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ABSTRACT: Molybdenum carbides (MoC and Mo,C) are being reported for various applications, for example, catalysts for
sustainable energies, nonlinear materials for laser applications, protective coatings for improving tribological performance, and so on.
A one-step method for simultaneously fabricating molybdenum monocarbide (MoC) nanoparticles (NPs) and MoC surfaces with a
laser-induced periodic surface structure (LIPSS) was developed by using pulsed laser ablation of a molybdenum (Mo) substrate in
hexane. Spherical NPs with an average diameter of 61 nm were observed by scanning electron microscopy. The X-ray diffraction
pattern and electron diffraction (ED) pattern results indicate that a face-centered cubic MoC was successfully synthesized for the
NPs and on the laser-irradiated area. Notably, the ED pattern suggests that the observed NPs are nanosized single crystals, and a
carbon shell was observed on the surface of MoC NPs. The X-ray diffraction pattern of both MoC NPs and LIPSS surface indicates
the formation of FCC MoC, agreeing with the results of ED. The results of X-ray photoelectron spectroscopy also showed the
bonding energy attributed to Mo—C, and the sp’—sp’ transition was confirmed on the LIPSS surface. The results of Raman
spectroscopy have also supported the formation of MoC and amorphous carbon structures. This simple synthesis method for MoC
may provide new possibilities for preparing Mo,C-based devices and nanomaterials, which may contribute to the development of
catalytic, photonic, and tribological fields.

1. INTRODUCTION in the earth’s crust,” and Mo-based materials have been
reported for the potential of substituting platinum-based
catalysts, such as MoS,,'°™"* MoO,,"? MoP,'*'¢ MoN,'”!#
and Mo,C (molybdenum carbides, generally MoC and
Mo,C)."""** Furthermore, Mo,C-based materials stand out
for their catalytic performance, as well as their mechanical and
chemical stabilities.”””” 7>’ Besides, Mo,C has also been

Energy storage and conversion technologies' > are being
developed, aiming at the realization of a sustainable human
society.” Clean hydrogen fuel generated from water is one of
the most friendly energies to the environment, and much
attention is now paid to developing catalyst materials for the
hydrogen evolution reaction (HER).® Platinum-group metals
are reported as the best materials for electrocatalysts due to
their optimal surface free energy, striking a balance between Received: December 2, 2022
the adsorption and desorption of hydrogen during the HER.*” Accepted: January 23, 2023
However, these scarce and high-cost platinum-group metals Published: February 13, 2023
need substitutes for the large-scale implementation and

economic viability of HER-based technologies.” Molybdenum

(Mo), as an alternative, is thousands of times that of platinum
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reported for laser applications in the photonic field*>*" and for

improving the surface hardness and tribological performance of
cutting tools.”>**

Most Mo, C-based materials are fabricated in nanoparticles
(NPs) using chemical syntheses, and ammonium pentam-
olybdate and organic solutions are used as Mo and carbon (C)
resources, respectively.'”">**® Recently, direct carbonization
of the Mo plate cathode was also reported using one-step
electrodeposition.”” With detailed process design and accurate
adjustment of the precursor ratio and temperature, these
mature technologies are exact synthesis methods for carbide
nanomaterials. Pulsed laser ablation in liquids is also a flexible
method to fabricate various NPs using bulk metal targets and
solutions.>* ™ Moreover, femtosecond laser irradiation is a
precision method of surface chemical modification,””** which
is becoming more and more efficient in precision surface
processin§, benefiting from the development of high-output
lasers.””*” Franzel et al. reported the synthesis of multiphasic
inhomogeneous Mo/MoC NPs by picosecond laser ablation of
Mo foil in ethanol.*' In this work, we irradiated a Mo substrate
with a focused femtosecond laser beam in an oxygen-free
organic hexane solution. This oxygen-free atmosphere can
avoid Mo oxidation. Using this one-step method, we
simultaneously achieved the carbonization of both the Mo
substrate and Mo NPs and the formation of the MoC laser-
induced periodic surface structure (LIPSS) on the laser-
irradiated area. Additionally, the observed MoC NPs were
confirmed as nanosized single crystals.

2. EXPERIMENTS AND METHODS

A molybdenum substrate (99.95%, Nilaco, Japan) was partly
immersed in a quartz cell (size: 50 X 10 X 45 mm?) filled with
hexane (C¢H,, >96%, JIS K 8848, Kanto Chemical, Japan) and
adhered to a two-axis motorized stage. The plate was then
irradiated by femtosecond laser pulses from a Yb fiber laser,
operating at a wavelength of 1045 nm, a pulse width of 700 fs,
and a repetition rate of 100 kHz (D1000, IMRA America Inc.,
USA). The laser beam was focused on the substrate using an
objective lens (RMS4X, Olympus Co., Japan) with a fluence of
2237/ cm?. As shown in Figure 1a, in the high-temperature—
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Figure 1. (a) Schematics of the experiment setup with an enlarged
image of the laser ablation center; (b) Mo substrate after laser
ablation in hexane.

high-pressure (HTHP) laser ablation center, active species of
ions, atoms, and clusters ablated from Mo and hexane strongly
reacted with each other to form metal carbide NPs, and the
irradiated substrate surface also was carbonized simultane-
ously.””~** During laser ablation, the Mo substrate moved with
a 2-axis motorized stage at a constant speed of 100 ym/s. This
movement of the substrate can reduce the reabsorption of laser
pulse by laser-induced plume and ensure the yield of NPs. The
surface of the hexane solution lowered during laser ablation
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due to the volatility. The fresh C4H, solution was replenished
little by little to ensure that laser ablation happened in the
liquid atmosphere. The irradiated area was S mm X 7 mm
(Figure 1b). The surface morphology of the laser-irradiated
Mo substrate was characterized by scanning electron
microscopy (SEM, SU6600, Hitachi, Japan). X-ray diffraction
(SmartLab, Rigaku, Japan), Raman spectrum (NRS-3300 with
an excitation laser wavelength of 532 nm, JASCO, Japan), and
X-ray photoelectron spectroscopy (XPS, PHIS000 VersaProbe
with an Al Ka anode) were performed to identify the
compounds. The collected NPs were progressively analyzed
by a scanning transmission electron microscope with an
energy-dispersive X-ray spectroscope (JEM-ARM200F, JEOL,
Japan).

3. RESULTS AND DISCUSSION

Discolorations were observed in the laser-irradiated area and
its top, according to Figure 1b. Figure 2a shows the SEM
image of the discolored area on top of the laser-irradiated area.
Numerous spherical NPs were deposited in this area, and a
considerable thickness compared to the diameter of NPs can
be observed from cracks of deposition. The diffusion of laser-
ablated NPs was observed during laser ablation. A part of the
floating NPs were trapped on the surface of the hexane
solution due to buoyancy. These NPs progressively aggregated
to the NP deposition near the solution surface. The diameter
distribution of the NPs deposited on the Mo substrate was
obtained by measuring 300 particles from SEM images. The
diameter is defined as the mean diameter of r; and r, shown in
Figure 2a, and the directions of r; and r, are perpendicular to
each other. With an average diameter of 61 nm, most of the
particles are smaller than 100 nm, and some huge particles
(>100 nm) can also be observed (Figure 2b). On the other
hand, the formation of LIPSS was confirmed in the laser-
irradiated area (Figure 2c). This periodic groove structure with
a depth of up to several hundred nanometers can provide a
higher surface-to-volume ratio, resulting in more possibility for
forming active sites to enhance the catalytic performance.”~*
The morphology of the LIPSS is controllable by the laser
wavelength, polarization direction, laser fluence, and irradiated
pulse number when laser-ablated in air."” In the case of laser
ablation in liquid, these laser parameters can also affect the
morphology. Additionally, a shorter wavelength will be
induced in the liquid solution due to the higher refractive
index than in the air, resulting in a shorter period.48 For
ultrashort pulse durations, multiphoton absorption of hexane
can occur more easily, providing more carbon active racial to
accelerate carbonization. Figure 2d plots the XRD pattern of
the NP deposition and the irradiated and unprocessed
substrate. All three measurements show facets of (1 1 0), (2
00), (2 11),and (2 2 0) originating from Mo. Additional
molybdenum monocarbide (MoC) XRD peaks with facets of
(111),(200),(220), and (2 2 2) were observed, revealing
the carbonization of both the irradiated substrate and the
deposited NPs. The XRD results also suggested the formation
of @-MoC with a face-centered cubic (FCC) structure.*’
Figure 3 displays the chemical-bonding state of Mo, C, and
O (oxygen from the surface oxide layer) in the composites
measured by XPS. Peaks in the XPS spectrum were fitted by
using a mixed Gaussian/Lorentzian function, and the back-
ground was treated by the Shirley method. Table 1 shows the
details of peak components. O 1s peaks assigned to
molybdenum oxides (MoO,) and the C=O bond were

https://doi.org/10.1021/acsomega.2c07697
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Figure 2. (a) SEM images of NP deposition, (b) diameter distribution of NPs deposited on the Mo substrate, (c) SEM image of the laser-irradiated
Mo substrate surface, (d) XRD patterns of the unprocessed Mo substrate, laser-irradiated area, and NP deposition. Mo and MoC peaks were
identified by referencing the ICDD-PDF no. 00-042-1120 (black dashed line) and no. 00-042-1120 (blue dashed line), respectively.
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Figure 3. Results of XPS measurement. (a) Laser-ablated area, (b) NP deposition, and (c) unprocessed area. The measurement targets were

preprocessed using Ar ion etching to reduce surface contamination.

50—52
Before laser

observed for all three measurements.
processing, the samples were immersed in acetone and purified
water for S min of ultrasonic cleaning, respectively. The
presence of oxygen should be caused by exposure to the
oxygen-containing atmosphere.”” The main peak assigned to
the C—C bond of sp” originating from graphite was observed
for all three areas in the C 1s spectra, as well as C—O and C=
O bonds originating from surface contaminations.’”>*”>° An
additional Mo—C bond of C 1s was observed except for the
measurement of the unprocessed area, indicating the carbon-
ization for both NP deposition and the substrate surface.
Interestingly, the C—C bond of sp’ originating from the
diamond located at 285.4 eV was detected for the laser-
irradiated area,”” revealing that the graphite—diamond
transition happened under the HTHP conditions.’*”*

7934

Generally, the laser ablation center has high pressure in the
GPa range and a high temperature of several thousand degrees
K> A liquid-confined condition will induce a higher
pressure and a longer laser shock duration which are more
beneficial to the graphite—diamond transition.******%* More-
over, the stress on NPs could be released to the solution, and
the unmovable substrate side will experience a higher pressure.

The Mo 3d spectrum consists of two peaks because of
different electronic spins, assigned to Mo 3d;,, and Mo 3d;,,
which are separated by 3.13 eV and have an area ratio of 3:2.
Peaks of Mo®, Mo*", Mo*, Mo**, and Mo®" were observed for
the unprocessed area. Mo’ originates from the native Mo
substrate.’”**%> Mo®*, Mo*", Mo**, and Mo%* originated from
the molybdenum oxides®”**** Mo,0;, MoO,, Mo,0s, and
MoO;, respectively. These molybdenum oxides correspond to

https://doi.org/10.1021/acsomega.2c07697
ACS Omega 2023, 8, 7932—-7939
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Table 1. Fitting Details of Peak Components

unprocessed NPs ablated
B. E. (eV) Ratio (%) B. E. (eV) Ratio (%) B. E. (eV) Ratio (%)

Cls C—Mo 283.33 0.3 283.36 0.8

sp? 284.74 28.5 284.74 187 284.63 17.6

sp’ 285.44 7.8

c-0 286.51 12 286.26 4.4

c=0 288.67 0.4 288.44 0.3 288.10 1.6
O 1s 0-Mo 530.75 8.7 530.68 8.3 530.74 8.0

0=C 531.83 112 531.77 8.0 532.00 5.8
Mo 3d Mo“3dy/, 228.08 6.2 228.05 1.7

Mo® 3d;, 23121 42 231.18 12

Mo? 3d;,, 22842 9.6 228.45 14.1

Mo® 3d,, 231.55 6.4 231.58 9.4

Mo** 228.58 3.1

Mo** 231.71 1.0

Mo* 3d;,, 229.23 6.5 229.18 12.3 229.31 9.8

Mo* 3d,,, 232.36 43 23228 8.2 232.44 6.5

Mo™* 3ds,, 231.56 187 231.47 124 231.58 112

Mo 3d;,, 234.69 4.3 234.60 8.2 234.71 7.5

Mo® 3d;,, 232.83 0.9

Mo® 3d,,, 235.96 0.6

the surface oxidation layer due to their exposure to the oxygen-
containing atmosphere. After laser ablation, the Mo’ peak ratio
(peak area to the area summary) decreases to 2.9% from the
initial 10.4% (unprocessed area) for the NP deposition and
progressively to zero for the laser-ablated area. The remaining
Mo’ peak in the NP XPS spectrum reveals the incomplete
carbonization of some large Mo species ablated from the
substrate during laser processing,36 and the absence of the Mo°
peak for the laser-ablated area suggests that the substrate side is
covered entirely by carbides or oxides. On the contrary, the
peak attributed to Mo*" corresponding to the Mo—C bond was
observed for the NP deposition with a peak ratio of 16%, and
this peak ratio increased to 23.5% for the laser-ablated area.
Associating with the increase of the C 1s peak of the Mo—C
bond from 0.3 to 0.8% of NP deposition to the laser-ablated
area, the substrate side showed more complete carbonization
than the NP deposition.

The Raman spectra of the laser-ablated area, NP deposition,
and Mo substrate were also measured to evaluate the surface
state (Figure 4). Another Mo substrate covered with several
drops of hexane was evaluated from the Raman spectra as a

PR S N S S T T T
—— Mo substrate
5000 - ___\p deposition D band G band .
Laser-abalted area
4000 |- -
7]
E 3000 |- E
3 Mo-C modes
o
2000 |- \/ g
A
0 L L L L
500 1000 1500 2000 2500

Raman Shift (cm™)

Figure 4. Raman spectrum of the laser-ablated area, NP deposition,
and Mo substrate surface.
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reference. These hexane droplets were evaporated naturally
before Raman spectrum measurement. The peaks located at
around 1350 and 1600 cm™" originated from the disordered
carbon phase and graphite of amorphous carbon (a-C),
respectively,”~* revealing the formation of a-C on the laser-
irradiated area and NP deposition. Very weak peaks located at
around 660, 820, and 995 cm ™! were observed for the Raman
spectra of the laser-ablated area and NP deposition, which can
be attributed to the characteristic peaks of MoOj; or
Mo,C.”°77> However, these three peaks were not observed
for the Mo substrate, suggesting that the surface molybdenum
oxide contaminations are not detectable in the Raman
measurement. These three weak peaks should have ori%inated
from Mo—C modes, revealing the formation of MoC.””

The NP deposition was removed from the substrate by using
a spatula and collected in a glass sampling bottle with ethanol.
The NPs were then dispersed in an ethanol solution using the
agitation induced using an ultrasonic cleaning machine. A part
of the collected NPs in ethanol solution were added dropwise
onto a microgrid with the ethanol solution. After natural
evaporation of ethanol, these NPs were analyzed by STEM—
EDX. Figure Sa displays the bright-field (BF) image of the
NPs, and (b—d) are elemental mappings of Mo, C, and O by
EDX, respectively. Most of the NPs in the aggregation shown
in Figure Sa have a size of less than 100 nm, except a large
particle with a size larger than 100 nm. Regardless of particle
size, Mo and C are almost uniformly distributed in these NPs.
The Mo mapping has the clearest outline and almost perfectly
reflects the shape of NPs, and the C distribution slightly exudes
the shape of NPs. On the contrary, O is indistinct. These
elemental mappings suggest that these collected NPs were
uniformly carbonized. The TEM diffraction patterns of area 1
and area 2 (marked in Figure Sa) are displayed in Figure Sef,
respectively. Both area 1 and area 2 display a diffraction pattern
of a FCC MoC, which are observed from the axis of (1 1 0)
and (1 2 1), respectively. The intensity profiles of area 1 and
area 2 transformed from their diffraction pattern are shown in
Figure 5g.”* These intensity profiles match very well with the
XRD patterns, as shown in Figure 2d. These results indicate

https://doi.org/10.1021/acsomega.2c07697
ACS Omega 2023, 8, 7932—-7939
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Figure S. (a) BF image of MoC NP aggregation; (b—d) Mo, C, and O mappings; (e—f) ED pattern of two NPs as marked in (a,g) and the intensity
profiles transformed from the diffraction pattern of (e,f), in which the horizontal axis is the inverse of the distance from the central peak to each

peak, i.e., lattice spacing.

Figure 6. (2) BF image of an individual MoC NP, (b) enlarged image of (a), and (c) EDX mapping of (b).

the formation of nanosized MoC single crystals, as marked in
area 1 and area 2. Also, as a kind of photocatalyst,”® high
crystallinity can mitigate the recombination of electron—hole
pairs, therefore enhancing the catalytic performance.

An individual MoC NP was also observed by TEM. Figure
6a is the BF image of an individual particle. This NP has a
core—shell structure, with a shell of less than 4 nm. As shown
in the enlarged TEM image (Figure 6b), the core part has a
lattice fringe of 2.46 A corresponding to the FCC MoC with
the direction of (1 1 1). Figure Sc displays the EDX mapping
of this particle. Similar to the mapping results shown in Figure
S, this NP has a slightly exuded C distribution corresponding
to the shell structure. The core—shell structure has also been
reported by Hu et al. in their experiment of laser ablation of
iron in organic liquids, resulting in the synthesis of NPs with
diamond-like carbon shells.”® Nevertheless, the shell structure
in this particle showed an amorphous feature. Part of the shell
has a layer structure with a layer distance of 3.45 A
corresponding to the lattice distance of graphite,”” which is
also confirmed by our XPS measurement (Figure 3) and
Raman spectra (Figure 4). Covering the core of the catalyst
with a carbon shell has been reported as a strategy to improve
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the catalytic performance.”® Carbon shells with suitable
thickness and crystallinity can trigger the catalytic reaction
on the shell surface using electrons transferred from the core of
the catalyst and work as a protection to improve the stability of
encapsulated catalysts during the catalytic reaction. On the
other hand, this shell structure may hinder the direct contact
between reactants and NPs, leading to the weakening of
catalytic performance. Nevertheless, similar graphitic and
amorphous carbon shells were reported with improved catalyst
performance on metal electrocatalysts.””

4. CONCLUSIONS

By using a one-step method of laser ablation on the Mo
substrate in hexane, we simultaneously achieved (1) the
carbonization of Mo NPs and the Mo substrate surface, (2) an
MoC LIPSS with an improved surface-to-volume ratio from a
flat surface, (3) a graphite and amorphous carbon shell
structure on the surface of MoC NPs. This simple synthesis
method for MoC may provide a new choice for the preparation
of Mo,C-based devices and nanomaterials, which can
accelerate the revolution of replacing noble-metal-based
catalysts with more economical Mo-based catalysts.

https://doi.org/10.1021/acsomega.2c07697
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