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Molybdenum carbide nanoparticles
produced by pulsed laser ablation
for efficient hydrogen evolution
reaction in alkaline conditions

Valentina lacono2, Helena Rabelo?, Cristiano Lo Po"?, Luca Pulvirenti*,
Maria Chiara Spadaro%3, Jordi Arbiol*%, Francesco Ruffino'>¢ & Salvo Mirabella2**

Molybdenum carbides have emerged as an optimal alternative to noble expensive materials for
hydrogen evolution reaction (HER). Most reported synthesis methods involve prolonged operations
at high temperatures in reactive gases environments. In this study, we introduce nanosecond Pulsed
Laser Ablation in Liquid (PLAL) as a viable and environmental friendly approach for synthesizing
molybdenum carbide by ablating a molybdenum (Mo) target in ethanol. Structural and compositional
characterizations on the nanoparticles (NPs) reveal no oxidation and the absence of a graphitic shell,
confirming the formation of hexagonal Mo,C and cubic MoC. The NPs loaded on nickel foam exhibit
significant HER activity in an aqueous 1 M KOH electrolyte, with a potential of 136 mV vs. RHE at

10 mA cm~2and 240 mV at 50 mA cm~2. The calculated mass activity (0.05 Afcm?) highlights the high
intrinsic activity of this material compared to conventional and non-green synthesis methods reported
in literature.
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According to the International Energy Agency (IEA) a global energy crisis is affecting all countries in the energy
production market, requiring more and more effort in clean energy source production'. Hydrogen is a promising
key player, with the highest energy density among energy vectors, still its sustainable production at large scale
is hindered by proper catalysts availability. Green hydrogen is produced through electrocatalytic water splitting
driven by renewable energy through Oxygen Evolution Reaction (OER) and Hydrogen Evolution Reaction
(HER) taking place in an electrochemical cell’. Large scale production of H, takes place in alkaline-based
electrolysers with highly concentrated KOH solution, still the development of electrochemically active catalysts
is a current great challenge’. Noble and precious metals (such as platinum, palladium, iridium) are the most
well performing materials but large-scale applications are limited by their high cost. As an alternative, material
scientists have shifted their investigation towards low cost and earth abundant materials, such as transition metal
carbides (TMCs) showing stability and insolubility and promising catalytic properties, comparable to those of
Pt-group metals*”.

Molybdenum-based carbides are ultra-hard, resistant materials with metallic conductivity, mechanical
strength, high specific conductance and capacitance’. Molybdenum carbide can be synthesized in mainly five
crystal structures: a-MoC, __, a-Mo,C, f-Mo,C, y-MoC and n-MoC. A hexagonal crystal structure is exhibited
by y-MoC and n-MoC. Instead, a-MoC, __ has face centered cubic (fcc) structure. The a-Mo,C orthorhombic
close packed (hpc) structure is due to Mo and C layers placed in alternating order while 3-Mo,C has a
hexagonal crystal structure®®. Due to its d-band electronic structure similar to Pt, it is a relevant material as an
electrochemical catalyst for HER. The similarity with Pt structure arises from C occupying interstitial spaces
within the Mo metal lattice, during the carbide formation, causing the lattice expansion and a consequent shift
of the metal d-band and an increase of valence electrons density'°.
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The investigation on this material and its electrochemical properties have shown how this material can have
low overpotential for HER, even lower than 0.1 V (vs. RHE) at 10 mA cm~2 and 0.3 V at 500 mA cm™2, in
acidic and alkaline electrolyte and great stability'®. The synthesis of this material has been exploited not only as
nanostructures but also as homogeneous layer of carbide starting from a Molybdenum substrate, making the
material more robust. An example about this last strategy was reported by W. Liu el al. in which a Mo substrate
surface was turned into MoC / Mo,C in molten carbonate where CO, was reduced to C allowing a carbide
layer formation!!. This process led to a durable and highly active catalyst for HER, better than Pt. Most of the
reported works about Mo, C, although the outstanding performance reported, use high temperature processes
(700-1000 °C), flammable gases use and long-time operation (4-6 h)!2. Moreover, the produced material often
aggregates pouring the accessible active sites for catalytic activity. Hence, the inclusion of other metals (like
Nickel) atoms or coating/supporting carbon nanomaterials has been considered to improve water splitting
performance!®13:14,

Pulsed Laser Ablation in Liquid (PLAL) is an optimal and alternative candidate for synthetizing Mo carbide.
The out-of-equilibrium condition created by the laser-matter interaction involving a Mo target, a C-based
solvent (like acetone or ethanol) results on target vaporization and inclusion of carbon atoms. PLAL implies the
use of a high-power pulsed laser focused onto a metallic target leading to localized high temperature (thousands
of kelvins) heating and to bubble formation with following reaction among target atoms and solvent molecules'.
Some advantages of this technique are the synthesis of pure and ligand-free nanoparticles (NPs). The obtained
NP dispersion does not need any post-synthesis treatment or washing, reducing the number of preparation
steps. Furthermore, its energy consumption is limited without the need for additional temperature and pressure
control systems. Due to these advantages, PLAL has recently been exploited for the facile and rapid synthesis
of highly active electrocatalytic NPs, with performances superior or comparable to those of NPs synthesized
with other techniques!®!”. To this end, due to the high energy provided by the laser and the interaction among
a C-rich solvent and Mo target, PLAL can be considered more environmentally friendly than conventional
approaches for the synthesis of transition metal carbides. Although industrial scale-up remains a challenge, the
potential of the PLAL approach is increasingly evident!?.

Concerning the synthesis of Mo C materials, it is not quietly new for laser ablation techniques. In 2013, L.
Franzel et al. reported the synthesis of Mo/MoC nanoparticles (NPs 4 nm medium size) by laser ablation of a
Molybdenum target immersed in Ethanol using a picosecond pulsed laser'®. Femtosecond pulsed laser induced
the formation of MoC NPs (60 nm diameter) with graphite shell irradiating a Molybdenum target in Hexane
environment!® .

Nanosecond pulsed laser ablation was exploited in toluene with N, atmosphere resulted in MoC NPs while
in ethanol have been obtained MoC/ C core shell NPs and small Mo,C NPs using a lower power ns-laser?*2!,
These examples have shown how the non-equilibrium conditions of laser ablation involving organic solvent as
liquid environment led to the inclusion of carbon in the target atoms, making this technique suitable for carbides
material synthesis. Short pulse ablation has shown the capability of synthetizing MoC /C NPs. On the other
hand, for nanosecond ablations none has reported carbide NPs (MoC and Mo,C) with the absence of carbon
shells and no investigation about the electrochemical properties of these materials for HER was considered.

In this work, we demonstrate the production of Molybdenum Carbide NPs with the use of a nanosecond
pulsed laser by the ablation of a Mo target immersed in Ethanol. The material produced as NPs dispersion was
characterized in terms of morphology, compositional and structural properties. Then, the NPs were tested as
electrocatalysts for HER in alkaline environment showing promising results.

Results

Synthesis and characterization of molybdenum carbide NPs

Figure 1 (a) shows the schematic of PLAL process used for the synthesis of MoC/Mo,C NPs. The scheme displays
the infrared laser beam exiting from the Nd: YAG ns-laser focused onto the metallic target immersed in Ethanol.

Due to the interaction between the laser and the metallic target, a plasma plume is formed during which
the metal atoms from the target interact with the solvent molecules, finally producing a NPs dispersion?2. In
this work, 5 min of laser ablation causes 0.4 mg of mass loss of the target. After the synthesis, 10 uL of the NPs
dispersion was drop cast onto a Silicon substrate and the SEM analysis was performed. In Fig. 1b, SEM shows
how the NPs possess a spherical geometry, a few NPs has a diameter of almost 1 pm, but the majority of them
has a size of 20-30 nm. In order to better analyze the size distribution of the NPs (Fig. 1d) HAADF STEM
measurements were performed (Fig. 1c). The curve representing the size distribution is a lognormal whose
highest peak is centered on 14.5 nm as most representative size of the NPs. This curve well represents the data
collected and it is the one expected for NPs obtained by PLAL?.

STEM-EELS experiment was conducted focusing onto Mo M-edge at 227 eV (green), C K-edge at 284 eV
(red), O K-edge at 532 eV (blue) and N K-edge at 401 eV (violet). The outcoming images (Fig. 2a) show that
Molybdenum and Carbon coexist within the NPs. Some Oxygen surrounds them within being part of the
inner composition, probably because of the oxygen content in the solvent used as ablation environment and air
exposure prior to the TEM experiments. The Nitrogen signal is given by the TEM grid support.

With electron microscopy-based methodologies in transmission mode it was possible to evaluate the crystal
structure of the synthesized material, via power spectra (FFT) analysis, and elemental distribution, via STEM-
EELS maps. HRTEM images and corresponding power spectra (Fig. 2b) showed that the NPs possess a good
crystal structure and some defects, like twin boundaries as evidenced in Figure S1. The FTT patterns derived
agreed with the cubic Fm3m phase MoC and, some NPs also, agreed with the orthorhombic Pbcn phase of
Mo,C.

lz\/Iore about the structural properties of the NPs was investigated with XRD measurements. The XRD pattern
in Fig. 2c shows the peaks related to the MoC cubic structure (corresponding to the space group Fm-3 m (225)
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Fig. 1. (a) Schematic of PLAL system in which the Nd: YAG pulsed laser is focused onto the Mo target
immersed in Ethanol. After 5 min of ablation, 8 mL of NPs dispersion into the vial appear brown/grey. (b)
Low magnification SEM of NPs onto Si substrate. (c) Low magnification HAADF STEM images of NPs. (d)
NPs size distribution derived from the HAADF STEM images. The curve fitting the data follows a lognormal
distribution whose maximum value is centered at 14.5 nm.

(PDF Card No.: 00-065-0280) and also the peaks referred to hexagonal Mo,C (PDF Card No.: 00-011-0680)
related to the space group: P63/mmc(194)?*. These characterizations showed that there is no evidence of the
MoO, presence in the NPs that consist of cubic MoC or hexagonal Mo, C crystals.

The surface chemical composition of the obtained NPs was then investigated by X-Ray Photoelectron
Spectroscopy. As Figure S3a shows, the Mo 3d region was deconvoluted in four components. Peaks at 227.3 eV
and 228.5 eV were assigned to Mo carbides (MoC or Mo,C) and metallic Mo®, respectively. Contributions at
231.1 eV and 232.5 eV correspond to Mo** and Mo®* oxidation states, and are ascribed to oxidized molybdenum
species likely formed upon air exposure of the NPs surface!!. The just discussed characterizations show the
successful formation of carbide material by laser ablation. The solvent and the target material play a crucial role
in carbonization by ablation technique. The carbonization of the metal starts in the plasma phase in which the
organic solvent starts to be decomposed under the laser irradiation. The decomposition of organic molecules can
generate gases, such as the reductive CH, or CO, thus carbon atoms are available for carbonization?!242> Not all
the metals are able to include carbon atoms and for stable carbides. For metals like Cu or Ni, the carbon-metal
phase diagram reports that with the temperature decrease, carbon can go toward the formation of a shell instead
of forming metal carbide. However, this is not always verified and can strictly depend on the solvent used and
the laser synthesis parameters. Those metals with more d-vacancies, like the metals of the IVB- VIIB group, as
Mo and W, have a high carbon solubility (~39% ) such that the carbon atoms bind at the metals’ vacancies®. This
happens in the gas phase (thus, cavitation bubble) where the temperature is in the proper range (150-490 °C). H.
Zhang et al. reported the synthesis of MoC/C core shell NSs by PLAL in Ethanol specifying that the level of the
liquid above the target surface is about 10 mm. They observed that larger NSs are MoC/C core/shell NSs and the
smaller NPs are orthorhombic Mo,C?. In this work, the presence of carbon or graphitic shell can be excluded
by analyzing the HRTEM measurements. This may be an effect due to the liquid height above the target surface
(in this case 20 mm) that may have attenuated the laser energy, thus reduced the pyrolysis of the solvent and
avoided the carbon graphitization or onion -like organization around the obtained NPs, compared to the other
reported PLAL-obtained MoC?.

In order to sheld light onto Mo-C bonds we employed Raman spectroscopy (Fig. 3a). The most intense
peaks observed are at ~661 cm™*, 820 cm™!, and 994 cm are typically related to the Mo,C phase?”~%°. That small
left asymmetry in the 820 cm™! peak, can be associated to the presence of a peak at 805.3 cm™! related to MoC
phase. The Raman spectrum also presents the peaks at 1325 cm™! and 1584 cm™! corresponding to the D and
G bands of carbon. In particular, the D band is the one associated to disordered carbon framework and the G
band indicates amorphous carbon. Some of the peaks in the regions of 100-400 are associated to optical modes
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Fig. 2. (a) STEM-EELS maps, focusing on Mo M-edge at 227 eV (green), C K-edge at 284 eV (red), O K-edge
at 532 eV (blue) and N K-edge at 401 eV (violet). (b) HRTEM analysis performed for two different NPs with
the corresponding power spectrum (FFT) showing both MoC and Mo, C phases. (c) XRD pattern of the PLAL-
obtained NPs with highlighted the Mo, MoC and Mo, C relative peaks.

of Mo, C, like 147, 167, 198, 222, 315 cm™ . Also, Tiwari et al., assess the Raman peaks at 280 cm™' and 335 cm™!
to E,g and A, g vibration modes of Mo,C*.

Transmittance measurements were performed onto the NPs loaded onto a fused quartz substrate. Figure
S2 reports the transmission spectra obtained for the bare quartz substrate and the NPs loaded one, showing
a significant but continuous decrease in transmittance over the entire wavelength range investigated, due to
scattering and reflection due to NPs.

No clear evidence of a light absorption gap is given, supporting the hypothesis that the optical bandgap of
these NPs should be lower than 0.5 eV, if any. This can be a result confirming the zero optical energy bang gap
reported as feature of this material in literature*>!.

KP AFM measurements were done to exploit the surface properties of NPs. Figure 3b reports three different
tip voltage profiles extracted from three line scans of an agglomerated area of NPs (inset, the color scale is
related to the height information, the dashed white lines represent the line profile for tip voltage scan). The
correspondence with the NPs appears in the increase of the tip voltage signal with respect to the substrate signal
(left part of the curves, at ~ -0.280 mV). As the substrate is Au film, whose WF (work function) is reported
5.1 eV, we can assume that the NPs have an average WF of 5.25 eV, compatible with that reported in literature for
the - Mo,C (001) - Mo exposed phase®’.

These data evidence the successful synthesis of well-defined MoC/Mo,C nanosized particles by using
nanosecond pulsed laser ablation in Ethanol. The presence of Mo,C, and the absence of a carbon shell, is
considered particularly desirable due to Mo,C superior catalytic activity for HER, as it exhibits stronger proton
(H*) adsorption compared to MoC. Given the relatively mild and time-efficient nature of pulsed laser ablation
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Fig. 3. (a) Raman spectrum of the MoC/Mo,C NPs. (b) Tip Voltage profiles extracted from KP-AFM. Dashed
lines in the inset are the three tip profiles onto the relative topographic image.

in liquid (PLAL) synthesis, especially when compared to the more complex methods reported for this material
synthesis, the use of PLAL-synthesized MoC/Mo,C NPs for alkaline HER is noteworthy.

Investigation on HER mechanism and electrode/electrolyte interface

To study the performance of HER in alkaline aqueous electrolyte, the MoC/ Mo,C NPs were loaded onto NF
to perform electrochemical measurements. SEM image on NPs distributed in the NF substrate is reported in
Figure S4a, showing not a full coverage of the substrate. In Fig. 4a, the LSV curves of the bare substrate and the
NEF + NPs are reported. The loading of 0.2 mg of catalyst (dashed line) is reflected by a significant decrease in the
potential vs. RHE @ 10 mA cm™ (from - 0.200 V to -0.135 V vs. RHE). The value of loading was chosen as the
optimum, after testing also lower amount of catalyst and different substrate (Figure S5). The significant activity
of the PLAL-obtained NPs is also reflected at higher current density (50 mA cm2) with an overpotential of 239
mV vs. RHE.

After, the LSV measurements, the durability of catalyst activity was then studied by chronopotentiometry
measurements in 1 M KOH applying 10 mA/cm? for 14 h. The result (showed in Figure S7) reflects a good
stability of the electrode over the testing hours. Moreover, SEM image on the used electrode displays the NPs
presence on the NE, reflecting not a significant loss of electrocatalyst material (Figure S4b). After HER, the surface
composition of the NPs onto the used NF electrode was investigated. The XPS spectrum, showed in Figure S3b,
reveals the absence of metallic Mo and still the presence of Mo-carbide peaks, although the percentage of oxide
increased, compared to the fresh sample. If considered the exposure to aqueous potassium hydroxide electrolyte,
the enhancement of the oxidic species on the surface of the NPs is actually expected.!!.

In Table 1 some Mo C carbides are compared in terms of overpotential and mass activity. The comparison
reflects how PLAL can be a competitive synthesis approach to get HER-active material without the inclusion
of other elements or carbon support. Also, less loading (0.2 mg) is already providing a significant, event lower,
activity.

In order to better investigate the HER mechanism catalysed by our NPs, the Tafel plot (Fig. 4b) is now
discussed. In alkaline environment, the HER involves the reduction of water molecule toward the production
of adsorbed hydrogen atoms on the empty material surface site (*) and hydroxide ions ( O H ~)3%3°. The steps,
expressed in reaction as follows, are represented in Fig. 4b bottom. The first step is the Volmer step:

HO+e + xS %+ Haoas +OH™ (1)
After the Volmer step, Heyrovsky or Tafel step follow:

Hy, +OH™ + * (2)
H> (3)

* - Hogs + H20 4 €™
2 *- Hads

=
=
From the Tafel plot (derived from LSV) analysis some hint on the rate determining step (RDS) can be discussed.
In our case, the Tafel slope (150 mV /dec) is larger than 120 mV/dec, suggesting that the Volmer step is the
one determining the overall rate3®. In a microkinetical scheme, the electrochemical reactions before the RDS
are in quasi equilibrium with the reactants*®*!. The linear region of the Tafel plot is, indeed, linked to the RDS
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Fig. 4. (a) LSV curve of bare NF and NF with MoC/Mo,C NPs. (b) Tafel plot of the NF with MoC/Mo,C NPs
electrode with the extracted Tafel slope and, below, the scheme of HER reaction steps in alkaline electrolyte.
(c) Mass Activity bubble plot vs. Potential reported at 10 mA cm™2 (left) and 50 mA cm~2 (right yellowish) for
different electrocatalysts in 1 M KOH (data from Table 1 and Ref. *2).
Overpotential vs. RHE | Overpotential vs. RHE | Mass Activity @10 mA cm™2
Catalyst material Catalyst mass [mg] | @ 10 mA cm™2 [mV] @ 50 mA cm~2 [mV] [A/ mg] References
Zr-based MOF - MO,C/NF | 1.5-2 174 0.005 2
Mo,C@C 0.24 206 0.04 33
B Mo,C 0.4 195 300 0.02 34
2D MoC /NF 0.4 195 320 0.02 ¥
MoC/C GCE 0.57 220 280 0.02 36
MoCy nano-octahedrons 0.8 151 220 0.01 37
MoC/Mo,C NPs/ NF 0.2 136 239 0.05 This Work

Table 1. Literature comparison among MoC - Mo, C electrocatalysts reporting the catalyst mass, the
overpotential vs. RHE at 10 and 50 ma cm™% and mass activity at 10 ma cm™.

mechanism?. In the Tafel regime, defined as linear region where the overpotential is higher than 30 mV, the

Tafel slope (b) can be related as follows:

b

dn

59 mV

dec

(4)

- leg (]) - Yy + Trds O rds

In which, 7 is the number of electrons transferred before the RDS, 7,45 is assumed 1 (0) when the reaction
step has an electrochemical (chemical) nature and is o .45 the RDS transfer coefficient, typically in the 0.3-0.7
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Fig. 5. (a) Mott Schottky and (b) current extracted by the MS measurements for MoC/Mo,C NPs onto ITO
PET in aqueous1 M KOH. (c) Electronic states of MoC/Mo,C NPs level (to the right) depending on the
potential applied (V) respect to the standard potential of hydrogen evolution reaction in the case of V lower
(top) of the overpotential and higher (bottom).

range?!. The value found by analyzing the Tafel plot agrees with 7rqs = 1 and v = 0, confirming again the
Volmer step as RDS.

In order to evaluate the effective catalyst activity of our PLAL produced NPs, the mass activity (MA) at
10 mA cm™ was calculated to be 0.05 A mg.

This result is quite relevant in the literature scenario, in fact, Fig. 4c reports a bubble plot in which MA is
reported versus the relative potential for several electrocatalysts at 10 mA cm™ in 1 M KOH (left side, white
background)*?-3742, The area of each circle represents the catalyst loading. Green circles report some non-
precious catalysts (such as Nickel or Cobalt), the dark blue circles are Platinum based electrocatalysts, the orange
circles have been added as Mo-based electrocatalysts, and the red circle is related to this work. Platinum based
electrocatalysts are well-established top electrocatalysts for HER, even with low catalyst loading Pt points to the
top left corner of the plot (the most desirable one). Non-precious catalysts, more abundant and cheaper than
Pt, typically stay well below Pt and in particular Mo-based ones show quite large overpotentials for at 10 mA
cm. Our PLAL synthesized MoC NPs show a promising performance in MA, standing out with respect other
Mo-based and non-precious electrocatalysts. The right side of the plot (Havana background) reports some MA
data (orange squares) of Mo-based electrocatalysts at 50 mA cm™ compared with our datum (red square). Also
at high current, our PLAL synthesized MoC NPs shows results significantly better than those of literature Mo-
based electrocatalysts.

Mott-Schottky (MS) analysis was performed to investigate the surface electrode/electrolyte capacitance in
the same electrolyte of HER tests. Figure 5a reports MS plot of the NPs sample, while Fig. 5b shows the current
measured at the same time from the equipment. MS plot reveals a capacitance increase when negative potentials
(vs. RE) are approached.
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Such a trend is compatible with a larger availability of charges at electrode surface, sustaining a greater
capacitance of the double layer involved (no current is essentially measured for potential down to -0.4 V). The
capacitance tends to stabilize when —1 V vs. RE, where a huge current flows because of HER. To interpret this
data, the capacitance of the interfacial double layer, C , should be modelled as the capacitance offered by
NPs in series with that of Helmholtz layer*3:

—— =t (5)
Cinterface B CNPS CH

interface

In the case of a semiconductor, the first term is actually the one predominant due to the high density of state
of the semiconductor*>. Whereas in the case of a semimetal (as MoC should be considered), the Helmholtz
contribution will be the predominant term®. Hence, in the case of a semimetal we cannot mention any band
bending at the interface electrode/electrolyte, but we can do a consideration about density of free charge. At the
equilibrium (V=0 V vs. Open Circuit Potential (OCP)) we can think about a low density of free charge due to
the presence of electrons-surface states bonding. The electrode/electrolyte area can be imagined as a capacitor
with low capacitance. Same, for a potential applied lower than the overpotential. Figure 5c (top) schematizes
the free charges level being lower than the energy level for the hydrogen production. Once a more negative
potential start to be applied, the capacitance increases as the charge available at the surface increases (like a
bigger capacitor with a bigger area) as in bottom part of Fig. 5¢, where the applied potential draw the Fermi
energy of the electrode higher than that of HER level. The charge becoming more and more available represents
the availability of electrons that, at that negative potential, can allow the current increase and, thus, the HER to
start.

Summary

In this research study, nanosecond PLAL was employed to synthesize molybdenum carbide by ablating a
molybdenum target in ethanol. Morphological and structural analyses revealed spherical nanoparticles (14 nm
mean diameter) of cubic MoC and hexagonal Mo,C structures, with surfaces free of oxidation and graphitic
shells. Optical characterization indicated the semimetallic nature of the material, exhibiting a quasi-zero
bang gap. The NPs, when loaded onto NF, enhanced HER activity, reducing the overpotential to 136 mV vs.
RHE at 10 mA cm™2 and 239 mV vs. RHE at 50 mA cm™2, using only 0.2 mg of catalyst. Tafel plot analysis
identified the Volmer step as the RDS for HER activity. The intrinsic activity, as reflected by the mass activity
value, demonstrated competitive performance compared to general transition metal oxide and Mo, C based
nanocatalysts in alkaline electrolyte. In conclusion, ns-PLAL presents a viable alternative synthesis route for
producing HER-active molybdenum carbide.

Methods

Synthesis of the molybdenum carbide nanoparticles

A Nd: YAG laser (Quanta-ray PRO-Series pulsed 12 ns) operating at wavelength of 1064 nm, power 5 W and
frequency 10 Hz was used for the synthesis of Molybdenum Carbide NPs. The high-power laser beam was
focused through a convex lens (focal length 10 cm) on a commercial Molybdenum target (1.5 x 1.5 cm, thickness
1 mm, purity 99.9%) placed at the bottom of a Teflon cylindrical vessel (2.5 cm in diameter), filled with 8
mL of reducing solvent (Ethanol, purity 99.9%) (height liquid above target~20 mm). The estimated fluence
value ~ 10 J/cm?.

After 5 min of ablation, the vessel content became grey colored suggesting the formation of a dispersion of
Molybdenum Carbide NPs. The obtained NPs dispersion was stored at 4 °C preserving the stability of the as-
synthetized NPs dispersion.

The Mo target was weighed before and after the ablation in order to measure the amount of ablated material
from the Mo target. For this measurement a micro analytical balance (Sartorius M5) with a sensitivity of 100 ug
was used.

Structural and compositional characterization of molybdenum carbide NPs

Surface morphology of NPs was analyzed by using a Scanning Electron Microscopy (SEM) (Gemini field
emission SEM Carl Zeiss SUPRA 25, FEG-SEM, Carl Zeiss Microscopy GmbH, Jena, Germany) using a Silicon
substrate with a low amount of NPs drop cast. The same sample was used for recording the Raman spectra using
a Horiba Scientific instruments model 1024 x256-OE, with a laser by THORLABS model HNL225R with a
wavelength of 633 nm.

The NPs drop cast onto a fused silica quartz substrate were optically analyzed using a Varian Cary 500
double-beam scanning UV-vis-NIR spectrophotometer measuring the transmittance from 200 to 2500 nm.

The structural properties of the NPs were analyzed through X-Ray diffraction (XRD) measurements. The
NPs dispersion was drop cast on a Corning Glass substrate and XRD was carried out in grazing incidence
mode (8, =Q.5A°) using a Smartlab Rigaku diffractometer, equipped with a rotating anode of Cu Ka radiation
(A=1.54056 A) operating at 45 kV and 200 mA.

The structural analyses have been also performed via High Resolution transmission electron microscopy
(HRTEM) in a Tecnai F20 microscope operated at 200 kV. HRTEM was complemented with high-angle annular
dark-field (HAADF) STEM images and electron energy loss spectroscopy (STEM-EELS) analyses to evaluate the
elemental distribution. By using HAADF STEM images we could extrapolate the diameters of 180 nanoparticles
using a Digital Micrograph script in order to obtained the statistical size distribution.

Kelvin Probe Force Microscopy (KPFM) analysis was used to highlight the particle work function. The NPs
were drop cast on a silicon substrate previously sputtered with 60 nm of gold. The measurement was conducted
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with a Nanosurf DriveAFM in non-contact (called also tapping or dynamic) mode using SCM-PIT-V2 (Bruker)
tips with an oscillating frequency of ~ 75 kHz. An oscillating potential was applied by the machine between the
tip and the sample with an amplitude between 2 V and 3 V at a frequency of 20 kHz. The surface potential map
was acquired through the second lock-in amplifier of the DriveAFM with a bandwidth of 6 kHz. The measured
surface potential is given by the difference between the tip and the sample work function, so the gold film on the
substrate was used as reference potential and, in addition, guarantee electrical conductivity45.

Surface chemical composition of NPs was analyzed by using X-ray Photoelectron Spectroscopy (XPS) (PHI
5000 VersaProbe) with a monochromatic Al Ka source (1486.6 eV) excited by a micro-focused electron beam.
Measurements were carried out at a photoelectron take-off angle of 45° relative to the sample surface. The
binding energy scale was calibrated using the C 1s peak of adventitious carbon at 285.0 eV.

Electrochemical analysis

The electrochemical measurements performed in this work were done using a Versastat-4 potentiostat and in
a three-electrode electrochemical cell using a Pt wire as counter electrode and a Ag/AgCl 3 M KCl as reference
electrode. The electrolyte used was 40 mL aqueous solution of 1 M KOH (pH 14).

The electrochemical performance for HER of NPs were studied by using a Nickel Foam (NF) substrate
(Goodfellow Inc., Huntingdon, England; thickness 1.6 mm and porosity 95%) loaded with 0.2 mg of NPs after
having rinsed with Ethanol and dried in N, the substrate. The HER activity of the electrode was investigated
using linear sweep voltammetry (LSV) at scan rate of 5 mV s~! in the potential range of 0 - -1.5 V vs. RE.
Electrochemical impedance spectroscopy (EIS) was performed with a superimposed 10 mV sinusoidal voltage
in the frequency range 10* + 107! Hz at -1.2 V vs. RE. The extracted uncompensated resistance (R ) was used to
determine the iR drop (Figure S6 )*°. The value of the overpotential was taken at a current density of 10 mA cm=2
and of 50 mA cm™2. The Mass Activity (M.A.) was evaluated by the ratio between the current density [10 mA
cm~?] and catalyst loaded [mg] on the substrate was evaluated in order to compare the intrinsic activity of the
electrocatalyst synthesized.

Finally, Mott Schottky analysis was done to extract the capacitance versus the potential. The NPs were loaded
onto ITO-PET substrate (ITO film with surface resistivity of 60 Q/sq from Sigma Aldrich). A small (~2 mm?)
and highly concentrated area was covered with the NPs and properly isolated with a nail lacquer. The amount
of NPs on ITO PET was deposited in order to have a sufficiently covered area and isolated in order to avoid
substrate contribution. The Mott Schottky measurement was run from —1 to + 1 V vs. reference electrode (RE)
with a frequency of 1 kHz and an amplitude of 10 mV.

Data availability
The data that supports the findings of this study are available within the article and its supplementary material.
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