0.62S0.18H0.2. We assumed that H atoms are concentrated mainly in the a-C(S,H)
nanophase. The calculated composition of the a-C(S,H) nanophase for Mo–S–C–H composite films
differed from the composition of a-C(S,H) coatings obtained by RPLD at similar H2S pressures. The
concentration of S atoms in the nanophase was lower than in the monophase thin-film coating. This
could be attributed to the fact that S atoms deposited on the surface of the growing layer from the gas
phase during ablation of a graphite target can be captured during the formation of the MoS nanophase
in the course of the subsequent ablation of the Mo target. Our calculations have shown that, as a result
of the codeposition of Mo and C in reactive gas, the ratio = S/Mo exceeds the ratio obtained earlier for
MoSx films produced by RPLD of molybdenum in H2S at the same gas pressures.

3.3. Tribological Properties of Mo–S–C–H Films Obtained by RPLD

Figure 8 shows the results of measuring the average coefficient of friction as a function of the sliding
cycle number of the steel counterbody over the Mo–C–S–H coatings in humid air. The Mo–C–S–H_5.5
coating obtained at the lowest H2S pressure turned out to be the most wear-resistant. The endurance
of this coating exceeded 103 cycles. For other coatings, the wear resistance did not exceed 200 cycles.
The analysis of the wear tracks and the wear scar showed (Figure 9) that the low wear resistance of the
Mo–C–S–H_9 and Mo–C–S–H_18 coatings is mainly due to the weak adhesion of the coatings to the
substrate. The sliding of the counterbody caused the cracking of these coatings accompanied by the
separation of microplates. Microplates accumulated around the track and adhered to the counterbody
as well (Figure 9b,c).

The minimum value of the friction coefficient for the Mo–S–C–H_5.5 coating was 0.08; it was
achieved after 10 sliding cycles. After 100 cycles, the coefficient of friction rapidly increased to 0.22
(±0.05), and this value remained constant throughout the entire testing period. A profilometric study
of the wear crater showed that the wear rate of Mo–S–C–H_5.5, when tested in a humid atmosphere,
was ~9 × 10−7 mm3/N m.
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Figure 8. Characteristic evolution of the friction coefficient as a function of the cycle number for the
Mo–S–C–H thin-film coatings obtained by reactive PLD at the pressures of H2S gas of 5.5, 9 and 18 Pa.
Pin-on-disk tribometer testing was conducted in wet friction conditions (RH ~58%) at 22 ◦C.

Figure 9. Optical images of wear tracks and wear scars formed on the steel substrates and steel balls
for the Mo–S–C–H thin-film coatings obtained by reactive PLD at the different pressures of H2S gas: (a)
5.5, (b) 9, and (c) 18 Pa. Pin-on-disk tribometer testing was conducted in wet friction conditions (RH
~58%) at 22 ◦C. The test durations are indicated in Figure 8.

The Mo–S–C–H_5.5 coating showed better tribological properties compared to Mo–S–C–H_9 and
Mo–S–C–H_18 coatings when tested in a dry atmosphere at room and low temperatures. Figure 10
demonstrates that, in dry friction conditions at 22 ◦C, the average coefficient of friction after the
running-in period gradually increased from 0.03 (±0.05) to 0.05 (±0.05) with an increase in the test
duration from 10 to 4 × 103 cycles. The coating showed good adhesion to the substrate (Figure 11a).
The wear rate of this coating was ~3 × 10−7 mm3/N m. The Mo–C–S–H_9 coating also had fairly good
antifriction properties and durability despite its poor adhesion to the substrate. For this coating, the
average coefficient of friction did not exceed 0.08 during the entire testing period (i.e., 4 × 103 cycles).
Weak adhesion of the coating to the substrate manifested itself in the formation of coating delamination
areas in the track area. Coating separation caused the formation of micro-scales, which accumulated
at the edges of the track (Figure 11b). The Mo–S–C–H_18 coating had poor tribological properties:
it began to deteriorate immediately after the testing had started because of its weak adhesion to the
substrate. Microscopic analysis showed that the loose fragments of the coating effectively adhered to
the counterbody (Figure 11c).
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Figure 10. Characteristic evolution of the friction coefficient as a function of the cycle number for the
Mo-S-C-H thin-film coatings obtained by reactive PLD at the pressures of H2S gas of 5.5, 9, and 18 Pa.
Pin-on-disk tribometer testing was conducted in dry friction conditions (air + Ar mixture, RH ~8%) at 22 ◦C.

Figure 11. Optical images of wear tracks and wear scars formed on the steel substrates and steel balls
for the Mo-S-C-H thin-film coatings obtained by reactive PLD at the different pressures of H2S gas:
(a) 5.5, (b) 9, and (c) 18 Pa. Pin-on-disk tribometer testing was conducted in dry friction conditions (air
+ Ar mixture, RH ~8%) at 22 ◦C. The test durations are indicated in Figure 10.

During testing in dry friction conditions at −100 ◦C, the average coefficient of friction for the
Mo–S–C–H_5.5 coating did not exceed 0.08 (±0.1) over 103 sliding cycles (Figure 12). A shallow track
formed on the coating surface, and the wear rate of the coating did not exceed 1.6 × 10−7 mm3/N
m (Figure 13a). The sliding of the counterbody over the Mo–C–S–H_9 and Mo-C-S-H_18 coatings
was accompanied by noticeable changes in the average coefficient of friction in the range from 0.05
to 0.25 (Figure 12). In this case, the coatings retained their continuity, but they could deform and
crack (Figure 13b,c). Sliding of the ball on the Mo–C–S–H_9 and Mo–C–S–H_18 coatings caused more
intensive wear of the counterbody than sliding on the Mo–S–C–H_5.5 coating.
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Figure 12. Characteristic evolution of the friction coefficient as a function of the cycle number for the
Mo-S-C-H thin-film coatings obtained by reactive PLD at the pressures of H2S gas of 5.5, 9, and 18 Pa.
Pin-on-disk tribometer testing was conducted in dry friction conditions at −100 ◦C.

Figure 13. Optical images of wear tracks and wear scars formed on the steel substrates and steel balls
for the Mo-S-C-H thin-film coatings obtained by reactive PLD at the different pressures of H2S gas:
(a) 5.5, (b) 9, and (c) 18 Pa. Pin-on-disk tribometer testing was conducted in dry friction conditions at
−100 ◦C. The test durations are indicated in Figure 12.

4. Discussion

Our comparison of the tribological properties of the Mo–S–C–H coatings obtained at different
pressures of hydrogen sulphide showed that an increase in pressure negatively affected both the
average coefficient of friction and the wear resistance of the coatings under various tribological testing
conditions. To explain this result, it is necessary to assess the possible effect of the nanophases of these
coatings on the tribological properties. A change in the conditions of RPLD caused significant changes
in both the MoSx and C-based nanophase. An increase in the H2S pressure caused a rise in the x =

S/Mo ratio from ~1.8 to ~4.0. Fominski et al. [35] found that increasing x to 4 can significantly worsen
the tribological properties of MoSx coatings. For this reason, the generally unsatisfactory properties of
the Mo–S–C–H_18 coatings could be caused by inclusions of the MoS4 nanophase. At 2 ≤ ≤ 3, the
properties of MoSx coatings depend on the conditions of tribological tests. In a humid atmosphere,
after 400 cycles of sliding, MoS2 and MoS3 monophase coatings had the friction coefficient of ~0.2 and
~0.12, respectively. Additional studies of MoSx thin film coatings formed by the RPLD at H2S gas
pressure of 5.5 Pa revealed unsatisfactory tribological properties. Under various tribotest conditions,
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these coatings began to break down almost immediately after the start of the counterbody sliding
(Supplementary Materials, Figure S4). The Mo–S–C–H_9 coating, containing MoS~2.5 nanophase, did
not show good antifriction properties in a humid atmosphere, which indicates the possibility of a
negative effect of another nanophase, which is part of this coating—the a-C(S,H) component formed at
H2S pressure of 9 Pa. The antifriction properties of the Mo–S–C-H_5.5 coating containing the MoS1.8

nanophase correlated rather well with the properties of a single-layer MoS2 coating.
For comparing the tribological properties of the Mo–S–C–H coatings produced by RPLD with

those of Mo–S–C coatings obtained by more traditional deposition methods (mainly, magnetron
sputtering), it is necessary to take into account a number of important factors, such as the composition
of the coatings, air humidity and the load applied on the counterbody [15,61]. In the friction tests
of the Mo–S–C–H_9 and Mo–S–C–H_18 coatings in a humid atmosphere with an increased load on
the ball (5 N), the average friction coefficient was ~0.066, and the endurance did not change with an
increase in the load and was 100 cycles. The friction coefficient for the MoS2 and Mo–S–C coatings at
an increased carbon concentration (≥30 at.%) in a humid atmosphere (RH ≥ 50%) varied from ~0.1 to
0.3, and the wear rate varied from ~5 × 10−7 mm3/N m to 20 × 10−7 mm3/N m. The best performance
is achieved only by alloying these coatings with metals (Ti, Pb, and others) [62–64]. Thus, it can be
assumed that the Mo–S–C–H_5.5 nanocomposite coating, when tested in a humid atmosphere (RH ≥
50%), is inferior in its tribological properties only to the best samples of the MoS2 and Mo–S–C coatings
doped with metals.

During friction testing in dry friction conditions at room temperature, the coefficient of friction
for the MoS2 and MoS3 coatings was 0.08 and 0.1 respectively after 400 cycles of sliding [35]. To
compare, the Mo–S–C–H_9 coating containing the MoS~2.5 nanophase also provided a fairly stable
and low coefficient of friction (~0.08). However, the Mo–S–C–H_5.5 coating containing the MoS1.8

nanophase provided a more effective decrease in the friction coefficient (down to 0.03), which was
probably due to the positive effect of the a-C(S,H) component formed at an H2S pressure of 5.5 Pa. The
friction coefficient value of ~0.05 has been noted in many studies of pure TMD and nanocomposite
TMD+C coatings when tested under dry friction conditions (~5% ≤ RH ≤ ~30%) at moderate loads on
the counterbody (for example, [15,47,61,65–67]). The wear rate can be reduced to ~2 × 10−7 mm3/N
m, which is achieved by alloying with metals. Fundamentally lower values of the friction coefficient
(~0.005 ÷ 0.01) during sliding in dry friction conditions are achieved by creating nanoscale layers of
MoS2 and a-C(H) [17,68]. The friction coefficient for the Mo–S–C–H_5.5 coating equal to 0.03 at a
humidity of RH ~8% turned out to be slightly lower than the values for the MoSx and Mo–S–C coatings
formed by magnetron sputtering. Yet this coating was clearly inferior to the MoS2/a-C() nanolayer
coatings exhibiting superlubricity properties. This could be caused by both the suboptimal composition
of the coating nanocomponents and by the fact that the a-C(S,H) nanophase formed during RPLD did
not provide ultralow friction in combination with the MoS1.8 nanophase.

For the MoS2 and MoS3 monophase coatings, the average coefficient of friction under extreme test
conditions (−100 ◦C) was 0.18 and 0.08 respectively after 400 cycles of sliding [35]. The Mo–S–C–H_9
coating containing the MoS~2.5 nanophase provided sliding with a higher coefficient of friction (0.2–0.3).
A lower and stable coefficient of friction (~0.08) was determined for the Mo–S–C–H_5.5 coating
containing the MoS1.8 nanophase. At this stage, it is difficult to do a comparative analysis of the
tribological properties of Mo–S–C–H coatings obtained by RPLD and coatings of the same type obtained
by other techniques since there is no information on tribotests of various coatings at −100 ◦C in the
literature. A comparison of the tribological properties of the monophase MoSx and nanocomposite
Mo–S–C–H coatings indicates a significant effect of the a-C(S,H) phase on the tribological properties of
the Mo–S–C–H nanocomposite coatings under friction at low temperatures.

A comparative analysis of the tribological properties of the Mo–S–C–H nanocomposite coatings
obtained by RPLD with the properties of MoSx coatings (also obtained by RPLD) and TMD+C coatings
prepared by more traditional techniques showed the importance of collecting additional information
on the tribological properties of a-C (S,H) coatings formed by RPLD. A review of the literature shows
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that sulphur can significantly change the tribological and mechanical properties of a-C(S,H) coatings,
and the effect of the introduction of sulphur depends on its concentration and the concentration of
hydrogen to a considerable degree [69–71]. The tribological properties of a-C(S,H) coatings formed
by RPLD require further research. Our results of tribological studies of a-C(S,H) thin-film coatings
obtained by RPLD on steel substrates are presented in Supplementary Materials, Figures S6–S11.

It is important to note that pure a-C coatings prepared by the RPLD in a vacuum delaminated
from the substrate one to two days after the sample had been taken out into the air from the deposition
chamber. The SiC sublayer failed to provide sufficient adhesion of the a-C coating to the substrate, which
can be explained by a high level of mechanical stress in the carbon film. Tribotests of a-C(S,H) thin-film
coatings under various friction conditions showed that an increase in the concentration of sulphur
due to an increase in H2S pressure had a negative effect on both antifriction properties and fracture
resistance. Even if the MoS2.5 nanophase in the Mo-S-C_9 coating could provide good antifriction
properties under certain conditions, the a-C(S,H)_9 phase, having an approximate composition of
C0.73S0.11H0.16, would not let it happen. The degradation of the a-C(S,H)_9 and a-C(S,H)_18 coatings
occurred by cracking and pilling off from the substrate. It can clearly be seen in the shape of the wear
debris formed after friction test. These were mainly microplates accumulating at the edges of the track
and adhering to the counterbody.

When under dry friction conditions, only the a-C(S,H)_5.5 coating demonstrated good antifriction
properties. These coatings were produced from graphite by reactive PLD at an H2S pressure of 5.5
Pa. The friction coefficient did not exceed 0.03 during 103 cycles of the sliding of the ball. In that
case, the surface of the a-C(S,H)_5.5 coating underwent a slight wear, and the wear scar on the surface
of the steel counterbody was just incipient. Obviously, the qualitative tribological properties of the
Mo–S–C–H_5.5 nanocomposite coating under dry friction conditions were due to the influence of
the a-C(S,H) phase. Under other friction conditions, the tribological properties of the Mo–S–C–H_5.5
coating depended on the synergistic effect of the formation of a composition of the MoS and a-C(S,H)
nanophases. Under friction in a humid atmosphere, the MoS~1.8 + a-C(S,H) combination provided the
coefficient of friction characteristic of both phases, but changed the wear mechanism of the a-C(S,H)
phase, preventing its cracking and delamination from the substrate. At low temperatures (−100 ◦C),
the synergy effect of the MoS~1.8 and a-C(S,H) phases caused a rather low coefficient of friction and
high wear resistance. The friction coefficient was found to be lower than the values typical for the
MoSx~2 and a-C(S,H)_5.5 thin-film coatings.

The Raman studies of the wear track on the nanocomposite Mo–S–C–H_5.5 coating showed
(Figures 14–16) that sliding friction of steel counterbody caused subtle changes in the Raman spectra
measured in a middle region of the track. This indicates that the triboinduced changes occurred in a
very thin near-surface layer of the coating. These changes manifested in an increase in the contribution
of the peak at 1433 cm−1. This could be due to the accumulation (an increase in the concentration)
of S atoms in the surface layer of the coating during friction. No changes in the structure of the
MoSx nanophase were found. Comparison of Raman peaks for the Mo–S–C–H_5.5 coating before
(Figure 6a) and after the friction testing showed no noticeable changes in the spectra in the frequency
range of 800–1000 cm−1. This indicated a high resistance of Mo–S–C–H_5.5 coatings to oxidation in a
humid atmosphere.

RS analysis of the wear debris accumulated near the counterbody reversal points showed
(Figures 14 and 15) that the chemical state of the wear debris, and hence the chemical state of the
tribofilm, depended on the tribotest conditions. Under friction in a humid atmosphere, the wear
debris contained the crystalline phase of MoS2. This was indicated by the appearance of rather narrow
peaks at ~370 and 405 cm−1 caused by first-order reflection for the 2H-MoS2 phase. Formed during
triboinduced crystallization, this phase can cause peaks at ~520 and 650 cm−1, which appear due to the
second-order vibration modes of MoS2 [64]. Another peak at ~950 cm−1 may have occurred due to the
formation of a Fe-Mo-O compound (for example, FeMoO4) as a result of the tribochemical reaction of
the surface of the steel counterbody with the surface of the Mo–S–C–H_5.5 coating in the presence
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of adsorbed water molecules. The Raman spectrum of the wear debris contained peaks that could
be attributed to the Fe-S phase. The Raman spectrum of the Fe-S nanoparticulate phase has the most
intense peaks at ~215, 323, and 463 cm−1 [72]. Further research is needed to confirm the formation of
the Fe-S phase. Figure 14 demonstrates the peaks for the Fe-S nanophase, but they are indicated by a
question mark (?).

Figure 14. SEM image and Raman spectra for the Mo-S-C-H_5.5 thin-film coating subjected to
pin-on-disk test at 22 ◦C in wet friction conditions (RH ~58%).

1 

 

 

Figure 15. SEM image and Raman spectra for the Mo-S-C-H_5.5 thin-film coating subjected to
pin-on-disk test at 22 ◦C in dry friction conditions (RH ~8%).

In addition to the MoS2, FeMoO4 and, possibly, Fe-S phases, the wear debris contained a
graphite-like phase, which corresponded to a doublet containing broadened G (at ~1563 ÷ 1587 cm−1)
and G (at 1355 ÷ 1360 cm−1) peaks. The formation of such a C-based phase is typical of triboinduced
changes in TMD+C coatings (see, for example, [15,24,46,73]). An important factor influencing friction
is the local environment and atom packing in that phase. The Raman spectra for the wear particles
formed on the Mo-SC-H_5.5 coating after friction in a humid and dry atmosphere, differ in both the
position of the G peak and the width of the G and D peaks. Under friction in a dry atmosphere, these
peaks turn out to be narrower, and the G peak shifts to higher frequencies up to 1587 cm−1. It shows
that during friction in a humid atmosphere, graphitization of the surface layer of the coating was
insufficient, and the tribofilm structure was highly disordered. Probably, this was due to the fact that,
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at increased air humidity, the contact of the coating with the counterbody was modified because of the
adsorption of water molecules and slowed graphitization. This resulted a relatively high coefficient of
friction (~0.2) for the Mo–S–C–H_5.5 coating in a humid atmosphere.

The analysis of published data on the triboinduced graphitization of the interface layer for
TMD+C and a-C(H) coatings and their comparison with the results of this work showed that S atoms
incorporated into the a-C(H) phase during the RPLD of Mo–S–C–H_5.5 films did not have a significant
effect on the formation of tribofilms during friction in a dry atmosphere. The relatively narrow G and
D peaks located at 1355 and 1580 cm−1 respectively, correspond to the graphite/graphene-like packing
of atoms with a laminar structure [46,71,73–75]. The incorporation of S atoms into the graphene
structure may not cause noticeable changes in the Raman spectrum of graphene [76]. Still, under
certain conditions when graphene interacts with sulphur, a band may appear at ~1440 cm–1 in the
graphene Raman spectrum [77], the nature of which was considered in the above analysis of the Raman
spectra of Mo–S–C–H and a-C(S,H) films with a high sulphur concentration. During sliding friction
against the Mo–S–C–H_5.5 coating in a dry atmosphere, along with the graphitization of the a-C(S,H)
phase, crystallization of the MoS2 nanophase occurred; therefore, this phase could not compromise the
positive antifriction properties of the a-C(S,H) phase.

During the tests of the Mo–S–C–H_5.5 coating at −100 ◦C, the formation of wear debris and their
accumulation on the sample surface did not occur in an intensive way. This may be attributed to the
fact that these particles were very small and effectively adhered to the counterbody surface (Figure 13a).
When measuring the Raman spectrum on a single small particle, light was registered; it was resonantly
scattered by both the particle and the coating (Figure 16). The main contribution to the spectrum
from the particle was the appearance of weak peaks at ~1340 and 1579 cm−1, that indicated weak
graphitization of the material in the wear debris. No signs of crystallization of the MoSx nanophase
were found. It shows that that the mechanism of friction and wear of the Mo–S–C–H_5.5 coating at
−100 ◦C differed from that for the MoS2 coatings, which underwent effective crystallization under
similar test conditions [35]. This could be due to the fact that inclusions of the MoSx nanophase into
the amorphous a-C(S,H) matrix could reduce the level of mechanical stresses in the coating. The
nanocomposite Mo–S–C–H_5.5 coatings wear out by the mechanism of layer-by-layer removal of the
surface layer while the a-C(S,H) coatings showed a tendency to cracking. The presence of the MoSx

phase in the nanocomposite coating could have an effect on the adsorption of water molecules on
the coating surface at low temperatures, and possibly on the formation of water microcrystals. The
influence of these factors on the tribological properties of Mo–S–C–H coatings at low temperatures
require a further in-depth study.

Figure 16. SEM image and Raman spectra for the Mo-S-C-H_5.5 thin-film coating subjected to
pin-on-disk test in dry friction conditions at −100 ◦C.
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5. Conclusions

Pulsed laser deposition of Mo–S–C–H thin-film nanocomposite coatings from Mo and graphite
targets in H2S reactive gas ensures effective saturation of the formed layers with S atoms. The
penetration of S atoms causes the formation of the MoSx nanophase, but also significantly changes the
chemical state of the a-C(S,H) phase. In this work, we chose specific RPLD conditions under which the
ablation time of the Mo target was twice as long as the ablation time of the C target. With an increase
in the H2S pressure from 5.5 to 18 Pa, the concentration of S in the MoSx nanophase increased from
x~1.8 to x~4. Significant changes were observed in the chemical composition of the a-C(S,H) phase.
At 5.5 Pa, the composition was described by the formula C0.78S0.08H0.14, and at 18 Pa, an increase in
the concentration of sulphur caused the formation of C0.62S0.18H0.2. For the coatings obtained at 5.5
and 18 Pa, the ratio of the number of atoms in the MoSx and a-C(S,H) phases was ~40/60 and 60/40,
respectively. At the lowest S concentration, the local packing of atoms in the MoS nanophase was
close to the laminar packing characteristic of the turbostratic MoS2 structure. In this case, the a-C(S,H)
nanophase was amorphous with a predominance of sp2 bonds between C atoms. An increase in the
concentration of S atoms caused the formation of MoSx clusters, in which the Mo3-S packing began
to dominate. In this case, the configuration of the local packing of atoms in the a-C(S,H) phase was
significantly modified due to the efficient formation of C–S bonds.

The best tribological properties were found for the Mo–S–C–H_5.5 nanocomposite coatings
obtained at an H2S pressure of 5.5 Pa. At higher H2S pressures, an increase in the concentration of S
atoms both in the MoSx nanophase and in the a-C(S,H) nanophase caused a noticeable deterioration
in the tribological properties of the Mo–S–C–H_9 and Mo–S–C–H_18 nanocomposite coatings. The
tribological properties of the Mo–S–C–H_5.5 thin-film coatings were superior to those of the MoS2

coatings under various friction test conditions. However, in a humid atmosphere, the antifriction
properties of the Mo–S–C–H_5.5 coating turned out to be worse than the properties of the MoS3 coating.
MoS2 and MoS3 coatings were also obtained by RPLD [35]. The friction and wear of Mo–S–C–H_5.5
coatings in a humid atmosphere at 22 ◦C and in a dry atmosphere at −100 ◦C were due to the synergy
effect of the MoSx and a-C(S,H) nanophases. Under dry friction conditions, the sufficiently high-quality
tribological properties of Mo–S–C–H_5.5 resulted from the dominant influence of the a-C(S,H) phase,
which is the most suitable for these conditions and has a relatively optimal chemical composition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2456/s1,
Figure S1: Experimental and simulated RBS (left) and ESDA (right) spectra of the films prepared on Si substrates
by PLD of carbon under vacuum conditions and in H2S gas with different pressures. The RBS spectrum of the
carbon film deposited in vacuum contains (residual gas pressure was ~10−3 Pa) a peak at the channel number 200.
This peak is due to scattering of ions by sulfur atoms that have been adsorbed on the surface of the Si substrate
before the carbon film deposition, Figure S2: Typical SEM images (two magnifications) of a-C (S, H) film obtained
on a steel substrate by reactive PLD in H2S, Figure S3: Raman spectra for (a) a-C(H) and (b-d) a-C(S,H) films
obtained by PLD on Si substrate (a) under vacuum conditions and in reactive H2S gas at pressures of (b) 5.5, (c)
9, and (d) 18 Pa. The model of spectrum decomposition into the indicated peaks is discussed in the text of the
article, Figure S4: The friction force (in relation with the normal force) evolution during reciprocate sliding of the
counterbody over the MoSx coating under different environmental conditions. The MoSx coating was obtained on
the steel substrate by reactive PLD at H2S pressure of 5.5 Pa, Figure S5: Optical images of wear tracks formed on
the steel substrates for MoSx thin-film coating obtained by reactive PLD at H2S pressure of 5.5 Pa. Pin-on-disk
tribometer testing was conducted in (a) wet friction conditions (RH ~50%) at 22 ◦C, (b) dry friction conditions (RH
~8%) at 22 ◦C, and (c) dry friction conditions at −100 ◦C. The test durations are indicated in Figure S4, Figure S6:
Characteristic evolution of the friction coefficient as a function of the cycle number for a-C(S,H) thin-film coatings
obtained by reactive PLD at the pressures of H2S gas of 5.5, 9 and 18 Pa. Pin-on-disk tribometer testing was
conducted in wet air (RH ~58%) at 22 ◦C, Figure S7: Optical images of wear tracks and wear scars formed on the
steel substrates and steel balls for a-C(S,H) thin-film coatings obtained by reactive PLD at the different pressures
of H2S gas: (a) 5.5, (b) 9, and (c) 18 Pa. Pin-on-disk tribometer testing was conducted in wet air (RH ~58%) at 22
◦C. The test durations are indicated in Figure S6, Figure S8: Characteristic evolution of the friction coefficient as a
function of the cycle number for a-C(S,H) thin film coatings obtained by reactive PLD at the pressures of H2S gas
of 5.5, 9, and 18 Pa. Pin-on-disk tribometer testing was conducted in dry friction conditions (air+Ar mixture, RH
~8%) at 22 ◦C, Figure S9: Optical images of wear tracks and wear scars formed on the steel substrates and steel
balls for a-C(S,H) thin film coatings obtained by reactive PLD at the different pressures of H2S gas: (a) 5.5, (b) 9,
and (c) 18 Pa. Pin-on-disk tribometer testing was conducted in dry friction conditions at 22 ◦C. The test durations
are indicated in Figure S8, Figure S10: Characteristic evolution of the friction coefficient as a function of the cycle
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number for a-C(S,H) thin-film coatings obtained by reactive PLD at the pressures of H2S gas of 5.5, 9 and 18 Pa.
Pin-on-disk tribometer testing was conducted in dry friction conditions at −100 ◦C, Figure S11: Optical images of
wear tracks and wear scars formed on the steel substrates and steel balls for a-C(S,H) thin-film coatings obtained
by reactive PLD at the different pressures of H2S gas: (a) 5.5, (b) 9, and (c) 18 Pa. Pin-on-disk tribometer testing
was conducted in dry friction conditions at −100 ◦C. The test durations are indicated in Figure S10.
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Abstract: Three-dimensional porous nanostructures made of noble metals represent novel class of
nanomaterials promising for nonlinear nanooptics and sensors. Such nanostructures are typically
fabricated using either reproducible yet time-consuming and costly multi-step lithography protocols
or less reproducible chemical synthesis that involve liquid processing with toxic compounds.
Here, we combined scalable nanosecond-laser ablation with advanced engineering of the chemical
composition of thin substrate-supported Au films to produce nanobumps containing multiple
nanopores inside. Most of the nanopores hidden beneath the nanobump surface can be further
uncapped using gentle etching of the nanobumps by an Ar-ion beam to form functional 3D plasmonic
nanosponges. The nanopores 10–150 nm in diameter were found to appear via laser-induced
explosive evaporation/boiling and coalescence of the randomly arranged nucleation sites formed
by nitrogen-rich areas of the Au films. Density of the nanopores can be controlled by the amount
of the nitrogen in the Au films regulated in the process of their magnetron sputtering assisted with
nitrogen-containing discharge gas.

Keywords: laser ablation; noble-metal films; magnetron sputtering; nanosecond laser pulses; porous
nanostructures; plasmonics; nanosponges

1. Introduction

Three-dimensional (3D) percolated porous nanostructures made of noble metals and having large
surface-to-volume ratio have drawn significant attention due to their remarkable physicochemical
properties allowing to use them for various important applications ranging from the photo- or
electro-catalysis, water splitting, hydrogen storage to bio- and chemosensing via surface-enhanced
effects [1–5]. For most of the suggested applications, the surface-to-volume ratio defined by the
distribution, density and size of the pores within the 3D nanostructure is of crucial importance.

Recently, optical properties of 3D porous nanostructures have become a hot topic [6–10].
Specifically, the porous Au nanoparticles (also referred to as nanosponges) were shown to demonstrate
polarization-dependent scattering as well as to support long-lived electron emission associated

81



Nanomaterials 2020, 10, 2427

with localized and propagating surface plasmon modes having remarkably high quality factors.
These optical properties make such structures appealing for various optical and nonlinear optical
applications including random lasing, enhanced photo-emission, harmonic and supercontinuum
light generation, as well as single-molecule biosensing based on metal-enhanced fluorescence,
surface-enhanced Raman scattering (SERS), infrared absorption (SEIRA), etc. Multiple sensing
applications are benefited from the random (but highly dense) arrangement of the plasmon-mediated
electromagnetic (EM) hot spots within the structure allowing to obtain the spectrally broadband signal
enhancement over the entire visible and near-IR spectral range [11–14]. Indeed, incorporation of the
nanopores into the bulk plasmonic nanostructures with a sub-wavelength overall size provides more
intense SERS signal due to multiple hot spots and enlarged surface area increasing probability for
analyte molecules to reach these hot spots [15–18]. Nevertheless, upon excitation with EM radiation,
both the arrangement of the nanosized pores and the overall nanostructure geometry govern the
resulting response [19,20]. From this point of view, the plasmonic properties of the resulting 3D porous
nanostructures, their general geometric shape as well as porosity are to be adjusted simultaneously
that still remains challenging.

State-of-the-art methods for porous nanostructure fabrication generally require complicated
multi-step fabrication protocols as dealloying and soft- or hard-template synthesis [21–27],
where accurate management of the reaction conditions (temperature, composition, precursors, etc.)
is crucial. Furthermore, the minimization of the surface free energy typically leads to generally
spherical-shaped nanostructures. Seed-mediated growth provides simple and versatile method
allowing to produce arbitrary-shaped porous nanostructures [28]. However, it’s often problematically
to obtain only one desired geometry because of internal structural variations of the seeds as well as
local variations of the reaction environment. Alternatively, liquid-free lithography-based approaches
as electron- or ion-beam milling [29] are suitable for high-precision formation of geometrically-diverse
nanostructures. However, the need for upscaling of the fabrication procedure creates an economically
justified barrier for lithography-based techniques being applied for porous nanostructure fabrication
and large-area replication. In addition, post-processing is also required to impart porosity into
the nanostructures.

Herein, we applied scalable easy-to-implement nanosecond (ns) laser ablation of nitrogen-rich Au
films to fabricate parabola-shaped nanobumps containing multiple nanopores inside. The nanopores
were found to originate from laser-induced explosive boiling and coalescence of the nucleation sites
formed by nitrogen-rich areas of the Au film, while the nanopore density can be controlled by amount
of nitrogen used as discharge gas for magnetron sputtering of the Au films. Most of the nanopores
hidden beneath the nanobump surface can be further uncapped using gentle etching of the nanobumps
by an Ar-ion beam to form 3D plasmonic nanosponges promising for various nonlinear optical and
sensing applications.

2. Materials and Methods

2.1. Deposition of Au Films Assisted with Various Discharge Gases

Au films with a thickness of 150 ± 5 nm were deposited onto silica glass substrates without
any adhesion sub-layer using a custom-built magnetron sputtering system and three discharge gases:
argon, nitrogen and purified air. Deposition was performed at 10−2 mbar and fixed applied voltage of
2.5 kV. At the same time, the current was maintained at a constant value of 25 mA by dynamically
adjusting the discharge gas pressure that allowed to fix the sputtering rate at ≈1 nm·s−1 for all gases.

2.2. Characterization of Au Films

The actual thickness and average roughness of the films were controlled by an atomic-force
microscopy (AFM, Nano-DST, Pacific Nanotechnology, Santa Clara, CA, USA) . Optical spectroscopic
measurements performed with an integrating sphere spectrometer confirmed the identical reflectance

82



Nanomaterials 2020, 10, 2427

for all Au films evaporated with different discharge gases (Cary 5000, Agilent Technologies, Santa Clara,
CA, USA). The surface chemical composition of the Au films was carefully studied with X-ray
Photoelectron Spectroscopy (XPS). XPS spectra were collected using a Kratos Axis Nova instrument
(Kratos Analytical Inc., Manchester, UK) with a monochromatic Al Kα source (source energy 1486.69 eV)
at a power of 150 W. Elemental identification was carried out using survey spectra collected at a pass
energy of 160 eV with 1 eV steps. A Shirley algorithm was used to measure the background core-level
spectra, and chemically distinct species in the high-resolution regions of the spectra were fitted
with synthetic Gaussian Lorentzian components after removing the background (using the CasaXPS
software, v. 2.3.15). High-resolution XPS scans were performed in the N1s and Au4 f regions.

2.3. Fabrication of Porous Nanostructures and Nanosponges

Precise pointed ablation of the Au films was performed with second-harmonic (wavelength of
532 nm), ns (pulse duration of 7 ns) laser pulses generated by an Nd:YAG laser system (Brio GRM
Gaussian, Quantel, France). The laser radiation was focused into a sub-micrometer spot on the
sample surface using a dry objective (Nikon, 50x Plan Fluor, Tokyo, Japan) with a numerical aperture
NA of 0.8 (optical spot diameter of 1.22λ(NA)−1 ≈ 0.8 µm on the sample surface). The sample
was mounted onto a PC-driven nanopositioning platform (ANT series, Aerotech Gmbh., Nurnberg,
Germany) allowing spot-by-spot laser printing of the computer-generated patterns with the movement
repeatability better than 100 nm. The laser fluence was monitored by a pyroelectric photodetector
(Ophir Optronics, Jerusalem, Israel) and adjusted by a PC-driven attenuator (Standa, Vilnius,
Lithuania). All nanostructures were produced under identical ambient conditions upon single-pulse
laser irradiation.

Additionally, to reveal the nanopores hidden beneath the surface, the laser-printed nanobumps
were also post-processed via etching with an accelerated Ar-ion beam (IM4000, Hitachi, Tokyo, Japan) at
acceleration voltage of 3 kV, gas flow of 0.15 cm3/min and discharge current of 105 µA. Such parameters
were previously calibrated to provide relatively slow removal rate of ≈1 nm/s [15,30], allowing to
avoid excessive heating, melting or deformation of the Au film and laser-printed nanostructures.

2.4. Characterization of Laser-Printed Nanostructures

Scanning electron microscopy (SEM) was performed with a Helios Nanolab 450 FIB-SEM
(Thermo Fisher Scientific, Waltham, MA, USA). High-resolution surface characterization was
conducted at an accelerating voltage of 5 kV and electron beam current 100 pA. Signal channels
with secondary (SE) and back-scattered electrons (BSE) were simultaneously collected and analysed.
Despite the lack of topographical information, the escape depth for BSE is greater than that for SE
improving material/density sensitivity. This allows visualisation of the nanopores under the surface
with high contrast and spatial resolution.

To shed light onto the internal structure of the nanobumps (nanosponges), we involved a focused
ion beam technique to prepare single cross-sectional cuts and serial cuts that were subsequently
combined into a 3D reconstruction. After defining the area of interest, deposition (starting from electron
beam-induced deposition to prevent surface damage and followed ion beam-induced deposition) of
the Pt protective layers was performed. The thickness of the layers was chosen taking into account
the morphology and smoothness of the certain laser-printed structure and varied between 150 nm
(for nanobumps) and 1000 nm (for through holes). Slicing was carried out using an Ga-ion beam at
an accelerating voltage of 30 kV and beam current of 30 pA. After producing subsequent FIB cut,
high-resolution SEM image was automatically acquired at 5 kV and 50 pA. The resulting image had a
field of view of 2.5× 1.6 µm at a 1536× 1024 pixel resolution, which corresponds to the pixel size of
2.4× 1.6 nm. A series of 111 slices were acquired and measured slice thickness was 12 nm with standard
deviation of 6.54 nm. Further data processing (including alignment, filtration, and visualization)
was performed using Aviso 8.1 software (Thermo Fisher Scientific, Waltham, MA, USA).
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Three-dimensional finite-difference time-domain (FDTD) calculations were undertaken to reveal
local structure of the EM fields excited near the isolated plasmonic nanosponge by linearly-polarized
laser pump at 532, 632 and 1030 nm. The pump wavelengths within rather broad spectral range
were chosen to highlight potential applications, where the enhanced and localized plasmon-mediated
fields are highly demanding including SERS substrates and enhancement of nonlinear optical effects.
Representative 3D model of the nanosponge was reconstructed using high resolution top- and
side-view SEM images. The linearly polarized laser radiation was modeled to pump the nanosponge
from the top. Elementary cell size was 1× 1× 1 nm3, while the computational volume was limited
by the perfectly matched layers. Dielectric permittivity of Au was modeled according to the data
from [31].

3. Results and Discussion

In this paper we considered three types of glass-supported Au films produced via magnetron
sputtering in various discharges gases—argon, nitrogen and purified air (≈80% of nitrogen).
Produced films had the same thickness (150 ± 5 nm) and showed identical diffuse reluctance as
well as AFM verified surface roughness of about 2± 0.7 nm. This guarantied identical coupling of
the incident ns-laser pulse energy to all types of metal films under study (Figure 1a). Such laser pulse
induces thermalisation of charge carriers in the metal film that results in its local melting accompanied
by detachment from the substrate via relaxation of the thermal-generated stress or evaporation at the
interface between the film and the substrate [32,33]. At a pulse energy that is smaller than the ablation
threshold (Fth ≈ 0.17 J/cm2 [30,33–35]), detached metal shell resolidifies before its rupture forming
parabola-shaped surface protrusion (also referred to as nanobump; Figure 1b,c). Typical laser-printed
nanobump on the surface of 150-nm thick Au film sputtered with nitrogen discharge gas is illustrated
by corresponding top- and side-view SEM images. The former image combines the signals from the SE
and BSE detectors giving useful information regarding either a surface morphology or difference in
chemical composition/density. The latter allowed to reveal nanoscale pores under the surface of the
nanobump that can be also visualized by producing its FIB cross-sectional cuts (Figure 1d).

At elevated laser fluence (F > 0.23 J/cm2), rupture of the nanobump led to formation of
the through hole in the metal film. In this case, the multiple nanopores can be identified within
the resolidified rim surrounding the microhole as revealed by SEM visualization of the FIB cuts
(see Figure 2a). Generally, for the fixed composition of the Au film, higher laser fluences produced
the nanopores of the larger size. Similarly, the larger nanopores typically appeared closer to the
nanobump center (see Figure 2d–e). Taking into account the Gaussian-shaped intensity profile of the
irradiating laser beam, the nanopore formation appears to be driven by the local temperature (that will
be discussed later in the text) that is higher in the metal film section coinciding with the beam center.
To enrich information regarding the density and geometry of the nanopores, multiple FIB cuts were
merged to build exact 3D model of through hole and the surrounding rim (Figure 2b,c). This 3D model
clearly indicates broad size distribution of the nanopores ranging from 10 to 150 nm. Also, average size
of the nanopores in the rim increases towards the center of the microhole. The larger nanopores can
have irregular shape and reach the size ≈150 nm (Figure 2c), while the smaller nanopores far from the
rim walls preserve spherical-like geometry.

In part, broad size distribution of the nanopores could be explained by merging (coalescence) of
the closest nanopores growing from neighbouring randomly distributed nucleation centers. Origin of
such nucleation centers will be discussed somewhat later in the paper in the context of chemical
composition of the metal film fabricated with different discharge gases. Earlier coalescence was
suggested as a leading mechanism of the water bubbles growing on dispersed gold nanoparticles
heated by incident laser radiation [36,37]. As two bubbles with radii r merge, the gain in the surface
energy E+ = 4πr2σ(2− 22/3) compensates the work of viscous forces needed to move the melt over
a distance ∼ r at a velocity, which can be estimated as v ∼ r/t. Here, t is the time needed for this
melt relocation and σ = 1.1 N/m is the surface tension [38]. Using Newton’s law of viscosity to
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calculate the energy dissipation force F = ηvA/δh, where A = 4πr2—the surface area of the bubble,
η = 4× 10−3 Pa s—viscosity of liquid gold [38], and δh ∼ r—the characteristic length scale of the flow,
we estimate the energy loss as E− = 4πηr3/t. Equalizing E+ and E− we estimate the time for two
bubbles to merge t ∼ ηr/σ ≈ 10–100 ps (estimated for r = 3–30 nm), which is less than the time gold
film remains liquid.

Au

Glass substrate

db

100 nm 100 nm

c

100 nm

Pt protective layer

ns laser pulse Explosive boiling

of nitrogen-rich 

areas

Au film

Substratea

Figure 1. (a) Sketch illustrating direct laser printing of porous nanostructures on a glass-supported Au
film. Single-pulse laser ablation at a near-threshold fluence produces a parabola-shaped nanobump
(nanosponge), while the explosive boiling of randomly distributed nitrogen-rich sites create a nanoscale
pores inside irradiated area. High-intense laser pulse drills a through hole where the nanopores can be
found in the surrounding resolidified rim. (b,c) Representative top- and side-view SEM images of the
isolated laser-printed nanosponge produced at F = 0.15 J/cm2 in the Au film evaporated with nitrogen
discharge gas. The top-view image is divided into two parts (recorded at different e-beam acceleration
voltage) to illustrate multiple nanopores hidden beneath the nanobump surface. (d) False-color SEM
images of the cross-sectional FIB cuts made through the center of such nanobump.

This time can be estimated assuming that the heat accumulated by the illuminated spot is removed
mostly by the thermal conductivity. The heated volume can be estimated as a cylinder of the radius
r ≈ 0.5 µm (the typical lateral size of the nanobump) and the height h = 0.15 µm (the film thickness).
The areas of the side Sside = 2πrh and the bottom Sbottom = πr2 surfaces are comparable, but the
thermal conductivity of gold λAu = 300 W/(Km) is larger than that of glass λglass = 0.5 W/(Km),
so that only the heat flow through the side wall decreases the temperature of the molten surface.

This heat flow can be estimated as
dE
dt

= λAuSside∇T ≈ 2πhλ(Tm − T0), where Tm ≈ 1.4× 103 K is
the melting point of Au and T0 = 300 K. This heat flow should remove the energy accumulated by the

surface in one pulse Ep = Fπr2, hence the characteristic cooling time scale is t ∼ Fr2

2hλTm
≈ 5 · 10−9 s,

i.e., is also comparable to the laser pulse duration. This estimation also agrees with previously reported
studies [39]. Hence, coalescence of the bubbles provides a plausible explanation of the observed
distribution of the pore sizes.
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Noteworthy, different growth times of the pores can be also considered as alternative way to
explain the large size variation of the nanopores. In particular, the pores started growing short after
the onset of the melting had more time to develop than that ones started just before the resolidification.
This assumption cannot be accepted because of the low growth velocity of the bubbles. Wang et al. [37]
reported that during the initial bubble nucleation phase the bubble size R grows with time as R ∝ t1/6

(we notice that at later stages in degassed water this dependency drops to R ∝ t0.07, whereas in
air-equilibrated water R ∝ t1/3). Hence, to get one order of magnitude difference in the nanopore
radii, the times should differ by six orders magnitude. If the earliest possible nucleation starts after ten
picoseconds after the start of the laser pulse (time comparable with the electron-phonon coupling times
in metals), then the smaller pores formation must start several microseconds later, which is impossible
because the resolidification happens on a time scale of several nanoseconds.

In a similar way, the broad size distribution can not be explained by local temperature fluctuations
(pores at hot spots grow quicker) as the R(t) ∝ T1/3 [37]. Hence, three-orders-of-magnitude fluctuation
of the local temperature in gold separated by a distances much less than one micrometer is obviously
not possible. Spontaneous merging (coalescence) of several nanopores into the larger one can also
stimulate rupture of the nanobumps and can explain formation of the through nanoholes previously
reported for AuPd films processed with ns laser pulses [40]. The average pore size was observed to
grow with the laser intensity, as it was shown in [15]. This can be explained by cooperative action
of two mechanisms: (1) each pore grows more rapidly, since the temperature is higher and the pore
radius R(t) ∝ T1/3. (2) The metal film remains molten for a longer time and the coalescence-based
growth is stopped by the resolidification after a longer time interval t ∝ T, so that more pores can
merge together. Assuming that the surface temperature is proportional to the intensity, we expect the
average observed pore size to grow with the intensity.

Remarkably, the density and the average size of the nanopores started to grow from randomly
distributed nucleation centers were found to depend on the type of discharge gas used for the film
fabrication. More specifically, negligible amount of nanopores was found for the nanobumps produced
on the surface of Au films sputtered with Ar (see Figure 2d). The maximal density of the nanopores
was observed for the Au film evaporated with nitrogen discharge gas, decreasing for the Au film
produced in purified air (Figure 2e,f). Taking into account same morphology and light absorbing
characteristics of all mentioned Au films produced with different discharge gases, the amount of
nitrogen in the film could be considered as a driving parameter that allows to control density of the
nanopores. The molecular nitrogen can be bounded to the metal film surface as well as form chemically
stable AuN phase upon magnetron sputtering as it was reported by several previous studies [41–43].

XPS measurements were performed to understand the effect of the discharge gas used for
magnetron sputtering on the resulting chemical composition of the Au films (see Methods for details).
Analyses of the deconvolved high resolution spectra taken in the N1s region revealed near-zero signal
for films produced with Ar discharge gas. However, a pronounced signal for Au films fabricated with
purified air and nitrogen (Figure 3b–d) were also observed. Deconvolution of the latter two spectra
revealed several peaks with their binding energies at ≈401, 399 and 397.3 eV. The first high-energy
peak can be assigned either to carbonitride [43] or to molecular nitrogen (that can be adsorbed on the
metal film surface having multiple grains and cracks as well as be trapped beneath the surface [44,45]).
The two remaining peaks can be attributed to chemically stable gold nitride phases AuNx as well
as to oxynitrides [41–43]. All of the different Au films demonstrated similar Au4 f XPS spectra with
low-intense shoulders (marked by blue areas in the Figure 3a) shifted towards larger binding energies
near both low- (Au4 f7/2) and high-energy (Au4 f5/2) peaks. These shoulders can be indicative of stable
chemical compounds like surface bonded carbon (AuC) or nitrogen (AuNx) as shown in previous
studies [43]. However, the similarity of the signals obtain from different Au films does not clarify the
exact chemical nature of these low-intense shoulders where signals from different compounds could
overlap. To confirm such peak assignment, the Au film sputtered with nitrogen was further annealed
at 200 ◦C for 2 h. Thermal annealing was expected to remove thermodynamically unstable compounds
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(such as oxynitrides) as well as most of the molecular nitrogen from the near surface layer probed
by XPS. N1s core-level spectra of the annealed Au film demonstrates the only remaining peak with a
binding energy of 398.8 eV that can be presumably attributed to AuNx.

b

c

100 nm

Au

Glass substrate
100 nm

a

elongated 
nanopores

d e f

100 nm100 nm100 nm

Figure 2. (a) False-color SEM images of cross-sectional FIB cuts made through the center of the
microhole. The hole was produced at F = 0.25 J/cm2 in the Au film evaporated with nitrogen discharge
gas. (b,c) Distribution of the nanopores in the rim around a through hole visualized by tomographic
3D model reconstructed using serial FIB cuts. Several elongated irregular-shaped nanopores are
highlighted in the figure. (d–f) Top-view SEM images of the nanobumps produced under single-pulse
irradiation of the Au films (F ≈ 0.15 J/cm2) produced with argon (d), purified air (e) and nitrogen
(f) discharge gases, respectively.

Considering the chemical composition of the Au film produced with different discharge gases we
can suggest the following scenario regarding formation of the nanopores upon ns-pulse laser ablation.
Such laser pulse with a near-threshold fluence rapidly heats up the Au film to temperatures above
103 K. Such temperature jump is expected to remove all molecular nitrogen from the exposed area
as well as induce an explosive boiling of the N- or AuNx-rich areas of the film. The data regarding
melting/boiling temperatures of gold nitrides is weakly discussed in a literature. For example,
annealing at 90 ◦C was shown to remove AuNx from the film [41], while present studies clearly
showed signature of AuNx remaining even after annealing at 200 ◦C. Anyway, both melting/boiling
temperatures of gold nitrides are expected to be much lower comparing to those for the pure
gold. The light absorption should be initiated at the Au grain boundaries where also nitrogen
adsorption should occur. The ionisation potential of Au is 9.23 eV while that of nitrogen is 14.53 eV
(for O—13.62 eV). The laser pulse driven avalanche ionisation of gold is seeding the energy deposition
which is evolving into run away ablation (melting, evaporation, ionisation).
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Figure 3. XPS characterization of the Au films produced using different discharge gases.
(a) Representative Au4 f photoemission spectra measured from the glass-supported Au film produced
with nitrogen discharge gas. (b–e) N 1s core-level photoemission spectra of the Au films produced using
magnetron sputtering assisted with various discharge gases: argon (b), purified air (c), nitrogen (d),
nitrogen followed by thermal annealing at 200 ◦C for 2 h (e). Deconvolution of the obtained spectral
signal allowed for identification of several characteristic peaks highlighted by the colored areas
in (a,c–e).

The general geometry of the surface structure produced by direct laser ablation is defined
by the laser irradiation parameters (fluence, pulse width and beam profile [46]) as well as by the
thickness/composition of the metal film [33,47]. Our results clearly show that advanced chemical
engineering of the metal film composition gives additional degree of freedom allowing to modify
morphology of the laser-printed structures at the nanoscale, namely, incorporate the nanopores and
control their density. However, a large amount of the nanopores is typically hidden beneath the
top metal shell of the nanobump that limits the potential range of practically relevant applications.
To make morphology of the laser-printed nanobumps more functional, we applied gentle etching of
the laser-printed nanobumps with unfocused Ar-ion beam schematically illustrated on the Figure 4a.
The processing parameters were calibrated to ensure gradual removal of the Au film without melting
and deformation of the nanobumps geometry (see Materials and Methods). Two representative
SEM images in the Figure 4b,c compare nanoscale surface morphology of the nanobump before
and after its etching with Ar beam for 20 min. As can be seen, etching reveals the multiple hidden
nanopores making the nanobump shell surface perforated with multiple through nanoholes. Besides
the rather random arrangement of the nanopores (nanoholes), general geometry of the produced
nanosponges reproduces well from pulse to pulse (see Figure 4d). From the simple geometrical
consideration it is clear that the incident electromagnetic radiation can be efficiently absorbed by such
nanosponges that produce enhanced electromagnetic fields via coupling to propagating and localized
surface plasmons. Being combined with the mentioned broad size distribution of the nanopores,
the 3D nanosponges with their lateral size of about visible-light wavelength are expected to be
efficient for local EM field enhancement within rather broad spectral range spanning from visible
to near-infrared. To illustrate this, we calculated squared electromagnetic field amplitude E2/E2

0
(E0 is the amplitude of the incident EM field) near the isolated plasmonic nanosponge pumped at
532, 632 and 1030 nm (see Materials and Methods). The cross-sectional E2/E2

0 maps shown in the
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Figure 4e indicate that the nanosponge supports densely arranged EM hot spots upon broadband EM
excitation. Multi-fold enhancement of the EM field amplitude comes from coupling of the incident
radiation to the localized plasmon resonances of the isolated nanoscale surface features on the top side
of the Au shell (like nanopores, spikes and cracks clearly seen in the Figure 4c) as well as plasmons
propagating within overall micro-scale sponge geometry. Propagating plasmons can couple to or
re-excite the localized ones appearing as the localized EM hot spots on the opposite size of the opaque
150-nm thick Au shell. Owing to weak radiate decay, the certain localized plasmon modes in such
plasmonic nanosponges were found to survive for a long time producing substantial field localization
and enhancement [8]. Alternatively, most of the modes can dissipate via heating of the nanosponge.
These features will potentially allow to use such nanosponges for various applications as thermo
and nonlinear plasmonics (enhanced higher harmonic and white light generation), bio-imaging and
visualization, photothermal conversion, sensing based on nonlinear optical effects as well as SEIRA-
and SERS-based sensing [48–52].

700 nm

c

200 nm

b d
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etching for 20 min

laser-printed nanobump

plasmonic nanosponge

20
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Figure 4. (a) Schematic illustration of the nanosponge fabrication. (b,c) Representative side-view
SEM images comparing typical morphology of the nanobump before and after its etching with Ar-ion
beam for 20 min. The nanobump was produced at F = 0.165 J/cm2 on the surface of Au film
evaporated with nitrogen discharge gas. (d) SEM image of the nanosponge array showing how the
nanosponge morphology reproduces from pulse to pulse. (e) Calculated E2/E2

0 maps near the isolated
Au nanosponge pumped at 532, 632 and 1030 nm.

4. Conclusions and Outlook

Here, we propose a simple approach allowing fabrication of porous plasmonic nanostructures
using direct ns-laser ablation followed by Ar-ion beam etching. The nanopores were found to form
through the explosive evaporation/boiling of the nitrogen-rich metal film areas exposed by a ns
laser pulse. Detailed XPS and SEM analysis confirmed that the density of the nanopores correlates
with the initial amount of nitrogen in the Au films that were fabricated by magnetron sputtering
assisted with different discharge gases. Demonstrated unique porous nanostructures, parabola-shaped
nanobumps perforated with multiple nanoholes, are expected to be useful for various applications
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where the plasmon-mediated EM fields are of mandatory importance as nonlinear plasmonic and
chemo-/biosensing.

In a broader context, advanced chemical engineering of the metal film composition suggested
in this paper being combined with an adjustment of the laser ablation process (as optimization of
fluence, pulse width, laser beam shaping, etc.) is expected to provide facile way for fabrication
of unique nanostructures. Also, elaborated strategy being applied to more complicated material
combinations (like metal alloys or metal-dielectric materials) will further enrich the potential types of
nanostructures as well as their application range [53–55]. For example, in a similar way nanosponges
can be produced from co-sputtered noble-metal films forming nano-alloys with engineered permittivity
as demonstrated for Au-Cu-Ag [56]. Along with plasmonic hot spot engineering, local potential defined
by the nearest atomic composition was shown to modify physical and chemical adsorption of the
analyte molecules affecting their characteristic SERS and SEIRA signals and sensor performance [57].
Insights into formation of metallic glasses and high entropy alloys with even large number of
constituent materials [58] will benefit from a nanoscale control of re-melting and phase-explosions
demonstrated in this work.
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Abstract: In this work, iron oxide nanoparticles produced using the laser ablation technique were
studied in order to determine the characteristics of these nanoparticles as a function of the laser
energy for the possible application in magnetic hyperthermia. Nanoparticles were obtained by
varying the power of the laser considering values of 90, 173, 279 and 370 mJ. The morphology of these
nanoparticles was determined using the dynamic light scattering (DLS) and scattering transmission
electron microscopy (STEM) techniques, confirming that the size of the particles was in the order of
nanometers. A great influence of the laser power on the particle size was also observed, caused by
the competition between the energy and the temperature. The composition was determined by X-ray
diffraction and Raman spectroscopy, showing the presence of magnetite, maghemite and hematite.
The hyperthermia measurements showed that the temperature rise of the iron oxide nanoparticles
was not greatly influenced by the energy change, the heating capacity of magnetic NPs is quantified
by the specific absorption rate (SAR), that tends to decrease with increasing energy, which indicates a
dependence of these values on the nanoparticles concentration.

Keywords: laser power; XRD; maghemite; hematite

1. Introduction

In recent years, many researchers have studied the synthesis of nanoparticles for several
applications. The importance of these nanostructures lies in the characteristics that the nanoparticles
possess, different from the characteristics of the bulk materials of the same composition, which is
mainly due to the size effects. For instance, magnetic nanomaterials have exceptional properties
because their size is comparable to that of magnetic domains [1]. Furthermore, the magnetic and
electronic properties are strongly influenced by surface phenomena as the size is reduced [2,3].

For this reason, magnetic nanoparticles exhibit unique physicochemical properties, such as
superparamagnetism, high surface/volume ratio, strong magnetic response, and low toxicity [4],
depending on their size and shape. This special behavior makes them suitable candidates for a
wide variety of applications in areas such as magnetic recording [5], and biomedicine [6,7] among
others. Magnetic nanoparticles can be used in different fields of application such as nanotechnology,
bioenvironmental, physical medicine, and engineering, among others [2]. More specifically, these types
of nanostructures have been used to support diagnosis in magnetic resonance imaging, administration
of drugs and their targeted delivery, in addition to environmental remediation, plant growth, catalysis,
etc. [8,9].
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Iron oxide nanoparticles such as magnetite (Fe3O4) or its oxidized form of hematite (α-Fe2O3) are
the most commonly used nanoparticles for biomedical applications. This is mainly due to the fact that
other highly magnetic materials such as cobalt and nickel are susceptible to oxidation and can be toxic,
which has made them of little interest in biomedical applications [2].

Magnetite has an inverse structure to the spinel, (Fe3+) (Fe2+, Fe3+) O4 and is derived from a cubic
packing of oxygen with cations at the interstitial tetrahedral and octahedral sites [10], where Fe (II)
and Fe (III) are disordered at the octahedral sites, while the tetrahedrons are completely occupied by
the Fe (III) cation. From the point of view of magnetic properties, the material is ferrimagnetic up
to the Curie temperature (TC = 858 K). Upon exposure to the ambient atmosphere, the surfaces of
Fe3O4 crystallites are often covered with Fe2O3 layers [11]. Nevertheless, magnetite nanoparticles with
diameters less than 30 nm exhibit superparamagnetic behavior, which means that in the absence of an
external magnetic field these particles have zero magnetization and less tendency to agglomerate [12].
Additionally, they present a higher performance in terms of chemical stability and biocompatibility
compared to metallic nanoparticles [13].

It is also important to consider that the method of nanomaterials synthesis, and in this case, the
method used for magnetic nanoparticles production represents one of the most important challenges
that will determine the shape, size distribution, particle size, and surface chemistry of the particles and,
consequently, the characteristics for their application [14]. Unfortunately, the preparation process can
increase the environmental impact and the cost of production [15]. A fundamental drawback when
producing nanoparticles, and especially when searching for a specific application, is the agglomeration.
This agglomeration is due to the nanoparticles surface is highly reactive which makes them highly
unstable. For this reason, it is generally required that they be functionalized by adding a stabilizing
agent, being almost always produced as a colloid [16].

Some of the most used techniques to produce these types of nanoparticles are hydrothermal
path [17,18] green synthesis [9], co-precipitation [19,20] and laser ablation, amongst others. The laser
ablation technique has aroused the interest of the scientific community as a synthesis method. For
example, Yang, in his review article [21] mentioned that liquid laser ablation has been shown to be
a chemically simple and clean synthesis, without requiring extreme environmental conditions of
temperature and pressure. These advantages allow the combination of solid and liquid phases to
manufacture composite nanostructures with the desired functions.

However, the good performance of this method strongly depends on the synthesis parameters.
In the case of laser ablation, one of the most important parameters is the production energy of the
material. This energy can influence the structure, stoichiometry, size, and the concentration, in addition
to the properties required for the specific application.

In the literature, there are reports of magnetite nanoparticles produced by laser ablation, varying
different parameters for obtaining them, as in the case of Santillán et al. [22] who analyzed the
characteristics of the iron oxide nanoparticles immersed in four different solutions, finding several
phases of iron oxide and iron carbide. Svetlichnyi et al. [23] and Ismail et al. [24] synthesized iron
oxide nanoparticles varying the media. They concluded that several species, such as iron oxides and
iron nitrides were obtained and interesting structural characteristics were found, being suitable for
application in different fields.

In recent years, attention has been focused in nanomaterial research around thermal therapy,
especially in thermo-magnetic therapy known as magnetic hyperthermia. This intracellular treatment,
which has as its main attraction the controlled and localized generation of heat in biological targets
such as tumors, has found greater efficiency compared to standard treatments.

The first results obtained in the field of magnetic hyperthermia were used by Jordan et al. [25]
with nanoparticles of iron oxide contrast tests against a brain tumor. More recently, Yasemian et al. [26]
evaluated the effect of the reaction temperature from the magnetic hyperthermia measurements of
iron oxide nanoparticles obtained by the co-precipitation method. The size, structure and magnetic
properties of the NPs were also studied.
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Despite previous reports, not much information was found regarding the effect of energy variation
on the production of iron oxide nanoparticles in water.

The objective of this work is to produce nanoparticles of iron oxide by the laser ablation method
and later to evaluate the compositional and morphological properties depending on the energy of the
laser. These properties play a decisive role in the practical use of nanoparticles in possible biomedical
applications. For this reason, a study showing the hyperthermia behavior of nanoparticles was included
in order to correlate the dependency between the SAR (specific absorption rate) and the laser energy;
this study may guide the authors towards a future application in magnetic hyperthermia

2. Materials and Methods

The iron oxide nanoparticles were synthesized by the laser ablation method, placing a high purity
iron target (99.99%) in a beaker with 20 mL of type I water (Milli Q) with water column height of 19.74
mm. The laser beam was focused perpendicular to the surface of the target. A laser system Quantel
Q-smart 850 Nd: YAG (Luminbird, Bozeman, MT, USA) was used at a working wavelength of 532 nm
(pulse duration of 8ns, repetition rate of 10 Hz). Before synthesis, the iron target was mechanically
polished and washed with deionized water and was subsequently washed in an ultrasonic tank for 10
min in isopropyl alcohol, followed by washing with deionized water.

The ablation time for each sample was 10 min, without rotation. All colloids were then transferred
to a lidded container. Each sample was produced at different values of laser energy as follows: 370,
279, 173 and 90 mJ.

This method consists of focusing a high-power pulsed laser on a metallic bulk target, submerged
in the solvent where the suspension is to be generated. The energy of the laser pulse is absorbed by the
target, producing a shock wave that travels in all directions from the point of incidence of the laser,
together with a plume of plasma containing the ablated material (top-down process), this shock wave
generally propagates at a speed of about 1500 m/s in water [21].

The expansion of the plume in the surrounding liquid produces a decrease in the temperature of
the plasma that, together with the generated cavitation bubble, acts as a reactor for the formation of
NPs through the condensation of the atoms expelled from the metallic bulk [27,28] (bottom-up process).
In this sense, laser ablation turns out to be a hybrid technique between the top-down and bottom-up
processes. The NPs generated by this type of technique turned out to be spherical, being able to exhibit
a structure without coating (simple) or with coating (core-shell). The irradiation area depends on the
laser energy as follows: 0.02217 cm2 (90 mJ), 0.02835 cm2 (173 mJ), 0.04599 cm2 (279 mJ) and 0.0475
cm2 (and 370 mJ). The ablation threshold of the material can be considered the latent heat of fusion of
Iron that is 13.8 kJ/mol.

Composition analysis was determined with an X-ray photoelectron spectroscopy using a SPECS
PHOIBOS 100/150 X-ray spectrometer (SPECS, Berlin, Germany), with a hemispherical analyzer and a
1486.6 eV Al-Kα line. XRD patterns were performed with a Rigaku diffractometer (Panalytical, Almelo,
The Netherlands), operating with a Cu-Kα radiation source. In addition, this was collected in a step
scanning mode, between 2θ = 10 and 80◦, with a step of 0.03◦ and 10 s/step. For STEM measurements,
a FEG (Field Emission Gun) Scanning Electron Microscope (Zeiss, Waltham, MA, USA) was used. The
images were taken with the following characteristics: high vacuum, 25 kV acceleration voltage, and a
STEM I XT detector was used. For the chemical analysis, an EDAX APOLO X detector (STEM I XT,
Waltham, MA, USA) with a resolution of 126.1 eV (in. Mn Kα), and an acceleration voltage of 25 kV
were used to perform EDS (Energy-Dispersive Spectroscopy) analysis. The results were analyzed
using EDX Genesis software (version 3.6, Waltham, MA, USA).

The colloid was deposited in a polystyrene cuvette RefDTS0012 (Malvern Instrument,
Worcestershire, United Kingdom). DLS (Dynamic Light Scattering) measurements were performed on
a Zetasizer Nano Series equipment brand (Malvern Instrument, Worcestershire, United Kingdom). For
the measurement, water with a refractive index 1.33 was used as dispersant and the number of scans
of 10–100.
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Absorbance spectra were obtained using a UV-Vis UV2600 spectrophotometer (North Lakewood
Boulevard, Long Beach, CA, USA) with a spectral range of 200 to 850 nm, equipped with a double
beam and an integrating sphere. Spectra were measured in the 200 to 700 nm region.

Finally, a 200 Gauss AC magnetic field was applied to the iron oxide nanoparticles produced
at different energies with NanoScale Biomagnetics magnetic hyperthermia equipment (nanoScale
Biomagnetics, Zaragoza, Spain).

3. Results and Discussion

In order to determine the average size of the nanoparticles, the DLS technique and images obtained
with STEM were used. Table 1 shows the results of these measurements, including the standard
deviation of size. The STEM values were obtained by making an average of the sizes measured in the
images, for each energy, three images with the same resolution were obtained at different points of the
sample, each image with a different number of nanoparticles measured. Figure 1 shows a representative
image of each sample. According to these results, the particles are found to have nanometric sizes.

Table 1. Average particle size measured from DLS (Dynamic Light Scattering) and STEM (scanning
transmission electron microscopy).

Energy (mJ)
DLS Measurements STEM Measurements

Average Size (nm) Standard Deviation (nm) Average Size (nm) Standard Deviation (nm)

370 25.868 4.189 16.827 6.044

279 65.363 6.680 15.695 4.854

173 42.176 25.585 14.870 8.347

90 25.900 0.761 18.719 12.825
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Figure 1. STEM Images for nanoparticles synthesized at (a) 370 mJ, (b) 279 mJ, (c) 173 mJ and (d) 90 mJ.

It can be seen for both results that the size of the nanoparticles was not strongly influenced by the
energy of the laser, since there was no relationship between the energy and the size of the nanoparticles,
however the standard deviation indicates that particles were obtained in a wide size distribution. An
explanation for this may be the competition of phenomena that occurs during the ablation process. The
energy and temperature produced during the process can generate particles of different sizes, since the
energy gives off particles of a certain size, but when temperature is involved, these particles can be
divided and have a smaller size, because they have a greater surface area to absorb this thermal energy
and use it for dividing [29].

In addition, a high size distribution is due to possible agglomerations of nanoparticles in the
water. As their concentration increases, especially in the results obtained by DLS—since the size is
measured hydrodynamically—then, it can be concluded that the sizes obtained by this technique are
an initial approximation [30]. This can be observed when making a comparison between the values
obtained by the two techniques, since they showed very different results, although they indicate that
particles in the nanometric range were obtained.

Figure 2 shows the high resolution XPS (X-Ray photoelectron spectrometry) measurements of
iron and oxygen for the sample produced at 173 mJ. These spectra are representative of all samples.
Figure 2a shows the Fe2p doublet in which two oxidation states are presented, Fe2+ and Fe3+, the
former coordinated octahedrally and the latter distributed at the octahedral and tetrahedral sites [11].
The spectrum can be successfully adjusted using two main peaks and one satellite peak in the 2p3/2

region, with a repeated pattern. The lowest binding energy peak at 710.2 eV is attributed to Fe2+,
the Fe3+ tetrahedral species has a binding energy of 713.3 eV and the satellite peak was identified
at 716.0 eV. These values are comparable to others found in the literature [31]. From these results it
can be assured that the production of the proposed iron oxide was achieved. Figure 2b shows the
high-resolution spectrum O1s, where binding energies, corresponding to the formation of Fe3O4 and
Fe2O3 are identified. However, higher intensity peaks, corresponding to bonds with hydrogen and
oxygen are identified. The high amount of these bonds may be due to the nanoparticles being produced
in water, which makes them maintain a high humidity. In addition, the carbon, that appears in the
spectra, is attributed to the contamination present in the XPS chamber. Carbon is the material which is
always present in atmosphere [32].
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Figure 2. High resolution spectra and their decomposition for nanoparticles produced at 173 mJ. (a)
Fe2p and (b) O1s.

In Figure 3, the diffractograms of the samples produced by varying the laser energy are
presented. In general, the diffractograms show peaks with wide and low intensities, which is
typical of nanometer-sized materials, with low coherence lengths [33]. Furthermore, it is possible to
identify peaks in the crystallographic planes (220), (311), (400), (511) and (440) and angles 28.6◦, 37.8◦,
43.8◦, 57.9◦, 62.6◦ respectively, which correspond to Fe3O4, and (024), (116) in 54.7◦and 46◦ for Fe2O3.
The sample produced at 170 mJ has a peak of greater intensity than the others, around 55◦, which
may be due to the fact that it is the sample with the largest particle size, and therefore, the greatest
number of crystallographic planes to produce diffraction; furthermore, the peak positions of Fe2O3 and
Fe3O4 shift to lower 2θ angles; this shifting is due to changes in the surface energy that can compress
the nanoparticle and in this way, producing a shifting of the peaks to the right or generating certain
possibility that structural efforts be released.Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 13 
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In order to determine variations in iron and oxygen concentrations in the samples, analyses were
performed using EDS. Table 2 shows the atomic percentage values for the different samples. A high
concentration of oxygen is observed. This is in accordance with the XPS results in which oxygen not
bound to iron is observed, caused by the aqueous medium in which the nanoparticles were produced.
No appreciable variation in the concentration of iron and oxygen is observed, indicating that the laser
power has no major influence on the stoichiometry of the nanoparticles.

Table 2. Atomic percentage of nanoparticles produced varying the laser energy, calculated from
EDS analysis.

Sample At% (EDS)

Fe O

90 mJ 5.2 94.8

173 mJ 9.3 90.7

279 mJ 10 90

370 mJ 9.9 90.1

Raman spectra of nanoparticles produced at different laser energies were obtained, as shown
in Figure 4, where general spectra and the different regions of these spectra are observed. Although
Raman spectroscopy is a technique for studying atomic and molecular bonds in the chemistry and
physics of condensed matter, care must be taken when applying it to the study of iron oxides. Magnetite
bands are not shown as in the diffraction patterns and in the XPS spectra, which may be due to the
phase change from magnetite to hematite because excessive exposure of an iron oxide sample to laser
radiation has been shown to generate hematite, indicating that some peaks with Fe2O3 phase could be
attributed to this phenomenon [22]. The reported laser energy threshold values for hematite formation
differ widely, depending on experimental conditions such as wavelength, exposure time, and sample
surface characteristics. In the spectra presented in Figure 4, the same peaks were identified for all
the samples in the fingerprint region and were related in Table 3. In this table it can be seen that the
intensities do not have appreciable variations depending on the energy of the laser.

1 

 

 Figure 4. Raman spectra of nanoparticles of iron oxide synthesized by varying the energy.
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Table 3. Identification of peaks obtained from Raman analysis.

Peak Assignation
Area under the Curve (cm−1)

90 mJ 173 mJ 279 mJ 370 mJ

224.83 Hematite 1.6 2.47 1.72 1.85

410.90 Hematite 0.47 3.87 0.67 1.04

626.73 Hematite 1.13 1.85 1.05 1.19

797.91 Maghemite 2.27 4.01 2.49 2.33

1004.82 Maghemite 12.99 14.19 12.53 11.56

1190.88 Hematite 8.17 9.18 7.87 8.16

1317.40 Hematite 1.71 3.14 1.32 1.12

1451.38 Hematite 1.29 1.84 1.46 1.17

In Figure 5, the absorbance spectra of the colloids obtained for samples produced at different
energies can be seen. In these spectra, a decrease in the slope between 200 and 400 nm is identified.
This means a decrease in absorbance as the pulse energy used to manufacture it decreases which can be
directly related to the decrease in nanoparticle concentrations [22]. This fact is qualitatively supported
by the decrease in the color of each sample observed when producing them.Nanomaterials 2020, 10, x FOR PEER REVIEW 9 of 13 
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Iron oxide nanoparticles are commonly used as heating mediators for the treatment of magnetic
hyperthermia cancer due to their ability to release heat when an AC magnetic field of sufficient intensity
and frequency is applied.

Figure 6 shows the temperature change versus time curves in the samples of the iron oxide
nanoparticles for different laser energies. Here, the temperature is shown to rise for all samples.
Although the 90 mJ sample exhibits an increase of 1 ◦C, more than the other samples, it is not a
significant variation, which could be due to the temperature increase of iron oxide NPs and was not
greatly influenced by the energy change [34]. Muller et al. [35] reported that a wide size distribution
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can negatively influence the magnetic properties due to the statistical orientation of the particles. This
is consistent with the DLS and STEM results where a wide distribution can be observed. For having a
better understanding of the influence of the laser energy on the hyperthermia behavior of iron oxide
nanoparticles, the specific absorption rate (SAR) must be calculated.Nanomaterials 2020, 10, x FOR PEER REVIEW 10 of 13 
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Figure 6. Magnetic hyperthermia measurements for nanoparticles produced varying the laser energy.

Magnetic energy dissipation in a ferrofluid sample is measured in terms of SAR. These values
are obtained from two graphical linear fit methods. For the first method, the initial linear slope of
the ∆T-time curves was obtained, which was substituted in the second method, values a and b were
obtained with the Box Lucas Fitting method of the ∆T-time curves [36]. These were substituted in
Equation (2).

SARlinear =
Ms

Mn
C

∆T
∆t

(1)

SARB.L =
Ms

Mn
C (a.b) (2)

where Ms is the mass of suspension including distilled water and NPs, Mn is the mass of NPs, and C is
the specific heat capacity of distilled water.

The obtained SAR values of samples with linear fitting and Box Lucas Fitting are shown in Figure 7.
SAR values decreased with increased energy, which could indicate a dependence of these values
on concentration, and then, on the laser energy. As the laser energy is increased, the nanoparticles
concentration in the colloid also increased, since more quantity of material is extracted so more
nanoparticles are obtained for converting the magnetic field into heat.
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The difference between the methods is due to linear fitting being just an approximation of the Box
Lucas Fitting, that, according to the literature, is the most accurate method [37].

4. Conclusions

Nanoparticles of iron oxide were obtained using the laser ablation method varying the power of
the laser. The morphology was determined by DLS and STEM techniques. From this analysis, it was
observed that there exists a strong competition between the energy of the laser and the temperature, not
only on the particle size, but also on the standard deviation, since, as the energy increased, more of the
material was ablated, which increased the concentration and the particle size, while the temperature
produced divisions of the large sized particles. On the other hand, the composition was determined
using XRD which showed wide peaks with small intensities, indicating nanosized domains. The
sample exhibiting the greater particle sizes showed a peak with greater intensity, possibly because there
is a greater quantity of crystallographic planes. The Fe3p and O1s peaks were identified in all samples
confirming the iron oxide formation. Raman spectroscopy allows the identification of peaks belonging
to hematite and maghemite. The temperature rise of iron oxide NPs was not greatly influenced by
the energy change in magnetic hyperthermia measurements. Results show that, for hyperthermia
applications, low laser energy is better because the SAR exhibited the greater value
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Abstract: Graphene (Gr)/gold (Au) and graphene-oxide (GO)/Au nanocomposites (NCPs) were
synthesized by performing pulsed-laser-induced photolysis (PLIP) on hydrogen peroxide and
chloroauric acid (HAuCl4) that coexisted with Gr or GO in an aqueous solution. A 3-month-long
aqueous solution stability was observed in the NCPs synthesized without using surfactants and
additional processing. The synthesized NCPs were characterized using absorption spectroscopy,
transmission electron microscopy, Raman spectroscopy, energy dispersive spectroscopy, and X-ray
diffraction to prove the existence of hybrid Gr/Au or GO/Au NCPs. The synthesized NCPs
were further evaluated using the photocatalytic reaction of methylene blue (MB), a synthetic dye,
under UV radiation, visible light (central wavelength of 470 nm), and full spectrum of solar light.
Both Gr/Au and GO/Au NCPs exhibited photocatalytic degradation of MB under solar light
illumination with removal efficiencies of 92.1% and 94.5%, respectively.

Keywords: graphene; graphene oxide; gold; nanocomposite; photolysis; photocatalysis

1. Introduction

With the rapid progress in industrialization, the wastewaters containing synthetic dyes, such as
methylene blue (MB), are not easily degradable and potentially toxic. Hence, these dyes cause adverse
effects to the aquatic organisms and humans, even when present in minute concentrations [1,2]. Hence,
an effective treatment that enables the removal or degradation of synthetic dyes present in industrial
effluents before discharging the effluents into the environment should be developed urgently for
minimizing environmental pollution. To date, various techniques, such as adsorption, coagulation,
aerobic oxidation, membrane filtration, chemical precipitation, ozonization, and photocatalysis have
been employed for the removal of dyes from industrial wastewater [3–7]. Of these techniques,
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photocatalysis has emerged as a promising green technique and been widely used for the degradation
of dyes because of its easy operation process, low cost, and energy conservation ability. Moreover,
under the irradiation of light, particularly solar light, the photocatalytic treatment yields CO2, H2O, and
other nontoxic compounds. A complete degradation of the dyes occurs at a large extent under ambient
conditions of temperature and pressure [8–10]. However, the photocatalyst itself remains unchanged
during the treatment process. Moreover, the process does not require any consumable chemicals,
and landfill is not required for sludge disposal because no residue of the original material remains [9,11].

Of the different types of heterogeneous photocatalysts, TiO2 has been the most studied [12,13].
Other semiconductor materials, such as ZnO, CuO, CeO2, SnO2, CdS, and ZnS, have also been used
for the photocatalytic degradation and removal of organic dyes [14,15]. Semiconductor materials
exhibit an excellent photoinduced redox reaction because of their specific electronic structure (filled
valence and empty conduction bands). Hence, semiconductor materials are materials of choice for the
photocatalytic removal of organic and synthetic dyes [16]. However, suitable matrix materials, such as
zeolite, silica, activated carbon, carbon nanotube, graphene (Gr), and graphene oxide (GO), have been
reported to enhance the photocatalytic degradation efficiency [13]. Gr has a two-dimensional planar
structure comprising single-layer sp2-bonded carbon atoms arranged in a honeycomb lattice structure,
zero band-gap semiconductor properties with a large surface area, high charge carrier mobility,
high adsorption capacity, and excellent electron transfer rate [3,17–19].

Gr and GO have extraordinary properties and have been widely used in various applications
since their discovery in 2004. Moreover, Gr-based nanocomposites (NCPs), such as Gr-metal and
Gr-metal-oxide NCPs, have been tested for exhibiting more advantageous properties than those of
the individual material alone to explore a higher number of applications and to enhance the expected
outcome or efficiency. Gr/gold (Au) and GO/Au NCPs are the most commonly used hybrid NCPs among
the different hybrid NCPs because of the remarkable features of Au nanoparticles (NPs), such as higher
chemical stability, catalytic activity, easy surface functionalization, and biocompatibility [20]. Gr reveals
the improved activities as photocatalysis to remove the dyes. For example, Yang et al. synthesized a
porous TiO2/Gr composite that presented a higher degradation rate (6.5 times) of MB in commercial
P25 [2]. Similarly, the TiO2/reduced-GO (rGO) NCPs were prepared using different amounts of Gr
(1–20%) through two different synthesis routes. When 10% Gr was added in TiO2/rGO NCPs during the
fabrication process, the highest photocatalytic activity was observed toward MB. This activity attained
a value of 93% for the NCPs prepared using the sol-gel method that is followed by the hydrothermal
treatment and a value of 82% for the NCPs prepared using the hydrothermal route only [13]. Some other
Gr-based binary NCPs, such as the GO/TiO2 hydrogel [12], TiO2-doped calcined mussel shell [11],
Gr/SnO2 [15], Gr/ZnO [21], ZnO-decorated GO [22], Gr/CeO2 [14], and Bi2MoO6/rGO aerogel NCPs [9]
were evaluated for the photocatalytic degradation of MB under visible light illumination. Moreover,
ternary composites, such as rGO/Fe3O4/TiO2 [3], Fe2O3/Gr/CuO [5], GO/mesoporous TiO2/Au [10],
and MoO3/Fe2O3/rGO NCPs [1] were investigated. However, few discussions on photocatalytic
properties of Gr/Au or GO/Au NCPs were proposed [23].

Thus far, many fabrication methods, such as some green synthesis approaches, have been reported
for the synthesis of Gr/Au or GO/Au NCPs [24,25]. The most common approach is the chemical
reduction method that use different chemical reductants [26,27]. A major disadvantage of using a
chemical reducing agent is the presence of this reducing agent in the final composite even after washing
multiple times, thus considerably limiting their application. By contrast, Gr/metal or GO/metal NCP
synthesis performed using photochemical or photolysis reaction has many advantages. For instance,
avoiding the use of toxic chemical reducing agents, which are generated from reducing or capping agents,
could provide intended applications, could prevent negative influences, and can present better control
of Au over Gr or GO sheets without requiring a high temperature [28]. Pulsed laser-induced photolysis
(PLIP) has been used for fabricating pure Au NPs [29], Au NP micelles [30,31], and the Au/Ag NP
alloy [32]. Instead of using an Au target with pulsed laser ablation to fabricate Au NP, NCPs or the Au
NP hybrid NCPs [33–36], chloroauric acid (HAuCl4) can be used as a precursor and photodecomposing
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agent to obtain Au3+. This ion is later reduced by the photon, and Au NPs are generated under
the high-energy pulsed laser [29]. Because of the unique properties of ultra-short pulse duration
and ultra-high peak power intensity, the pulsed-laser-induced synthesis technique, such as pulsed
laser ablation and PLIP, is considered a clean and prompt technique to reduce metal ions into NPs
without using any other chemical reagent. However, the long-term stability of synthesized Au
NPs hinders their practical application. In this study, we reported the clean synthesis of Gr/Au
and GO/Au NCPs by using the photolysis technique induced using a nanosecond pulsed laser
operated at a 532 nm wavelength, as shown in Figure 1. A one-pot synthesis was conducted in which
all precursors, HAuCl4, hydrogen peroxide (H2O2) and Gr or GO, were dissolved or dispersed in
an aqueous solution. Both H2O2 and HAuCl4 undergo the photolysis process and generate Au3+

and HO–O•. The photolysis-induced Au3+ was further reduced by HO–O•, which is an effective
one-electron reducing agent [37]. Gr/Au and GO/Au NCPs with long-term stability in aqueous solution
could be synthesized by adding Gr or GO into the precursor solution. Different H2O2 and HAuCl4
amounts were used to optimize the stability and photocatalytic properties of Gr/Au and GO/Au NCPs
under different light exposure conditions, dark, UV, visible, and solar light.
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nanocomposites (NCPs) used in visible photocatalysis.

2. Materials and Methods

2.1. Materials

Gr and GO powders were purchased from Ritedia Corporation (Hsinchu, Taiwan) and Tokyo
Chemical Industry (Tokyo, Japan), respectively. MB (C16H13N3SCl) was obtained from Katayama
Chemical Company (Osaka, Japan). Tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O) and H2O2

(35 wt.% solution in water) were obtained from Acros Organics (Geel, Belgium). Milli-Q water
(18.2 MΩ cm) was used as the aqueous solution throughout the study and was prepared in house.

2.2. Characterization

X-ray diffraction (XRD) patterns of all the synthesized samples were obtained in the 2θ range
of 0–90◦ on a high-resolution X-ray diffractometer (Bruker AXS Gmbh, Karlsruhe, Germany) The
elemental analysis of the samples was performed through X-ray energy dispersive spectrometry (EDS)
(Bruker AXS Gmbh, Karlsruhe, Germany). The morphology, particle size, and distribution of the Au
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NPs on Gr or GO sheets were investigated through transmission electron microscopy (TEM) on a
JEM-2100 transmission electron microscope (JEOL, Tokyo, Japan). UV/Vis spectrophotometry was
performed using a UV/Vis spectrophotometer (GENESYS 10S; Thermo Scientific, Waltham, MH, USA)
to justify GO/Au NP and Gr/Au NP NCP syntheses and evaluate degradation percentage of all samples
under different conditions. Raman spectra were obtained using a microRaman system (LabRAM HR800;
HORIBA Jobin Yvon, Northampton, UK) with a helium–neon laser as the excitation source operating
at a 633-nm wavelength and a 40× objective lens. The other instruments are as follows: delta ultrasonic
cleaner (DC200H; Delta, Taipei, Taiwan), bench-top centrifuge (Velocity 14; Dynamica, Hong Kong),
2996 photodiode-array detector (PDA; Waters, MA, USA), solar simulator (Prosper OptoElectronics,
Hualien, Taiwan), and universal centrifuges (Hermle LaborTechnik, Wehingen, Germany).

2.3. Gr/Au and GO/Au NCP Syntheses

Gr/Au and GO/Au NCPs were synthesized using pulsed-laser-induced photolysis. For synthesis,
different concentrations and amounts of HAuCl4·3H2O were added to a 7 mL transparent glass bottle.
Then, a different amount of H2O2 at fixed concentration of 10 mM and fixed 1 mL of Gr or GO
suspension (0.1 mg/mL) was added to the bottle. The details of each sample fabricated using different
experimental conditions are shown in Table S1. The aqueous suspension was then irradiated for 10 min
with a pulsed Q-switch Nd:YAG laser (LS-2137U; LOTIS TII, Minsk, Belarus) with a wavelength of
532 nm, pulse duration of 6–7 ns, pulse repetition rate of 10 Hz, and fluence of approximately 37 mJ/cm2.
The laser beam was delivered in the middle of the precursor solution to ensure a homogenous light
exposure to the sample. The precursor solution changed from light grey to reddish purple after 10 min.
The pulsed-laser-treated solutions containing NCPs which have long-time stability were used for
photocatalytic measurement without additional treatment.

2.4. Photocatalytic Activity Test

The photocatalytic activity of the synthesized binary NCPs was evaluated based on the degradation
of MB in a homemade dark room setup, under UV light emitting diode (LED) (365 nm wavelength,
100 mW/cm2), under laser diode (LD) (470 nm wavelength, 500 mW/cm2), and under solar simulator
(Xenon lamp, 50 W/cm2). For the evaluation of photocatalytic degradation, 50 mL of 10 mg/L MB
solution was transferred into a sample bottle. Then, 10 mg of the respective synthesized sample
composite were added into the bottle, and the sample composite was uniformly dispersed by magnetic
stirring at 550 rpm for 5–10 min. Each sample suspension was then tested for photocatalytic activity
by placing in a dark room and under UV LED, visible LD, and solar light sources. The absorption
spectra were recorded at different time intervals. The photocatalytic degradation rate and removal
efficiency of MB were calculated by measuring the absorbance maximum value of the treated solutions
at 664 nm by using the following equation: (A0 − At)/A0 × 100%, where A0 and At are the initial and
final absorbance values of MB solution at the specified time, respectively.

3. Results and Discussion

3.1. Laser-Induced Photolysis and Formation of Au NPs

Gr/Au and GO/Au NCPs were synthesized by performing Nd:YAG laser-induced photolysis of
HAuCl4 in the presence of aqueous H2O2 as a reducing agent and with the addition of Gr or GO.
In the reaction mechanism, on laser excitation, HAuCl4 dissociates into AuCl3− and H2O2 undergoes
the photolytic process and generates an effective one-electron reducing agent HO–O• [37]. AuCl3− is
further reduced to Au◦ in the presence of metal ions through the following three steps. Finally,
Au atoms aggregated to form Au NPs supported on the Gr or GO nanosheets. Hence, the reaction
protocol is a fast and clean approach to generate NCPs by using H2O2 as a reducing agent in an
aqueous solution.
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Step 1: Au3+ Formation
HAuCl4 → H+ + AuCl4−4 (1)

AuCl−4
hv→ Au3+Cl−3 + Cl• (2)

Step 2: H2O2 Photolysis

H2O2
hv→ 2HO• (3)

HO• + H2O2 → HO−O• + H2O (4)

Step 3: Au NP Generation

HO−O• + Au3+ → Au2+ + O2 + H+ (5)

HO−O• + Au2+ → Au+ + O2 + H+ (6)

HO−O• + Au+ → Au0 + O2 + H+ (7)

nAu0 → AuNPs (8)

3.2. Stability of Synthesized NCP

UV/Vis spectroscopy was conducted to justify the formation of Au NPs either in the NP or
NCP form. Upon laser excitation, the HAuCl4 solution co-existing with H2O2 was converted to
Au NPs. This conversion was indicated by the color change to a reddish-purple color and the shifting
of the UV/Vis absorption peak from 290 nm (HAuCl4 solution) to 526 nm (Figure S1). Here we used
different combination of the concentration and the amount of HAuCl4 and H2O2 to fabricate Gr/Au and
GO/Au NCPs. Some experimental conditions failed to fabricate NCPs. Table S1 shows the experimental
results indicating higher concentration of HAuCl4 is not suitable to fabricate NCPs, for example,
the sample number AuG6, AuG7, AuGO6 and AuGO7 of 4 mM concentration. The interesting result
from sample number AuG3 and AuGO3 shows the total volume of precursors has to be controlled in a
small volume (<3.5 mL) to achieve the success fabrication of NCPs. This result may be attributed to
the small exposure area from the pulsed laser.

Similarly, the Gr/Au and GO/Au NCPs were characterized using the UV/Vis absorption spectra to
identify the existence of Au NPs with the characteristic absorption peak at 526 and 535 nm, respectively
(Figure 2a,b). All samples show red absorption peaks, and the GO/Au NCPs (AuGO1 and AuGO4) show
extra absorption at around 700 nm wavelength. The absorbance from the sample solutions was measured
continuously to determine the stability of the synthesized Au NPs, Gr/Au NCPs, and GO/Au NCPs,
as shown in Figures S2 and S3, separately. The Gr/Au and GO/Au NCPs reveal high stability after 48 h
compared with the unstable Au NPs in aqueous solution. Gr/Au NCPs (AuG1) reveal optimal stability
with an absorbance value of 2.88 at a wavelength of 537 nm after 48 h, as shown in Figure 2c. This value
decreased to 2.46 after 30 days with 2-nm blue shifting (Figure S2). The synthesized Gr/Au NCPs
maintain high stability even after 30 days (AuG1 and AuG5); thus, Gr/Au NCPs are considered a better
candidate for photocatalysis because of the high stability for a long duration. GO/Au NCPs reveal
high stability in 1 week (Figure S3) by observing the characteristic absorbance located in the 537 nm,
the same resonance peak as Gr/Au NCP, with only decreasing the absorbance intensity. However,
the peak absorbance observed from GO/Au NCPs became even, as shown in Figure 2d, thus indicating
a decrease in the amount of Au remaining inside the GO nanosheets.
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Figure 2. Characteristic absorption spectra of (a) Gr/Au NCPs and (b) GO/Au NCPs. Stability evaluation
of (c) Gr/Au NCPs, and (d) GO/Au NCPs by recording the peak absorption of samples at different time
intervals at room temperature.

3.3. Characterization of Synthesized NCPs

The XRD spectra of the synthesized Gr/Au NCPs that is presented in Figure 3a revealed four
major diffraction peaks at 2θ of 38.22◦, 44.44◦, 64.64◦, and 77.66◦ that correspond to (111), (200), (220),
and (311) crystal planes of Au NPs [38], respectively. Moreover, Gr/Au NCPs exhibited another
diffraction peak at the 2θ of 24◦ that corresponds to the (002) plane of Gr nanosheets, thus indicating
the presence of Gr in the synthesized NCPs [5]. Similarly, XRD spectra of GO/Au NCPs, as shown in
Figure 3b, presented the same diffraction peaks with minor red-shifting to 2θ of 39.1◦, 45.3◦, 65.52◦,
and 78.5◦. GO/Au NCPs exhibited a broadened diffraction peak at a 2θ of 24◦ that corresponded to the
(002) plane assigned to the Gr material, thus indicating that the starting material GO was reduced to
Gr by using a Nd:YAG-induced pulsed laser irradiation at a wavelength of 532 nm [39]. Moreover,
the intense peak at 38.22◦ indicates the preferential growth of Au NPs in the (111) plane. The observed
XRD spectra of the synthesized NCPs reveal the successful fabrication of Au NPs over the Gr and
GO nanosheets.
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The Raman spectra of the Gr/Au NCPs were characterized using a sharp D band at approximately
1350 cm−1 and G band at approximately 1585 cm−1 (Figure 3c). The D band is attributable to the defect
induced features resulting from vibrations of carbon atoms with dangling bonds and corresponds
to the breathing mode of k-point phonons of the A1g symmetry. However, the G band refers to the
in-plane phonon vibration of sp2 carbon atoms with the E2g symmetry. By contrast, GO/Au NCPs
represent the typical Raman spectra with a strong and broad D band [39] at approximately 1330 cm−1

and G band at approximately 1590 cm−1 (Figure 3d). The observation of Raman spectra also proves the
existence of the precursors (graphene, graphene oxide, and chloroauric acid) originally added into the
aqueous solution.

The size, morphology, distribution, and elemental compositions of the Gr/Au and GO/Au NCPs
were evaluated through TEM and EDS, as shown in Figures S4 and S5. Those findings clearly
demonstrate that the NCPs are a combination of Au NPs and Gr or GO materials. Figure 4 shows
the typical TEM images and corresponding size distribution of NCPs observed from AuG1 sample.
Elemental analysis reveals that the samples comprise gold, carbon, and oxygen. We also evaluate the
Au loading by theoretically calculating the amount of added HAuCl4 and experimentally observed
results from EDS, as shown in Table S2. The evaluations are matched in the fabricated samples using
Gr as Au loading materials; however, the use of GO shows interesting results that both the amounts of
HAuCl4 and H2O2 have to be the same to get the maximum loading of Au NPs. All TEM images reveal
that the Au NPs were distributed uniformly. Moreover, in few cases under agglomerated conditions,
the Au NPs were distributed on smooth, almost transparent single- or few-layered wrinkled Gr or
GO nanosheets. Hence, TEM images provide a direct evidence of the decoration of Au NPs on planar

113



Nanomaterials 2020, 10, 1985
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NCPs (Sample AuG1).

3.4. Photocatalytic Activity of Synthesized Materials

The photocatalytic performance of the synthesized and selected Gr/Au and GO/Au NCPs
were evaluated through the degradation ability of MB in the aqueous solution under four different
conditions—in a darkroom, under UV radiation (wavelength, 365 nm), visible light (wavelength, 470 nm),
and simulated solar light (wavelength, 350–915 nm). Aqueous MB solution (10 mg/L) was used as
the control. The MB degradation activity of the samples treated in the dark and under UV and visible
light was evaluated at an interval of 8 h for a total of 64 h. The samples irradiated with solar light were
checked at an interval of 2 h for a total 10 h period. Both composites revealed slight degradation of the
dye in the dark-room condition even after storage for a long period of 64 h. The degradation percentages
for Gr/Au and GO/Au NCPs were 6.55% and 7.98%, respectively (Figures S6a and S7a, respectively).
Hence, the dark-room condition confirmed that the absorption of dye from Gr or GO has no obvious
catalytic role in dyes because the degradation ratio is significantly small. The absorption spectra of MB
in a dark room, as shown in Figure 5 (black dot), at a gradual time interval did not reveal any change,
thus indicating that MB cannot easily degrade by itself. However, the samples treated under UV
radiation revealed a gradual increase in the degradation activity with increase in the treatment time
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and attained a value of 28.18% by using Gr/Au NCPs (Figure S6b) and 21.63% by using GO/Au
NCPs (Figure S7b) after 64 h. By contrast, the degradation rate under visible illumination was really
convincing and much greater than that under UV radiation. The NCPs under visible light (470 nm)
illumination reveal a gradual increase in the degradation activity with increase in the exposure period.
The lowest absorption peak was observed at 664 nm after a 64-h treatment period. Hence, the highest
degradation percentage was 90.51% for Gr/Au NCPs (Figure S6c) and 86.09% by the GO/Au NCPs
(Figure S7c).
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exposure time under (a) visible and (b) solar light.

The most potential photocatalytic degradation mechanism was achieved by treating the MB
solution with NCPs under solar light. The degradation efficiency of the samples was checked at a 1 h
interval when placed under a 100 W solar simulator. Both NCPs revealed strong MB degradation
activities under solar light with gradual dye removal, thus presenting a declining trend of absorbance
maxima at 664 nm with the progress of the exposure period. At the end of the 10 h exposure period,
94.5% of the dye was removed by the activity of Gr/Au NCPs (Figure S6d). However, the MB removal
percentage was 92.1% when GO/Au NCPs were used (Figure S7d). With increase in the exposure period,
the UV spectra also slightly shifted to the left from 664 nm. Throughout the study, the photocatalytic
degradation of the MB, Gr/Au NP showed better degradation ability than GO/Au NP (Figure 5).
Comparing the previous studies [23,24] of using similar NCPs to measure their photocatalytic ability,
our NCPs required more time to achieve 100% degradation; however, other studies have no discussion
regarding the long-term stability of NCPs. Therefore, our synthesized NCPs still show potential use in
a hash environment where long-term stability is necessary to achieve photocatalytic ability.

Au NPs were formed and anchored immediately onto the Gr/GO nanosheets by using
pulsed-laser-induced photolysis. Hence, the stable, binary NCPs with uniform dispersion of Au NPs
were suspended inside the sample solution and actively participated in the MB degradation activity.
A Schottky barrier was formed at the interface of Gr and Au particles because of the higher
work function of Au than that of Gr. Thus, the degradation rate considerably increased under
visible light irradiation [40–43]. The electrons injected on the Gr surface subsequently moved to
Au NPs, which spatially separated MB+ and electrons. Thus, the recombination process was delayed.
The decrease in electron accumulation on the Gr surface evidently enhanced the continuous electron
transfer from MB• to Gr. Moreover, surface adsorbed O2 could easily trap the electrons from Au particles
to form various reactive oxidative species, such as HO•, because Au is an efficient electron donor,
thus greatly improving MB degradation. Because of differences between the work functions of Gr
(−4.42 eV) and Au NPs (−4.75 eV), direct electron transfer from MB• to the semiconducting Gr or
GO enables MB photodegradation [23]. Hence, the possible degradation mechanism of MB by the
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synthesized NCPs under solar radiation involves the excitation of the dye MB•, followed by electron
transfer from MB• to Gr or GO. The electrons subsequently move to Au NPs and are trapped using O2 to
produce HO•. The MB•+ finally degrades by itself and/or is degraded by HO•. Thus, Gr/Au or GO/Au
NCPs synthesized through a simple, straightforward PLIP method without requiring a potential
reducing agent can be promising agents in the photocatalysis field.

4. Conclusions

Gr/Au and GO/Au NCP hybrid photocatalysts were successfully synthesized through a simple,
fast, and clean technique by using PLIP. H2O2, a volatile reductant, was used in this technique during
pulsed laser irradiation in the presence of HAuCl4 that coexisted with aqueous Gr or GO suspension to
generate NCPs within a few minutes with H2O and O2 generation as the final byproducts. Both Gr/Au
and GO/Au NCPs were characterized by the uniform dispersion of Au NPs over GO and Gr sheets.
Hence, a planar and large surface area is provided for the photocatalysis of MB. The photocatalytic
performances of the synthesized NCPs were evaluated under UV, visible, and solar light. Both Gr/Au
and GO/Au NCPs exhibited optimal photocatalytic performance under solar light and exhibited
degradation efficiencies of 94.5% and 92.1% after a 10-h exposure period. Therefore, the current study
outcome suggests that the NCPs obtained using the green synthesis approach are excellent and stable
photocatalysts for the photocatalytic degradation of MB, a common water polluting agent. Hence,
these NCPs have a large potential in the practical treatment of dye-contaminated wastewater through
an ecofriendly fabrication process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/1985/s1,
Figure S1: Characteristic absorption spectra of HAuCl4 when used as an aqueous solution and the corresponding
Au NPs, Gr/Au NCPs, and GO/Au NCPs. Figure S2: Characteristic absorption spectra of the corresponding Gr/Au
NCPs by observing the absorption spectra of samples at different time intervals at room temperature. The inset
shows the photo of the solution after 30 day storage at dark room. Figure S3: Characteristic absorption spectra
of the corresponding GO/Au NCPs by observing the absorption spectra of samples at different time intervals
at room temperature. The inset shows the photo of the solution after 30 day storage at dark room. Figure S4:
Elementary analysis of Gr/Au and GO/Au NCPs. Figure S5: TEM image and corresponding size distribution of
Gr/Au and GO/Au NCPs. Figure S6: Change in absorbance of MB when photocatalytic degradation is performed
(a) in a darkroom and under (b) UV, (c) visible, and (d) solar light in the presence of Gr/Au NCPs. Figure S7:
Change in the absorbance of MB when photocatalytic degradation is performed (a) in a darkroom and under
(b) UV, (c) visible, and (d) solar lights in the presence of GO/Au NCPs. Table S1: Experimental conditions of
nanocomposites fabricated by PLIP method. Table S2: Theoretical and experimental evaluation of Au loading.
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Abstract: By combining the enhanced photosensitive properties of zinc oxide nanoparticles and
the excellent transport characteristics of graphene, UV-sensitive, solar-blind hybrid optoelectronic
devices have been demonstrated. These hybrid devices offer high responsivity and gain, making them
well suited for photodetector applications. Here, we report a hybrid ZnO nanoparticle/graphene
phototransistor that exhibits a responsivity up to 4× 104 AW−1 and gain of up to 1.3× 105 with high UV
wavelength selectivity. ZnO nanoparticles were synthesized by pulsed laser fragmentation in liquid
to attain a simple, efficient, ligand-free method for nanoparticle fabrication. By combining simple
fabrication processes with a promising device architecture, highly sensitive ZnO nanoparticle/graphene
UV photodetectors were successfully demonstrated.

Keywords: graphene; laser fragmentation; laser processing; nanoparticles; ultraviolet photodetection;
zinc oxide

1. Introduction

Optoelectronic devices utilizing graphene have been studied extensively over the past decade,
paving the way for the fabrication of thin, lightweight, highly efficient devices. The advantages
of graphene in sensor applications are numerous, including high mobility (>104 cm2 V1s−1) [1],
optical transparency (~2.3% for monolayer) [2,3], excellent mechanical and chemical stability, and an
inherently ultrathin, flexible form factor [3,4]. While a reported absorption of ~2.3% is quite large
for monolayer materials [2], it is insufficient for high quantum efficiency optoelectronic devices.
Additionally, because the ultrafast exciton lifetime of graphene leads to fast carrier recombination
times [5,6], photocurrent development is hindered making graphene alone not ideal for photoconductor
applications [6,7]. Nonetheless, by combining photosensitive nanostructures, such as metal oxide
semiconductors, with graphene as a transport layer, many enhanced effects are observed [8].
These photodetectors can be tailored to operate in specific spectral ranges depending on the bandgap
of the material (e.g., ZnO for ultraviolet detection, PbS for near-infrared detection [7], and Ti2O3 for
mid-infrared detection [9]).

Because of its wide band gap (~3.3 eV) and high exciton binding energy (~60 meV), zinc oxide
(ZnO) is a promising candidate for ultraviolet (UV)-sensitive hybrid photodetectors [8]. In addition,
ZnO is radiation-resistant and non-toxic making it an attractive material for wearable sensor
technologies. While the inherent mobility of bulk crystalline ZnO is not high (~200 cm2 V−1s−1

at room temperature) [10], its combination with graphene offers an efficient charge transport pathway
due to the high mobility of graphene resulting in significant photoconductive gain. Moreover,
ZnO has enhanced wavelength selectivity in the UV range, while graphene provides broadband optical
transparency, thus enabling solar-blind photodetectors. As a result, photodetectors that combine
ZnO and graphene have been studied recently by many research groups. A wide assortment of ZnO
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structures has been studied for UV photodetection, including nanoparticles [11–15], nanowires [16–19],
and thin films [20–23]. Because of the unique properties afforded by nanoscale structures, an optimal
size is achieved when the ZnO nanostructures approach the Debye length, which is on the order of
~18 nm [24]. At this size scale, the surface depletion effect is maximized, shortening the carrier transit
time, leading to photoconductive gain. In addition, by using nanoparticles instead of bulk ZnO thin
films, the high surface-to-volume ratio provides a high density of hole trap states for charge transfer
into the underlying graphene layer [14].

Many different techniques have been utilized to fabricate ZnO nanostructures for hybrid
graphene photodetector applications, such as hydrolysis methods for nanoparticle fabrication [15] and
hydrothermal [18] and chemical vapor deposition [19] methods for nanowire synthesis. To simplify
the nanostructure fabrication process, we demonstrate the use of pulsed laser fragmentation in liquid
(PLFL) as an alternative for nanoparticle generation. This technique relies on ultrafast laser pulses to
generate nanoparticles in solution via various physicochemical processes. It offers the advantages of
simple experimental set-up, control over size distribution and particle morphology, and the potential to
maintain the stoichiometry of the original particle [25]. PLFL of Ag nanoclusters was first demonstrated
over two decades ago by Kamat et al. [26], followed by many other research efforts focused primarily
on noble metal nanoparticles [27,28]. In recent years, the use of PLFL has extended well beyond Au
and Ag to other metals [29], alloys [30], and semiconductors [31], including indium tin oxide [32] and
ZnO [33,34].

Here, we have demonstrated PLFL for the synthesis of ZnO nanoparticles with a bimodal size
distribution (~18 nm and 46 nm). These nanoparticles were integrated into graphene-based hybrid
phototransistors, which were then characterized to determine the optical and electrical performance,
including wavelength selectivity and responsivity.

2. Materials and Methods

Phototransistor devices were fabricated using standard wet transfer [35–38] microfabrication
processing techniques. Highly-doped (0.001 Ω·cm–0.005 Ω·cm) Si wafers with a 285 nm thermal oxide
layer were laser-diced to 2 cm× 2 cm. The SiO2 on the backside of the Si wafer was laser-micromachined
to expose the highly conductive Si for device back-gating. Graphene on Cu foils (Graphene Supermarket,
Ronkonkoma, NY, USA) were spin-coated with poly(methyl methacrylate), or PMMA (Kayaku
Advanced Materials, Westborough, MA, USA, 495 PMMA A2) resulting in a ~600 nm thick layer.
The foils were then baked at 100 ◦C in air for 2 min on a hot plate. The graphene on the backside of the
Cu foil was etched by floating the foil on a 10% HNO3 solution for 3 min followed by rinsing with
deionized water. The Cu was removed by etching in a ferric chloride solution for 2 h. The remaining
PMMA/graphene film was then floated on a dilute 2% HCl solution to remove any particulates
introduced during the Cu etching process. The film was rinsed in deionized water before wet transfer.
The PMMA/graphene film was then transferred onto the SiO2/Si substrate and allowed to air dry.
A small droplet of PMMA was drop casted onto the surface of the PMMA/graphene to encourage
flattening of the film, followed by air drying. The PMMA was then removed with acetone, followed by
rinsing in isopropanol and then water. After processing the graphene, source and drain electrodes
(5 nm Ti/150 nm Au) were deposited via electron beam evaporation using a shadow mask that
was laser-micromachined from a thin (75 µm) polyetherimide sheet. After electrode deposition,
isolation lines were laser-micromachined around each device on the chip, yielding active device areas
of 2 mm × 1 mm.

ZnO nanoparticles were produced using pulsed laser fragmentation in liquid (PLFL) [25].
ZnO powders were used as received (Millipore Sigma, St. Louis, MO, USA 140 nm avg. diameter)
and dispersed in deionized water at 0.1 wt%. PLFL was performed using a pulsed femtosecond
laser system (Light Conversion Ltd, Vilnius, Lithuania, Pharos Yb:KGW laser, λ = 1030 nm, 10 kHz,
pulse duration ~200 fs). The ZnO particle solution was laser-treated for 1 h at a laser pulse energy
of 17 µJ. The laser was focused with a 10 cm focal length lens into a quartz cuvette containing the
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ZnO/water solution. Because the laser spot was focused into a cuvette containing the ZnO solution,
it was difficult to determine an exact fluence as the laser light was absorbed and scattered by the
ZnO particles as the beam converged into focus. After PLFL, the water was exchanged for ethanol
via centrifugation and decanting. The final solution was sonicated to re-disperse the nanoparticles
and break apart any agglomerates. The final ZnO/graphene devices were fabricated by drop-casting
the ZnO nanoparticle ethanol solution onto the active graphene area of the previously fabricated
phototransistors. The ethanol was allowed to evaporate in air resulting in a film of ZnO nanoparticles
across the entire device. ZnO nanoparticles fabricated by PLFL were characterized via scanning electron
microscopy (JEOL USA Inc., Peabody, MA, USA, JSM7001F), particle analysis, and photoluminescence
measurements (343 nm excitation source) to determine final particle size, distribution, and quality,
respectively. Additionally, the optical absorption spectra of ZnO nanoparticle solutions were collected
using a UV/Vis spectrophotometer (JASCO Inc., Easton, MD, USA, V670). A schematic of the final
phototransistor device with ZnO nanoparticles dispersed on the surface is shown in Figure 1.
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Figure 1. Schematic of the ZnO nanoparticle/graphene phototransistor architecture (not to scale).

The optical properties of the fabricated graphene transistors before nanoparticle deposition were
characterized via Raman spectroscopy (WITec Instruments Corp., Knoxville, TN, USA, alpha300 RAS)
which revealed the quality of the graphene layer. Optoelectronic characterization was performed using
UV illumination that was fiber coupled from a monochromator into a 10× objective, mounted on a
probe station. The light intensity was adjusted by a computer-controlled attenuator, maintaining a
uniform spot size of ~2 mm for all experiments. Electrical characterization, including the drain and
gate sweeps as well as temporal measurements, was conducted using a semiconductor characterization
system (Keithley Instruments, Solon, OH, USA, 4200SCS).

3. Results and Discussion

3.1. Pulsed Laser Fragmentation in Liquid (PLFL)

Because of the unique properties afforded by nanoscale materials, different methods have been
developed for simple and efficient fabrication, including wet chemical synthesis [12], sol gel [39],
thermal vaporization [40], and pyrolytic reactions [41]. Chemical synthesis methods are often
time-consuming, complex multi-step processes, involving a variety of potentially hazardous materials
and solvents. Additionally, these chemical synthesis methods often require the use of ligands either
during or after fabrication of nanoparticles [42], which can affect nanoparticle packing and electrical
transport, ultimately impacting device performance. Alternatively, a ligand-free synthesis technique
that has been widely studied is pulsed laser ablation in liquid (PLAL), which relies on laser–matter
interactions for the generation of nanostructures typically from bulk materials [43]. There has been much
research conducted on the generation of ZnO nanoparticles via PLAL; however, typical experiments
involve the use of either a solid Zn or a ZnO target submerged in a liquid medium [43–47]. In this work,
we begin with a ZnO particle powder dispersed in water and use PLFL to create smaller, more uniform
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nanoparticles. While PLAL is performed using a solid target material, PLFL relies on micro- or
nano-sized particles suspended in liquid, which is shown schematically in Figure 2. Similar to PLAL,
the resulting size and shape of the particles produced by PLFL can be controlled via pulse energy,
pulse duration, and the initial material properties of the target material.Nanomaterials 2020, 10, x FOR PEER REVIEW 4 of 12 
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Figure 2. Schematic of the pulsed laser fragmentation in liquid (PLFL) process, where an aqueous
solution of ZnO particles is irradiated with a femtosecond IR laser to synthesize smaller ZnO
nanoparticles (not to scale).

The mechanisms responsible for nanoparticle formation via PLFL and the effect that initial size,
concentration and material have on the resulting particle size have been studied extensively [25–34].
However, the exact mechanisms responsible for nanoparticle formation via PLFL are not entirely
understood. Nonetheless, two mechanisms are often used to explain the formation of smaller particles,
including photothermal evaporation and Coulombic explosion [25]. During photothermal evaporation,
the laser energy is absorbed by the particle, causing surface evaporation when the boiling point of the
material is exceeded [28,31]. When the vaporized species cool, they condense into smaller particles.
During Coulombic explosion, electrons are ejected from the original particle, generating ionized
nanoparticles. These particles then undergo additional fragmentation because of electrical charge
repulsion [48]. These two mechanisms can occur independently or can compete depending on
material properties and operating conditions (laser pulse duration and laser fluence, to name a
few). Additionally, PLFL can often be accompanied with some degree of simultaneous laser melting.
During the PLFL process, laser attenuation in the liquid can create a fluence gradient, where a portion
of the liquid experiences a low fluence regime that results in laser melting of the particles. Thus,
the resulting nanoparticle size is often a complex balance between the laser fragmentation process
which reduces particle size with a laser melting process which can cause the produced nanoparticles to
coalesce and grow [25].

There are several advantages to this technique, including simple experimental set-up and the ability
to maintain complex stoichiometries with narrow particle size distributions [49]. The mechanism
of particle formation allows for nanoparticle surfaces that are ligand-free [25]. While traditional
solution-based nanoparticle synthesis methods often involve the use of ligands either during or
after synthesis [42,50], PLFL offers a ligand-free fabrication method [25]. Solution-based chemistry
techniques can leave insulating surface chemistries on the nanoparticle that can be time consuming to
remove before device integration. This is important because ligands can interfere with optoelectronic
device performance and efficiency by inhibiting charge transport and preventing the close-packing
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of particles [51,52]. Additionally, PLFL offers a method to produce bimodal size distributions,
further enhancing particle packing which can improve performance [53].

Both the original ZnO powder particles before PLFL and the resulting smaller nanoparticles after
PLFL can be seen in Figure 3a,b, respectively. The largest particles observed after laser processing were
~65 nm and represent a very small fraction (<1%) of the overall particle count. During laser processing,
the completion of the fragmentation process was determined via optical scattering. The laser-processed
nanoparticles resulted in a bimodal size distribution (Figure 3c), where a portion of the particles was
~18 nm and another portion was ~46 nm, while the original ZnO particles showed a uniform distribution
centered around ~140 nm. This bimodal distribution of nanoparticles as a result of PLFL [33] is of
interest because the smaller particles are close to the Debye length for ZnO, which is on the order
of ~18 nm. At this length scale, the depletion layer on the ZnO nanoparticle surface is enhanced,
which minimizes the photodetector response time while maximizing responsivity. The bimodal
distribution (rsmall/rlarge ≈ 0.42) is potentially advantageous for the final device design because a more
efficient packing factor becomes possible compared to the unimodal particle distribution. For bimodal
spheres, ideal packing can be efficiently achieved up to a particle size ratio of ~0.41 [53], where the
smaller particle simply fits into the interstitial spaces between the larger particles. Additionally,
it has been shown that UV absorption in ZnO nanoparticles is dependent on nanoparticle diameter,
where absorption increases as the particle diameter increases, peaking at 40 nm and then decreasing as
the particle size increases beyond 40 nm [54].
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Figure 3. SEM micrographs of ZnO nanoparticles (NPs) (a) before and (b) after pulsed laser
fragmentation in liquid (PLFL) processing; (c) ZnO nanoparticle size distribution both before and
after PLFL.

To give insight into the quality and defect content of the generated nanoparticles,
photoluminescence measurements (λ = 343 nm) were conducted. The photoluminescence of ZnO
nanoparticles has been studied extensively and typically reveals two distinct emission bands, one in
the UV and one in the visible spectrum. The emission peak observed in the UV region is a result of
near-band-edge emission which is mediated through exciton–exciton interactions. As the particle size
decreases, the fluorescence is blue-shifted due to an increase in transition energy [55,56]. The second
photoluminescence peak for ZnO is commonly observed as a green emission and is most likely due to
deep level emission in the band gap through electron-hole recombination. This green emission peak is
often broad and weak compared to the UV peak, with emissions lines reported from 510–583 nm [57];
however, other visible emission has been observed, including blue, yellow, violet, and red. The cause
of these different visible emission peaks is still controversial, but is attributed to intrinsic defects such
as Zn interstitials, oxygen vacancies, and the formation of free carriers [56,58,59]. It has been shown
that green emission can be suppressed by coating the ZnO nanoparticle surface with surfactants,
suggesting that surface defects are responsible [57,60]. Specifically, the mechanism responsible for
green emission is often partially attributed to single ionized oxygen vacancies [56,60].

The as-received ZnO powders, which can be seen in Figure 4a, show a strong, narrow UV emission
band at 375 nm and no discernible green emission, indicating high quality, low surface defect particles.
A second UV emission peak is then observed in the photoluminescence spectra of ZnO nanoparticles
generated via PLFL, which can also be seen in Figure 4a. The size of these particles is unlikely to
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directly affect the UV peak emission position, as quantum confinement effects are not observed at these
scales because the Bohr radius of ZnO is significantly smaller at ~2.34 nm [57]. This second UV peak,
observed at ~388 nm, can be attributed to either band-edge exciton emission or energy transitions
involving Zn interstitials [57]. These UV emission peaks are both strong and narrow, but a broad,
weaker peak seen at 571 nm indicates defect states on the ZnO nanoparticle surfaces. The emission
characteristics of ZnO typically exhibit stronger UV peaks with structures of larger size with better
crystalline quality, while smaller, more defective surface states show higher visible emission. While the
exact origin of the green defect emission in ZnO remains contentious and poorly understood, there are
several processing parameters that can be adjusted to control this defect emission, including solvent
choice [61,62].
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Figure 4. (a) Photoluminescence spectra and (b) Tauc plots for the ZnO nanoparticles both before
(orange lines) and after (blue lines) PLFL processing.

In addition to the insight into the quality and defect density induced in the nanoparticles during
laser processing, the optical transmission spectra of the ZnO nanoparticle solutions were collected
to help understand the effect of laser-processing on the particles optical bandgap, which is shown in
Figure 4b before and after PLFL.

3.2. ZnO Nanoparticle/Graphene Phototransistors

The mechanism of photoconduction in ZnO nanoparticle/graphene phototransistors is
schematically illustrated in Figure 5. In the absence of UV light, oxygen molecules adsorb onto
the ZnO nanoparticle surface and capture free electrons which form oxygen ions, creating a low
conductivity depletion zone on the surface of the ZnO nanoparticles. When illuminated with UV light
with energy higher than the bandgap of ZnO (~3.3 eV), electron-hole pairs are generated with the holes
crossing the depletion layer and traveling to the surface of the ZnO nanoparticle. These holes recombine
with negatively charged oxygen ions which results in the desorption of neutral oxygen molecules [15].
The remaining unpaired electrons in the conduction band of the ZnO nanoparticles transfer to the
graphene layer, where they move to the drain electrode as a result of an applied source–drain voltage
potential, resulting in a change in channel resistance. It is known that the size of the nanoparticle affects
the performance of the phototransistor, where ZnO nanoparticles, close to or smaller than the Debye
length (~18 nm), allow for a high density of trapped hole states on the surface, providing substantial
photoconductive gain. Thus, by combining the advantageous surface depletion zone achieved with
ZnO nanoparticles and a high mobility of graphene layers, enhanced responsivity and gain can be
achieved in a hybrid photodetector.
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Figure 5. Schematic of photoconduction mechanism for ZnO nanoparticle/graphene photodetectors (a)
without and (b) with UV illumination (not to scale).

To understand the photoresponse of the devices, electrical transport properties were measured
with UV illumination (λ = 365 nm), from 34 µW/cm2 up to 1.4 mW/cm2. Drain current as a function of
drain voltage can be seen in Figure 6a, where different illumination conditions are plotted. The I–V
characterization shows a bipolar behavior as a function of drain voltage. By applying a gate voltage
to the transistor, an electric field is produced which can enhance the device response. Additionally,
drain current as a function of gate voltage can be seen in Figure 6b.
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Figure 6. Electrical transport properties of both the ZnO/graphene phototransistors and the
graphene-only phototransistors. Photocurrent as a function of (a) drain voltage and (b) the applied
gate voltage at a drain voltage, VD of 1V.

The responsivity and gain as a function of incident UV power were measured to determine the
performance of the phototransistors. The responsivity of the devices is the ratio of the measured
photocurrent to the UV illumination, where:

R =
Iph − Idark

P
=

∆I
P

(1)

Here, Iph and Idark are the induced photocurrent under UV illumination and the dark current,
respectively. The responsivity at a drain current of VD = 5 V with no gate voltage applied can be seen
in Figure 7a. As the incident power approaches zero, the responsivity can be extrapolated and rises to
a maximum of ~4 × 104 AW−1, where experimentally at P = 34 µW/cm2, the responsivity is measured
to be 2 × 103 AW−1. The photoconductive gain G can be described as the ratio between the number of
electrons collected per unit time and the number of absorbed photons per unit time [12,19]:

G =
∆I
qF

=
∆I
P
· hc
eλ

= R· hc
eλ

(2)
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where h is Planck’s constant, c is the speed of light, e is electron charge, and λ is incident wavelength.
By fitting the available data, the maximum gain achieved as P approaches zero is Gmax ≈ 1.3 × 105 at
VD = 5 V with no applied gate voltage. The gain of the ZnO nanoparticle/graphene phototransistor
is a function of the applied optical intensity. The number of electron-hole pairs generated is directly
related to the optical intensity applied, where with a higher intensity, more hole trap states are filled at
the surface eventually reaching a surface saturation state. Once this occurs, the electron-hole pairs
generated do not aid in charge transfer into the graphene layer, thus limiting the efficiency of the
hybrid device [15].
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Figure 7. (a) Responsivity as a function of optical intensity for both ZnO nanoparticle/graphene
devices (solid blue circles) and graphene only devices (open pink circles). Dashed black line
represents a simulated fit. (b) Responsivity as a function of incident wavelength for ZnO
nanoparticle/graphene devices.

In addition to responsivity and gain, the wavelength selectivity of the photodetector is critical
because it determines the spectral range. The spectral dependence of responsivity for ZnO
nanoparticle/graphene devices can be seen in Figure 7b, where the photoresponse of the phototransistors
was measured at various wavelengths, chosen to correspond with the experimental UV source (Hg
lamp) emission lines. Since the bandgap of the ZnO nanoparticles was measured to be ~3.32 eV,
large photocurrent generation at a wavelength of 365 nm was expected, whereas visible light does
not provide enough energy to cause electron excitation to the conduction band [18]. Above ~400 nm,
there is no discernable photoresponse in the visible range, making these detectors solar-blind.

In order to understand the time-varying behavior of the phototransistors, the photocurrent
response was measured as a function of time as the devices were exposed to UV illumination and then
subsequently turned off. These temporal measurements were conducted at a drain voltage of VD = 1 V,
with no applied gate voltage (VG = 0 V). The graphene-only phototransistors show no photoresponse
when illuminated at 365 µW/cm2 over a time scale of several hundred seconds, which can be seen
in Figure 8a. Other research efforts have demonstrated graphene photoresponse, but the time scale
for these changes typically occurs on the order of tens of minutes, so any photoresponse observed in
the ZnO nanoparticle/graphene phototransistors can be attributed to photon absorption by the ZnO
nanoparticles [14]. The temporal response of the ZnO nanoparticle/graphene detectors at both 182 and
365 µW/cm2 can also be seen in Figure 8a, where the change in drain current increases from 500 µA to
greater than 1.3 mA. The photoresponse behavior at 182 µW/cm2 can be seen in Figure 8b where the
UV illumination was turned on and the device was allowed to equilibrate, followed by a recovery time
after the illumination was turned off (at ~175 s). A sharp increase in photocurrent was observed once
the UV light is turned on, followed by recovery on the order of tens of seconds.
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4. Conclusions 

Hybrid ZnO nanoparticle/graphene phototransistors were demonstrated, exhibiting a 
responsivity of up to 4 × 104 AW−1 with a maximum gain of 1.3 × 105 and superior spectral selectivity 
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graphene device compared with the graphene only device at 182 µW/cm2 and 365 µW/cm2; (b) optical
intensity of 182 µW/cm2 showing the rise and fall as intensity is turned both on and off, respectively.

Both the responsivity and the response times of these ZnO nanoparticle/graphene photodetectors
can be optimized by adjusting several experimental parameters. It is well known that the nanoparticle
layer is strongly dependent on particle packing in its ability to absorb light and efficiently transfer
electrons into the underlying graphene layer [63]. Thus, future studies should focus on controlling the
nanoparticle packing factor in an effort to increase the photoresponse and reduce switching speeds.
Additionally, the transistor design could be optimized, including making the active area narrower
(< mm) in size, which would reduce the possibility for defects introduced during the fabrication process.
Because the PLFL process can be controlled via operating parameters, the synthesis of nanoparticles
could be optimized to yield even smaller particles.

4. Conclusions

Hybrid ZnO nanoparticle/graphene phototransistors were demonstrated, exhibiting a responsivity
of up to 4 × 104 AW−1 with a maximum gain of 1.3 × 105 and superior spectral selectivity below 400 nm,
making them ideal solar-blind UV photodetectors. We have demonstrated the use of pulsed laser
fragmentation in liquid (PLFL) as a simple, ligand-free alternative to traditional nanoparticle synthesis
techniques for the fabrication of ZnO nanoparticles.
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Abstract: Until recently, planar carbonaceous structures such as graphene did not show any
birefringence under normal incidence. In contrast, a recently reported novel orthorhombic
carbonaceous structure with metal nanoparticle inclusions does show intrinsic birefringence,
outperforming other natural orthorhombic crystalline materials. These flake-like structures
self-assemble during a laser-induced growth process. In this article, we explore the potential of this
novel material and the design freedom during production. We study in particular the dependence
of the optical and geometrical properties of these hybrid carbon-metal flakes on the fabrication
parameters. The influence of the laser irradiation time, concentration of the supramolecular complex
in the solution, and an external electric field applied during the growth process are investigated. In all
cases, the self-assembled metamaterial exhibits a strong linear birefringence in the visible spectral
range, while the wavelength-dependent attenuation was found to hinge on the concentration of
the supramolecular complex in the solution. By varying the fabrication parameters one can steer
the shape and size of the flakes. This study provides a route towards fabrication of novel hybrid
carbon-metal flakes with tailored optical and geometrical properties.

Keywords: laser-induced deposition; hybrid carbon-metal flake; orthorhombic carbon; metallic
nanoparticles; polarization analysis

1. Introduction

In recent years, metamaterials and metasurfaces have paved the pathway for technological
developments [1–3] from guiding and shaping light [4,5], enhanced optical effects [6,7], all the way
to the design and fabrication of flat optics [8,9], countless applications have been suggested and
realized. Corresponding metasurfaces are usually fabricated using electron-beam lithography [9,10],
ion-beam milling, or chemical vapor deposition [11,12]. The key features of metamaterials and
metasurfaces are ruled by the design of their building blocks. The most important components of
metamaterials are metal nanostructures that are arranged in a regular or irregular fashion defining
the optical response. In most cases reported to date, these nanostructures are either fabricated on
dielectric-metal interfaces or embedded homogeneously into a dielectric environment. However,
considering a crystalline and/or anisotropic embedding medium would be of interest as well, because it
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would add another parameter to the system enabling fine control of the optical properties. A special class
of metamaterials is based on carbon nanostructures intercalated with metal clusters. They are considered
as promising materials for optics, nanophotonics, electrocatalysis, and sensing technologies [13,14].
Most carbon-metal hybrid metamaterials are based on amorphous carbon [15,16]. Fullerenes (molecular
form of carbon) and carbon nanotubes can also be decorated with metal NPs, rendering possible
interesting applications in catalysis and sensing [17,18]. It should be noted that metamaterials based
on regular 2D carbon structures (e.g., graphene), with plasmonic nanoparticles (NPs) on the surface,
have led to the observation of interesting modulation effects of the plasmon response in the hybrid
system caused by the influence of the host carbon matrix [19,20]. Therefore, the combination of metal
NPs with crystalline carbon in a metamaterial is an exciting field. Graphene and thermally expanded
graphite are the available options for this purpose. However, the first allows only surface decoration
with NPs. Thermally expanded graphite in contrast can be intercalated with metal NPs, but it is of
little use for optical studies due to the irregular morphology and structure [21]. The fabrication of
novel and versatile crystalline carbon-metal metamaterials is thus of great interest for the field of optics
and photonics. The progress in this direction is restrained by the difficulties in the synthesis of regular
structures based on crystalline carbon and plasmonic NPs suitable for optical measurements.

A promising method for the fabrication of metal NPs embedded in a carbon matrix has been
reported recently [22,23]. It is based on the decomposition of a dissolved supramolecular complex
[Au13Ag12(C2Ph)20(PPh2(C6H4)3PPh2)3][PF6]5 (herein called SMC), as a result of laser irradiation of a
substrate/solution interface. This leads to a controllable formation of a crystalline structure with Au-Ag
nanoclusters embedded in the carbon matrix, on a substrate surface caused by the self-organization of
the SMC constituents. Further details on SMC preparation and chemicals used can be found as the
Supplementary Materials. The laser-induced deposition of the hybrid carbon-metal structures is a
straight-forward and easy-to-implement procedure that does not require intense laser irradiation or
special equipment. This process results in the formation of NPs [23–25] or other structures such as
flakes and flowers [26] of controllable composition, depending on the chosen SMC and the solvent.
An interesting type of structures resulting from this laser-induced process are carbon flakes, which are
the first reported orthorhombic form of carbon with embedded Au-Ag nanoclusters. Detailed analysis
with a transmission electron microscope (TEM) revealed that the average radius of these metallic
nanoclusters is d = 2R = 2.5 ± 0.9 nm, with a center to-center distance of 7.3 ± 1.5 nm [27]. Due to their
inherent combination of bimetal Au-Ag nanoclusters with a crystalline carbon material of orthorhombic
nature, these flakes possess intriguing optical properties [27], and may find applications in nano-optics
and spectroscopy [7,22].

2. Experimental

2.1. Carbon Flakes Fabrication

In this article, we report on how various fabrication parameters affect the properties of the resulting
hybrid carbon-metal flakes. This includes the laser irradiation time, the SMC concentration in the
solution and the application of an external electric field during the growth process. Figure 1a shows the
synthesis system that consists of a cuvette with the SMC solution mentioned above, prepared following
a standard procedure [28], a substrate (industrial ITO-coated glass TIX 005 series from TECHINSTRO
with a thickness of 1.1 mm, in contact with the solution) and a CW He-Cd Laser with λ = 325 nm
and I = 0.1 W/cm2 (Plasma, JSC Research Institute of Gas Discharge Devices, Tsiolkovskz St., Rzayan,
Russian Federation). The laser beam is illuminated on the substrate-solution interface from the side of
the substrate.
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with a certain concentration of supramolecular complex (SMC) in the solution is irradiated with laser 
for a certain amount of time. There is also the possibility to apply an electric field across the substrate 
to affect the formation of flakes. Flakes are formed by varying the laser irradiation time: (b) Sample 
C-2 with a laser irradiation time of 40 min and (c) sample C-4 with a laser irradiation time of 80 min. 
Varying SMC concentration: (d) Sample C-5 with an SMC concentration of 6 g/L and (e) sample C2 
with an SMC concentration of 2 g/L. Images in (f) and (g) show examples of flakes from sample C-3 
resulting from a fabrication with an external electric field switched on and causing lateral elongation 
of flakes. 

The hybrid nanostructures are formed in the laser-affected zone on the substrate surface. The 
laser-induced deposition can be also realized with a DC electric field (7 V) applied via two metal 
electrodes (2 cm apart) deposited onto the ITO-coated glass (sample C3). The construction of the 
cuvette prevents the metal electrodes from being in contact with the SMC solution. 

Figure 1. Fabrication of carbon flakes in dependence on various fabrication parameters. The scanning
electron micrographs are from samples mentioned in Table 1. (a) The sample present in the cuvette
with a certain concentration of supramolecular complex (SMC) in the solution is irradiated with laser
for a certain amount of time. There is also the possibility to apply an electric field across the substrate
to affect the formation of flakes. Flakes are formed by varying the laser irradiation time: (b) Sample
C-2 with a laser irradiation time of 40 min and (c) sample C-4 with a laser irradiation time of 80 min.
Varying SMC concentration: (d) Sample C-5 with an SMC concentration of 6 g/L and (e) sample C2 with
an SMC concentration of 2 g/L. Images in (f) and (g) show examples of flakes from sample C-3 resulting
from a fabrication with an external electric field switched on and causing lateral elongation of flakes.

The hybrid nanostructures are formed in the laser-affected zone on the substrate surface.
The laser-induced deposition can be also realized with a DC electric field (7 V) applied via two
metal electrodes (2 cm apart) deposited onto the ITO-coated glass (sample C3). The construction of the
cuvette prevents the metal electrodes from being in contact with the SMC solution.
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Table 1. Samples with different fabrication parameters.

Sample Laser Irradiation
Time (min)

SMC
Concentration (g/L)

Electric
Field (V/m)

Resulting Thickness of
Carbon Flakes (nm)

C1 [27] 15 4 * Off 150–500
C2 40 2 Off 250–750
C3 40 2 On 250–750
C4 80 2 Off 1200–1700
C5 40 6 Off 150–750

* In the earlier experiments, additional phenylacetylene was present in the SMC solution. We did not yet study the
effect of phenylacetylene systematically, but that preliminary results indicate that phenylacetylene does not change
the composition of the generated flakes, but only changes the number of flakes formed.

We experimentally investigate the effects of the aforementioned control parameters on the optical
properties of the resulting carbon flakes. The investigated samples (containing multiple flakes each)
with different fabrication parameters are listed in Table 1. Each of the parameters affects the reaction
rate that all together lead to the variation of the flakes morphology and dimensions.

2.2. Methods

For the experimental study of the aforementioned carbon flakes, we use a custom method
based on the microscopic Mueller matrix technique [26,27]. It allows performing a spatially resolved
far-field polarization analysis of micron-sized specimens. The method combines the benefits of k-space
microscopy [29,30] with liquid crystal variable retarders to avoid any moving optical elements in the
analysis part of the setup [31].

For the optical investigation, we utilize a home-built setup [27] to raster-scan the carbon flakes
with lateral dimensions between several micrometers to tens of micrometers, as shown in Figure 2.
The incoming light beam of tunable wavelength and polarization is focused onto the sample using a
microscope objective (Leica HCX PL FL 100×/0.9, Leica Microsystems GmbH, Wetzlar, Germany) of
numerical aperture (NA) of 0.9 (effective NA = 0.5).Nanomaterials 2020, 10, x FOR PEER REVIEW 5 of 11 
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to the results. The light is collected using an oil immersion objective of NA 1.3 (Leica HCX PL FL 
100×/1.3 Oil, Leica Microsystems GmbH, Wetzlar, Germany). The collected light passes through a set 
of two liquid crystal cells and a fixed polarizer to perform a complete Stokes analysis fully 
characterizing the polarization state of light [32]. The Stokes vector 𝑆 can be calculated by projecting 
the incident light onto six polarization states (linear horizontal, vertical, diagonal, anti-diagonal as 
well as right- and left-handed circular). 𝑆 =  𝑠  𝑠  𝑠  𝑠  (1) 

where 𝑠  =  𝐼 + 𝐼 , 𝑠  =  𝐼 − 𝐼 , 𝑠  =  𝐼 − 𝐼 , 𝑠  =  𝐼 − 𝐼 . 
For polarimetry we use liquid crystal variable retarders (LCVR) from Thorlabs GmbH, 85232 

Bergkirchen, Germany [33]. The retardance of these LCVRs can be controlled via a voltage applied 
across the cells. This property makes them suitable for the flexible polarization analysis [27,31]. In 
our technique, the six different polarization states are generated by aligning the optic axis of the liquid 
crystals at 22.5 and 45°, and by using a combination of different retardances (applied voltages). This 
way, all six polarization states can be projected onto a linear fixed polarizer. An additional lens is 
used to image the back focal plane of the lower objective onto a CCD camera with 8-bit dynamic 
range (DMK 31BU03, The Imaging Source Europe GmbH, Bremen, Germany). This allows us to 
access momentum space (k-space; see Figure 2b). Incoming and outgoing Stokes vectors are linked 
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Figure 2. Experimental setup for the Mueller matrix measurement. (a) The polarization of the incident
laser beam can be controlled (H, V, +45, −45, right circular polarization (RCP), and left circular
polarization (LCP) with a motorized polarizer and a quarter-wave plate. The incident beam is focused
onto the sample (flakes on the glass substrate), which is placed on a piezo stage to raster-scan the flakes
with respect to the fixed input beam. The transmitted light is collected with another objective and
polarization analysis is performed using liquid crystals. The back focal plane of the lower objective is
imaged onto the charge-coupled device (CCD) camera and recorded for further analysis. (b) During
the analysis of the Fourier space image, only k-vectors corresponding to normal incidence (numerical
aperture (NA) region 0.1) are used for extracting the Mueller matrix.
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The small focal spot size (on the order of the wavelength) ensures that no edge effects contribute
to the results. The light is collected using an oil immersion objective of NA 1.3 (Leica HCX PL FL
100×/1.3 Oil, Leica Microsystems GmbH, Wetzlar, Germany). The collected light passes through a set of
two liquid crystal cells and a fixed polarizer to perform a complete Stokes analysis fully characterizing
the polarization state of light [32]. The Stokes vector S can be calculated by projecting the incident
light onto six polarization states (linear horizontal, vertical, diagonal, anti-diagonal as well as right-
and left-handed circular).

S = [ s0 s1 s2 s3]
T (1)

where s0 = Ih + Iv, s1 = Ih − Iv, s2 = Ip45 − Im45, s3 = IRCP − ILCP.
For polarimetry we use liquid crystal variable retarders (LCVR) from Thorlabs GmbH,

85232 Bergkirchen, Germany [33]. The retardance of these LCVRs can be controlled via a voltage
applied across the cells. This property makes them suitable for the flexible polarization analysis [27,31].
In our technique, the six different polarization states are generated by aligning the optic axis of the
liquid crystals at 22.5 and 45◦, and by using a combination of different retardances (applied voltages).
This way, all six polarization states can be projected onto a linear fixed polarizer. An additional lens
is used to image the back focal plane of the lower objective onto a CCD camera with 8-bit dynamic
range (DMK 31BU03, The Imaging Source Europe GmbH, Bremen, Germany). This allows us to access
momentum space (k-space; see Figure 2b). Incoming and outgoing Stokes vectors are linked via a
4 × 4 matrix, the Mueller matrix. By performing a pseudo-inverse analysis of input and output Stokes
vectors, we can extract the Mueller matrix in the following way [34].

Sout = MSin (2)

M = Sout × Sin
+ = Sout ×

(
Sin
†Sin
)−1

Sin
† (3)

where Sin
+ denotes the pseudo-inverse of Sin, which can be calculated using Sin

†, the conjugate
transpose of Sin. The Mueller matrix contains information about the optical properties of the carbon
flake, such as attenuation, diattenuation, and birefringence, which can be further extracted by using
decomposition techniques [34–36].

3. Results and Discussion

We perform a computational analysis of the experimentally recorded data to extract the Mueller
matrix of each flake investigated. Here, we analyze two optical properties of carbon flakes. Firstly,
the attenuation of the flakes is studied. To compare the results for flakes of different thickness,
we normalize the attenuation accordingly (attenuation per 100 nm thickness of the flake). Secondly,
we study the birefringence ∆n, which is related to the retardance δ at a particular wavelength λ and for
a certain thickness d of the carbon flake in the following way:

∆n =
δλ

2πd
(4)

The thicknesses of the studied flakes were determined by atomic force microscopy (AFM), while the
lateral dimensions were analyzed in a scanning electron microscope (SEM). A spatial average across
data in the central region of the flake is used to analyze the average value of the aforementioned
optical properties. For the three fabrication parameters discussed in this report, we retrieved the
following results.

SEM images of the flakes deposited at different experimental parameters are presented in
Figure 1b–g (for sample C2, C3, C4, and C5). For all cases, minor fluctuations in the flake’s dimensions
are observed. However, we can conclude that the dimensions of the flakes are clearly correlated with
the deposition conditions. For instance, if a DC electric field is applied across the cuvette during the
fabrication process (see Figure 1(f,g-C3)), the lateral dimensions of the flake structures are modified
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strongly in comparison to the case with the field switched off (see Figure 1(b,e-C2)). An elongation
along one axis of the flakes is observed. The typical sizes of such flakes reach 40–60 µm in length
and 5–10 µm in width (see Figure 1(f,g-C3)). These results suggest that the lateral dimensions of
flakes can be fine-tuned by an externally applied voltage. To single out this effect only the electric
field was switched on and off for samples C3 and C2, respectively, while all other parameters were
kept unchanged. However, the optical properties, i.e., attenuation (normalized to the thickness) and
birefringence are not significantly modified by this fabrication condition (see Figure 3).Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 11 
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relation between the irradiation time and the thickness of the resulting flakes, with a longer 
irradiation resulting in thicker flakes. The results of the optical measurements presented in Figure 3 
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significantly changed for different laser irradiation times. 

Figure 3. Experimental results for various flakes on different samples. The graphs contain data from
our previous work [27] to serve as a reference (C1-Flake 1 and C1-Flake 2). The birefringence for
flakes with different fabrications remain constant around ∆n = 0.1. The attenuation is affected by the
concentration of the SMC used during the fabrication process.

136



Nanomaterials 2020, 10, 1376

Furthermore, the laser irradiation time was found to also directly influence the overall growth of
the flakes. For samples C2 and C4, only the irradiation time was chosen to be different, keeping all
other parameters the same. AFM and SEM scans of the carbon flakes for samples reveal a direct relation
between the irradiation time and the thickness of the resulting flakes, with a longer irradiation resulting
in thicker flakes. The results of the optical measurements presented in Figure 3 show unambiguously
that the attenuation (normalized to the thickness) and birefringence are not significantly changed for
different laser irradiation times.

By changing the third parameter studied here, the SMC concentration in the solution, we see
clearly in Figure 3 that the attenuation of the individual flakes can be modified. We analyze sample C2
and C5, for which other fabrication parameters were kept constant and only the SMC concentration
was changed. We observe a clear change in the attenuation for different SMC concentrations. To serve
as a reference, we also plot the attenuation and birefringence (C1-Flake 1 and C1-Flake2) from [27] in
Figure 3.

It is worth noting that the linear birefringence remains unchanged for all different SMC densities
tested here. In addition, the SMC concentration was also found to affect the number of flakes formed
on the substrate (not shown here). The structural parameters of the carbon flakes are found to not be
effected by the SMC concentration (see Figure 1d-C5,e-C2).

In the theoretical modeling discussed in detail in our earlier study [27], we found that
the attenuation depends sensitively on the embedded bimetallic nanoclusters whereas the linear
birefringence is a direct consequence of the orthorhombic carbon lattice. Here, we confirm this result by
analyzing the results for flakes fabricated with different parameters, which do not affect the crystalline
phase of carbon and, hence, the birefringence does not change significantly. Therefore, we speculate that
a lower density per unit volume of bimetallic nanoclusters embedded in the carbon flakes is the cause
of the substantially lower attenuation observed for a lower SMC concentration. Some other parameters
such as the choice of a substrate, electro-optical effects within the flakes, etc., not discussed here in more
detail, could also affect the attenuation of flakes. We summarize in Table 2, all observed dependences
of the tested fabrication parameters on the geometrical and optical properties of carbon flakes.

Table 2. Variable fabrication parameters and their effect on carbon flakes.

Varied Fabrication Parameter Effect on Optical Properties of
Carbon Flakes

Effect on Geometrical Properties
of Carbon Flakes

Electric field on or off
Optical properties
remain unchanged

Lateral elongation of flakes (with
field switched on)

Laser irradiation time Optical properties
remain unchanged

Increase in thickness with
increasing irradiation time

SMC concentration Increase in attenuation with the
increasing SMC concentration

No observed effect on
structural parameters

4. Conclusions

In conclusion, we studied the effect of different concentrations of the SMC in the solution,
laser irradiation times, as well as the application of an external DC electric field during the
fabrication process. The attenuation of the studied carbon flakes was found to be mainly affected
by the SMC concentration. Applying an electric field results in lateral elongation of carbon flakes.
The laser irradiation time directly influences the thickness of the resulting carbon flakes. In all cases,
the birefringence was found to be wavelength independent and nearly constant around ∆n ≈ 0.1.
Our study shows that the geometrical parameters of orthorhombic metal-carbon hybrid flakes can be
tailored during the fabrication process by controlling various fabrication parameters, such as irradiation
time and the application of an external field along the substrate. Furthermore, optical parameters
such as the attenuation can be modified as well, while not changing the extraordinarily high linear
birefringence of the flakes, which results from the orthorhombic carbon matrix. Hence, the material
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platform is promising to provide unique hybrid flakes, which can be engineered towards certain
applications in opto-electronics and nano-optics.

Supplementary Materials: Details regarding SMC solution preparation and its composition are available online
at http://www.mdpi.com/2079-4991/10/7/1376/s1.
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Abstract: Zn-doped calcium copper titanate (CCTO) was successfully synthesized by rapid
laser sintering of sol-gel derived precursors without the conventional long-time heat treatment.
The structural, morphological, and crystalline properties were characterized, and the performances
of dielectrics and impedance were measured and discussed. The X-ray diffractometer results
show that Zn-doped CCTO is polycrystalline in a cubic structure, according to the doping ratio of
Ca(Cu2Zn)Ti4O12. Electron microscopy showed that Zn-doped CCTO has a denser microstructure with
better uniformness with shrunken interplanar spacing of 2.598 nm for the plane (220). Comparing with
undoped CCTO, the permittivity almost remains unchanged in the range of 102–106 Hz, demonstrating
good stability on frequency. The electrical mechanism was investigated and is discussed through the
impedance spectroscopy analysis. The resistance of grain and grain boundary decreases with rising
temperature. Activation energies for the grain boundaries for Zn- doped CCTO were calculated from
the slope for the relationship of lnσ versus 1/T and were found to be 0.605 eV, smaller than undoped
CCTO. This synthesis route may be an efficient and convenient approach to limit excessive waste
of resources.

Keywords: permittivity; impedance; sol-gel; laser sintering

1. Introduction

Today, with the development of the electronics industry, the active demand for better performances,
higher capacity and lower cost in various electron devices have become the focus of attention.
One promising solution is developing high density capacitors and related materials which possess
better dielectric properties, as well as thermal and frequency stability. Calcium copper titanate
(CaCu3Ti4O12, CCTO) has been paid much attention due to its novel performances, especially the huge
dielectric permittivity (above 104) and wide frequency stability. The value of permittivity is almost
frequency-independent up to 106 Hz which shows wide frequency stability. These performances
are significant for high density energy storage devices [1–5]. CCTO belongs to the Im3 space group,
with a perovskite-like structure with a lattice parameter of 7.391 Å, presenting an extraordinarily high
dielectric permittivity (εr) and moderate dielectric loss (tanδ) [6]. The εr is almost independent of
frequency in a broad range and it shows excellent phase stability from 20 K to 600 K. This special
characteristic could be ascribed to the polarizability mechanism related to the peculiar CCTO crystal
structure according to reports [7–9]. To date, although different theoretic models have been proposed
to explain the electrical properties, consensus has not yet been reached. However, the generally
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accepted view is the internal barrier layer capacitor (IBLC) model relying on the Maxwell–Wagner
polarization [10]. The IBLC model considers that the huge εr value could be ascribed to the grains
and grain boundaries [2,10,11]. Polycrystalline CCTO usually consists of grains and grain boundaries,
which work as semiconductor and insulator, respectively. The grains work as electrodes of connected
micro-capacitors and the grain boundaries contribute to the dielectric properties [12]. Researchers
have investigated the electrical mechanism of CCTO ceramic using impedance spectroscopy (IS)
and demonstrated that it was strongly dependent on the inhomogeneous microstructure, containing
conducting grains and insulating boundaries [8]. In addition, comparing with conventional ceramics
like PbTiO3, BaTiO3 or PZT, CCTO demonstrates several disadvantages, such as high dielectric losses
at low frequency and low breakdown voltage [13,14]. The disadvantages of CCTO ceramics limit
its application in capacitors because higher dielectric loss cannot maintain stored charges for a long
time. There are a lot of methods to minimize the dielectric loss and enhance dielectric performance
of CCTO materials. Doping of a metallic element at Ca2+ or Cu2+ sites can depress effectively the
oxygen vacancies and alleviate the inner stresses to improve the dielectric properties [15–18], but the
performance of CCTO is much more easily mutable during the synthesis process [4,19].

Various routes to synthesize CCTO have been employed, which include high temperature
solid- state sintering, chemical methods, the sol-gel method, co-precipitation, microwave heating,
and mechanical mixing methods [15–21]. The conventional solid-state sintering reaction is a method
welcomed by most researchers for preparation of CCTO using powders of oxides or salts as precursors,
however it involves higher reaction temperature with long sintering time, even several days. Not only
that, it also requires at least two steps to react in the furnace: one is calcination close to 1000 ◦C
and 8–12 h, and the other is sintering at 1150 ◦C for more than 10 h. Even so, the high temperature
solid-state reaction suffers disadvantages of inhomogeneity, and requirement of complex repetitive
ball milling with prolonged reaction time at higher temperature. These processes cause excessive
consumption of energy which is not suitable for mass production. Other chemical methods, such as
the solvothermal method, the sol-gel method, and coprecipitation, allow synthesis of CCTO at lower
temperature with a reduced synthesizing time. Although the resultant product is homogeneous in
stoichiometric ratio at atomic scale, the final acquisition of pure CCTO is inseparable from the processes
of calcination and sintering in the furnace at high temperature [22,23].

Here, we adopted a novel route to synthesize CCTO: rapid laser sintering of sol-gel derived
precursors, substituting the conventional furnace. By combining the dual advantages of sol-gel and
laser sintering, we first synthesized CCTO precursors by the sol-gel method, which can easily prompt
nanostructured and nanosized micro-grain formation. With a focused laser beam through a convex lens
directed on the precursors from the sol-gel process, the reactive sintering time is significantly reduced
down to several seconds or minutes, while guaranteeing that the CCTO has good crystal structure
and high dielectric permittivity. Laser is directed on the precursors to remove the organic ionic group
through irradiation at low power first of all and then it induces the solid-state reaction at high power,
finally sintered CCTO can be obtained. Meanwhile, the sol-gel route to derive CCTO precursor is
beneficial for good stoichiometry, uniform composition, and nanosized particles which can enhance
dielectric performance. In this experiment, the precursor for CCTO is first synthesized by the sol-gel
process, and then the rapid laser sintering technique is used to substitute the conventional muffle
furnace. The obtained Zn-doped CCTO ceramic exhibits high dielectric permittivity and moderate
dielectric loss at a wide frequency range, with good frequency-stability. The microstructure, grain and
grain boundary resistance were analyzed by studying the impedance spectroscopy, and the conduction
mechanism is discussed based on the equivalent circuit constituted of resistors and capacitors for
semiconducting grains and insulating boundaries. According to the relationship of lnσ versus 1/T,
the activation energies for the grain boundaries were deduced.
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2. Experimental Details

CCTO and Zn-doped CCTO precursors were obtained first by the sol-gel method.
The original materials included Ti(OC4H9)4(99%), Ca(CH3COO)2·H2O(99%), Cu(NO3)2·3H2O(99%),
and Zn(CH3COO)2·2H2O(99%), which are bought from the Sinopharm Chemical Reagent Co., Ltd.
(SCR, China). Glacial acetic acid (bought from SCR) was used as a complexing agent. Ti4+, Cu2+,
Ca2+, and Zn2+-containing sol were, respectively, made from the raw materials according to the molar
ratio 4:3:1 and 4:2:1:1. A weighed amount of Ti(OC4H9)4 was added in ethanol by stirring and with
glacial acetic acid through magnetic stirring formed solution A. A clear and blue solution was formed
by mixing and stirring a mixture of Cu(NO3)2·3H2O with ethanol and then added into solution A to
form solution B through vigorous stirring with a magnetic stirrer. Similarly, an appropriate amount of
Ca(CH3COO)2·H2O with solvent deionized water was stirred to form solution C by stirring and then
was mixed with solution B. Zn2+-containing sol was prepared similarly from Zn(CH3COO)2·2H2O
with deionized water. Finally, a blue-green sol was obtained after stirring for 1h and aging for 12 h.
The sol was then baked at 80 ◦C for 12 h to form a dry gel and then it was ground into fine powder.
After drying at 150 ◦C for 8 h, the fine powders were again ground in an agate mortar for 1 h ready for
laser treatment.

A multimode diode laser (Optotools, 980 nm, CW, 1200 W, DILAS, Mainz-Galileo-Galilei, Germany)
was well adjusted and then directed on samples through a quartz convex lens. In order to make the
precursors react uniformly with laser radiation, we adjusted the laser in defocus so that the spot could
cover the samples. The fine dry gel powders were thermally treated by laser irradiation at a relatively
low power to remove the organic matter and the CCTO or Zn-doped CCTO precursor powders were
thus obtained. As-prepared precursors were pressed in an oil press into pellets with thickness of 2 mm,
and diameter of 10 mm under a pressure of 100 MPa. The pellets were put into a copper crucible for
laser sintering and the solid- state reaction occurred for the precursors in the pellet when irradiated
under high laser power. To guarantee the structural homogeneity of samples, we adjusted the laser
spot diameter in the defocusing state to cover the pressed pellet. Then the pellet was cooled down to
room temperature naturally and the finally obtained product was CCTO-based ceramic.

X-ray diffraction (XRD) patterns for samples were collected on a Rigaku Ultima VI X-ray
diffractometer (Cu-Kα radiation, λ = 1.5418Å, Rigaku, Tokyo, Japan). The morphologies and
microstructures of CCTO were measured by scanning electron microscope (SEM, ZEISS MERLIN
Compact, Oberkochen, Baden-Württemberg, Germany) and high resolution transmission electron
microscopy (HRTEM, FEI Tecnai G20, Hillsboro, OR, USA). Raman experiments were performed
using a Renishaw in Via Raman spectrometer (London, UK) with 532 nm excitation. For dielectric
measurements, electrodes of silver paste were painted on both sides of the thin ceramic cylindrical
piece. The dielectric constants, dielectric loss, and complex impedance of CCTO-based ceramic samples
were measured with a high-precision LCR meter (HP 4990A; Agilent, Palo Alto, CA, USA).

3. Results and Discussion

The precursors were thermally treated by laser irradiation at 30 W for 10 min to remove the organic
group. The precursor pellets were sintered under laser at 120 W for 5 s to form the CCTO- based
ceramics. Figure 1 shows XRD spectra of the prepared ceramics. The diffraction peaks identified were
found to be consistent with the diffraction planes of body-centered cubic structure of CCTO, agreeing
with the PDF file No. 75-1149. The major peaks include (211), (220), (310), (222), (321), (400), (411), (422),
and (440) for CCTO and Zn-doped CCTO samples. We can see that the samples demonstrate better
crystalline quality. The Zn-doped CCTO also has a pseudo-cubic structure according to the doping
ratio of Ca(Cu2Zn)Ti4O12. The main diffraction peaks almost show no splitting peak and only a small
peak appears at 36.1 which can be attributed to peak (101) of CuO. Meanwhile, the Zn-doped CCTO
shows that the diffraction peak moved to a high diffraction angle, signifying d-spacing reduction which
could easily result in smaller grain size to enhance the compactness of the ceramics. Figure 2 shows
SEM and HRTEM images of prepared CCTO and Zn- doped CCTO. It shows that the doped CCTO
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has better uniformity in particle size and better densification. Figure 2c,d present the HRTEM images
which clearly demonstrate a well-defined crystalline lattice structure. The determined interplanar
spacing of the plane (220) shows it was shrunken slightly from 2.618 nm to 2.598 nm with Zn-doping
which is consistent with analysis of the results of XRD and SEM.
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Raman spectra measurements were performed on samples after laser sintering of the precursors,
shown in Figure 3. As the modes of Raman show, there are peaks located at 446 cm−1, 513 cm−1,
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and 576 cm−1 for undoped CCTO which is in accord with previous reports [24–26]. The Raman
shift of 446 cm−1 corresponds to the modes of Ag(1) and Fg(2), and the peaks at 513 and 576 cm−1

correspond to Ag(2) and Fg(3), respectively. The modes of Ag(1), Ag(2) and Fg(2) are ascribed to
lattice vibrations in TiO6, and Fg(3) reflects the vibration mode of adverse stretching for the O–Ti–O
bond [24,27]. The Raman vibration modes of Zn-doped CCTO show a shift to lower frequencies at
442 cm−1, 506 cm−1, and 570 cm−1, assigned to Ag(1)/Fg(2), Ag(2), and Fg(3), respectively. This could
be attributed to Zn ion incorporation affecting the structure of CCTO. The weakness of the relative
intensity for the Raman peaks in Zn-doped CCTO, especially for the Ag(2) mode, demonstrates that
Zn doping changes slightly the lattice vibrations of the titanium–oxygen octahedron.
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Figure 4a,b shows the frequency relationship of permittivity and tan δ for undoped and Zn-
doped CCTO in the range of 10–107 Hz. The samples show permittivity of above 103 at the broad
frequency region, and the dielectric permittivity decreases gently over the entire frequency range
shown in Figure 4a. It shows that the permittivity almost remains unchanged in the range of
102–106 Hz, demonstrating good stability on frequency. The frequency-stability of the permittivity
should be closely associated with size of grain, density of grain boundaries, and the compactness
of ceramics. The Zn-doped CCTO has higher permittivity than undoped CCTO. This could be
ascribed to the denser structure and finer particles which can be seen from the SEM images and
HRTEM. Above 106 Hz, the permittivity descends linearly, which could be attributed to Debye-like
relaxation [28,29]. In Figure 4b we can see that tan δ of the specimen declines first in low-frequency
to a platform in middle-frequency and then gently increases in high-frequency. The Zn-doped
CCTO demonstrates lower dielectric loss than the undoped sample over the entire frequency region,
especially in the low frequency range. Therefore, Zn doping effectively reduces the dielectric loss and
enhances the dielectric properties. The mechanism of giant dielectric permittivity of CCTO is still
a hotspot of controversy, but people generally believe that the behavior of CCTO could be related
to the microstructure which may play a vital role for the huge permittivity. Several techniques have
been adopted to improve the dielectric properties of CCTO, including nanosizing, recombination,
modifying etc. Among them element doping in based materials is a simple and efficient method. A lot
of elements have been doped into CCTO, but unanticipated results often occur, with accompanying
dielectric loss. Most literatures reported element doping raised the permittivity as well as loss
arising [9,18,30,31]. Said Senda et al. [32] reported Ni-doped CCTO prepared by the routine solid state
reaction method. They studied on grain growth, morphological evolution with Ni doping content and
found the dielectric properties including the permittivity, loss, and resistivity were improved. It was
interpreted that dopants could easily segregate between the grain boundaries, and further depress the
grain growth which changes the Cu/Ti stoichiometry. Finally, it greatly influences the microstructure
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of materials. This is in agreement with results of this work. Sonia De Almeida-Didry et al. [33]
studied alumina doped CCTO prepared by the core-shell approach and they found that the grain
boundaries of CCTO materials play a key role in the huge permittivity by controlling the density
of grain boundaries. They demonstrated that core-shell design is an efficient technique to obtain a
high dielectric constant, which shows obvious performance improvement. Furthermore, the various
synthesized methods for doped CCTO have been very important to improve the dielectric performance.
M.A. dela Rubia et al. [34] reported the dielectric properties for Hf doping CCTO ceramics prepared by
comparing these two synthesizing routes. They concluded that the reactive sintering method is better
than the conventional synthesis technique. The reactive sintering method offers the convenience for
Hf incorporation in the CCTO lattice. Dong Xu et al. [35] reported CCTO with Zn element doping
by the sol-gel method and found Zn-doping does not improve the dielectric properties because of
the mesoporous structure of the synthesized materials. Therefore, the improved sol-gel method here
with laser treatment can effectively enhance the dielectric properties. It can be concluded that a
compact structure composed of a number of smaller grains can benefit the improvement of overall
dielectric performance.
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(b). Permittivity and loss for Zn-doped CCTO measured from 30 to 500 ◦C (c,d).

Figure 4c,d shows the permittivity and loss of Zn-doped CCTO with temperature at fixed
frequencies. The values of dielectric permittivity obviously increase with rising temperature and
decrease with incremental frequency. At higher temperature region (>400 ◦C), the dielectric permittivity
increases with a large amplitude, which is attributed to enhanced conductivity by high temperature.
The decrease in dielectric permittivity at higher frequencies could be explained in respect of the space
charge polarization occurring at the interface [36], which is due to heterogeneous microstructures.
This polarization mechanism is enhanced at higher temperature which could be ascribed to the direct
current conductivity rising. Thus, the polarization arises quickly in permittivity at high temperature
and low frequencies. Figure 4d shows the changes in the dielectric loss (tan δ) of the Zn-doped CCTO
ceramic with temperature at some fixed frequencies. It can be seen that the tan δ demonstrates a
low platform from 30 to 250 ◦C, then an obvious increase above the temperature of 250 ◦C for all
given frequencies. However, tan δ remains at lower values at higher frequency. The dielectric loss of
Zn-doped CCTO materials is strongly temperature dependent.

Figure 5a,b shows that the real part of the impedance changes at some fixed temperatures with
frequency for undoped and Zn-doped CCTO, respectively. Below 103 Hz when the temperature
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increases, the values of Z’ decreases and then the Z’ values almost merge above 104 Hz. The different Z’
values indicate the various electrical properties related to the microstructures. For the undoped CCTO,
the Z’ values are more divergent than the Zn-doped sample. Researchers attributed this dispersion at
lower frequency to reduction of space charge polarization and discharging, which may be attributed to
charge carrier hopping between para-electric phases [37–39]. Figure 5c,d shows the Nyquist plot for
undoped and Zn-doped CCTO with a measured temperature of 25–300 ◦C. Impedance spectroscopy is
an efficient tool to figure out the contribution mechanism of grains, boundaries, and interfaces to the
total electrical conduction performance of materials by the equivalent RC circuit model. The curves
commonly consist of two semicircular arcs standing for the resistances of the grain (Rg) and the grain
boundary (Rgb).
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Figure 5. The real part (Z’) versus frequency (a,b) and complex impedance plots (c,d) for undoped
CCTO (a,c) and Zn-doped CCTO (c,d), respectively, with a measured temperature of 25–300 ◦C. Inset
in (c) shows the two parallel RC equivalent circuits in series.

Respectively, it can be seen that the data in this work only show arcs partly due to the measuring
range limit. According to the approximate conduction mechanisms of the IBLC model, the samples are
formed by conducting grains and insulating boundaries. The inset of Figure 5c shows the RC equivalent
circuit. It is apparent from Figure 5c,d that the resistance values of the grain and grain boundaries
decrease with rising temperature, which is consistent with the results of enhanced conductivity with
high temperature from Figure 4c,d. The Zn-doping affected the resistances of the CCTO bulk (Rg) and
boundary (Rgb) which can be seen as the specimen demonstrates a smaller diameter of the semicircle
than the undoped one around 200 ◦C. Moreover, the decreases in diameter of the semicircle with
rising temperature indicated that the resistance of the samples demonstrates a negative temperature
coefficient [40]. Based on the equivalent circuit, the fitted values with Z- View software, are shown in
Table 1.
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Table 1. Grain and grain boundary resistance for undoped and Zn-doped calcium copper titanate
(CCTO) at temperature range of 25–300 ◦C.

Temperature (◦C)
Undoped Zn-Doped

Rg (Ω) Rgb (Ω) Rg (Ω) Rgb (Ω)

25 906.7 8,998,000,000 837.4 312,700,000

100 422.7 23,223,000 406.9 3,288,100

150 223.8 2,225,400 276.2 512,790

200 105.9 188,050 102.2 70,520

250 90.5 22,282 50.6 10,454

300 50.0 3660 40.2 4076

To reveal the effectiveness of grain boundaries on Zn-doped CCTO, we studied the dependence
of temperature on the conductivity of grain boundaries, and the grain boundary resistance (Rgb) was
deduced from the impedance spectra as described in Table 1. According to the Arrhenius equation,
the resistance has a close relationship with temperature, which could be summarized in this equation:

σ(T) = σ exp
(
− E

KT

)
(1)

where σ the pre-exponential factor, E presents the activation energy of the grain boundary, K is the
Boltzmann constant and T is the absolute temperature, respectively. For the plot of lnσ vs. 1/T as shown
in Figure 6, the solid lines show the results fitted using the Arrhenius equation. The experimental
data approximately obeys the equation. The calculated activation energy for grain boundaries Egb

is 0.712 eV and 0.605 eV for undoped and doped CCTO, respectively, which is close to the reported
values. The decrease in activation energy of E for the Zn-doped sample suggests a change in electrical
conductivity of the grain boundaries, which is due to the intensive motion of the charge carriers
accumulated at the boundaries.
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4. Conclusions

Zn-doped CCTO was prepared using a novel method of rapid laser sintering of sol-gel
derived precursors. By comparing with undoped CCTO, the microstructure, dielectric properties,
and impedance response were investigated in detail. HRTEM images demonstrate a well-defined
crystalline lattice structure. The determined interplanar spacing of the plane (220) shows that
it was shrunken slightly from 2.618 nm to 2.598 nm with Zn-doping. Raman spectra analysis
demonstrated that the Zn doping changes slightly the lattice vibrations of the titanium–oxygen
octahedron. The permittivity almost remains unchanged in the range of 102–106 Hz, demonstrating
good stability on frequency. The impedance mechanisms were discussed according to the IBLC model
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by impedance spectroscopy analysis, and the results show that Zn-doping obviously affected the grain
and grain boundary resistance. The activation energy for the grain boundaries was deduced from
the slope of lnσ versus 1/T. The activation energy of EA for the Zn-doped sample is 0.605 eV, smaller
than the undoped sample, which suggests increased charge carrier motion at the grain boundaries.
This technique overcomes the shortcomings of long-time thermal energy supply by a furnace and
presents references to synthesize the ceramic materials through a combination of soft-chemical methods.
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Abstract: The proximity of the “post-antibiotic era”, where infections and minor injuries could
be a cause of death, there are urges to seek an alternative for the cure of infectious diseases.
Copper nanoparticles and their huge potential as a bactericidal agent could be a solution. In this
work, Cu and Cu oxide nanoparticles were synthesized by laser ablation in open air and in argon
atmosphere using 532 and 1064 nm radiation generated by nanosecond and picosecond Nd:YVO4

lasers, respectively, to be directly deposited onto Ti substrates. Size, morphology, composition and
the crystalline structure of the produced nanoparticles have been studied by the means of field
emission scanning electron microscopy (FESEM), high resolution transmission electron microscopy
(HRTEM), the energy dispersive spectroscopy of X-rays (EDS), selected area electron diffraction
(SAED) and X-ray diffraction (XRD). The UV-VIS absorbance of the thin layer of nanoparticles was
also measured, and the antibacterial capacity of the obtained deposits tested against Staphylococcus
aureus. The obtained deposits consisted of porous coatings composed of copper and copper oxide
nanoparticles interconnected to form chain-like aggregates. The use of the argon atmosphere
contributed to reduce significantly the formation of Cu oxide species. The synthesized and deposited
nanoparticles exhibited an inhibitory effect upon S. aureus.

Keywords: copper nanoparticles; laser ablation; antibacterial effects

1. Introduction

The decreasing effectiveness of antibiotics and other antimicrobial agents is a global concern.
According to the World Health Organization (WHO), “the post-antibiotic era”, where no treatment
for infections and minor injuries exists, is near [1]. Currently, antibiotic resistance kills an estimated
700,000 people each year, and some experts predict that the number could rise to 10 million by 2050,
if efforts to curtail resistance or develop new antibiotics are not made [2].

Staphylococcus aureus, in addition to being related to a large number of infectious diseases, is one
of the bacteria that presents a greater resistance to current commercial antibiotics [3]. Furthermore,
several researchers have demonstrated the important role of this S. aureus in some oral infections such
as peri-implantitis, which is considered the main cause of dental implant failure [4]. To promote an
antimicrobial response from implants, some metallic antibacterial elements have been incorporated
into implants’ surfaces and matrices [5,6]. Among these elements, noble metal and transition metal
nanoparticles are attracting great interest due to their remarkable antibacterial properties.

153



Nanomaterials 2020, 10, 300

Copper, besides the fact that it is potentially effective against different bacterial pathogens [7], is a
trace element. That is, an element necessary for the proper functioning of the human body in amounts
less than 100 mg per day, there being recommended a daily copper intake of around 1.4 mg for an
adult weighing about 70 kg [8]. It works as an agent to help integrate iron, zinc and vitamin C, besides
being essential for the brain and its neurotransmissions, energy production, and to regulate several
hormonal processes. In addition, copper is part of a good number of enzymes, and is involved in tissue
respiration [9,10].

In particular, the antibacterial activity of copper and its oxides when the size is reduced to
nanoscale is of great interest because of a high surface to volume ratio, which allows doctors to kill the
pathogens without affecting the healthy tissue that surrounds it [11]. But not only is the size behind
these particular properties, but also shape of the particles, which depends upon the fabrication method.
The technique of laser ablation in gaseous media used in the present study allows researchers to obtain
nanoparticles with reduced average sizes. On the other hand, the absence of potentially toxic chemicals
makes this technique a preferred choice for the preparation of nanoparticles. In other techniques, the
use of surfactants or the use of chemical precursors produces the contamination of the nanoparticles
with agents potentially toxic for human cells [12–14].

In previous works, silver nanoparticles were obtained by laser ablation in open air [15], and their
antibacterial properties against Lactobacillus salivarius were then probed [16]. More recently, copper
nanoparticles with different degrees of oxidation were also obtained by laser ablation in water
and methanol, in order to demonstrate their cytocompatibility and bacteriological activity against
Aggregatibacter actinomycetemcomitans [17]. In the present work, we report the synthesis and deposition
of copper and copper oxide nanoparticles on cp Ti substrates in a one-step process by laser ablation.
The process is carried out in the open air and in an argon atmosphere using two different laser
sources. Results and formation process, including the influence of laser parameters, are discussed.
Antibacterial activity against Staphylococcus aureus (a gram-positive aerobic bacteria normally associated
with surgical wounds in orthopedic and dental patients) is also studied for being one of the most
dangerous antibiotic-resistant bacteria.

2. Materials and Methods

2.1. Laser Ablation

A Copper foil with 99.99% of purity (Alfa Aesar) previously cleaned, was used as a laser ablation
target. Titanium discs Grade 2 (Goodfellow Cambridge Limited, Huntingdon, UK) with 10 mm
diameter and about 200 nm of average surface roughness were used as substrates to collect the ablated
material. The target was set at a 30 degree angle with the horizontal plane, and the laser beam was
focused on its upper surface. In each experiment, one Ti substrate was tilted to be placed almost
parallel to the copper target, 10 mm away from the incident point of the laser beam, as detailed in
Figure 1.
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Figure 1. Laser ablation process.

Two different laser sources were used in the process. The first system was a diode-pumped
Nd:YVO4 laser, providing pulses of 14 ns at a wavelength of 532 nm with 0.26 mJ of pulse energy.
The second laser source was a Nd:YVO4 laser providing pulses of 800 ps at 1064 nm of wavelength
and 0.03 mJ of pulse energy. The laser beam spot diameter on the target surface was estimated to be
132 µm, giving a fluence of 1.90 J/cm2 in the case of the Green-Nanosecond laser and 196 µm, giving
a fluence of 0.09 J/cm2, for the IR–Picosecond laser. In all cases, the laser beam was kept in relative
movement with respect to the target at 50 mm/s of scanning speed. The processing parameters used
are listed in Table 1.

Table 1. Processing parameters.

Laser Source Wavelength
(nm)

Pulse Length
(ns)

Pulse Frequency
(kHz)

Pulse Energy
(mJ)

Scanning
Speed (mm/s)

Green-Nanosecond 532 14 20 0.26 50

IR-Picosecond 1064 0.8 200 0.03 50

To analyze in depth the formation process of nanoparticles and the influence of oxygen on this
process, two different atmospheres were used with each laser source: In open air and in the argon
environment by using an airtight chamber which kept the oxygen content below 50 ppm during the
process. Note that all the assays were performed at atmospheric pressure (1 atm). Sample nomenclature
with the corresponding assay conditions are listed in Table 2.
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Table 2. Samples produced and analyzed.

Sample Laser Source Atmosphere Time
(min)

a Green-Nanosecond air 5
b Green-Nanosecond argon 7
c IR-Picosecond air 2
d IR-Picosecond argon 3

In order to compare the obtained samples, the same ablated mass (2 mg) for each condition
was deposited on a titanium plate. Since the process parameters (shown in Table 1) and atmosphere
changed, different processing time was required to obtain the same ablated mass as reported in Table 2.
In this sense, it is noteworthy to mention that several previous assays were performed with each
condition before the final preparation, in order to adjust carefully the required time to obtain the same
mass. Additionally, in each final assay, the ablated mass was confirmed by weighing the targets before
and after the ablation process (∆m ± 0.001 g) for a higher accuracy.

2.2. Sample Preparation and Characterization Technics

The morphology and composition of the nanoparticles on the titanium surface were characterized
by using a Ga ion beam in the FEI Helios NanoLab 600 (FEI, Hillsboro, OR, USA) dual beam microscope.
Scanning electron microscopy (SEM) micrographs and energy dispersive spectroscopy X-rays (EDS) on
the sectioning layer of the coating were obtained by Focused Ion Beam (FIB).

The deposited nanoparticles on the titanium discs were observed by Field Emission Scanning
Electron Microscopy (FESEM) with a JEOL JSM 6700F microscope (JEOL, Akishima, Japan).
Carbon-coated copper microgrids were also used as substrates to collect the nanoparticles for a
size and morphology analysis. Transmission Electron Microscopy (TEM) images were acquired with a
JEOL JEM 1010 (JEOL, Akishima, Japan) microscope and the nanoparticle size distribution was derived
from a histogram obtained by measuring the diameter of about 300 particles.

Nanoparticles were also deposited on carbon-free copper microgrids in order to accomplish
a crystallographic characterization. High-Resolution Transmission Electron Microscopy (HRTEM)
and Selected Area Electron Diffraction (SAED) images were acquired with a JEOL JEM 2010F (JEOL,
Akishima, Japan) high-resolution transmission electron microscope, equipped with a slow digital
camera scan, using a 200 kV accelerating voltage. Identification of phases was achieved by comparing
the measured distances with the diffraction patterns from the ICDD (JCPDS) database.

In order to corroborate the composition of the obtained nanoparticles, X-ray diffraction (XRD)
analysis was carried out by means of a PANanalytical X’Pert Pro X-ray diffractometer using
monochromated Cu-Kα radiation (wavelength 1.54 Å) over the 20–100◦ 2θ range with a step size of
0.02◦. To facilitate the phase identification, the nanoparticles were deposited on a zero-background
holder. The diffraction peaks of each sample were compared with the reference pattern of pure copper
and different copper oxides from the ICDD (JCPDS) database.

The same ablation process was repeated by using a piece of glass to collect the nanoparticles, with
the purpose of studying the optical properties. The ultraviolet to visible (UV/VIS) absorption spectrum
of the copper nanoparticles’ layer was measured in the range from 280 to 800 nm, using a Hewlett
Packard HP 8452 diode array spectrophotometer.

Finally, three replicas (titanium discs with NPs) of each condition were submerged in 25 mL
of ultrapure, deionized water in order to study the influence of copper ions in the bactericidal
process. From each replica, 1.5 mL were laid away regularly during the first 21 days to be centrifuged.
The extracted volume (1.5 mL) was gently replaced with fresh, deionized water. Afterwards, possible
nanoparticles were separated from the solutions by using an Eppendorf miniSpin centrifuge at
13,400 rpm for 30 min at room temperature. After centrifuging, only 1 mL from the upper surface was
taken, leaving the heaviest matter (NPs) in the bottom. In this regard, in order to ensure that only
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the ions in suspension are measured, UV-VIS spectroscopy was also used before analyzing. Finally,
the ions content in the solutions was measured by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) with an Optima 4300 DV (Perkin Elmer, Waltham, MA, USA).

2.3. Antimicrobial Activity

The antibacterial activity of the treated samples was studied with Staphylococcus aureus (CECT
(Colección Española de Cultivos Tipo) 435, Valencia, Spain) cultured in BHI broth (Scharlab SL,
Sentmenat, Spain). A bacteria inoculum was incubated for 24 h at 37 ◦C before the assay.

The optical density for the bacterial suspension was adjusted to 0.2 ± 0.01 at 600 nm, equivalent to
1 × 108 colony-forming units (CFU)/mL.

The control and treated samples were immersed in ethanol and distilled water for 15 min each,
and put into a 24-multiwell plate (Nunc, Rochester, NY, USA) with 1 mL bacterial suspension at 37 ◦C
for 2 h. Afterwards, the samples were washed thrice with phosphate buffered solution (PBS) to wash
off the nonadherent bacteria. The adhered bacteria were collected, sonicating the samples in 1 mL
sterile PBS for 5 min. The PBS was serially diluted, and the diluted bacterial suspensions were seeded
onto agar plates supplemented with BHI medium. The agar plates were then incubated at 37 ◦C for
24 h, and the CFUs were counted.

2.4. Statistical Analysis

Data collected from the antibacterial assay were statistically analyzed. All quantitative values
were presented as mean ± standard deviation (SD). All experiments were performed using three
replicates. Tukey’s test was applied for comparing the mean of each group with the mean of the control
group, and the means of all groups in pairs with a level of significance p-value < 0.05.

3. Results and Discussion

The characteristics and properties of the obtained nanoparticles were investigated, and the results
analyzed concerning the influence of different parameters in the ablation process.

3.1. Ablation Rate

In order to ensure that the same quantity of ablated material was produced for each condition, the
ablation time was carefully adjusted, being required to be at a different duration for each processing
condition (see Table 2). This information gives us an idea about the efficiency of the process depending
on the laser source and the atmosphere used, and also makes it possible to analyze the influence of
time on the resultant nanoparticles.

As detailed in Table 2, the Green-Nanosecond laser requires more than twice as long as the
IR–Picosecond to ablate the same amount of material from the copper plate surface. These results
evidence the influence of laser parameters on the process. According to previous works, the ablation
rate of pure metals is higher at low fluence due to the plasma shielding effect [18]. During the
laser–matter interaction, material from the surface of the target is ejected and the plasma plume appears.
This plasma reaches temperatures of tens of thousands Kelvin in the ablation process, but it is even
higher in case of high fluences. When this occurs, as a result of the temperature increase, the plasma
expands, and a protective shield on the upper surface of the material appears [19]. In addition,
the absorption coefficient of the copper is higher for the 532 nm (green) than for the 1064 nm (invisible)
wavelength, leading to a self-absorption process, where part of the incoming laser radiation is absorbed
by the ablated material [20]. In the aforementioned processes (plasma shielding and self-absorption),
the ablated material absorbs part of the incoming laser radiation, and consequently, the energy which
reaches the surface is attenuated. Both phenomena have a great influence on the plasma development,
and consequently on the amount of the ablated material.

Although laser parameters such as laser fluence, wavelength and pulse duration are important
for controlling the process, the ablation environment determines to a large extent the laser–material
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interaction [21,22]. In this sense, the ablation process seems to be more productive in open air than in
argon. This is likely due to the presence of oxygen and the high reactivity of copper. With about 20% of
the background, air seems to contribute to increase the ablation efficiency by means of an exothermal
reaction. As it was addressed by other authors, oxygen molecules dissociated in the process due to
the high temperatures, and oxidized the surface of the target favoring the reaction and the heating
of the material [18]. In addition, the atomic weight of the gaseous media has a great influence upon
the plasma development. In this sense, Ar with a higher atomic weight than air conduces to more
confinement of the plasma plume and a slow expansion.

3.2. Physicochemical Characterization of the Film

FIB-prepared cross-section shows the arrangement of the deposited nanoparticles on the titanium
surface (Figure 2A,B). SEM micrographs show micrometer nanoparticles immersed inside a spongy
coating of small nanoparticles. The adhesion between titanium and nanoparticles seems to be weak
due to the small contact surface between them.
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Figure 2. (A) Scanning electron microscopy (SEM) micrograph of the nanoparticles coating on the
titanium disc, (B) SEM micrograph of the Focused Ion Beam (FIB)-prepared cross-section, (C) Sum
spectrum obtained from the cross-section.

EDS performed confirms the composition of the coating.

3.3. Characterization of the Obtained Nanoparticles

3.3.1. Size and Morphology

Several images were recorded and used to perform an analysis of morphology and size distribution.
As reference, a FESEM image of the Titanium substrate surface was also acquired (see Figure 3).

158



Nanomaterials 2020, 10, 300

Nanomaterials 2020, 10, 300 6 of 16 

 

3.2. Physicochemical Characterization of the Film 

FIB-prepared cross-section shows the arrangement of the deposited nanoparticles on the 

titanium surface (Figures 2A,B). SEM micrographs show micrometer nanoparticles immersed inside 

a spongy coating of small nanoparticles. The adhesion between titanium and nanoparticles seems to 

be weak due to the small contact surface between them. 

 

Figure 2. (A) Scanning electron microscopy (SEM) micrograph of the nanoparticles coating on the 

titanium disc, (B) SEM micrograph of the Focused Ion Beam (FIB).-prepared cross-section, (C) Sum 

spectrum obtained from the cross-section.  

EDS performed confirms the composition of the coating. 

3.3. Characterization of the Obtained Nanoparticles 

3.3.1. Size and Morphology 

Several images were recorded and used to perform an analysis of morphology and size 

distribution. As reference, a FESEM image of the Titanium substrate surface was also acquired (see 

Figure 3).  

 

Figure 3. Field emission scanning electron microscopy (FESEM) micrographs of titanium disc 

surface used as substrate. 

Figure 4 shows the aspect of the obtained copper nanoparticles anchored on the titanium surface 

at low magnification.  

Figure 3. Field emission scanning electron microscopy (FESEM) micrographs of titanium disc surface
used as substrate.

Figure 4 shows the aspect of the obtained copper nanoparticles anchored on the titanium surface
at low magnification.
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Figure 4. FESEM micrographs of Cu nanoparticles from samples a, b, c and d obtained by laser ablation
using (a) Green-Nanosecond laser in air, (b) Green-Nanosecond laser in argon, (c) IR-Picosecond laser
in air, (d) IR-Picosecond laser in Argon, as reported in Table 2.

Note that large particles can be observed on the titanium surface. This result is a common
consequence of laser ablation due to the formation mechanism of nanoparticles. When laser pulses of
high intensity strike on the copper target, the temperature of the interaction zone is increased up to its
boiling point, leading to an explosive boiling, where nanodroplets together with ionized matter (ions,
clusters, free atoms) are ejected from the target to the substrate surface. These nanodroplets, can form
spherical micrometric and submicrometric particles and solidify on the substrate, while the ionized
matter nucleates and grows. The EDS analysis confirms that even the micrometric particles are copper
or copper oxide.

TEM micrographs of the obtained copper nanoparticles are shown in Figure 5.
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Figure 5. Transmission electron microscopy (TEM) micrographs of Cu nanoparticles from samples a, b,
c and d obtained by laser ablation using (a) Green-Nanosecond laser in air, (b) Green-Nanosecond laser
in argon, (c) IR-Picosecond laser in air, (d) IR-Picosecond laser in argon, as reported in Table 2.

As can be observed at higher magnification, copper nanoparticles obtained by laser ablation
exhibit a rounded shape with a high tendency to agglomerate, forming chain-like structures. This is
because of the metallic nature of the starting material and the formation mechanism of the nanoparticles.
Concurrently with the nucleation and growth process of nanoparticles, the absorbed radiation increases
the temperature of the already formed NPs above the melting point, melting and joining with others
by coalescence, leading to the formation of chain-like structures.

The represented histograms (see Figure 6) were obtained from several representative TEM images
by measuring the diameter of about 300 particles of each sample.

Nanomaterials 2020, 10, 300 8 of 16 

 

As can be observed at higher magnification, copper nanoparticles obtained by laser ablation 

exhibit a rounded shape with a high tendency to agglomerate, forming chain-like structures. This is 

because of the metallic nature of the starting material and the formation mechanism of the 

nanoparticles. Concurrently with the nucleation and growth process of nanoparticles, the absorbed 

radiation increases the temperature of the already formed NPs above the melting point, melting and 

joining with others by coalescence, leading to the formation of chain-like structures.  

The represented histograms (see Figure 6) were obtained from several representative TEM 

images by measuring the diameter of about 300 particles of each sample.  

 

Figure 6. Histograms of size distribution from Cu nanoparticles obtained by laser ablation with (a) 

Green-Nanosecond laser in air, (b) Green-Nanosecond laser in argon, (c) IR-Picosecond laser in air, 

(d) IR-Picosecond laser in argon. 

Close inspection of Figure 6 reveals that the sizes of the obtained nanoparticles are deeply 

determined by the nucleation time and the growth time of nuclei. In this growth kinetics, parameters 

such as fluence, wavelength and the repetition rate of the laser source, but also the environmental 

conditions, are critical factors [21,23]. 

As can be seen, copper nanoparticles obtained by the IR–Picosecond laser in argon present the 

lowest average size and the highest dispersion. On one hand, the fraction of particles of small size 

(between 0 and 5 nm) is greater when the laser ablation takes place in argon. These results bring to 

light the great influence of the atmosphere on the ablation process. In argon, the absorption of the 

laser beam by the plasma is higher than in air, and consequently, less of the sample is vaporized [21]. 

On the other hand, the broad size dispersion is due to the presence of large particles from the material 

ejection during the laser ablation process. These micrometric particles occur more frequently with the 

IR-Picosecond laser, because, although the power is similar, the pulse energy is concentrated in 

shorter pulses. 

3.3.2. Composition and Crystallography 

3.3.2.1. HRTEM, FFT and SAED 

A high resolution transmission electron microscope was used to reveal the crystalline structure 

of the obtained nanoparticles. All of the particles obtained, even the smallest ones, are crystalline. 

This aspect can be observed in Figure 7, showing HRTEM of polycrystalline nanoparticles with clear 

Figure 6. Histograms of size distribution from Cu nanoparticles obtained by laser ablation with (a)
Green-Nanosecond laser in air, (b) Green-Nanosecond laser in argon, (c) IR-Picosecond laser in air,
(d) IR-Picosecond laser in argon.

160



Nanomaterials 2020, 10, 300

Close inspection of Figure 6 reveals that the sizes of the obtained nanoparticles are deeply
determined by the nucleation time and the growth time of nuclei. In this growth kinetics, parameters
such as fluence, wavelength and the repetition rate of the laser source, but also the environmental
conditions, are critical factors [21,23].

As can be seen, copper nanoparticles obtained by the IR–Picosecond laser in argon present the
lowest average size and the highest dispersion. On one hand, the fraction of particles of small size
(between 0 and 5 nm) is greater when the laser ablation takes place in argon. These results bring to
light the great influence of the atmosphere on the ablation process. In argon, the absorption of the
laser beam by the plasma is higher than in air, and consequently, less of the sample is vaporized [21].
On the other hand, the broad size dispersion is due to the presence of large particles from the material
ejection during the laser ablation process. These micrometric particles occur more frequently with
the IR-Picosecond laser, because, although the power is similar, the pulse energy is concentrated in
shorter pulses.

3.3.2. Composition and Crystallography

HRTEM, FFT and SAED

A high resolution transmission electron microscope was used to reveal the crystalline structure
of the obtained nanoparticles. All of the particles obtained, even the smallest ones, are crystalline.
This aspect can be observed in Figure 7, showing HRTEM of polycrystalline nanoparticles with
clear lattice fringes and their corresponding Fast Fourier Transform (FFT) of the characteristic crystal
as insets.
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In order to elucidate the crystalline phases of each sample, SAED was performed on several
groups of particles, as shown in Figure 8. Identification of phases was achieved by comparing the
measured distances from SAED with the diffraction patterns from the ICDD (JCPDS) database.
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Figure 8. Selected area electron diffraction (SAED) pattern obtained over a group of copper nanoparticles
obtained by laser ablation with (a) Green-Nanosecond laser in air, (b) Green-Nanosecond laser in argon,
(c) IR Picosecond laser in air, (d) IR-Picosecond laser in argon.

The measured interplanar distances from Figure 8 are listed in Table 3.

Table 3. Lattice spacing measured in nm from SAED and the corresponding diffraction patterns from
the ICDD database of metallic Copper, CuO and Cu2O.

a b c d Cu (hkl) CuO (hkl) Cu2O (hkl)

0.247 0.246 0.248 0.247 (111)

0.234 0.231 (200)

0.208 0.209 (111)

0.214 0.216 0.213 0.214 (200)

0.183 0.181 (200)

0.187 0.187 (−202)

0.152 0.151 0.151 0.151 0.150 (−113) 0.151 (220)

0.129 0.132 0.129 0.128 0.128 (220) 0.129 (311)

0.109 0.109 (311)

0.098 0.083 0.083 (331) 0.098 (331)
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According to the data collected in Table 3, the main reflections of each sample correspond with
diffraction patterns of metallic copper and different oxidation states of copper from the ICDD (JCPDS)
database. The main reflections hkl of Cu-NPs obtained by laser ablation using the Green-Nanosecond
laser in air (sample a) and argon (sample b), can be indexed on the cubic crystal lattice of Cu2O
(JCPDS-ICDD ref. 005-0667), while the Cu-NPs obtained by laser ablation using the IR-Picosecond
laser in air (sample c) corresponds with a combination of Cu2O and CuO (JCPDS-ICDD ref. 041-0254),
and a combination of Cu2O and Cu (JCPDS-ICDD ref. 004-0836) if the IR-Picosecond laser is used in
argon (sample d).

XRD

To elucidate the crystalline phases, X-ray diffractometry (XRD) was performed on the obtained
nanoparticles and the precursor copper plate. The corresponding patterns of the samples are depicted
in Figure 9.
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Figure 9. X-ray diffractometry (XRD) of Cu nanoparticles obtained with a wavelength of 532 nm by Los
Alamos National Laboratory (LASL) with (a) the Green-Nanosecond laser in air, (b) Green-Nanosecond
laser in argon, (c) an IR-Picosecond laser in air, (d) and the IR-Picosecond laser in argon. Gray lines
represent the position of the representative diffraction peaks.

As can be clearly seen, the diffraction pattern of the target corresponds to a cubic crystal system with
characteristic diffraction peaks (111), (200), (220) and (311) at 2θ values of 43.3◦, 50.4◦, 74.1◦ and 89.9◦,
respectively, according to JCPDS-ICDD ref. 004-0836. The elemental nature of the obtained Cu NPs
was confirmed through XRD analysis. Samples obtained by laser ablation with the Green-Nanosecond
laser (samples a and b) are mainly composed of Cu2O. Although there is the presence of an intensity
peak at 28.5◦ corresponding to Cu4O3 (JCPDS-ICDD ref. 003-0879) in sample b, it suggests that copper
nanoparticles obtained in argon are less oxidized. On its behalf, Cu NPs obtained by laser ablation
with the IR–Picosecond laser in air (sample c) corresponds with Cu2O and a low presence of Cu and
CuO, while in argon (sample d) NPs correspond mainly with metallic copper.

It is noteworthy to mention, that although the samples obtained in an inert atmosphere present a
lower oxidation degree, the insignificant difference between samples a and b compared to the samples
obtained when the IR–Picosecond laser, is probably due to the different mechanisms of NPs formation.
When the Picosecond laser is used, ablated material is directly ejected from the surface target as a
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result of the direct sublimation. On the contrary, in the Nanosecond regime, the ablated material is
melted and vaporized, growing in the plasma as a consequence of the interaction with the ambient gas,
and subsequently by coalescence on the substrate. This thermal process favors the oxidation of the
final NPs.

Note that although the results from XRD are in good agreement with those from SAED, the first
one gives us more significant information. This is because, while in SAED the diffraction is performed
on a group of particles, the scanned area in XRD is much larger. Furthermore, the corresponding peak
positions of Cu and Cu2O among samples match, but the intensities are quite different.

As reported by Ingham et al. [24], these results are common in thin films, and reveal a preferential
orientation of each sample.

3.3.3. UV-VIS Absorption

In order to study the optical properties of the obtained nanoparticles, the absorbance of each
sample was measured in the range of 280–800 nm by UV-VIS spectroscopy (Figure 10).
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Figure 10. UV-VIS spectrum of Cu nanoparticles obtained by laser ablation using the Green-Nanosecond
laser in (a) air, (b) argon and using the IR-Picosecond laser in (c) air, (d) Argon.

The mean peak, present in all samples at approximately 300 nm, is characteristic of surface
plasmon resonance (SPR), a feature of CuO nanoparticles [25,26], although curves corresponding to
samples a and b seem to be a convolution of two peaks. The mean peak corresponds to CuO and
there is another at 350 nm, which corresponds with Cu2O [25]. This hypothesis is supported by the
results previously obtained by means of the crystallographic analysis. It is noteworthy to mention that
SPR is a resonance condition, and occurs when the frequency of the incident light matches with the
surface electron frequency of NPs [27]. As it was addressed by previous authors, this effect may not be
observed in all nanoparticles, since only nanoparticles larger than 20 nm present SPR [28]. Furthermore,
the reactive nature of copper extensively used in catalysis may be responsible for the subsequent
oxidation by contact with atmospheric oxygen [29]. On the other hand, the SPR is associated to the
nanoparticles’ shape, size and surrounding medium. In this sense, the presence of a single surface
plasmon peak implies that they are spherical [30], and the broadening of the absorbance peak is
characteristic of a wide size distribution [31], which is in agreement with the TEM analysis.

3.3.4. Copper Ion Release

In order to study the ion release kinetics from the deposited nanoparticles, the copper ions content
in water was measured during the first 21 days after ablation.
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As can be seen in Figure 11, nanoparticles deposited by laser ablation in open air (samples a and c)
show a higher rate of ion release than Cu-NPs deposited in argon (samples b and d), being almost four
times higher in the first 8 h. This suggests that although the mass of copper nanoparticles deposited in
each sample is the same (2 mg), the composition of the environment determines to a large extend the
laser–matter interaction. Thus, when argon is used as a gaseous environment, nanoparticles could
be deposited onto the surface of the substrate being embedded. This would reduce the nanoparticle
surface in contact with the release medium. On the contrary, Cu nanoparticles obtained in open air
would lead to a more superficial coating.
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Figure 11. Kinetics of copper ion release from the immobilized copper nanoparticles on Ti plates.

Note that after the first 8 h, Cu nanoparticles obtained in Argon with the IR–Picosecond increase
the ions’ release ratio. After 7 days (168 h), samples a, b and c seem to become stable.

3.4. Analysis of Antimicrobial Activity

In order to assess the bactericidal activity of the obtained NPs, the analysis was performed with a
Gram-positive bacteria, Staphylococcus aureus. The obtained relative absorbance of each sample with
the corresponding error is shown in Figure 12. Taking into account that the higher the absorbance,
the more the bacterial growth, these values were compared with a positive control (titanium discs with
bacteria without NPs). As is shown, after 24 h, the bacterial growth values are noteworthily reduced
by all samples. Copper nanoparticles obtained by laser ablation in argon by using the IR–Picosecond
laser (sample d), exhibit the highest bactericidal capacity.
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Figure 12. Bacterial adhesion on Ti with and without copper nanoparticles after 24 h of culture.
Significant difference of each group with the control group (# p-value < 0.05).

The statistical analysis performed shows differences between control and samples a, c and d.
On the contrary, no statistically significant differences between samples a, c and d was observed.
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The notable dispersion in the results is consistent with the wide range of surface roughness on the
titanium discs. In this sense, several authors have addressed the high impact of titanium surface
topography on the bacterial adhesion [32,33].

Note that copper nanoparticles with the highest bactericidal effect (sample d) correspond to those
that underwent a lower oxidation degree and smaller mean size with a high size dispersion. On one
hand, previous work showed that a high oxidation state promotes the bactericidal activity but in
conditions of similar oxidation states, particle size seems to be a decisive parameter.

The smaller the size, the greater the antibacterial capacity. This is consistent with previous works,
and demonstrates that NPs with a large surface-to volume ratio provide more antibacterial activity [7].
On the other hand, although previous works state a direct relationship between the bactericidal
activity of copper nanoparticles and their ions’ release [6], our results provide compelling evidence
that ions’ release is not crucial compared to other parameters, such as particle size or oxidation state. In
general terms, our results are consistent with previous studies [7,34], where copper exhibits excellent
antibacterial properties when tested on S. aureus.

4. Conclusions

Crystalline copper and copper oxide nanoparticles have been obtained by means of a laser ablation
technique in gaseous media, using two different nanosecond Nd:YVO4 lasers working at 532 nm and
1064 nm of wavelength, and without any chemical reagent or contamination.

The laser ablation ratio is higher with the IR–Picosecond laser than with the Green–Nanosecond.
The presence of oxygen contributes to the process efficiency, obtaining more ablated material when
laser ablation is carried out in open air than in argon. Nanoparticles obtained in argon do present in
general terms a lower degree of oxidation than those obtained in air.

The antibacterial assay proved the strong antibacterial activity of the obtained copper nanoparticles
against S. aureus. The best inhibitory effects are provided by copper nanoparticles obtained by
laser ablation in argon with 1064 nm of wavelength. These results confirm the influence of size,
crystallographic structure and oxidation state in the bactericidal effects of copper nanoparticles.
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Abstract: Systematic and in-depth studies of the structure, composition, and efficiency of hydrogen
evolution reactions (HERs) in MoSx films, obtained by means of on- and off-axis pulsed laser
deposition (PLD) from a MoS2 target, have been performed. The use of on-axis PLD (a standard
configuration of PLD) in a buffer of Ar gas, with an optimal pressure, has allowed for the formation
of porous hybrid films that consist of Mo particles which support a thin MoSx~2+δ (δ of ~0.7) film.
The HER performance of MoSx~2+δ/Mo films increases with increased loading and reaches the highest
value at a loading of ~240 µg/cm2. For off-axis PLD, the substrate was located along the axis of
expansion of the laser plume and the film was formed via the deposition of the atomic component
of the plume, which was scattered in Ar molecules. This made it possible to obtain homogeneous
MoSx~3+δ (δ~0.8–1.1) films. The HER performances of these films reached saturation at a loading
value of ~163 µg/cm2. The MoSx~3+δ films possessed higher catalytic activities in terms of the turnover
frequency of their HERs. However, to achieve the current density of 10 mA/cm2, the lowest over
voltages were −162 mV and −150 mV for the films obtained by off- and on-axis PLD, respectively.
Measurements of electrochemical characteristics indicated that the differences in the achievable HER
performances of these films could be caused by their unique morphological properties.

Keywords: pulsed laser deposition; nanocatalysts; buffer gas; transition metal chalcogenides;
hydrogen evolution reaction

1. Introduction

Chalcogenides of transition metals, specifically, molybdenum sulfides (MoSx), form compounds
with different local packings of metal (Mo) and chalcogen (S) atoms, which are organized into several
crystalline and amorphous phases. If structures are crystalline, such as the layered 2H-MoS2 and 1T-MoS2

phases, which are nanometer sized, they can initiate a strong catalytic effect that activates a hydrogen
evolution reaction (HER) during water electrolysis [1–5]. For this reason, thin-film molybdenum
sulfide coatings are among the most used nonprecious nanoelectrocatalysts for hydrogen evolution.
However, for widespread electrocatalytic applications, the HER activities and long-term stabilities of such
nanomaterials are paramount. In the thermodynamically stable crystalline 2H-MoS2 phase, basal plane
activation and edge site exposure/orientation on the cathode surface are the most frequently employed
strategies [6,7]. The edge sites of the crystalline 2H-MoS2 phase exhibit the highest catalytic activity;
however, in order to activate the basal planes, they should be modified by defect formation [8–11].
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The catalytic activity of the metastable 1T-MoS2 phase does not depend so much on the orientation of
the nanocrystals relative to the surface of the cathode; however, the synthesis of this phase is a difficult
task [5].

Thin films of amorphous MoSx also have catalytic properties for HER activation. However, they
require other approaches to enhance their activities [12–15]. Amorphous thin-film MoSx materials can
greatly vary in their concentration of sulfur (1 ≤ x ≤ 10), which affects the local packing (chemical state)
of atoms in the films. Currently, the factors that influence the catalytic activities of amorphous MoSx

catalysts are being actively experimentally and theoretically studied [16–20]. An increased concentration
of sulfur (x ≥ 2) and the formation of specific S ligands, and particularly the bridging and terminal S
ligands in Mo3-S clusters, have been established to contribute to an increase in the catalytic activities of
amorphous forms of MoSx. An adequate synergistic interaction of the amorphous MoSx film with the
substrate/supporting material can also enhance the electrocatalytic HER activated by MoSx [21,22].

The most common methods for producing amorphous catalytic MoSx films are chemical and
electrochemical synthesis/deposition [12–14,16,17,19]. The selection of precursors and the variation of
the synthesis conditions makes it possible to obtain films with controllable morphologies, compositions,
and chemical states. Advances in chemical synthesis have not yet resolved the urgency of the problem
of obtaining analogical or more efficient amorphous electrocatalysts by the method of physical vapor
deposition (PVD). The interest in this method is due to its environmental friendliness and the possibility
of implementing other original conditions for the formation of new forms of amorphous MoSx.

Amorphous MoSx films began to be created intensively by PVD methods (i.e., ion sputter deposition
and pulsed laser deposition (PLD)) more than 30 years ago, and their main use was related to the
preparation of solid lubricating (low friction) coatings for the complicated working conditions of friction
pairs [23–26]. Only very recently was the attention given to the potential of the use of PVD/PLD methods
to obtain electrocatalytic films for HER activation [15,17,27–29]. In published articles, it has been reported
that MoSx films obtained by the PLD method, under the standard configuration, possess sufficiently
good electrocatalytic properties in terms of their reaction of hydrogen evolution. However, the task of
these reports was not to determine the maximum attainable performance of MoSx-based electrocatalysts
and to find the optimal conditions for the preparation of the most effective electrocatalyst by PLD.
In particular, the problem of the possibility of variation of S content in a wide range, as well as the effect
of the MoSx-based catalyst nanostructure and loading on the HER characteristics, have not been clarified.

However, changing the functionality of amorphous MoSx films requires significant modification in
the conditions/regimes of their formation when using the PVD/PLD methods. For tribological application,
MoSx films of a substoichiometric composition (x ≤ 2) were deemed most suitable. For application in the
catalysis of HER, it is desirable to increase the concentration of sulfur significantly, and to implement such
chemical states of amorphous MoSx films that will enhance the electrocatalytic performance of the created
films. The use of reactive H2S gas with reactive PVD/PLD allows for variation of the S concentration in
the formed MoSx films over a wide range [17,27]. However, this gas is dangerous, and the use of this gas
causes technical and environmental problems. It is desirable to perform the PVD/PLD of MoSx films
with designed characteristics using only MoS2 targets and nonreactive gas. These targets may be easily
made from abundant earth material.

Also, for effective catalysis, it is important to obtain porous films that are not applicable in tribology.
The peculiarity of pulsed laser ablation of MoS2 targets, which causes the formation of porous MoSx films,
was revealed in the early studies of PLD concerning such films [30,31]. The originality of PLD from targets
of transition metal dichalcogenides also lies in the formation of “core-in-shell” particles [32–34]. There is
reasonable interest in investigating the influences of these factors on the electrocatalytic properties of the
MoSx films obtained by PLD more deeply.

The use of a buffer gas during PLD alters the transport processes of the expansion of a laser
plume from the MoS2 target and makes it possible to increase the S concentration in MoSx films above
a stoichiometric value [29,35,36]. The actual composition of the deposited MoSx films depends on both
the buffer gas pressure and the location of the substrate relative to the direction of the laser plume
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expansion. In cases where the substrate location is on the axis of the laser plume expansion and for
locations perpendicular to it (i.e., using the on-axis PLD mode), all laser-ablated products, including
the atomic flux and particles of submicron and nanometer dimensions, are deposited on the substrate.
In cases where the substrate location is at a distance from the axis and parallel to it (i.e., using the
off-axis PLD mode), the depositing flux consists of atoms that have been taken off from the target
during ablation and scattered at large angles after collision with the buffer gas molecules.

Obviously, the on- and off-axis PLD methods have specific features in terms of their influences
on the structures and chemical states of the deposited MoSx films. The objective of this work was
to perform a rather in-depth study of the main characteristics of MoSx films prepared by on- and
off-axis PLD, and to determine the highest performance of HER that can be achieved with MoSx films
deposited on glassy carbon substrates by these methods. Within this aim, it was necessary to solve the
problem of determining the optimal pressure of the buffer gas for the PLD of high performance MoSx

films and to identify the criteria/features that allow for the appropriate selection of this parameter.

2. Materials and Methods

2.1. Experimental Methods for the on- and off-Axis PLD of MoSx Films

Figure 1 shows time-integrated pictures of laser plumes measured during the pulsed laser ablation
of MoS2 targets under vacuum conditions and at different pressures of buffer gas (Ar). In the case of
on-axis PLD in different conditions, the substrates were located at a normal angle to the axis of laser
plume expansion and were 3.5 cm from the target. Off-axis PLD was performed at an Ar pressure of
8 Pa, and the substrates were located 2 cm from the target. The substrate surface was parallel to the
axis of the laser plume expansion, and the shift of the substrate from this axis was ~0.3 cm. This setup
precluded the influence of the shadow effect from the edge of the substrate on the distribution of
the MoSx film over the surface of the substrate. The dimension of the substrate in the plane was
approximately 0.7 × 0.7 cm2.

Figure 1. Time integrated optical images of the laser plume formed during the pulsed laser deposition
of MoSx films from a MoS2 target under vacuum, considering various pressures of the Ar buffer gas.
The arrangement of glassy carbon (GC) substrates, with respect to the axis of laser plume expansion,
is shown for the modes of on- and off-axis pulsed laser deposition (PLD).

The MoS2 target was ablated by pulses from a Solar LQ529 laser (Solar, Minsk, Belarus). The laser
beam fell at an angle of 45◦ to the surface of the target. The laser generation parameters were as follows:
Radiation wavelength of 1064 nm, pulse duration of 15 ns, pulse energy of 14 mJ, laser fluence of 5 J/cm2,
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and pulse repetition rate of 50 Hz. The selected parameters provided a weak erosion of the target surface
when exposed to a single laser pulse.

Preliminary studies from the authors have found that the use of laser radiation with a shorter
wavelength of 266 nm from the ultraviolet region of the spectrum (the 4th harmonic of laser radiation) does
not cause noticeable changes in the ablation future of the MoS2 target, as with the structure/composition
of the deposited MoSx films.

A significant increase of energy in the laser pulse made it possible to increase the film growth rate;
however, a strongly inhomogeneous distribution of the Mo and S elements over the substrate surface
could be formed. In this case, in the center of the substrate, an area of metallization could arise [24].
An increase in the laser fluence, leading to strong ionization of vapors during the ablation of MoS2

target, results in a more isotropic expansion of the laser plasma. This could cause the formation of
the most uniform distribution of the thickness/composition of the MoSx film over the surface of the
substrate during on-axis PLD. However, the film growth rate decreases, due to the self-sputtering of
the MoSx film by high-energy laser plasma ions. The preferential sputtering of S atoms by ions could
result in the formation of a MoSx film with a very low S content (x ~1).

As illustrated in Figure 1, the target was moved in two directions, allowing for the maintenance
of a relatively smooth surface of the target in the ablation zone under the repeatable laser ablation.
The chamber for PLD was pumped with a turbomolecular pump to a pressure of ~10−4 Pa. The regime
for the preparation of the MoSx films under this condition is indicated in the text as vacuum PLD.
To conduct PLD in a buffer gas, after vacuum pumping, Ar gas was introduced into the chamber. The Ar
pressure during the PLD ranged from 4 to 16 Pa. The deposition was performed in a small chamber with
a volume of ~500 cm3, which made it possible to increase the partial pressure of the sulfur vapor during
the prolonged ablation of the MoS2 target.

To analyse the character of the laser plume expansion under different vacuum conditions, plasma
plume images were collected through the viewport (orthogonal to the axis of the plume motion) using
a digital camera with an exposure time of 0.5 s. This time corresponded to an average value of more
than 20 pulses. Different plumes were assumed to be equivalent, and therefore, the times, shapes, and
sizes of the integrated plumes (i.e., the visible parts) were quite adequately recorded. In addition to the
photoregistration of the pulsed laser plumes, measurements of the time-of-flight signal of a pulsed
laser plasma were performed. The ion probe was placed 3.5 cm from the target. To reflect the electrons
of the laser plasma, a negative bias of 40 V was applied to the probe.

2.2. Structural and Electrochemical Characterization of the Prepared MoSx Films

The MoSx films with different thicknesses were deposited at room temperature on substrates
made of polished glassy carbon (GC), polished silicon plates (including those with a layer of oxide
(Si/SiO2)), and NaCl crystals. The time of PLD varied within the range of 1 min to 2 h. To measure the
catalyst loading and to determine the S/Mo atom content ratio, Rutherford backscattering spectroscopy
(RBS) was used (He ion energy of 1.3 MeV; scattering angle of 160◦; ion beam diameter of 100 µm).
Mathematical modelling of the RBS spectra was performed using the SIMNRA program.

The structures of the thin films deposited on the NaCl were studied using transmission electron
microscopy and selected-area electron diffraction (TEM and SAED (selected-area electron diffraction),
respectively, JEM-2100, JEOL, Tokyo, Japan). For this, the NaCl crystals with a deposited film were
dipped in distilled water. After separation of the films from the substrate, the films were placed on
fine-grained metal grids and transferred to an electron microscope. The structures, compositions
and surface morphologies of the MoSx films prepared on the GC and Si substrates were studied
using scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM and EDS, Tescan
LYRA 3), as well as micro-Raman spectroscopy (MRS), using a 632.8-nm (He-Ne) laser. The cross
section of the laser beam was <1 µm. The chemical states of the MoSx films were studied using
X-ray photoelectron spectroscopy (XPS, K-Alpha apparatus, Thermo Scientific, Madison, WI53711,
USA) with Al Kα radiation (1486.6 eV). The Si/SiO2 substrates with deposited MoSx films were split,
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and the fracture of the samples was studied with SEM. This procedure allowed us to examine the
cross-sectional morphologies of the prepared films.

It should be noted that SEM and EDS studies of the MoS2 target have shown that the polished surface
of the target was noticeably modified after irradiation with one laser pulse. However, the composition
and morphology of the target surface formed after the first laser pulse were not modified substantially
after prolonged laser ablation. This indicated that the main characteristics of the laser plume would not
be changed during the deposition of the electrocatalytic MoSx films with growing loading.

The electrochemical studies of the MoSx films deposited on the GC substrates were performed in
an H2-sparged 0.5 M H2SO4 aqueous solution using an Elins Instruments electrochemical analyzer
(Model P-5X, Chernogolovka, Russia). A saturated silver chloride electrode (Ag/AgCl) was used as the
reference electrode, and the GC with the pulsed laser-deposited MoSx film was the working electrode.
For the used modes of on- and off-axis PLD, quite uniform distributions of the MoSx catalyst over
the entire surface areas of the samples were achieved. All potentials reported in this work have been
measured versus the reversible hydrogen electrode (RHE), and they were calculated according to the
following formula: U(RHE) = U(Ag/AgCl) + (0.205 + 0.059 pH) (pH ~0.3). A bare GC plate was used
as a counter electrode. For the electrochemical testing of a desired area on the GC substrate, the sample
was placed in a special holder that was made of Teflon.

The main electrochemical characteristics of the MoSx films that were accepted for use in determining
the performances of the HER catalysts included the measurements/evaluations of the cathodic polarization
curves, turnover frequencies (TOFs) of the HER, double-layer capacitances (Cdl), electrochemical
impedances, and long-term stabilities. Explanations of the techniques of the electrochemical measurements
that were used to study the MoSx-based catalysts can be found in some published works, e.g.,
References [14,37,38].

The cathodic polarization curves were measured using linear voltammetry (LV), with a sweep
of the applied potential from 0 to −350 mV and a scan rate of 2 mV/s. Before the LV measurements,
all samples were subjected to cathodic pre-treatment at −350 mV. The optimal catalyst loading was
determined in accordance with the minimum overvoltage (U10) that was needed to achieve a current
density of j10 = 10 mA/cm2.

The procedure for calculating the TOF of HER has previously been proposed [16,38]. Cyclic
voltammograms (CV) were measured after applying the cathodic polarization of the sample in the
same electrolyte in the potential range from 0 to 1200 mV. Integration of the current peaks which
resulted from the oxidation of the active sites allowed for the measurement of the number of active
sites on the catalyst surface. The relation of the current density (j), measured by LV, to the number
of catalytically active sites allowed for the evaluation of the TOF of the catalyst using the expression
TOF = j/2Q, where Q is the total charge. This charge was determined by integrating the current (i),
as measured by CV; specifically, Q = 1

Usr

∫ E2

E1
idE, where E is the potential and Usr is the potential scan

rate during the CV measurements (50 mV/s).
For the estimation of Cdl, the current densities versus the potential data were acquired by CV, while

sweeping the applied potential at various scan rates (40–200 mV/s) in a potential range (30–140 mV),
within which no Faradaic electron-transfer processes were observed. The double-layer capacitances of
the MoSx films were calculated as the slopes of plots of the scan rates versus the current densities at
100 mV. Electrochemical impedance spectroscopy (EIS) was performed at an overpotential of −180 mV
in the frequency range of 105 to 10−1 Hz, with a perturbation voltage amplitude of 20 mV. All LV curves
measured in this work were iRs-corrected. The equivalent series resistance (Rs) was extracted from the
EIS data. The stabilities of the prepared films were tested by continuously cycling the voltage between
100 and −350 mV at a scan rate of 50 mV/s.
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3. Results

3.1. Selection of the Conditions (Buffer Gas Pressure) for the PLD of MoSx Films

The dynamics of a laser plume in a vacuum are characterized by a practically free and collision-less
propagation regime. The spatial distribution is strongly forward directed, and the observed light emission
is weak. If a background gas is present in the deposition chamber, the light emission of the plume
increases, due to particle collisions. These collisions produce radiative de-excitation of the ablated species,
both in the body of the plume and particularly in the expansion front. The plume edge can be better
defined, due to the presence of a shock wave front. The plume is slowed down and spatially confined.
The time-integrated visible plume length might relate to the maximum distance reached by the shock
wave front (i.e., the stopping distance) from the ablated target. Obviously, the composition, structure,
and functional properties of the deposited films can significantly depend on both the buffer gas pressure
and the location of the substrate, relative to the stopping distance of the laser plume [39,40].

Figure 1 shows that, in a vacuum and at an Ar gas pressure of 4 Pa, the laser plume expanded
over the large volume of the chamber and enveloped the substrate for the deposition of the film in the
on-axis PLD mode. At a pressure of 8 Pa, a noticeable limitation of the plume volume was observed,
but the front of its expansion reached the substrate located for the on-axis PLD. At a pressure of 16 Pa,
the stopping distance of the laser plume was less than the distance from the target to this substrate.
Measurements of the ion signals of the pulsed laser plasma revealed that, for the ion flux bombarding
the substrate, an increase in Ar pressure caused both a decrease in the intensity and a change in the ion
energy (Figure 2). At a pressure of 8 Pa, along with a peak from the high-speed ions (time of ion flight
up to 5 µs), a peak with a time of ion flight of more than 10 µs appeared. Moreover, at the pressure of
16 Pa, the time of flight for the main ion flux reaching the substrate increased to 15 µs.

Figure 2. Pulsed ion signals that were detected by an ion probe during the pulsed laser ablation of the
MoS2 target, both in a vacuum and at different pressures of Ar buffer gas.

Wood et al. [41] proposed that during ablation in a buffer gas, the laser plume is broken into
orders corresponding to the numbers of collisions made with the background. The first order reaches
the detector without any scattering, the second order undergoes one scattering event, and so forth.
Scattered atoms move mainly by the mechanism of collective motion with the buffer gas molecules
captured by the laser plume, i.e., those in the shock wave. Analyses of the results of the laser plume
optical recording and the ion pulse measurement suggest that, at 8 Pa, a shock wave was indeed
formed, but some of the atoms in the laser plume reached the substrate without scattering. This finding
indicated that the formation of the MoSx films proceeded, due to the deposition of a scattered atomic
flux. However, the flux-containing atoms from the second scattering order could retain the energetic
motion toward the substrate, and therefore, could ensure good adhesion of the films to the substrate.
For the higher pressure of 16 Pa, the formation of the MoSx film was proceeded by the deposition of
atoms that had experienced multiple scattering events on the gas molecules and had lost the energy of
directed motion to the substrate.
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It is shown below that a pressure of 8 Pa was optimal for obtaining a highly efficient HER catalyst
using the on-axis PLD mode. We considered this fact and also analyzed the optical images of the laser
plume (Figure 1). The images indicated that, at the pressure of 8 Pa, there was no noticeable gradient
of brightness along the axis of the expansion of the plume in the range of 2 to 3 cm from the target.
This made it possible to obtain rather uniform MoSx films by off-axis PLD on substrates of up to 1 cm
in size.

3.2. Deposition of the MoSx~2+δ/Mo Films by on-Axis PLD

Figure 3a shows the experimental and model RBS spectra for a thin MoSx film obtained on a Si substrate
over 1 min of on-axis PLD at an Ar pressure of 8 Pa. According to the SIMNRA simulation, the composition
of this film was MoS2.7±0.2. The loadings of the model thin-film catalyst were ~6.6 × 1015 Mo atom/cm2

(1.1 µg/cm2) and ~17.8 × 1015 S atom/cm2 (0.95 µg/cm2). At a density of 5.06 g/cm3, the film thickness was
~4 nm.

Figure 3. Rutherford backscattering spectroscopy (RBS) spectra for MoSx~2+δ/Mo films obtained by
on-axis pulsed laser deposition (PLD) on the Si and Si/SiO2 substrates. (a) A thin film deposited for
1 min on the Si substrate. (b) Films of middle thickness deposited on the Si/SiO2 substrates for 4 min in
a vacuum and at different Ar pressures. (c) Thicker films deposited on the Si/SiO2 substrate in Ar at
a pressure of 8 Pa for various deposition times. The solid lines indicate the model/fitted RBS spectra for
the corresponding experimental spectra. The arrows indicate the channels of accumulation of He ions
which were back scattered by Mo, S, and Si atoms located on the surface of the samples.

Notably, the actual load was greater, due to the Mo nanoparticles, which caused a long “tail” in
the RBS spectrum (channels 240–315). Calculation of the “Mo peak/Mo tail” intensity ratio revealed
that the Mo content in the thin MoSx film was approximately equal to that of the Mo nanoparticles.
The total MoS2.7/Mo catalyst load was estimated to be ~3.4 µg/cm2, corresponding to a deposition
rate of ~3.4 µg/cm2/min. For the used energy of the analyzed ion beam, the imposition of the RBS
peak from the Mo atoms on the RBS peak from the S atoms occurred when the He ions were scattered
by Mo particles larger than 230 nm. The use of the buffer gas reduced the deposition rate of the
atomic component of the laser plume; however, this allowed for an increase in the S concentration in
that component of the hybrid MoSx~2+δ/ Mo films, which was formed, due to the deposition of the
atomic flux.

Figure 3b shows the RBS spectra for the MoSx~2+δ/ Mo films deposited on the Si/SiO2 substrate
under different conditions for 4 min. These spectra indicated that the relative contribution of the Mo
peak can be attributed to “Mo atoms in the MoSx~2+δ film”, which reduced with increasing Ar pressure,
where the yield of He ions in the range of channels 275 to 240 did not depend on the Ar pressure,
which implies that the deposition flux of Mo particles persisted unchanged under various conditions
of the on-axis PLD.

Due to the greater deposition rate of atomic flux during vacuum on-axis PLD, the RBS spectrum
for a corresponding MoSx~2+δ film could be adequately processed by SIMNRA if the model object
consisted of a homogeneous MoSx=2.1-0.2 film on a SiO2 substrate. The catalyst loading included
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~1.7 × 1017 Mo atom/cm2 (27.3 µg/cm2) and ~3.6 × 1017 S atom/cm2 (19.4 µg/cm2). The deposition rate
for the vacuum on-axis PLD of the MoSx/Mo catalyst was 11.7 µg/cm2/min.

Figure 3c shows the dependence of the loading of the MoSx~2+δ/Mo catalyst on the time of its
on-axis PLD in Ar at a pressure of 8 Pa. A monotonic growth of the catalyst loading was observed
with increases in deposition time. The shapes of the RBS spectra are strongly distorted, due to the
accumulation of Mo particles. An example of the mathematical fitting of the RBS spectra is shown
in Figure 3c for a sample obtained after 32 min of on-axis PLD deposition. A fairly good match was
obtained for a model that contained a thin surface layer with the composition MoSx~1.8 and a thicker
underlayer with the composition MoSx~1.4. A satisfactory fit was achieved, due to the assumption
of large surface roughness for the model film. The model film contained ~4.8 × 1017 Mo atom/cm2

(76 µg/cm2) and ~7.5 × 1017 S atom/cm2 (44 µg/cm2). The calculated deposition rate of the MoSx~2+δ/ Mo
film was 3.75 µg/cm2/min, which correlated well with the data regarding the deposition rate at the
initial stage (i.e., for 1 min).

The spectra of the MoSx~2+δ/Mo films obtained with longer deposition times were difficult to
process with SIMNRA (Figure 3c). Below, we show that the optimum catalyst loading was formed with
an on-axis PLD time of 64 min. We assumed that, for this time of on-axis PLD, the catalyst loading
increased to 240 µg/cm2 and included ~9.6 × 1017 Mo atom/cm2 (152 µg/cm2) and ~1.5 × 1018 S atom/cm2

(88 µg/cm2). After an increase in deposition time of up to 128 min, the RBS spectrum of the MoSx~2+δ/Mo
film corresponded to a thick layer of a homogeneous mixture of Mo and S, and the atomic ratio of these
components was S/Mo ≤ 1.

The formation of Mo nanoparticles during the pulsed laser ablation of MoS2 targets and their
transfer to the surfaces of the MoSx~2+δ/Mo films during the on-axis PLD was confirmed by the TEM,
and MD results from a thin film deposited on NaCl (Figure 4). At low magnification, round-shaped
dark particles were detected. The sizes of these particles varied in the range of 10–200 nm. The MD
pattern of these particles corresponded to the cubic lattice of Mo. In high-resolution TEM imaging
of a separate Mo nanoparticle, atomic planes with an interplanar distance of 0.22 nm, characteristic
of Mo (110), were observed. The Mo particles were surrounded by an amorphous ~5 nm-thick shell.
The MoSx~2+δ matrix of the MoSx~2+δ/Mo film was amorphous. The TEM image of this film contained
rounded nanosized areas with lighter contrast. These areas probably corresponded to the sites at which
the Mo nanoparticles were localized. However, when manipulating the film for the TEM studies, these
particles were removed, due to weak adhesion to the thin MoSx~2+δ matrix.

Figure 4. TEM image and selected-area electron diffraction (SAED) pattern of the thin MoSx~2+δ/Mo
thin film obtained by on-axis PLD for 1 min in Ar at a pressure of 8 Pa. The bottom inserts show high
resolution TEM images of the film.

Figure 5a shows SEM images of a relatively thin MoSx~2+δ/Mo film deposited by on-axis PLD onto
the smooth surface of the Si/SiO2 substrate. Here, the deposition time was 4 min, and at this stage of
film growth, the film had a relatively dense structure. This structure was formed from sufficiently small
Mo nanoparticles and a scattered flux of Mo and S atoms. The sizes of most of the Mo nanoparticles

176



Nanomaterials 2020, 10, 201

did not exceed 200 nm, and the scattered flux of Mo and S atoms provided a conformal deposition of
a MoSx~2+δ shell on these particles and enveloped them with approximately the same efficiency over
the entire rounded surface.

Figure 5. SEM images of MoSx~2+δ/Mo films obtained on the (a) Si, (b) SiO2, and (c) glassy carbon (GC)
substrates by on-axis PLD in Ar at a pressure of 8 Pa. The deposition times were (a) 4 min, (b) 64 min,
and (c) 64 min. (b) The top inset shows a cross-sectional image of the film.

Figure 5a shows that larger particles occasionally appeared in the surface of the MoSx~2+δ/Mo film.
The sizes of these particles reached several fractions of a micrometer. The deposition of Mo particles
of a submicron size had a significant effect on the formation of the morphologies of the thicker films.
Figure 5b shows SEM images of the MoSx~2+δ/Mo film deposited on the Si/SiO2 substrate for 64 min.
The large conglomerates are formed from submicro- and nano-sized particles, and the structure of the
film became porous here. The film thickness, as estimated based on the SEM images of the cleaved
Si/SiO2 substrate covered with this film, was ~1.5 µm.

An SEM image of the MoSx~2+δ/Mo catalyst obtained under the same conditions by on-axis PLD on
the glassy carbon is shown in Figure 5c. The image indicates that the catalyst consisted of loose packaging of
nano- and sub-micro-particles. The catalytic film covered the surface of the glassy carbon with a continuous
layer. The GC substrate had noticeable roughness, and the lateral sizes of the surface cavities on this
substrate were approximately several µm, and their depths varied in the range of ~0.1–1 µm. Due to the
roughness of the glassy carbon substrate, the local loading of the MoSx~2+δ/Mo catalyst was somewhat
less than 240 µg/cm2. EDS analysis of the sample, shown in Figure 5c, indicated that the concentrations
of the Mo, S, O, and C atoms were 10.6, 10.2, 5.2, and 74%, respectively. A surface area of 10 × 10 µm2

was analyzed by EDS. The content of O atoms was practically unchanged when the EDS analysis was
performed for a pure polished GC substrate. This result indicated that the O atom concentration in the
films did not exceed several percent. The result of the EDS measurement of the ratio S/Mo in the thick
MoSx~2+δ/Mo catalytic film coincided well with the result of its measurement by the RBS.

Figure 6a shows the micro-Raman spectrum for a MoSx~2+δ/Mo catalyst obtained on glassy carbon by
on-axis PLD for 4 min in Ar at 8 Pa. For this spectrum, there were no peaks characteristic of the MoS2

compound. Measurements of the Raman spectrum for the MoS2 target showed that the characteristic
and most intense E2g

1 and A1g peaks were located at frequencies of 383 cm−1 and 408 cm−1, respectively.
This spectrum confirms the amorphous structure of the catalytic layer, which is characterized by the presence
of several broad vibrational bands near the frequencies of 200, 330, 450, and 540 cm−1. The same Raman
data, with four very weak and broad bands, were obtained from MoSx films grown by traditional PLD
elsewhere [42]. McDevitt et al. [42] proposed that this Raman spectrum indicates that the laser-deposited
films represent a mixture of small domains of MoS2 and amorphous sulfur. It is more reasonable to
use a more recent model of a cluster-based polymeric structure that consists of Mo3-S clusters with
some different configurations of S ligands [4,16,18,27]. In the frame of this model, the characteristic
Raman spectrum of amorphous MoSx contains the following vibration modes: ν(Mo-Mo) at ~200 cm−1,
ν(Mo-S)coupled at ~320 cm−1, ν(Mo-Sapical) at ~450 cm−1, ν(S-S)terminal at ~520 cm−1, and ν(S-S)bridging at
540 cm−1. The Raman spectra of the MoSx~2+δ/Mo catalyst contained bands that could be attributed to all
these modes. However, the vibration peaks of the bridging S2

2− and terminal S2
2 moieties overlapped,
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which caused the appearance of a broadened band in the 500–560 cm−1 range. This finding indicated
a weak order of atom packing in the local regions, comparable to the sizes of the Mo3-S clusters.Nanomaterials 2020, 10, 201 10 of 20 
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Figure 6. (a) Raman spectra for GC substrate, with and without the MoSx~2+δ/Mo thin film catalyst
obtained by on-axis PLD. (b,c) XPS spectra of Mo 3d and S 2p, measured on the surface of MoSx~2+δ/Mo
catalyst after prolonged exposure in the air.

The spectrum of the film obtained by on-axis PLD contained no peaks that are characteristic of
nanocrystalline molybdenum oxides. In the case of the formation of MoO3 nanocrystals, the distinctive
peaks at ~820 and ~990 cm−1 were observed [18]. For the MoO2 nanocrystals, vibrations at ~205, 229,
345, 365, 498, 572, and ~745 cm−1 are characteristic [43]. However, the appearance in the spectrum in
Figure 6a, with wide vibration bands at ~820 and ~950 cm−1, indicates the formation of disordered
MoO3-y clusters in the MoSx~2+δ/Mo film.

This conclusion was confirmed by the results of the XPS studies of the MoSx~2+δ/Mo film, which
are shown in Figure 6b, c. The measurements of the XPS spectra were performed after the prolonged
exposure of the film in the air (for approximately six months). The film was prepared by the on-axis
PLD method in Ar at 8 Pa for 64 min. In the spectrum of Mo 3d, in addition to the doublet Mo 3d5/2-Mo
3d3/2, which corresponds to the chemical bonding of Mo with S (Mo4+, the binding energy EB of
Mo 3d5/2 is 229.7 eV), there was a doublet found that was attributable to Mo oxide (Mo6+, Mo 3d5/2

EB~232.8).
The XPS studies of the MoS2 target indicated that, in the case of effective Mo-S bond formation,

the surface of the compound had a higher resistance to oxidation in the air (results not shown).
The formation of the molybdenum oxide nanophase could have resulted from the ineffective interaction
of Mo and S atoms during the film deposition. Unsaturated Mo bonds in the local structure of the
MoSx~2+δ film interacted with O atoms when the sample was exposed to air. Another mechanism of
molybdenum oxide formation is the oxidation of the surface of the Mo particles that were uncoated with
the MoSx~2+δ thin shell. The former mechanism seems to be more likely, because amorphous MoSx

films obtained by electrochemical deposition (i.e., those without Mo nanoparticles) also undergo a slow
transformation from Mo4+ to Mo6+ under atmospheric conditions [18]. This process could have partially
occurred between the preparation and characterization of these MoSx thin films.

The XPS spectrum of S 2p for the same MoSx~2+δ/Mo film is shown in Figure 6c. This figure reveals
the presence of different S ligands that were considered in the Mo3-S cluster-based model of amorphous
MoSx. The S ligands with an S 2p3/2 peak at 162.3 eV were assigned to the S2

2− terminal or unsaturated S2−
entities in the amorphous MoSx and S2− in the crystalline MoS2. The S 2p3/2 peak at 163.7 eV corresponded
to the bridging S2

2− and apical S2− ligands of the Mo3-S cluster [17,18,37,44,45]. This result agrees well with
the abovementioned Raman spectra of the MoSx~2+δ/Mo films (Figure 6a). The oxidative process of the
MoSx~2+δ/Mo film in the air involved, to some extent, the S atoms. Consequently, a broad band at ~169 eV
appeared on the XPS spectrum, and this binding energy was assigned to the S-O bonds [17,18].

Quantitative compositional analysis by XPS indicated that the S content in the surface layer of the
MoSx~2+δ/Mo films was slightly higher than in the bulk of the films. The x value measured by XPS
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was 5–10% larger than that measured by RBS. This could be due to the adsorption of sulfur atoms on
the surface of the films from the residual atmosphere in the deposition chamber after the PLD process
finished. A similar result was earlier revealed in Reference [35]. The O concentration in the surface
layer of the films did not exceed 10 at % after prolonged exposure in the air. The O concentration was
reduced to 3 at % after ion sputtering of the layer of surface contamination for 30 s.

3.3. Deposition of the MoSx~3+δ Films by off-Axis PLD

Figure 7 shows the RBS spectrum of a thin MoSx film deposited on a Si/SiO2 substrate for 1 min using
the off-axis mode of PLD in Ar at a pressure of 8 Pa. Fitting of the spectrum revealed that the experimental
RBS spectrum coincided well with the model RBS spectrum that was calculated for a continuous/smooth thin
film with a composition of MoSx~3.9 (results not shown). The thin film contained ~2.6 × 1016 Mo atom/cm2

(~4 µg/cm2) and ~1 × 1017 S atom/cm2 (6 µg/cm2). Increases in deposition time caused increases in
catalyst loading with a sublinear dependence. To fit the experimental RBS spectrum from a thicker film
obtained by off-axis PLD for 20 min, a two-layer film model was necessary (Figure 7). A layer of MoS4.1

was formed on the surface of this film, and a sublayer was composed of MoS3.8. The film contained
~4.2 × 1017 Mo atom/cm2 (65 µg/cm2) and ~1.6 × 1018 S atom/cm2 (98 µg/cm2). Thus, the catalyst loading
was increased to 163 µg/cm2.

Figure 7. RBS spectra for MoSx~3+δ films obtained by off-axis PLD on the Si/SiO2 substrates in Ar at
a pressure of 8 Pa for 1 and 20 min. The solid lines indicate the model/fitted RBS spectrum for the
corresponding experimental spectrum.

RBS studies have shown that with increasing target ablation time, the composition of the laser
plume can be altered to some extent. As a rule, the surface composition and roughness of the transition
metal dichalcogenide target are significantly modified by prolonged pulsed laser irradiation [41].
However, an accumulation of sulfur vapor in the film production chamber is also possible with
an increase in deposition time. The effects of these factors were also observed during the formation of
a thicker MoSx/Mo film by off-axis PLD.

Notably, upon calculating the model spectrum of a thicker film, the spectrum was found to be
well-matched to the experimental spectrum in the channel range that corresponded to He ion scattering
from Mo and S atoms. The carbon concentration in the film was set to no more than 20 at %. This value was
determined by the X-ray energy dispersive spectroscopy of this film (results not shown). A disagreement
between the model and experimental spectra was observed in the range of channels (less than 200),
in which the ions yielded from the Si/SiO2 substrate were accumulated. This result could be due to
the structural features of a thicker film. Below, we demonstrate that the microstructure of the film
(micro-crack formation) allowed for the “channeling” of ions through the film. It is difficult to achieve
a good fit result for either the film or the substrate under these conditions.

The TEM and SAED studies revealed that the use of the off-axis PLD mode substantially decreased
the Mo nanoparticle deposition on the surface of the MoSx~3+δ film (Figure 8). The TEM image contrast
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and SAED pattern indicated the amorphous and quite homogeneous structure of the thin film. At low
magnification, only individual Mo nanoparticles were observed on the TEM image. The high resolution
TEM image of the MoSx~3+δ film differed from that of the MoSx~2+δ/Mo film in terms of a pronounced
contrast that contained nanosized threads of dark and light tones. This result could be due to the
different natures of the local packings of atoms in the films obtained by on- and off-axis PLD.

Figure 8. TEM image and SAED pattern of thin MoSx~3+δ thin film obtained by off-axis PLD in Ar at
a pressure of 8 Pa. The bottom insert shows the high resolution TEM image of the film.

SEM studies of the MoSx~3+δ films revealed the formation of a relatively dense thin film material
with a quite smooth surface, and the morphology was slightly dependent on both the deposition
time and the nature of the substrate (Figure 9). The main effect on the growth of the films during the
off-axis PLD was the fragmentation of the films, which caused the formation of micro-blocks that were
separated by grooves (micro-cracks). An SEM study of the cross section of the films revealed that the
micro-cracks could have been formed, due to the development of a columnar structure in the films.
The columnar units originated on the substrate-film interface and grew up to the surface of the film.
This growth was characteristic of chemical compound films with a cauliflower structure in which
bushes are formed, due to the deposition of the scattered flux of atoms and/or clusters of atoms of the
laser plume [46].

Figure 9. SEM images (two magnifications) of MoSx~3+δ films obtained on (a) Si/SiO2 and (b) glassy
carbon substrates by off-axis PLD in Ar at a pressure of 8 Pa for 20 min. The top inset in (a) shows
a cross-sectional image of the film.

The separate rounded particles of submicron size present on the surfaces of these films (Figure 9)
could have been formed by the deposition of Mo nanoparticles that subsequently grew in size, due to
the deposition of a vapor. The needle-like submicroparticles that appeared on the film surface could
have been formed, due to the spreading and solidification of larger liquid droplets that were ejected
from the target at high speed and slid over the film surface.
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The results of the MRS and XPS studies, shown in Figure 10, did not reveal essential differences
in the local structural or chemical states of the catalysts formed by the on- and off-axis PLD. Indeed,
the Raman spectra of the MoSx~3+δ catalysts were wholly like those of the MoSx~2+δ/Mo catalysts
(Figure 6a). The XPS Mo 3d spectrum for the catalyst obtained by off-axis PLD for 20 min consisted of
two doublets that corresponded to Mo4+ and Mo6+. Regarding the XPS S 2p spectrum of the MoSx~3+δ

catalyst, the intensity of the doublet with high binding energy was greater than that with low binding
energy. Similar results were obtained for the MoSx~2+δ/Mo catalyst. However, in the S 2p spectrum of
the MoSx~3+δ film, the relative intensity of the band corresponding to the S-O bonds was noticeably
larger than that in the spectrum of the MoSx~2+δ/Mo film. This finding suggests that, at higher S
concentrations in the catalyst, not all S atoms formed perfect chemical bonds with Mo or other S atoms
included in the Mo3-S clusters. The S atoms possessing unsaturated bonds were subject to oxidation in
the air environment.

Figure 10. (a) Raman spectra for the GC substrate, with and without the MoSx~3+δ thin film catalyst
obtained by off-axis PLD. (b,c) XPS spectra of Mo 3d and S 2p, respectively, measured on the surface of
the MoSx~3+δ catalyst after prolonged exposure in the air.

3.4. Electrocatalytic Performances of the MoSx~2+δ/Mo and MoSx~3+δ Films Prepared by on-Axis and off-Axis
PLD

Figure 11 shows the results of an electrochemical study of the dependence of the electrocatalytic
properties of the MoSx~2+δ/Mo films on the buffer Ar gas pressure. The results of LV measurements
indicate that the smallest overpotential of HER was found for films deposited at pressures of 4 and
8 Pa (Figure 11a). A current density of 10 mA/cm2 was achieved at a voltage of U10 ~206 mV. The Tafel
slope was ~53.6 eV/dec. The MoSx~2+δ/Mo films deposited in a vacuum and at a higher Ar pressure
(16 Pa) required much more overvoltage to achieve a current density of 10 mA/cm2, and their Tafel
slope was as large as 56.7 mV (Figure 11b). Additional anodic CV measurements and TOF calculations
(Figure 11c,d) revealed that the relatively good performance of the catalyst, deposited at a pressure
of 4 Pa, was caused by a larger loading compared to that for the catalyst obtained at 8 Pa. Indeed,
for the film obtained at 8 Pa, the TOF value at the voltage of −200 mV was ~0.023 s−1, and for the film
deposited at 4 Pa, the TOF was ~0.014 s−1. The films deposited in Ar at 16 Pa also had relatively large
TOF (~0.023 s−1). However, at the pressure of 16 Pa, the MoSx~2+δ/Mo film deposition rate was the
lowest. These results were used to choose the Ar pressure of 8 Pa for the PLD of amorphous MoSx

films in the present work.
Comparison of the shapes of the anodic CV curves (anodic stripping voltammograms) for the

MoSx~2+δ/Mo films deposited at different Ar pressures indicated that an increase in Ar pressure of up
to 8 Pa led to the formation of a curve in which a broad peak at ~700 mV was dominant (Figure 11c).
Other peaks at higher voltages, which were present on the CV curves for the MoSx~2+δ/Mo films
deposited in a vacuum and at Ar at 4 Pa, disappeared. This finding suggests that Ar pressure increases
during the on-axis PLD, resulting in the formation of a homogeneous local structure of MoSx~2+δ

(0.7 ≤ δ ≤0.9) catalysts, in which all active sites possess an identical nature and participate in the HER.
Notably, the oxidation of active sites in the amorphous MoSx catalysts obtained by electrodeposition
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was registered at ~900 mV [18,37]. This finding indicates a possible difference in the local atomic
structure of the active sites formed during the PLD and electrochemical deposition of amorphous
MoSx films.

Figure 11. (a) Polarization curves. (b) Tafel plots. (c) Anodic cyclic voltammograms. (d) Turnover
frequency (TOF) dependence on voltage for the MoSx~2+δ/Mo catalysts obtained on GC substrate by
on-axis PLD in a vacuum and at different Ar pressures for 4 min.

Figure 12 shows the results of the studies of the electrocatalytic properties of the MoSx~2+δ/Mo
films that were deposited by on-axis PLD onto the glassy carbon in Ar at 8 Pa for different times.
The polarization curves (Figure 12a) show the benchmark activities of the MoSx~2+δ/Mo films, where
both the apparent geometric area and the catalyst loading are known. The LV measurements indicated
that a noticeable catalytic effect from a thin film was observed for very short deposition times (~2 min).
With MoSx~2+δ/Mo catalyst loading of 6.8 µg/cm2, an overpotential of −222 mV was required to
achieve a current density of 10 mA/cm2. With an increase in the deposition time to 64 min, the U10

value decreased (in absolute value) to −154.5 mV. A significant time increase up to 128 min caused
only a slight decrease of the U10 to −150 mV. The Tafel slopes of the linear portions of the LV curves
decreased from 53.7 to 50 mV/dec.

All anodic CV curves, shown in Figure 12b, had approximately identical shapes in which a broad
peak dominated. This peak shifted from ~700 to ~800 mV under loading growth. The intensity of the
peak revealed an outrunning growth with catalyst loading increase that caused a change of the TOFs
for these films. The highest TOF value, −200 mV (equal to 0.026 s−1), was found for the catalyst with
minimal loading. As the loading increased, the TOFs decreased, and the TOF values were in the range
of 0.01 ± 0.002 s−1 for the films with higher loadings.
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Figure 12. (a) Polarization curves. (b) Anodic cyclic voltammograms. (c) TOF dependence on voltage
for the MoSx~2+δ/Mo catalysts obtained on the GC substrate by on-axis PLD in Ar at 8 Pa for different
deposition times.

The results of the study of the electrocatalytic properties of the MoSx~3+δ films deposited on
glassy carbon by off-axis PLD in Ar at 8 Pa for different times are shown in Figure 13. For the lowest
deposition time of 1 min (MoSx~3+δ catalyst loading 10 µg/cm2), an overpotential of −209 mV was
required to achieve a current density of 10 mA/cm2. An increase in the deposition time, up to a certain
point (20 min), caused a monotonic decrease of the U10 to −165.5 mV (Figure 13a). The Tafel slope
decreased from 48.2 to 44.4 mV/dec. Further time increases caused only a slight decrease of U10 to
−162 mV. The Tafel slopes of 50 and 44.4 mV/dec indicated that the HER was actually proceeded by
a mechanism that was identical for the films obtained by on- and off-axis PLD.

Figure 13. (a) Polarization curves. (b) Anodic cyclic voltammograms. (c) TOF dependence on voltage
for the MoSx~3+δ catalysts obtained on the GC substrate by off-axis PLD in Ar at 8 Pa for different
deposition times.

The LV measurements indicated that the maximum achievable catalytic performance for the
MoSx~3+δ films was less than that for the MoSx~2+δ/Mo films. This finding contradicted the results of
the TOF measurements, which revealed that the TOFs were higher for the MoSx~3+δ films (Figure 13c)
than for the MoSx~2+δ/Mo films (Figure 12c). Indeed, the highest TOF of ~0.05 s−1 (at −200 mV) was
found for the thinnest MoSx~3+δ film that was deposited for 1 min. An increase in loading caused
a decrease in the TOF of the MoSx~3+δ film, which was ~0.024 s−1 for the film deposited for ≥20 min.
The larger TOFs for the MoSx~3+δ films were due to both a lower current density during anodic striping
CV and a narrower shape of the main peak, which is ascribable to the active site oxidation (Figure 13b).
The narrower CV peak located at ~710 mV indicated a uniform chemical state of the atoms in the local
areas of the catalytically active sites on the surfaces of the MoSx~3+δ films.

4. Discussion

For both PLD deposition modes, an increase in catalyst loading caused a sublinear increase in
the double-layer capacities of the obtained catalysts. However, at higher loadings, the Cdl for the
MoSx~3+δ films exceeded that of the MoSx~2+δ/Mo films (Figure 14a). Thus, for the optimal loadings
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of 240 µg/cm2 (MoSx~2+δ/Mo catalyst) and 163 µg/cm2 (MoSx~3+δ catalyst), the Cdl values were 20
and 22 mF/cm2, respectively. These findings could be because there were significant contributions of
heavy Mo particles to the loadings of the MoSx~2+δ/Mo films. For both films, the contents of S atoms
that could form catalytically active sites (as S2

2− units) in these types of catalysts were approximately
equal to 1.5 ± 0.1 × 1018 cm−2.

Figure 14. (a) Dependences of Cdl on the loading for the MoSx-based catalysts obtained by on- and
off-axis PLD. (b, c) Nyquist plots of the electrochemical impedance spectroscopy (EIS) measured for
these catalysts obtained with different deposition times. The arrows indicate in (a) the optimal loadings
of the catalysts.

Double layer capacitances are directly proportional to the effective electrochemical surface
areas of the catalysts. However, the proportionality coefficient may depend on the nature of the
catalyst-electrolyte interface. It is reasonable to assume that the specific capacities of two structures, i.e.,
semiconductor (MoSx~3+δ)-electrolyte and metal (Mo)-semiconductor (MoSx~2+δ)-electrolyte, might
differ. Thus, it is difficult to correctly compare the effective electrochemical surface areas of the catalysts
obtained by on- and off-axis PLD using the results of the Cdl measurements. Notably, the Cdl increased,
even with an increase in loading past the optimal point. This allowed us to suggest that, under
high loading, the entire electrochemical active surface area is not effectively involved in the HER.
This supposition could be due to the fact that other mechanisms also influence the hydrogen evolution.
Both the efficient transfer/diffusion of reagents to active sites and conditions for the free removal
of molecular hydrogen are required [47–49]. The porous structures of the MoSx~2+δ/Mo films, with
greater physical surface area, are expected to provide such conditions. Analysis of the anodic stripping
voltammograms revealed that, on the physical surfaces of the MoSx~2+δ/Mo films, there were many
more active centers than on the surfaces of the MoSx~3+δ films (Figure 12b).

EIS revealed that the lower TOFs of the MoSx~2+δ/Mo films could have been caused not only by
lower S concentrations in the catalytic MoSx~2+δ films, but also by increased resistivities to the electric
current transport through the hybrid layers. Indeed, the increase in load caused a monotonic decrease
in the electrical resistances of the MoSx~2+δ/Mo and MoSx~3+δ films (Figure 14b,c). However, with
optimal loading, the resistances to current transport of the MoSx~2+δ/Mo and MoSx~3+δ films were ~11
and ~7 Ω, respectively. As is known, the resistivity of a catalytic film has an important influence on
the kinetics of the HER [50]. The increased resistivities of the MoSx~2+δ/Mo films could be caused by
the hybrid structures of these films. Although metallic Mo is a good current conductor, in a hybrid
structure, the electric current mainly passes through Mo-MoSx~2+δ interfaces, which could produce
a barrier effect (i.e., a Schottky barrier) for electron transport [51].

Long-term stability is an important aspect when evaluating the performance of an electrocatalyst.
For the on- and off-axis PLD catalysts, nearly identical LV curves were detected after the first and
2000th cycles of CV testing. These results indicate no loss of catalytic performance and the remarkable
stabilities of the electrocatalysts prepared on the GC substrate by the two PLD modes. Notably, the HER
performances of both types of catalysts obtained with the two modes of PLD were quite high compared to
other state-of-the-art nonprecious catalysts in acidic solutions. Comprehensive and updated information
about the HER performances of amorphous MoSx-based catalysts can be found in the literature [17,18,37].
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To assess the potential feasibility of practical application of on-axis and off-axis PLD methods,
the distribution of the thickness and composition of the MoSx films on the substrate should be
considered. In the case of the vacuum on-axis PLD of the MoSx~2+δ/Mo film on the substrate installed
at 3.5–5 cm from the MoS2 target, almost all the laser ablated material is deposited on a substrate with
a diameter of ~4–6 cm. The bell-shaped distribution of the film thickness is formed over the substrate
surface [24]. The use of a buffer gas can improve the uniformity of film deposition, due to scattering of
the laser plume (see, for example, Reference [52]), but the amount of the deposited material will be
decreased. Analysis of Figure 3b revealed that at an optimal (for obtaining the highest HER efficiency
of MoSx~2+δ/Mo film) Ar gas pressure, the amount of material deposited by on-axis PLD was decreased
by ~6 times in comparison with the deposition by vacuum on-axis PLD.

The studies have shown that the atomic flux ablated by the laser from the MoS2 target and scattered
by Ar gas will not be wasted. The deposition of the scattered atomic flux also makes it possible to obtain
rather effective MoSx~3+δ electrocatalysts by off-axis PLD. For example, two substrates can be installed in
parallel on opposite sides of the axis of expansion of the laser plume. Thus, most of the ablated material
will be used to obtain the MoSx~3+δ electrocatalyst. Studies of the film composition/thickness on the
substrate at various distances from the target and the development of algorithms for moving/rotating
substrates during the off-axis PLD processes will result in the preparation of rather uniform distributions
of the catalytic MoSx~3+δ films over the substrates with surface areas of ~10 cm2.

A technical solution involving a combination of two methods of PLD may be promising. The on-axis
PLD will cause the formation of a porous structure of the catalytic MoSx~2+δ/Mo layer, and off-axis
PLD will result in the formation of a highly-effective MoSx~3+δ thin-film electrocatalyst on the surface
of the porous MoSx~2+δ/Mo layer.

5. Conclusions

The use of two modes of PLD from a MoS2 target allowed us to obtain amorphous MoSx-based
catalysts with different compositions and morphologies. To obtain a high-quality MoSx-based catalyst,
it is important to choose the optimal buffer gas pressure during the PLD. During the deposition by
traditional on-axis PLD, MoSx~2+δ/Mo films with hybrid porous structures and rather high concentrations
of sulfur (δ ~0.7) in the catalytically active MoSx~2+δ nanophase were obtained. Submicron and nanosized
Mo-based particles were formed during the pulsed laser ablation of the target, and they were then
incorporated into the bulk of the catalytic coatings deposited on the GC substrate. The hybrid
structure somewhat slowed down the electric current transport through the deposited layer; however,
this provided a greater physical surface area, and consequently, a greater number of active sites for HER.
The porosity/morphology of the hybrid catalyst facilitated the effective growth of the exposed surface
area with the increase in the MoSx~2+δ/Mo catalyst loading. This led to the possibility of achieving
a higher HER performance at the optimal catalyst loading (~240 µg/cm2) via the use of on-axis PLD
compared to what could be achieved with off-axis PLD. To realize a current density of 10 mA/cm2 on the
GC substrate, the lowest overvoltages were −150 and −162 mV for the films obtained by on- and off-axis
PLD, respectively.

The mode of off-axis PLD differs from the mode of on-axis PLD in terms of a higher deposition
rate for catalytic MoSx~3+δ films and a larger S concentration in the amorphous MoSx~3+δ (δ ~0.8–1.1)
phase. The depositions of Mo and S atomic fluxes scattered on Ar molecules facilitated the growth of
the relatively dense structures of these films, which contributed to improved electric current transport
through the deposited layer. This fact, combined with the greater S concentration, resulted in higher
TOFs for the MoSx~3+δ than the MoSx~2+δ/Mo films. However, the growth of the loading of these
relatively dense catalytic films that possessed smoother surfaces did not effectively increase the
numbers of active sites exposed in electrolyte for HER. The HER performance of the MoSx~3+δ films
obtained with off-axis PLD was saturated at a loading of ~163 µg/cm2.
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Abstract: Magneto-plasmonic nanoparticles constituted of gold and iron oxide were obtained
in an aqueous environment by laser ablation of iron and gold targets in two successive steps.
Gold nanoparticles are embedded in a mucilaginous matrix of iron oxide, which was identified
as magnetite by both microscopic and spectroscopic analyses. The plasmonic properties of the
obtained colloids, as well as their adsorption capability, were tested by surface-enhanced Raman
scattering (SERS) spectroscopy using 2,2′-bipyridine as a probe molecule. DFT calculations allowed for
obtaining information on the adsorption of the ligand molecules that strongly interact with positively
charged surface active sites of the gold nanoparticles, thus providing efficient SERS enhancement.
The presence of iron oxide gives the bimetallic colloid new possibilities of adsorption in addition
to those inherent to gold nanoparticles, especially regarding organic pollutants and heavy metals,
allowing to remove them from the aqueous environment by applying a magnetic field. Moreover,
these nanoparticles, thanks to their low toxicity, are potentially useful not only in the field of sensors,
but also for biomedical applications.

Keywords: laser ablation; gold; magnetite; SERS; 2,2′-bipyridine

1. Introduction

Nanoparticles constituted of metals like silver, gold, or copper exhibit plasmonic properties and are
widely employed as biosensors, drug vectors, and SERS (surface-enhanced Raman scattering) [1,2] and
fluorescence markers, especially gold nanoparticles that are more biocompatible. Their applications
can be realized by adding additional functionalities like magnetic properties. Hence, in nanomedicine
they find diagnostic and/or therapeutic applications in magnetic resonance imaging or for generating
hyperthermia by applying locally intense magnetic fields [3–6]. In this regard, Fe3O4 magnetic
nanoparticles, presenting good biocompatibility and low toxicity [7–9], are widely used in these
biomedical applications. Usually, different chemical procedures are employed to prepare these
nanocomposites [10–17] to be used for sensoristic and biomedical applications, but they involve
problems due to the presence of surfactants, stabilizers, residual reductants, and by-products,
which could interfere in both the adsorption and the detection of ligands. In this regard, laser-assisted
procedures have been recently employed to obtain metal nanoparticles with both plasmonic and
magnetic properties [18–20]. In the past, some of us adopted the laser ablation procedure of metal targets
in water to produce bimetallic colloidal nanoparticles [21,22]; in particular, two-step laser ablations
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of iron and silver [23] and of nickel and silver [24] were employed to obtain magneto-plasmonic
colloidal nanoparticles.

Here, we propose the fabrication of bifunctional Fe3O4/Au nanoparticles obtained by the
two-step laser ablation of iron and gold targets in water, along with microscopic and spectroscopic
characterization. To this end, high-resolution transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) analyses have been performed, and visible absorption, XPS, Raman,
and SERS spectra have been obtained. To obtain information on the type of ligand/metal adsorption
provided by these nano-platforms, calculations based on density functional theory (DFT) have also
been carried out using 2,2′-bipyridine as a molecular reporter.

The importance and novelty of the present investigation, in addition to producing “pure” colloidal
suspensions—that is, without the aid of chemical reagents and surfactants—are due to the fact
that gold nanoparticles are trapped in a ferromagnetic matrix, so they are preserved from colloidal
collapse. In addition, it is possible to remove all the bimetallic material, including the possible load of
adsorbed ligands, from the solvent and transport them thanks to the use of a magnetic field. In this
regard, the presence of iron oxide gives the bimetallic colloid new possibilities for the adsorption
of ligands, in addition to those inherent to gold nanoparticles, and also for removal of them from
the aqueous environment, especially with regard to organic pollutants [25] and heavy metals [26].
Finally, our bimetallic colloids exhibit plasmonic properties, in addition to magnetic ones, due to the
presence of gold nanoparticles, which allow application of the SERS technique for sensoristic purposes.
In practice, SERS spectroscopy provides huge intensification of the Raman signal of molecules adsorbed
on nanostructured gold or silver surfaces, usually up to 107 enhancement factors with respect to the
normal Raman response of non-adsorbed molecules.

2. Materials and Methods

2.1. Laser Ablation

Iron (Sigma-Aldrich, St. Louis, Missouri (USA), 99.99% purity) and gold (Goodfellow, Huntingdon
(UK), 99.95% purity) plates were used as targets for the laser ablation. Colloidal suspensions were
prepared by laser ablations of iron in deionized water (18.2 MX cm @ 25 C), and then of gold, by using
the fundamental wavelength (1064 nm) of a Q-switched Nd:YAG laser (Quanta System G90-10:
rep. rate 10 Hz, pulse width at FWHM of 10 ns). The laser pulse energy was set at 20 mJ/pulse,
corresponding to 200 mW average power, focusing the laser light into a laser spot of approximately 1
mm diameter and corresponding fluence of 2.5 J/cm2. The target plate was fixed at the bottom of a glass
vessel filled with 6 mL of liquid (height above the target: 2 cm). The irradiation time of the metal targets
was about 20 min. To minimize effects due to crater formation in the metal targets, the glass vessel was
manually rotated and translated, stopping the ablation process every three minutes. The laser pulse
entered the vessel from above, thus impinging perpendicularly onto the target. These experimental
procedures were chosen in order to obtain a valid colloidal stability, following the indications of our
previous experiments [23].

2.2. UV–Visible Extinction Spectroscopy

UV–visible extinction spectra of the colloidal suspensions were obtained in the 200–800 nm region
by using a Cary 5 Varian spectrophotometer (OPL (optical path length) = 2 mm). The observed bands
were due to both absorption and scattering of the radiation.

2.3. Microscopic Techniques

TEM (transmission electron microscopy) and HRTEM (high-resolution TEM) images were obtained
after dipping Ni grids in the colloidal suspensions. Microscopic measurements, EDX (energy-dispersive
X-ray spectrometry) analysis, and SAED patterns were obtained using a Jeol 2010 instrument operating
at 200 kV and equipped with an EDS Link ISIS EDX micro-analytic system.
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2.4. Raman Spectroscopy

Raman spectra of the bimetallic nanoparticles deposited on aluminum plate were measured at
different points of the dried sample by using a Renishaw RM2000 micro-Raman instrument equipped
with a diode laser emitting at 785 nm. Sample irradiation was accomplished by using the 50×
microscope objective of a Leica Microscope DMLM. The backscattered Raman signal was fed into the
monochromator through 40 µm slits and detected by an air-cooled CCD (2.5 cm−1 per pixel) filtered by
a double holographic Notch filters system. Spectra were calibrated with respect to a silicon wafer at
520 cm−1.

SERS spectra of 10−4 M 2,2′-bipyridine (Sigma-Aldrich, St. Louis, Missouri (USA), 99% purity)
in bimetallic colloid were obtained after addition of 10−2 M NaCl (Sigma-Aldrich, St. Louis,
Missouri (USA), 99.999% purity) in order to increase the SERS enhancement without compromising
the colloidal stability. The 647.1 nm line of a Kripton ion laser and a Jobin-Yvon HG2S monochromator
equipped with a cooled RCA-C31034A photomultiplier were used. A defocused laser beam with
100 mW power was employed for impairing thermal effects. Power density measurements were made
using a power meter instrument (model 362; Scientech, Boulder, CO, USA) giving ∼5% accuracy in the
300–1000 nm spectral range.

2.5. X-ray Photoelectron Spectroscopy

XPS measurements were made using a non-monochromatic Mg Kα X-ray source (1253.6 eV) and a
VSW HAC 5000 hemispherical electron energy analyzer operating in the constant pass energy mode at
Epas = 44 eV. The bimetallic colloidal samples were prepared just before the analysis by depositing a few
drops of the colloidal suspensions on soda glass substrates and letting the solvent evaporate. In order
to increase the amount of deposited nanoparticles, this procedure was repeated several times. Then,
the glasses with bimetallic nanoparticles were introduced into the UHV system via a loadlock under
inert gas (N2) flux and kept in the introduction chamber overnight, allowing the removal of volatile
substances as confirmed by the achieved pressure value (2 × 10−9 mbar), just above the instrument
base pressure. The obtained spectra were referenced to the C 1s core peak at 284.8 eV assigned to the
adventitious carbon. The spectra were fitted using CasaXPS software version 2.3.15.

2.6. Density Functional Theory Calculations

All DFT calculations were carried out using the GAUSSIAN 09 package [27]. Optimized geometries
were obtained at the DFT level of theory, employing the widely adopted Becke 3-parameter hybrid
exchange functional (B3) combined with the Lee–Yang–Parr correlation functional (LYP) [28,29],
along with the Lanl2DZ basis set and pseudopotential [30–32]. All parameters were allowed to
relax and all calculations converged toward optimized geometries corresponding to energy minima,
as revealed by the lack of negative values in the frequency calculation. Dispersion interactions were
taken into account using Grimme’s D3 scheme along with Becke–Johnson damping [33]. A scaling
factor of 0.98 for the calculated harmonic wavenumbers was employed, as usually performed in
calculations at this level of theory [34–38]. The calculated Raman intensities were obtained by following
the indications of reference [24].

3. Results and Discussion

3.1. Microscopic Investigation

The colloid obtained by laser ablation of an iron target in water has a zeta potential value of +20.0
mV, which is lowered to +13.9 mV when a gold target is also ablated. This lowering is due to the
adsorption of negative ions deriving from the water environment on the (positive) surface of the gold
nanoparticles. However, the zeta potential is sufficient to provide stability to the bimetallic colloid,
with no precipitate visible a week after preparation. The zeta potential data are reported in Figure S1.
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The bimetallic colloid presents a red color and exhibits magnetic properties, as shown in Figure S2.
When approaching a magnet, the colloidal nanoparticles aggregate, until they appear as a dark red
precipitate visible to the naked eye.

Observing the TEM images (see Figure 1), the colloid consists of spheroidal particles with
dimensions ranging from a few nanometers to almost 20 nm in diameter. Based on the contrast,
two kind of nanoparticles, with weaker contrast (low contrast, LC) and stronger contrast (high contrast,
HC), can be distinguished. LC particles are mainly particles of a few nanometers, whereas the HC
particles have two size classes: particles of a few nanometers and particles with a diameter of 10–20 nm.
From the point of view of the metallic composition, the sample contains Fe and Au (in addition to
O). The large HC particles are substantially composed of Au. Large LC particles are composed of Fe.
The small particles, for which it is not possible to make EDX measurements on single individuals,
show both Au and Fe. The EDX analyses of typical HC and LC nanoparticles are reported in Figure S3.
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Figure 1. Low-magnification TEM micrograph of the Fe3O4/Au colloid (right), showing Au particles
embedded in low-contrast matrix, along with SAED analysis (Mag: magnetite).

SAED on an enlarged field of the sample (Figure 1) shows interplanar distances consistent with
magnetite (Fe3O4) and metallic gold. In particular, the ring around 2.36 Å is quite strong and must
be attributed to the 111 reflection of gold [39]. Analysis of the high-resolution microscopic images
(HRTEM) (Figure 2) shows interplanar distances typical of metallic Au for HC particles, both large and
small. Crystalline growth in HC particles is observed as icosahedrons. LC particles show interplanar
distances typical of magnetite [40], but also the presence of some small particles with amorphous
characteristics. In conclusion, the gold nanoparticles appear to be embedded in a mucilaginous
matrix consisting of magnetite in the form of nanoparticles of various sizes, with scarce tendency to
aggregation, which can be separated from the aqueous environment under the action of a magnetic field.

Nanomaterials 2020, 10, x FOR PEER REVIEW 5 of 14 

 

 
Figure 2. High-resolution TEM images of the Fe3O4/Au colloid, showing the interplanar distances in 
gold (Au) and magnetite (Mag) particles. 

 
Figure 3. Micro-Raman spectra of the Fe3O4/Au nanoparticles deposited on Al plate at different points 
of the dry film. Excitation: 785 nm. 

3.3. XPS Measurements 

The XPS spectrum relative to the f7/2–f5/2 gold spectral region (see Figure 4) can be fitted by two 
components: the main one is located at 84.3 eV (f7/2), while the subordinate is located at a higher 
energy value (85.4 eV). These components can be attributed to Au(0) and Au(I), respectively, as well 
as occurring in the case of gold laser-ablated in deionized water [43]. 

 
Figure 4. XPS spectrum of the bimetallic nanoparticles in the gold f7/2–f5/2 spectral region. 

Figure 2. High-resolution TEM images of the Fe3O4/Au colloid, showing the interplanar distances in
gold (Au) and magnetite (Mag) particles.

192



Nanomaterials 2020, 10, 132

3.2. Raman Spectra

After centrifugation of a portion of the bimetallic colloid, the precipitate was examined using a
micro-Raman spectrometer and showed the typical Raman band of magnetite (Fe3O4) at 665 cm−1 (see
Figure 3), in agreement with the literature [41,42], confirming the magnetic properties of the nanosystem.
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3.3. XPS Measurements

The XPS spectrum relative to the f7/2–f5/2 gold spectral region (see Figure 4) can be fitted by two
components: the main one is located at 84.3 eV (f7/2), while the subordinate is located at a higher
energy value (85.4 eV). These components can be attributed to Au(0) and Au(I), respectively, as well as
occurring in the case of gold laser-ablated in deionized water [43].

Nanomaterials 2020, 10, x FOR PEER REVIEW 5 of 14 

 

 
Figure 2. High-resolution TEM images of the Fe3O4/Au colloid, showing the interplanar distances in 
gold (Au) and magnetite (Mag) particles. 

 
Figure 3. Micro-Raman spectra of the Fe3O4/Au nanoparticles deposited on Al plate at different points 
of the dry film. Excitation: 785 nm. 

3.3. XPS Measurements 

The XPS spectrum relative to the f7/2–f5/2 gold spectral region (see Figure 4) can be fitted by two 
components: the main one is located at 84.3 eV (f7/2), while the subordinate is located at a higher 
energy value (85.4 eV). These components can be attributed to Au(0) and Au(I), respectively, as well 
as occurring in the case of gold laser-ablated in deionized water [43]. 

 
Figure 4. XPS spectrum of the bimetallic nanoparticles in the gold f7/2–f5/2 spectral region. Figure 4. XPS spectrum of the bimetallic nanoparticles in the gold f7/2–f5/2 spectral region.

3.4. UV–Visible Extinction Spectra

Figure 5 shows the UV–visible absorption spectra of the colloidal samples obtained by laser
ablation of iron (Spectrum A) and then laser ablation of gold (Spectrum B). The band observed in
Spectrum B around 525 nm is attributable to the surface plasmon resonance of non-aggregated gold
nanoparticles. By adding 2,2′-bipyridine (bpy), the plasmon band is shifted to 535 nm.
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3.5. Surface-Enhanced Raman Scattering

The evidence of the surface plasmon band of nanosized gold particles (see Figure 5) suggests
the possibility of SERS activity of this bimetallic system. However, the molecular ligand needs to be
effectively adsorbed to provide a reliable Raman enhancement. Hence, in order to find confirmation
of our hypothesis, we checked the SERS response of the bimetallic colloid in the presence of 10−4 M
2,2′-bipyridine (bpy). By activation with NaCl, we observed a satisfactory SERS spectrum of bpy in
the bimetallic colloid (Figure 6), with results quite similar to those reported in the literature for the
adsorption of bpy on pure gold colloidal nanoparticles [44]; those frequencies are reported in Table 1
for comparison. This similarity indicates that our SERS spectrum is attributable to 2,2′-bipyridine
bound to the gold nanoparticles present in the Fe3O4 colloidal matrix, which does not impair the
ligand adsorption on gold. In Table 1 the IR and Raman frequencies of solid bpy [45] are also reported.Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 14 
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Table 1. Observed and calculated frequencies (cm−1).

Symmetry bpy bpy/Au bpy/Au+ bpy/Au◦ bpy/Au
Species [45] IR/Raman [45] SERS Calc. Calc. SERS [44]

Bu 1575 1603 1592
Ag 1589 1598 1598 1594 1586
Bu 1550 1590 1581
Ag 1572 1567 1575 1570 1562
Ag 1482 1485 1491 1483 1479
Ag 1446 1469 1460
Bu 1450 1445 1433
Bu 1410 1429 1419
Bu 1265 1358 1324 1323
Bu 1250 1331 1298
Ag 1309 1306 1306 1313 1301
Ag 1301 1283 1289 1286
Ag 1236 1294 1274
Bu 1140 1213 1206 1184
Ag 1146 1179 1190 1176 1173
Bu 1085 1128 1113
Ag 1094 1114 1096
Bu 1065 1078 1077
Ag 1044 1059 1062 1049 1057
Bg —— 1039 1032
Bu 1040 1038 1023
Au —— 1033 979
Ag 994 1016 1007 1022 1010
Bu 995 993 985
Au 975 993 983
Bg —— 991 976
Bg 909 935 923 913
Bu 890 825 827
Bg 815 890 908 913
Au 755 786 774
Ag 764 764 760 767 761
Bg 742 748 746 754
Au 740 747 756
Bu 655 658 656
Ag 614 651 653 636 646
Bu 620 632 617
Bg 550 555 561
Au —— 447 479
Ag 440 441 415
Bg 409 422 415 403
Au —— 405 380
Ag 332 356 353 327 353
Bg 224 226 241

The addition of NaCl was necessary to obtain a satisfactory SERS spectrum of bpy. The presence
of chloride anions, which strongly adsorb on the surface of the gold nanoparticles, has double validity
because it can promote both the nanoparticle aggregation necessary for an efficient SERS response and
the formation of active sites capable of strongly binding ligand molecules, similar to what occurs with
silver nanoparticles activated by chloride anions [46–48]. In practice, in our bimetallic suspension it
was not possible to obtain a valid SERS spectrum of 2,2′-bipyridine, even at 10−4 M concentration,
unless we added NaCl. To induce particle aggregation or concentration, magnetic attraction could be
employed, instead of adding chloride anions, in order to improve the SERS signal of the adsorbed
ligands. In the future, this method will be tested by also evaluating the occurrence of possible problems
in colloidal stability. In the present work, we used chloride activation to obtain an effective SERS
response in a stable aqueous suspension in order to evaluate the possible use of these nanoparticles in
biomedical applications.

However, one last problem remains to be solved: what kind of active site on the surface of the
gold nanoparticles is involved in the interaction with the molecule, given that the XPS spectrum also
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showed the presence of ionized gold such as Au(I)? DFT calculations on the molecule linked to a
neutral or a positively charged gold adatom can help in this purpose.

3.6. DFT Calculations

In Table 1 the experimental SERS frequencies of bpy are compared with those calculated for
bpy/gold model complexes, along with the IR and Raman frequencies of solid bpy [45], whose molecules
present a trans-planar structure. We observe that the prominent SERS bands (at 353, 651, 764, 1016,
1059, 1179, 1306, and 1485 cm−1) correspond to the bpy Raman bands of Ag symmetry species. For the
simulation of the SERS spectra of the adsorbed bpy, we used the functional B3LYP, along with the
Lanl2DZ basis set.

The choice to use this basis set was justified by the following considerations.

(a). This basis set has been widely employed in many literature articles to successfully reproduce
both the structural and vibrational properties of different molecules. Here we report only a few
very recent examples [49–55].

(b). Core electrons can be treated in an approximate way via effective core potentials (ECPs).
This treatment includes scalar relativistic effects, which are important for the proper description
of the geometric, electronic, and spectroscopic properties of heavy atoms. The LanL2DZ basis set
is the best known basis set for molecular systems containing these atoms and for the efficient
simulation of the Raman spectra of complexes with transition metals and the SERS spectra of
molecules adsorbed on silver or gold nanoparticles, as demonstrated by many recent papers (for
example, [38,50,52–55]).

We also tested the reliability of this basis set by examining the free 2,2′-bipyridine molecule in its
typical trans conformation and comparing our DFT results with those reported in the literature [48] for
the same molecule, with the same functional but with a different basis, 6-31+G*. The Lanl2DZ basis
set used by us provided results generally comparable with those reported in the literature, as shown
in the Supplementary Materials, regarding both structural parameters (Table S1) and vibrational
frequencies (Table S2).

DFT calculations were performed for two gold complexes, where the bpy molecule in cis
conformation is linked by means of the nitrogen atoms to a neutral Au atom or to a gold cation, Au+.
The complex bpy/Au+ better reproduces the observed SERS frequencies than the complex bpy/Au◦.
In the first case, the average error between the calculated and observed frequencies is 7.75 cm−1; in the
second one, the average error is significantly larger at 13.27 cm−1. In addition, the interaction of the
molecule with a neutral atom is quite weak, in comparison with the interaction with Au+, as shown by
the bpy→gold electronic charge transfers and the N–gold bond distances reported in Table 2, with |e|
being the unsigned electron charge. The Mulliken partial charges are reported in Table S1. Hence,
it is possible to conclude that the ligand molecules, when they adsorb on gold, strongly interact with
positively charged active sites of the nanoparticle surface. Figure S4 shows the calculated normal
modes of the bpy/Au+ complex relative to the prominent SERS bands. All these correspond to in-plane
vibrations of the bpy molecule, in particular, the bands observed at 356, 651, 764, and 1016 cm−1

correspond to ring deformations, and those at 1306 and 1485 cm−1 to H bending modes.
To better quantify the charge transfer, we also employed a descriptor (called DCT, charge transfer

distance) [56] that was mainly proposed to describe electron–hole displacement in optical excitations
(Sn→S0, n = 1, 2 . . . , with S being singlet electronic states). The DCT version adopted here is based on a
partial charge (namely Mulliken’s) approach, using the spreadsheet reported in the Supplementary
Materials of reference [56] and already employed with success for electronic transitions [37,57]. With the
DCT scheme, the difference between the electronic density of the ground state (S0) and the excited
state of interest (Sn) gives rise to a charge separation that can be modeled in a dipolar fashion due to
a barycenter of reduced electronic charge (Q+ here) and a barycenter of increased electronic charge
(Q− here). The vector connecting the two points gives a straightforward depiction of the direction and
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magnitude of the overall charge movement and allows for calculating the amount of charge transferred.
While this powerful yet easy approach was mainly developed to model different electronic states
of the same system, it can, in principle, also be adopted for ground states of systems with different
components (as long as the geometry of common moieties of the relaxed systems does not change
significantly); this is discussed in more detail in the Supplementary Materials.

Table 2. Calculated charge transfers and bond distances.

Model Complex Bpy→Gold Charge Transfer N–Gold
Bond Distance

bpy/Au◦ −0.232 |e| 2.62 Å
bpy/Au+ −0.502 |e| 2.23 Å

To the best of our knowledge, this is the first time the DCT index has been adopted to describe
charge rearrangements due to surface effects and not to light excitations, and it is reported in Figure 7.
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(cis conformation) and an isolated Au+ cation.

With this approach, the computed charge transfer distance is about ~1.95 Å and the amount of
charge moving is ~1.1 |e|, higher than that estimated from just the increase of electron charge on the
Au atom; this is due to the fact that the DCT takes into account the charge displacement over the
whole system.

Finally, it is appropriate to define the limits of the DFT calculation model used by us, based on
the chemical interaction between a bpy molecule and a single (positively charged) metal adatom.
This complex correctly reproduces the positions of the SERS bands, because it is able to predict how
the structure and, therefore, the force constants of the molecule change due to interaction with the
metal. However, our model fails to satisfactorily reproduce the observed SERS intensities, as shown in
the simulated SERS spectrum reported in Figure S5. Actually, in the case of 2,2′-bipyridine, which is
linked to gold in a bidentate way by means of the lone pairs of the nitrogen atoms, our model cannot
simulate the effect that the gold nanoparticles have on the polarizability of the adsorbed molecule and,
therefore, on the intensities of the observed SERS spectrum.

4. Conclusions

Stable nanoparticles constituted of gold and iron oxide were obtained in an aqueous environment
by means of laser ablation of Fe and Au targets in two successive steps, avoiding the presence
of surfactants, stabilizers, residual reductants, and by-products which could interfere in both the
adsorption and the detection of ligands. By using this technique, a mere mixture of two different
metal colloids is not obtained, because gold nanoparticles are found to be embedded in the colloidal
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matrix of iron oxide. The latter was identified as magnetite by both microscopic and spectroscopic
analyses. The plasmonic properties of the obtained colloidal nanosystem, as well as its capability of
ligand adsorption, were tested by SERS spectroscopy using 2,2′-bipyridine (bpy) as a probe molecule.
Thanks to the DFT calculations performed on model systems of gold/ligand complexes, it is possible to
argue that positively charged active sites of the gold nanoparticles are responsible for the adsorption
of ligand molecules when these approach the metal surface. In this way, strong interaction takes
place between molecule and metal, with consequent efficient SERS enhancement, involving the charge
transfer of one electron from the molecule to the metal.

Unlike the mixed Ag/Fe3O4 and Ag/NiO colloids previously prepared by two-step laser
ablation [23,24], the present magneto-plasmonic nanoparticles are more biocompatible and are therefore
potentially useful not only in the field of sensors, but also for biomedical applications. Our bimetallic
colloidal suspensions are expected to have very low toxicity. Gold nanoparticles are known to be
biocompatible and chemically stable, making them ideally suitable for biological applications [58].
Also, magnetite nanoparticles can exhibit low toxicity [59–61], which is closely dependent on the
preparation method. In this respect, laser ablation in pure water represents the procedure of choice for
the best biocompatibility properties.

Finally, a possible interpretation of the connection between Fe3O4 and Au nanoparticles can be
proposed. In our sample, colloidal gold is intimately linked to the ferromagnetic material constituted of
a mucilaginous matrix of small magnetite (Fe3O4) nanoparticles. Hence, all the bimetallic material can
be completely separated by magnetic attraction from the aqueous environment wherein it is dispersed.
In the literature [26], ultrafine Fe3O4 nanoparticles were employed to remove heavy metal ions from
contaminated waters, thanks to their excellent adsorption performance. In a similar way, the magnetite
nanoparticles obtained by laser ablation could act as adsorbents for the laser-ablated gold nanoparticles,
forming a mixed bimetallic colloidal suspension. In fact, we verified by XPS measurements and DFT
calculations that our gold particles have a positively charged surface. This could make them suitable
to be captured by the magnetite nanoparticles, similarly to what happens with heavy metal ions.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/2079-4991/
10/1/132/s1. Figure S1: Zeta potential data; Figure S2: Fe3O4/Au bimetallic colloidal sample, before and after
application of magnetic field; Figure S3: EDX analysis; Figure S4: Calculated normal modes of the bpy/Au+
complex relative to the prominent SERS bands. The hydrogen atoms are omitted; Figure S5: Simulated SERS
spectrum for the bpy/Au+ complex; Table S1: Mulliken partial charges in the bpy/gold complexes; Table S2:
Observed and calculated vibrational frequencies (cm−1) of bpy; Table S3: Mulliken partial charges.
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