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ABSTRACT. Molybdenum sulfide is considered one of the most promising non-precious
Hydrogen Evolution Reaction (HER) catalysts thanks to its high activity and natural abundance.
Despite its remarkable efficiency, the limited number of active sites and the intrinsically low
electrical conductivity of most MoS; catalyst preparations hamper the potential catalytic efficiency
and reaction kinetics. To address the two drawbacks, we use Pulsed Laser Deposition (PLD) for
the non-equilibrium synthesis of self-supported, hierarchical nanostructured molybdenum sulfide
(MoS,). Different nanostructures are obtained by sequential attachment of nanocrystalline and
highly defective molybdenum sulfide building blocks. The as-synthesized MoS, shows a
nanocrystalline structure, composed of an amorphous matrix with embedded nanodomains of bent
and defective S-Mo-S parallel layers, characterized by excess sulfur and segregated molybdenum
particles. Incorporation of oxygen through amorphization of the nanocrystalline pristine structure

fosters the creation of sub-stoichiometric oxide/oxysulfide phases that, thanks to their high



electrical conductivity, enable a fast electron transfer rate to the active sites. The combined effect
of the nanocrystalline structure of the as-synthesized material and the incorporation of oxygen on
the surface enhances the performance of the catalyst, resulting in small overpotentials, very fast
reaction kinetics (Tafel slope of 35.1 mV dec!) and, for the optimized MoS, morphology, a
remarkable long terms stability for continuous operation at current density up to -1 A cm2. Our
work shows the possibility in catalytic design that stem from a non-equilibrium synthesis technique
like PLD and the importance of structural, chemical and morphological control to improve the

HER performance of MoS-based catalysts.

1. Introduction

Production of hydrogen (H,) from water electrolysis' or electrocatalytic water splitting?
represents an attractive and scalable method to store the intermittent electrical energy generated
by renewable sources into the chemical bonds of the hydrogen molecule.’= The recognized state-
of-the-art catalyst for electrochemical hydrogen evolution reaction (HER) is platinum® thanks to
its high activity, fast reaction rate and good electrochemical stability. However, the high cost and
scarcity of platinum limits its feasibility as a catalyst in a scaled-up hydrogen-based energy
economy. Consequently, scientific efforts have been increasingly dedicated to the study and
development of earth-abundant, cost-effective, non-precious HER catalysts.”-

Among the many non-precious HER electrocatalysts that have been studied in the literature,
transition metal dichalcogenides (TMDjy) — in the form MX,, where M is the transition metal (e.g.
Mo, W) and X the chalcogen (e.g. S, Se) — are particularly appealing because of their remarkable
catalytic activity -1, Particular attention has been addressed to crystalline molybdenum disulfide

(MoS;) as the most promising HER catalyst!? thanks to its electrochemical stability, earth-



abundance, and outstanding HER activity that stems from the nearly optimal thermoneutral value
for the calculated binding energy of hydrogen adsorbed on its active sites.!3!# Moreover, the
anisotropic layered structure of MoS, presents two distinct crystallite orientations, the basal planes
and the edge plane, that exhibit substantially different electrochemical properties:!> the hydrogen
adsorption energy is optimal for the molybdenum atoms on the edge planes, which are the HER
active sites, whereas the basal plane is inert towards the reaction.'>!® Amorphous molybdenum
sulfides (a-MoS) on the other hand exhibit a variety of defect-rich, partially disordered structures
with a high density of under-coordinated sites,!” whose homogeneous presence in the material can
lead to a very high HER activity, as demonstrated in literature.'®!° Despite their remarkable
characteristics, two crucial factors still limit the performance of molybdenum sulfide based HER
electrocatalysts: the unsatisfactory electrical conductivity of the material, since the resistivity of c-
MoS, is in the order of 10* Q cm,?° and the limited availability of the active sites to the electrolyte.
The limited electrical conductivity affects both crystalline MoS, (c-MoS;) and amorphous MoS;:
for c-MoS,, it is related to the geometrically anisotropic layered structure of c-MoS,, which causes
a sluggish electron transfer rate between different planes of the material'> and a large bandgap,
ranging from 2.40 eV to 1.75 eV depending on the number of layers.?! For a-MoS,, instead, the
disordered structure itself limits the maximum electron transfer rate and its conductivity. The
localization of the HER active sites on the edges of crystalline molybdenum sulfide, moreover,
limits the electrochemically active area, since the two basal planes of the layered material are inert.
To overcome these drawbacks, two main strategies have been pursued in the literature: either
controlling the morphology to maximize the exposure of the active sites and the electrochemical
active surface area, or enhancing the intrinsic activity of the catalyst by creating new HER active

sites and increasing the electrical conductivity. To increase the active area, researchers maximized



the exposure of the [1010]-Mo edge active sites towards the electrolyte by a variety of approaches:
by synthesizing vertically-aligned MoS, platelets, either self-supported?? or supported on a porous
carbon-based material;>} by growing MoOj_,/MoS, core/shell nanowires with high density of
exposed edge sites;?* by fabricating 2D structures like nanowalls 23 or 3D morphologies such as
nanospheres;'%2® or by supporting thin MoS, catalytic layers on conductive, high-surface-area
carbon-based supports.?’3! Effectively exposing the maximum number of active edge sites leads
to a remarkable increase of the catalytic surface area, consequently improving the HER
performance of MoS, catalysts. On the other hand, in order to enhance the intrinsic activity and
conductivity of MoS,, two approaches are usually employed. The first approach consists in
forming new active sites in the pristine material, either by creating new under-coordinated sites in
the basal plane through the incorporation of vacancies’?33 or by transitioning the material into its
metallic state with enhanced electrical conductivity and higher density of active sites. 293437 The
second approach aims at modifying the electronic structure of the material through doping with
different elements,’®#? thus increasing the catalyst electrical conductivity and achieving a faster
reaction rate. In this regard, oxygen incorporation has proved to be an efficient way to improve the
electrical conductivity of MoS, catalyst and to enhance its HER performance, because sub-
stoichiometric molybdenum dioxide (MoQO,) exhibits a metal-like electrical conductivity. In
previous reports,*47 the incorporation of oxygen in MoS, materials led to the compresence of
both MoS, and MoQO, phases in the catalyst or to the exploitation of MoO, conductive backbones
to accelerate the electron transfer to the MoS, HER active sites, thus achieving remarkable reaction
kinetics and smaller overpotentials. Moreover, the inclusion of oxygen modifies the surface
electronic structure of MoS,, favoring the interaction between active site and reactants and

enhancing the electronic transport near the active sites, boosting the catalytic activity.*>*® For



amorphous molybdenum sulfides, which are usually synthesized by electrochemical or wet-
chemical methods with limited control over the final morphology of the deposited materials,
coupling the catalyst with conductive supports with controlled morphology is an efficient way to
both enhance the conductivity of the catalyst and to finely tune the final architecture of the a-MoSy
material to maximize the surface area. Examples include depositing a-MoS, on carbon nanotubes
(CNTs),"” N-doped carbon nanotubes,* reduced graphene oxide fibers,”® graphene-CNTs
hybrids®! or p-doped Si nanowires:>? thanks to these conductive supports whose morphology can
be easily controlled, the resulting catalytic architecture achieves enhanced catalytic performances
in terms of lower overpotentials — thanks to the high surface area provided by the supporting
structure — and faster kinetics — due to the faster electron transfer rate from the conductive support
to the active site.

In this work, we exploit a non-equilibrium synthesis by Pulsed Laser Deposition (PLD), to
induce the controlled nucleation and condensation of molybdenum sulfide clusters in the vapor
phase. By tuning the interaction between the laser generated plasma and the process gas, we can
modify the kinetic energy of the clusters upon their landing on the deposition substrate thus
controlling their sequential attachment into nanocrystalline, metastable nanostructures
characterized by quasi 1D morphology whose porosity can be controlled down to the micro- and
nanoscale. We leverage the metastable structure of PLD-grown molybdenum sulfide, whose
inherently defective structure at the nanoscale size ensures a wide variety of active sites for the
reaction. Moreover, the PLD process allows the synthesis of self-supported MoS; hierarchical
nanostructures with tunable morphology from dense, compact films to porous, hierarchical
nanostructures. Previous reports about the synthesis of MoS-based HER catalysts by

PLD>3-35 reported the deposition of a-MoS, thin films on different substrates, with HER



performances in line with those of wet chemical methods. On the other hand, we use PLD
for nanoengineering the material from its atomic level up to its micro- and nanoscale
morphology. The disruption of any long range order in the as deposited MoS, facilitate its
electrochemical ‘activation’ process,’®>® in which the pristine material undergoes an
irreversible chemical and structural modification. Indeed, the excess surface sulfur in the
as-synthesized MoS; catalyst is substituted with oxygen, fostering the creation of reduced
molybdenum oxide/oxysulfide phases with higher electrical conductivity on the surface of
the material, effectively enhancing the HER kinetics through a faster electron transfer rate
near the HER active sites.

By exploiting the combined effect of the defective nanoscale organization of the material
and the electrochemical oxygen incorporation, we obtain MoS-based HER catalysts that
perform the reaction with remarkable activity, characterized by a very fast reaction kinetics
thanks to a noteworthy Tafel slope of 35 mV dec’!. By optimizing the nanostructure
morphology, we optimize the overpotentials at -10 mA ¢cm and -100 mA cm? with values
of 126 mV and 170 mV, we maximize the activity of the catalyst by achieving a remarkable
per-site TOF of 3.5-1.2 H? s'! at 150 mV, and achieve an unprecedented long-term stability
for non-crystalline MoS, catalysts, with a 100-hour stability after continuous operation at -
100 mA cm and over 25-hour stability at -1 A cm™. With this work, we show that by
employing out-of-equilibrium synthesis technique as PLD, combined with a precise
compositional control achieved through electrochemical methods, it is possible to
drastically enhance the HER performance of non-crystalline MoS, materials, providing the
framework for the development of self-supported, non-crystalline and non-precious HER

electrocatalysts.



2. Materials and Methods

Substrates. For the PLD synthesis of the MoSy films, glassy carbon (Tokai Carbon), soda lime
glass microscope slides (Thermo Fisher Scientific) and electronic grade silicon (SiMat) are
employed as substrates. Glassy carbon is used as the substrate for electrochemical analysis. To
create a flat surface on glassy carbon for MoS, deposition, the substrates are successively polished
with 1200 and 2400 sandpaper, then with 1 pm and 0.3 pm alumina paste. Subsequently, they are
sonicated in acetone (Honeywell), isopropanol (Honeywell) and distilled water.

Device Fabrication. MoS, nanostructures are obtained starting from a crystalline MoS, target
(Testbourne, 99.9% purity). Pulsed Laser Deposition is carried out using a KrF excimer laser
(Coherent Gmbh. COMPex 205 F, A=248 nm), in a vacuum chamber evacuated down to 0.003 Pa,
filled with an Ar (99.9999%) atmosphere. The total incident fluence on the MoS, target is 3.1 J
cm pulse’! and the target/substrate distance is 5 cm.

In-situ PLD diagnostics. Plume imaging was performed with an ICCD camera (Princeton
Instruments, PI-MAX) with variable gating. A Nikon camera lens was positioned outside the
chamber, focusing on the plasma plume through a Suprasil window, varying the exposure time
and f-stop according to the plume conditions. The ion probe time-of-flight measurements (detector
area 1 mm?) were acquired during the deposition process, adjusting the resistor across which the
current is measurement according to the plasma conditions.

Morphological Characterization. Cross-sectional images are acquired with a Zeiss SUPRA40
field-emission scanning electron microscope (SEM), with an operating voltage of 5 kV and a
working distance of 2 mm. Brunauer—Emmett—Teller (BET) area measurements are carried out in

a Quantachrome Instruments Autosorb iQ gas sorption analyzer, after outgassing the samples at



30°C for 180 min. Pore size distributions were calculated using the Barrett-Joyner-Halenda (BJH)
method.

Structural Characterization. High frequency Raman spectra are acquired with a Renishaw InVia
Raman Microscope, using a 532 nm excitation laser line with an incident power of 0.37 mW. Low
frequency Raman spectra are acquired with a Renishaw inVia micro-Raman system with a 532 nm
excitation line. XRD patterns are acquired with a Bruker D8 Advance diffractometer in a grazing-
incidence geometry. A Cu Ko, (A = 1.54406 A) anode, operating at 40 kV and 40 mA, was
employed. All the diffraction patterns are acquired at room temperature, with an angular position
of the anode of 1°, over an angular range 10°-80°. The step size was 0.01°, the acquisition time
was 2 s for each step. TEM samples are prepared by scratching nanoparticles from substrate and
then transferring to lacey carbon TEM grid. High-resolution transmission electron microscopy
(HR-TEM) micrographs and selected area electron diffraction (SAED) patterns are obtained with
a Carl Zeiss LIBRA 200MC TEM operated at 200 kV. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and core-loss EELS characterization is
conducted using a Nion Ultra STEM 200 microscope operated at 200 kV. Before STEM
observation, the TEM grids were baked at 160 °C for 8 h in vacuum. All core-loss EELS spectra
are quantitatively analyzed using the Quantifit software.”® EDX compositional maps are obtained
with a FEI Tecnai Osiris Scanning/Transmissione Electron Microscope (S/TEM) operated at 200
kV. X-ray Photoelectron Spectroscopy (XPS) analyses are carried out using a Kratos Axis UltraPtP
spectrometer (Kratos Analytical Ltd., UK). XPS spectra are acquired using a monochromatic Al
K, source operated at 20mA and 15 kV. The analyses are carried out on 300x700 um areas. High
resolution spectra were collected at pass energy of 10 eV and energy step of 0.1 eV, and the Kratos

charge neutralizer system was used on all specimens. Spectra have been charge-corrected to the



main line of the C Is spectrum set to 284.8 eV and analysed with CASAXPS software (Casa
Software, Ltd., version 2.3.17).

Helium Ion Microscopy with Secondary Ion Spectrometry (HIM-SIMS) analysis is performed
on a Carl Zeiss ORION NanoFab. Helium Ion Microscopy with Secondary Ion Spectrometry
(HIM-SIMS) is a relatively new technique that combines the high-resolution imaging of the HIM
with the chemical sensitivity of SIMS.6%-6! The HIM is a gas field ion source based focused ion
beam capable of operating with helium and neon gas, and offering beam spot sizes of 0.5 nm and
2 nm respectively. The SIMS add-on unit allows detection of the ion distribution with a spatial
resolution of ca. 15 nm.®?> HIM-SIMS operates via a double-focusing magnetic sector, capable of
mass resolution of ~500. The ion extraction system is fully retractable and the HIM can be used in
secondary electron detection mode without being affected. HIM-SIMS micrographs for the pristine
MoS, are reported in the Supplementary information.

Electrochemical Methods. Electrochemical measurements are carried out in a one compartment,
3-electrode cell (Pine Instruments) utilizing a 0.5 M H,SO,4 aqueous electrolyte. Sulfuric acid
purchased from Sigma-Aldrich and ultrapure water (Millipore) are employed for electrolyte
preparation. The electrolyte was purged from residual O, with nitrogen for approximately 20
minutes before electrochemical experiments. A platinum spiral is employed as counter electrode
and an Ag/AgCl (saturated KCI) was used as reference electrode. As reference for the linear sweep
voltammetry (LSV) measurements, two different Pt references are employed: a Pt mesh and a
commercial Vulcan XC72-supported Pt GDE, with a Pt loading of 0.2 mg cm? (Fuel Cell Store).
A control linear sweep voltammetry (LSV) experiment is carried out employing a carbon 29AA

GDL (Sigracet) as counter electrode to rule out any hypothetical Pt contamination on the working
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electrode.®3%* The Ag/AgCl to RHE potential conversion is obtained through the following
equation:
Erne =E4g/a9¢c1+0.197 +0.0591 - pH

The electrochemical activation process is triggered by performing 30 cyclic voltammetry scans
between -0.2 Vryg and 0.5 Vyyg, with a scan rate of 150 mV s-!. LSV are performed with a scan
rate of 5 mV s’! and iR correction is performed utilizing the high frequency, series resistance
extrapolated by electrochemical impedance spectroscopy (EIS) measurements. EIS spectra are
acquired at a fixed current density of -10 mA c¢cm™ from 10 kHz to 10 mHz. All electrochemical
measurements are performed with an Autolab Multi-Autolab M204 potentiostat. For the fitting
and the simulation of EIS spectra, the built-in tool of Autolab NOVA 2.1 software is employed. In
plotting the voltammograms, the current is normalized to the geometrical area of the sample of
0.19635 cm? and the current density is indicated in the units of mA cm2,,. When the current is
normalized to the effective, 3D surface area of the sample, the current density is indicated in mA
cm gy

3. Results and Discussion

3.1. Non-Equilibrium Synthesis by Pulsed Laser Deposition

The MoS, nanostructured films are synthesized by exploiting the non-equilibrium characteristics
of Pulsed Laser Deposition (PLD) of a crystalline MoS, target. The target is placed in a vacuum
chamber filled with a background gas — in this case Argon — and is ablated with UV light pulses
from an excimer laser (KrF, 248 nm, 3.1 J cm™) to deposit on a substrate at room temperature,
placed at a distance of 5 cm from the ablated target. When hit by the laser pulses, the target

material is vaporized and partially ionized, supersonically expanding as a visible plasma plume
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from the target surface towards the facing substrates. The ablated species then condense and
impinge on the substrates surface, gradually growing the film. During the deposition, nucleation
of nanoparticles and clusters of the material inside the plasma plume can be induced and tuned by
controlling the pressure of the background gas, consequently controlling the deposition mechanism
and the growth of the nanostructures. Moreover, with PLD it is possible to finely control the
morphology over the synthesized films morphology down to the micro- and nanoscale, with the
ability to obtain hierarchical quasi-1D nanostructures with high surface area -7 or hyperbranched
morphologies with controlled aspect ratio. 6370

Our PLD synthesis of MoS, films is carried out employing three different argon pressures,
namely 5 Pa, 10 Pa and 30 Pa, to evaluate how the interaction between the non-equilibrium plasma
and the different gas pressures affects the dynamics of the plasma plume, the clustering of the
nanoparticles in the plume edge and their landing on the substrate. Plasma dynamics in these
deposition conditions is studied via in-situ diagnostics, i.e. ion probe time-of-flight current
measurements and intensified charge couple device (ICCD) imaging and summarized in Figure 1.
The ablation of the c-MoS, target results in the formation of a plasma plume rapidly expanding in
the forward direction, composed by distinct components whose relative intensity depends on the
interaction with the background gas, where four components are identified. A first ‘dark’
component, not visible in the ICCD images but still being distinguished by the ion probe, is
composed of atoms and ions characterized by high kinetic energy that penetrate the background
gas without interacting with it. This first component can be clearly distinguished in the plot in
Figure 1b, as it is registered by the first peak at ~7 us. A second main component, identified in
the purple region in Figure la-c, is composed of a high number of atoms, molecules and

nanoparticles in the plasma and dominates for the deposition at lower pressures. The third
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component is a generated by a ‘rebound’ of the plasma plume against the substrate (green region
in Figure 1a-c): many of the nanoparticles of the main plasma component do not attach to the
substrate upon contact. Instead, due to their high kinetic energy, they bounce back towards the
target after interaction one with another inside the plasma. Finally, a fourth ‘tail’ component (red
region in Figure 1a-c), composed of heavier clusters and nanoparticles characterized by much
slower velocity than the previous three, is present in the last part of the plasma plume. Apart from
delivering to the substrate the heavier material clusters, the tail component interacts with the
rebound particles moving backwards, further promoting the aggregation and the formation of the
clusters that compose the PLD-synthesized films.

These four components are influenced differently by the changes in Ar pressure. The velocity of
the first ‘dark’ plasma component is not affected by the increasing gas pressure, since its arrival
time is roughly the same, ~7 pus for the lower Ar pressures (5 Pa and 10 Pa) and for PLD in vacuum
(Figure SI 1). The main component, instead, along with the ‘rebound’ and ‘tail’, are increasingly
slowed down by the background gas pressure and their arrival time on the substrates is delayed:
as an example, the arrival time of the main component is delayed from 8 pus (MoS, 5 Pa) to 18 ps
and 35 ps for MoS, 10 Pa and 30 Pa respectively. The splitting of these two parts of the plume is
described in detail in other works 7!-’? and follows a scattering model which describes the collisions
of the atoms and nanoparticles in the plasma plume with the background gas. For increasing
background gas pressure, the slowing of the plume is associated to a decrease in kinetic energy of
the particles in the plasma, as shown by the difference in ion probe currents between the 5 Pa or
10 Pa (Figure 1a-b) which range from 300 pA and 500 pA, and the 30 Pa plume (Figure 1c),

where the ion current decreases by one order of magnitude, with a maximum of roughly 30 pA.
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Moreover, along with the strongly diminished kinetic energy, for the highest Ar pressure the fast
‘dark’ component disappears, as revealed by the ion probe currents in Figure 1c.

The plumes propagating at different Ar pressures are dominated by different components. At the
lowest pressure of 5 Pa, the ‘dark’ and ‘main’ component are the dominant ones and arrive on the
target at a similar time, while the ‘tail’ component is characterized by a very modest intensity. The
first ‘dark’ component is instead diminished in intensity for the 10 Pa plasma, where the dominant
components are the ‘main’ one and the ‘rebound’, characterized by kinetic energies comparable to
the 5 Pa plasma. For this Ar pressure, the splitting of the plume components can be fully
appreciated and, more interestingly, an interaction between the rebound and the tail component
can be seen: the particles that have bounced on the substrates and are moving in the backward
direction interact with the heavier and slower aggregates that constitute the tail component, moving
back again towards the substrate. The highest pressure of 30 Pa strongly confines and slows down
the plasma plume, markedly attenuating the kinetic energy of all its components and — as
previously mentioned — causing the disappearance of the dark component. In these conditions the
slowing of the plume is evident, with almost doubled plasma arrival times to the substrate, and the
tail component is characterized by a comparable kinetic energy to the main one. This transition in
the main component of the plasma plume with increasing Ar pressure is related to a change in the
growth regime of the PLD-synthesized nanostructures, because a change in the kinetic energy of
the material clusters impinging on the substrate leads to different morphologies formed through
the sequential attachment of the nanoparticles.

The SEM cross-sectional images in Figure 2 show the evolution in morphology and porosity of
the PLD-synthesized MoS; nanostructures with different Ar pressures, with a representative

thickness of 1 um, where an increase in Ar pressure leads to an increasing porosity of the film.
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The MoS, film deposited at the lowest Ar pressure of 5 Pa (MoS, 5 Pa) is shown in Figure 2a:
PLD with this background gas pressure was dominated by the first dark component and the main
one, constituted by species with high kinetic energy landing on the substrate to grow the film.
Consequently, this film presents a compact structure, composed of packed nanometric aggregates
of material with very limited porosity. As the pressure is increased to 10 Pa the plume splitting
phenomenon and the interaction between rebound component and tail component are more evident
and the resulting film (MoS, 10 Pa, Figure 2b) is characterized a nanostructured morphology with
small openings, with the presence of columnar-like elements with limited inter-columnar spacing.
For the higher Ar pressure of 30 Pa (MoS, 30 Pa, Figure 2c¢), the disappearance of the fast dark
component and the marked decrease in kinetic energy of the plume components promotes the
growth of less dense, hierarchical elements by subsequent landing of aggregates of nanoparticles
weakly attached one another and characterized by bigger size. This nanostructure is composed of
widely spaced structures characterized by high porosity, resembling a ‘forest of nanotrees’ with
large inter-columnar spacing and higher surface area than the other two MoS, morphologies. The
evolution in morphology and the formation of nanostructured elements with increasing process
gas pressure finds a correspondence in the different kinetic energy of the ablated particles during
PLD: as the process gas increases, the nanometer-sized ablated particles land on the substrates as
aggregates with increasing size in order to adjust the final porosity of the resulting nanostructured
film, as reported in other works.”®

The porosity features and higher surface area in the MoS, nanostructures with higher Ar
pressure, qualitatively assessed by SEM imaging, are confirmed by the gravimetric and BET
surface area values, shown in Figure 2d. The BET surface area (black trace) increases with

increasing Ar pressure, ranging from 4.7 m? g! for MoS; 5 Pa to 17.5 m? g! for MoS, 10 Pa and
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65.2 m? g'! for MoS, 30 Pa. The increase in surface area is concomitant to a decrease in density
(red trace), which diminishes as the structure gets more porous starting from a value of 2.93 g cm-3
for MoS, 5 Pa to 2.09 g cm™ for MoS, 30 Pa. As a comparison, density for bulk, semiconducting
MoS, is 5.06 g cm?. The two concomitant trends suggest that the film porosity is related to a
rarefaction of the material, with a bigger void fraction per unit volume in the nanostructured films
with higher surface area, synthesized with higher argon pressure. The BET-derived roughness
factor RFggt (blue trace), i.e. the surface area per unit volume of material (calculated as the product
between BET surface area and density) numerically translates the previous concept, increasing
with Ar pressure although with a smaller slope between 10 Pa and 30 Pa than between 5 Pa and
10 Pa. The smaller slope at higher Ar pressure is caused by a decrease in density of the MoS, films
and to the weaker interconnections between the clusters composing the MoS, 30 Pa nanostructure.
The evolution of the nanostructure growth regime with increasing gas pressure finds a
correspondence also in the pore size distribution of the MoS; morphologies, reported in Figure 2e
after extrapolation from the BET measurements through the BJH method. The two more compact
morphologies (MoS, 5 Pa and MoS; 10 Pa) share a similar total pore volume, with mean pore size
of ~4-8 nm and similar size distribution, although MoS, 10 Pa shows a slightly higher pore volume
in the region below 10 nm. The 30 Pa morphology instead exhibits a different pore profile, with
bigger mean pore size, total volume and bigger quantity of pores in the 10 nm—100 nm size range.
Therefore, for the more open morphology the larger BET surface area is related to wider inter-
columnar spacing and bigger internal pores.

The background gas pressure influences only the morphology of the pristine MoS, films, while
their composition is roughly independent on the Ar pressure. The three MoSx morphologies are

characterized by similar molybdenum-sulfur coordination, as confirmed by the Raman spectra
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collected in Figure SI 2a which show the presence of the same vibrational bands for all the films.
The MoS, nanostructured films show the typical Raman signature found for other amorphous
MoS-based materials reported in the literature, where the bands observed at 800 cm™! — 1000 cm!
are ascribed to the presence of MoOj; on the film surface after its manipulation in atmosphere. The
diffractograms in Figure SI 2b show the X-ray amorphous nature of the three pristine MoS;
nanostructures, since the characteristic peaks of c-MoS, are not present. However, other features
with low intensity are registered at 20 angular positions corresponding to the peaks of metallic

molybdenum, as confirmed by the reference pattern reported in the plot.

3.2 HER Catalytic Performance

The influence of MoSy nanostructures morphology on their HER performance is evaluated
through linear sweep voltammetry (LSV) measurements on films characterized by different
thickness and porosity. The effect of these two morphological features is then evaluated on the
following electrochemical figures of merit: the overpotentials at -10 mA cm (1,0) and the Tafel
slope from the linear fit of the curve in the Tafel plot.

Before the HER testing, the electrochemical ‘activation’ process is triggered on the different
MoS; catalysts by performing cyclic voltammograms in a potential range defined in Section 2 and
visualized in Figure SI 3a-c, where the 1 um-thick nanostructures are considered as an example.
The ‘activation’ process that amorphous molybdenum sulfide materials undergo upon applied
electrical potential in an electrolyte is well known in the literature!7.737* and transforms the as-
prepared a-MoSy into the actual HER catalytic material. Previous studies have associated the
reductive peaks, occurring on the material when the potential is swept cathodically for the first
time and irreversible in nature, to either a S%‘—>SZ— conversion, or to the reduction of defects in

the molecular organization of the amorphous material.’*%7> In our case, the chosen potential
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range allows not only to visualize these irreversible reduction peaks, but also to cover an oxidative
potential window that promotes the incorporation of oxygen through the formation of sub-
stoichiometric molybdenum oxide phases, which according to the Mo Pourbaix diagram are
thermodynamically favourable at that potential.”®

Figure 3 shows the influence of the MoS, morphological parameters of thickness and porosity
on the HER performance descriptors mjo and Tafel slope. Increasing the thickness of the
nanostructures has a positive effect on the -10 mA cm overpotential, as can be distinguished from
the trends in Figure 3a-c: the 100 nm-thick MoS, films have similar 1o values ranging from 175
mV to 189 mV, slightly smaller for the lowest Ar pressure. As the thickness is increased to 1 um,
Mo 1s shifted to smaller values, with overpotentials ranging from 126 mV for MoS, 10 Pa to 157
mV for MoS, 30 Pa. A subsequent increase in thickness to 2 um leads to a general 1n;( decrease,
albeit with a more modest effect than what is seen for the 100 nm—1 pum transition, as for the 2
um-thick nanostructures the overpotentials lie in a similar 129 mV—-140 mV range to the 1 pm-
thick MoS,. The overpotential/thickness relation follows a precise trend: the overall surface area
exposed to the electrolyte is higher as the MoS; films increase in thickness, and consequently a
smaller overpotential is required to generate a current density of -10 mA c¢cm=. The dependence of
the HER kinetics on the thickness follows instead a different trend, as visualized by the
extrapolated Tafel slope values reported in Figure 3d-f. The three 100 nm-thick MoS;
nanostructures are all characterized by Tafel slope values of ~35 mV dec’!, irrespectively of the
Ar pressure employed during deposition, and no effect of porosity on the reaction kinetics can be
appreciated for this thickness. As the thickness is increased to 1 um the two more compact MoSy
morphologies, MoS, 5 Pa and MoS, 10 Pa, still exhibit Tafel slopes similar to the 100 nm-thick

films, with values of 37.3 mV dec! and 35.1 mV dec™! respectively. On the other hand, for the
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more porous MoS, 30 Pa nanostructure a worse Tafel slope of 43.1 mV dec! is registered. Finally,
for a film thickness of 2 um, all the three MoS, nanostructures display worse kinetics, with Tafel
slope values ranging from 41.8 mV dec! (for MoS, 10 Pa) to 48.9 mV dec’! (for MoS, 5 Pa).

The n;o overpotential strongly depends on the thickness and porosity of the nanostructures, as
shown by the previously outlined trends: in general, thicker nanostructures reach a smaller 1
value. This trend is easily explained through the definition of 1, i.e. the overpotential required to
generate a geometrical, projected current density of -10 mA c¢cm, which does not take into account
an eventual three-dimensional topology of the catalyst that increases its actual surface area per unit
projected geometrical area. A higher ratio between effective, 3D surface area and projected
geometrical area that is achieved by thicker or more porous nanostructures likely leads to a smaller
value of the ;o parameter. Indeed, synthesizing a catalyst with a complex 3D architecture — e.g.
through the incorporation in the catalytic system of a support with controlled morphology — is a
widespread and efficient method to increase the catalyst surface area in contact with the electrolyte
and thus reach a smaller -10 mA c¢m™ overpotential. Even without a support with controlled
morphology, the 1 um-thick MoS, 10 Pa catalyst achieves a remarkable 1o value of 126 mV, the
best result obtained by a self-supported amorphous MoS, catalyst as reported in Table SI 2.

The beneficial influence of the effective, 3D surface area on the LSV curves is taken into account
by normalizing the current density not according to the geometrical area but according to the
effective 3D surface area, which is represented by the electrochemical roughness factor, RF.. The
average RF.. values are shown in Figure 4a and the resulting, effective-area-normalized LSV
curves are plotted in Figure SI 4a-c. When the effective 3D surface area is considered, the
corresponding current density changes considerably from the geometrical-area-normalized current

density and a new trend can be observed: for the three thicknesses, the more compact 5 Pa
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morphology always shows the best catalytic performance in terms of maximum current density
and smaller n;o overpotential. The larger RF.. of the 10 Pa and the porous 30 Pa morphologies
with 1 um and 2 pm thickness leads on the one hand to a better catalytic performance when the
geometrical-area-normalized current density is considered, while on the other hand to a diminished
efficiency when the effective area is taken into account. While increasing the effective, 3D surface
area is an efficient method to maximize the exposed active sites and enhance the catalytic
efficiency, the more compact MoSx 5 Pa morphology presents still exhibits a remarkable activity
even if its surface area is limited.

Differently from the n;o parameter, the HER kinetics expressed by the Tafel slope is an intrinsic
property of the catalyst independent on its morphology. Hydrogen evolution in acidic media
proceeds through two elementary steps: the first one is the Volmer adsorption step, following by
either the Heyrovsky or Tafel recombination steps.””7® Since the three steps are characterized by
specific Tafel slope values,” extrapolation of this value gives insight on the HER mechanism
occurring on the catalyst and the velocity of the reaction rate determining step. While the Tafel
slope values of all MoS, morphologies can be related to a Volmer-Heyrovsky HER mechanism,
where the rate determining step is the Heyrovsky one (characterized by a theoretical Tafel slope
of 40 mV dec!), a marked difference is observed between the more compact MoS, films and the
more porous ones. The three 100 nm-thick MoS, films and the two more compact MoSy
nanostructures with 1 pm thickness, MoS, 5 Pa and MoS, 10 Pa, have Tafel slopes smaller than
40 mV dec’!, with an average value of ~35 mV dec’!, indicating that the Heyrovsky step is
performed at a faster rate in comparison to the standard. On the other hand, the more porous, 1

um-thick MoS, 30 Pa and the three 2 um-thick nanostructures are all characterized by worse Tafel
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slopes, ranging from 43.1 mV dec! to 48.9 mV dec’!, indicating a slower speed for the Heyrovsky
step and a sluggish kinetics.

Figure 4 shows the influence of MoS, morphological features on the catalytic activity
descriptors of electrochemical roughness factor and charge transfer resistance. Firstly, the
calculated electrochemical roughness factor (RF.) is considered in Figure 4a, whose
measurement procedure is detailed in the Supplementary Information. The parameter represents
the ratio between the effective, 3D active area of the catalyst and the its projected area on the
substrate and takes into account the surface area of the actual catalyst after its ‘activation’ process
and the chemical/structural modifications that it induces. As expected, an increase in either
thickness or porosity (represented by a higher Ar pressure) leads to higher RF . values: the opening
of the MoS, structures with increasing porosity or, analogously, their increasing thickness allows
for a broader surface of contact between the material and the surrounding electrolyte. For the 100
nm-thick films, the effect of porosity on electrochemical roughness factor is limited and the RF,.
values are similar for the three MoS, materials. The weak RF../porosity dependence for thin
nanostructures is explained through the growth regime of PLD-synthesized nanostructures, as
described in detail in another work:3° the neighbouring, nanostructured elements of PLD-grown
films are composed of nanoparticles aggregates that during the synthesis, by sticking to one
another, confer to the elements their typical ‘treelike’ shape. The interaction between
neighbouring, developed ‘nanotree’ elements then confers to the film its porosity features and is
influenced by the background gas pressure during deposition. Therefore, in the first growth stages
nanostructured elements the ‘trunk’ of the ‘nanotree’ is formed, the interaction between the
‘nanotrees’ is low and the porosity features due to the neighbouring ‘nanotrees’ are still limited.

Consequently, the 100 nm-thick films are mostly composed of weakly interacting elements and
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the overall porosity is limited, irrespective of the Ar pressure. The MoS; films porosity features
are instead fully developed for a thickness of 1 um and 2 um, and the variation in Ar pressure
leads to marked changes in RF,.. For both thicknesses, the increase in RF,, is steeper for the MoS,
5 Pa/MoS, 10 Pa transition, while the slope of the curve is less pronounced as the nanostructured
film gets more and more porous at the 10 Pa/30 Pa transition. The morphology of the MoS,
catalysts affects also the charge transfer resistance (Rcr) of the catalysts, as shown in Figure 4b.
The Rcr is extracted by the EIS spectra, which after collection are fitted with an equivalent circuit
model employed in the literature for MoS-based catalysts>!#! visualized in Figure SI 5. According
to this model, the circuital elements that describe the dominating semicircle (Q,, Rct) of the
Nyquist plot are attributed to the HER occurring on the catalyst, while the elements describing a
smaller semicircle (Q;, Ry) describe non-Faradaic phenomena on the electrode like a distributed
resistance/capacitance in the catalyst. The morphology/Rcr dependence well matches the Tafel
slope trend described in the previous paragraphs. The 100 nm-thick MoS; films show Rt of 8.6
Q for MoS, 5 Pa, 8.4 Q for MoS, 10 Pa and 8.6 Q for MoS, 30 Pa: the small morphological
changes induced by the different Ar pressures at this thickness are reflected by similar Rt values,
similarly to the Tafel slopes for the HER. As the thickness is increased to 1 pum the two more
compact morphologies, MoS, 5 Pa and MoS; 10 Pa, still show similar R¢t with values of 8.2 Q
and 7.8 Q respectively, while the more porous MoS; 30 Pa film is characterized by a worse Rer,
with an extrapolated value of 11.3 Q. The trend of Ar pressure on Rt is maintained for the 2 pm-
thick MoS; nanostructures, although with worse values: indeed, Rcr of 9.8 Q and 9.3 Q are
obtained for the MoS; 5 Pa and MoS, 10 Pa films, while the MoS, 30 film shows a higher R¢r of

11.0 Q.
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To quantify the catalytic activity of the MoS, nanostructures the exchange current density j, is
calculated, since its value represents the kinetic facility of the HER redox couple on the catalytic
surface and is thus an indicator of the ‘reactivity’ of the catalyst, according to the following
formula.??

Jo = io/Asurg = FkoChy “Creoq

Where F is the Faraday constant, Ag,s the surface area of the catalyst, C,x and C,q the
concentrations of the redox couple and ki, measures the kinetic facility of the redox couple of
interest. As a benchmark, a typical j, value for the HER on a Pt surface is ~10 A cm2. When jj
is calculated against the geometrical, projected surface area of the catalytic film (Figure SI 6a,
Jo,geo), small variations are observed by changing the porosity of the films through Ar pressure
modifications; on the other hand, increasing the MoS, films thickness leads to a marked jo gco
enhancement, ranging from the smallest value of 107 A cm for the 100 nm films to ~8.5- 10 A
cm? and 9.5-10* A cm™ for the 1 um- and 2 pm-thick structures respectively. Since the jo geo
parameter is not normalized against the RF.. parameter, i.e. the effective electrochemical surface
area, but against the projected geometrical surface area, it can be easily inferred that as the
thickness of the MoS, catalysts is increased, the enhancement of jg g, 1S caused by a combined
effect of the larger RF,. and easier kinetics of the HER redox couple. Therefore, these jo gc0 values
suggest the high ‘reactivity’ and HER activity of the MoS, catalysts at equilibrium conditions.
When the exchange current density is instead normalized to RF,. (Figure SI 6b, jo .¢) the influence
of the porosity features of the MoS, catalysts can be appreciated: for the various thickness, the
MosS, 5 Pa is the most ‘reactive’ catalyst because it shows the highest jo ¢ values, up to ~8.5 - 10
A cm? for the 2 pm-thick material. As RF,. increases for the more porous catalysts, instead, the

Joefr Values decreases of roughly one order of magnitude and small differences are found for the
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MoSy 10 Pa and MoSy 30 Pa catalysts. The jo ¢ trend with porosity shows how the more compact
MoS; structures are generally characterized by a better activity for the HER reaction at
equilibrium, before the porosity and thickness of the nanostructures influence the onset potential
and the HER kinetics.

The analysis of the activity descriptors, along with the Tafel slope and ;¢ values, outlines two
opposite effects of the catalyst structure on its HER performance. The 100 nm-thick MoS;
structures all show remarkable Tafel slopes of ~35 mV dec’! and are characterized by Rt values
of ~8.5 Q: for these structures, the HER is catalysed with fast kinetics and the Heyrovsky rate
determining step is performed faster than the standard, as confirmed by the Tafel slope values
below 40 mV dec’!. The low Rer of the 100 nm-thick MoS, films suggests that, during the
Heyrovsky step, the electron transfer rate near HER active sites is efficient, the combination of
protons from the electrolyte and electrons from the electrode with a H,gsoheq to produce H; is
effective and the reaction kinetics is faster. Despite the remarkable kinetics, the 100 nm-thick films
exhibit suboptimal 1y values ranging from 175 mV to 189 mV: due to their compact structure and
under-developed porosity, they expose a small electrochemical surface area that provides a limited
number of active sites in contact with the electrolyte to effectively perform the reaction, as shown
by the low RF,, values. Increasing the thickness of the nanostructures to 1 pm is an effective way
to increase their electrochemical active area, as confirmed by the higher RF,, values observed, thus
decreasing the overpotentials needed to reach -10 mA cm: indeed, the 19 value ranges from a
best of 126 mV to a worst of 157 mV for the 1 pm-thick MoSy nanostructrures. Furtherly
increasing the thickness to 2 um leads to even higher RF,. values, which almost double with
respect to the 1 um-thick catalysts but still maintain the previous trend with the Ar pressure.

However, this increase in RF,. does not find a direct correspondence in the 1, values: the three 2
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um-thick morphologies achieve good -10 mA c¢cm-2 overpotential values, ranging from 129 mV to
145 mV, but with no evident improvement with respect to the 1 um-thick films.

Regarding the HER kinetics, the high activity shown by the 100 nm-thick nanostructures and
represented by the small Tafel slopes of ~35 mV dec™! is maintained for the MoS, 5 Pa and MoS,
10 Pa with a 1 um thickness. The activity of the more compact structures is confirmed by the jo ¢s
values, which showed how at equilibrium conditions the more reactive catalysts are the compact,
MoS; 5 Pa ones. Additional increases in surface area of the nanostructures, either by synthesizing
more porous morphologies (MoSy 30 Pa) or 2 um-thick MoS, films, worsen instead the HER
kinetics as the Rcr values are generally higher and the higher Tafel slopes indicate a Volmer-
Heyrovsky mechanism performed at a slower rate than the compact films. The worsened kinetics
is related to the structure of the more porous and thicker materials. The MoS 30 Pa nanostructure,
despite its high porosity and electrochemical surface area, is characterized by a high void fraction
in the nanostructure connected to its low density. The high background gas pressure diminishes
the kinetic energy of the material clusters that build up the MoSx 30 Pa nanostructure during film
growth, leading to weaker interconnecting forces between the clusters and a weaker packing in the
nanostructure: this excessive rarefaction of the more porous film results in poor electron transfer
properties and slower reaction kinetics. On the other hand, the HER is hampered for the 2 pm-
thick MoS; films by the poorly conductive nature of molybdenum sulfide itself, which combined
with the weaker packing of porous PLD nanostructures, ultimately limits the electron transfer rate
in the material, limiting the kinetics and the reaction rate.

In this framework, where the variation of morphological parameters has two opposite trends on
the catalytic performance, the MoS, 10 Pa catalyst with 1 um thickness represents the optimized

morphology. It manages to maximize the advantages of the compact MoS, structure in terms of
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HER activity and still exposes a reasonable electrochemical surface area, thus showing the best
HER performance not only in terms of a small 1o overpotential, whose value of 126 mV is the
best found for amorphous, self-supported MoS-based catalyst, but more importantly a remarkable
and very efficient reaction kinetics, in terms of both Tafel slope (35.1 mV dec!) and charge transfer
resistance. The small Tafel slope of the compact films is a particularly outstanding result,
considering that the majority of MoS-based HER catalysts shows slower HER kinetics with Tafel
slope in the range of 40 — 45 mV dec’!, as reported in Table SI 2. The Tafel slope shows the fast
reaction rate achieved by the MoS, films, but combined with the small n;o value of the optimized
morphology leads to a very efficient operation of the catalyst at high current density, represented
by the noteworthy value of 170 mV required to generate a current density of -100 mA c¢m2, which
is an important criterion for any HER electrocatalyst to be implemented on a large-scale device or

on a working electrolyzer.

3.3. Compositional and Structural Analysis of the Pristine and Activated
Catalyst

The analysis of the HER activity descriptors as a function of morphological parameters showed
that the MoS, films are intrinsically active for the reaction: all the 100 nm-thick MoS, materials,
where the influence of Ar pressure on porosity is limited and the resulting morphology is almost
unvaried, are characterized by small Tafel slope and fast kinetics. Then, the optimization of the
electrochemical surface area through thickness and/or porosity tuning of the nanostructure allowed
to maximize the 1, parameter and maintain a Tafel slope below 40 mV dec! as in the case of 1
um-thick MoSy 5 Pa and MoS, 10 Pa. Consequently, the fast HER kinetics of the MoSy catalysts
should not stem from a morphological feature but from the material itself, that is, from its elemental

composition or structural arrangement. To assess this hypothesis, we analyse both the structure
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and the chemical composition of the optimized MoS, morphology — i.e. the 1 um-thick MoS, 10
Pa — before and after the electrochemical ‘activation’ process. Considering the weak influence of
morphology (in terms of both thickness and porosity) on the sulphur-molybdenum coordination,
as visualized by the Raman spectra of the different MoSy materials shown in Figure SI 7, and
considering the similar effects of the ‘activation’ process on the composition of the film, as
reported in Figure SI 8, we can safely extend the considerations we make for the 1 pm-thick MoS,

10 Pa to all the MoS, morphologies.

3.3.1. Stoichiometry and Structure for pristine MoS,

The PLD non-equilibrium synthesis confers to the MoSy nanostructured films a peculiar
microstructural organization, shown in Figure 5. The high-resolution SEM micrograph reports
more in detail the successive aggregation during PLD synthesis of the materials clusters, with a
size of roughly 20 nm, that build up the columnar elements of the MoS, nanostructure. Further
magnification by HRTEM analysis visualizes the nanoscale arrangement of the material, revealing
a short-range, ordered structure where, dispersed in an amorphous matrix, embedded crystalline
domains are found with a mean size of 8§ + 3 nm and composed of stacks of 3-9 parallel atomic
planes with interlayer spacing of 6.8 A. This distance is consistent with the (002) interlayer
distance reported for crystalline MoS,,%3-8 however we note a larger spacing with respect to the
reference, which has been reported in other works and related to lattice expansion in the MoS,
structure®® and to an enhanced HER activity thanks to the efficient exposure of sites in a more
spaced organization.?®8%86 In this structure, the ordered nanodomains are characterized by a high
density of dislocation defects, indicated in the red circles in Figure 5b, and by distorted S-Mo-S
layers. The defective nature of the nanodomain is confirmed by the high-angle annular dark-field

(HAADF) micrograph in Figure Sc: in the image, where the bright spots identify the molybdenum
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atoms, the peculiar nanostructure of the PLD films is clearly distinguished. The crystalline
nanodomains of the film are organized in multi-layered structures that, differently from crystalline
MoS,, have random orientations and are composed of bent and distorted planes in a wave-like
morphology. The bending and distortion of the nanodomains layers induce a strain in the MoSy
planes, which in turn modifies the electronic structure of the material: in the strained region the
electronic structure of the molybdenum atoms changes, favouring the adsorption of reactants on
the active sites and enhancing the HER 3287 This structure is radically different from both layered
c-MoS, and the polymeric, [M03S3]* cluster-based organization of a-MoS;.

Finally, EELS map, obtained by the fitting of the raw data with a procedure outlined in another
work>® (Figure 5d) visualizes the composition of the pristine material which is characterized by
an anisotropic elemental distribution, with regions enriched with either Mo or S, as a consequence
of the PLD synthesis process. Despite the anisotropic stoichiometry, the Mo:S ratio extrapolated
from the area-averaged EELS spectra reported in Figure SI 9 is 1:2.4, which is between the 1:2
ratio of c-MoS, and the typical 1:3 ratio reported for amorphous MoS,.!” Interestingly, the Mo:S
ratio for the pristine MoS, changes with the distance from the particles surface: Figure SI 10
shows how the Mo:S ratio ranges from 1:3.89 for the particle surface to 1:1.77 for a distance of
roughly 16 nm from the surface, further confirming the inhomogeneous composition of the pristine
catalyst and an evident excess of sulfur on the surface of the material.

Due to its microstructure, characterized by ordered, highly-defective nanodomains dispersed in
an amorphous matrix, the pristine MoS, is X-ray amorphous, since the characteristic c-MoS,
diffraction peaks do not appear in the grazing incidence X-ray diffraction (GI-XRD) spectrum of
the pristine film, shown in blue trace in Figure 6a. Other features with low intensity are however

registered at 40.5°, 58.6° and 73.7°. These features correspond respectively to the (110), (200) and
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(112) peaks of metallic molybdenum, as confirmed by the reference XRD pattern. The presence
of metallic molybdenum in the MoS, nanostructure is directly related to the employed synthesis
method:®%8° during ablation the chalcogen is preferentially ablated from the c-MoS, target, whose
surface depleted in sulfur becomes metallized. When a successive laser pulse hits the target,
metallic Mo nanoparticles are ablated from the target occasionally and land on the nanostructures
growing on the substrate, accounting for the Mo peaks that can be seen in the diffractogram of the
pristine MoS,. While the nanodomains composed of the distorted S-Mo-S planes are not registered
by GI-XRD, their fingerprint is effectively captured by low-frequency Raman spectroscopy: the
map-mediated spectrum of the pristine MoS, (blue trace in Figure 6b) is characterized by a
distribution of features in the Stokes and anti-Stokes regions, respectively in the 8 cm-23 cm’!
and -18 cm™'- -5 cm™! ranges. While attribution of these features is not trivial, since in the literature
reports solely about crystalline molybdenum sulfides are found, we ascribe them to the breathing
modes of the bent, layered nanocrystalline domains, because the position of the features well
matches the ones reported for crystalline molybdenum sulfide inter-layer breathing modes.?*!
Since the layered domains are characterized by defects and are dispersed in an amorphous matrix,
their vibration does not correspond to single peaks in the low-frequency Raman spectrum but,
instead, to broader features. The coordination between metal, chalcogen and other elements in the
material is then visualized by (standard) high-frequency Raman spectroscopy, with the spectrum
of the pristine MoS, presented in blue trace in Figure 6¢. The pristine MoS, catalyst displays the
characteristic features of amorphous molybdenum sulfide films reported in the literature.-1-57
The band registered at 230 cm! is attributed to the vibration of the Mo-Mo bond v(Mo-Mo), while
the ones found at 289 cm'!, 328 cm'!, 352 cm! and 380 cm™! are associated to the vibration of the

molybdenum sulfide bonds v(Mo-S). The feature at 455 cm™' is ascribed to the v(Mos-uS)
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vibrational mode, i.e. the vibration of an S atom bridging three Mo atoms in a a-MoS; cluster
organization,’ while the two features at 523 cm™! and 554 cm'! stem from the disulfide vibrations,
respectively the bridging/shared disulfide v(S-S)ysn and the terminal disulfide v(S-S). In the high
Raman shifts region, between 750 cm! and 1000 cm!, a broad band with weak intensity is
registered, related to surface stoichiometric MoO; formed upon manipulation of the material in
atmosphere. The STEM-EDX maps acquired for the pristine MoS; and shown in Figure 6d and
Figure 6f confirm the presence of sulfur in the material and of surface oxygen, in accordance with
the previous data.

Lastly, X-Ray photoelectron spectroscopy (XPS) is employed to probe the surface of the MoSy
catalyst. The data collected for the pristine MoS,, in the energy region typical for S 2p and Mo 3d
are shown in Figure 7a and Figure 7b along with the fitted spectra. In the S 2p region two distinct
sulfur species are present, which give rise to two doubles whose S 2p;, components are centered
at 162.1£0.3 eV and 163.4+0.3 eV, respectively. The doublet at lower energies is ascribed to
terminal S,> and unsaturated S*, while the doublet at higher energies is ascribed to apical S?- and
bridging S,%, in agreement with previous literature works on amorphous molybdenum sulfide
catalysts.3”-7>92 The presence of these two S species is also reflected in the spectrum of the Mo 3d
region, where the S 2s contributions of terminal S,?/unsaturated S?- (peak at 226.4 ¢V) and of
apical S?/bridging S, (peak at 227.4 €V) are present and partially overlapped with the Mo signals.
The Mo signal itself is deconvoluted into two doublets. The first one present a high-intensity Mo
3ds, component centered at 229.2+0.3 eV and is indicative of molybdenum atoms with a 4*
oxidation state, ascribed to the Mo'V centers of amorphous MoS, materials.”>>% The second
doublet, with significantly lower intensity, has a 3d 5/2 component centered at a 232.6+0.3 eV and

can be ascribed to MoV! centers, likely due to the presence of superficial MoQOj in the pristine
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material after its manipulation in atmosphere.>2739294-9% These molybdenum atoms with a 6%
oxidation state only account for approximately 8% of the initial molybdenum content in the
pristine nanostructured material. No evidence of metallic Mo — observed via XRD — has been
recorded with the XPS analysis, suggesting that the metallic species are located beneath the
probing depth of few nanometers typical of XPS measurements. Overall, the surface Mo:S atomic
ratio for the pristine MoSy nanostructures is 21:79, corresponding to a MoS; g stoichiometry with
an evident excess of sulfur with respect to the MoS; stoichiometry reported for many a-MoS;
catalysts, related to the preferential chalcogen sputtering from the MoS, target during ablation and

the segregation between molybdenum and sulfur.

3.3.2. Stoichiometry and Structure for activated MoS,

While the pristine MoS; is characterized by a highly defective and nanocrystalline structure, the
actual catalytic material (activated MoSy) is generated in-situ during the electrochemical
‘activation’ process, detailed in Section 2, through a series of stoichiometric and structural
modifications that are visualized in Figures 6 and Figure 7. Firstly, the process irreversibly alters
the structure of the activated MoS;: differently from its pristine state, the activated MoS, undergoes
a marked amorphization upon the process with a loss of order. Indeed, in the HAADF micrographs
and SAED (Selected Area Electron Diffraction) pattern in Figure SI 11 and Figure SI 12b the
bent, layered nanodomains that characterized the structure of the pristine MoS; are not present and
no short-range, periodic structure can be distinguished for the activated material. This phenomenon
has been observed in other works, where the interaction of amorphous molybdenum sulfide with
acidic electrolyte triggers a structural rearrangement in the catalyst, for example by an
amorphization/crystallization process®’ or by reduction of defects of the molecular arrangement of

the material.>” Accordingly, the GI-XRD diffractogram of the activated MoS, (red trace in Figure
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6a) shows changes with respect to the pristine state, with the (200) and (112) molybdenum peaks
disappearing completely and the (110) peak significantly decreasing in intensity. The loss of order
and amorphization of the activated MoS; are also reflected in the low-frequency Raman spectrum
(red trace in Figure 6b), where the inter-layer breathing features previously found for the pristine
material disappear, shifting to lower numbers and overlapping with the signal at 0 cm™! caused by
the Raman laser reflection. In analogy to crystalline MoS,, where the shift to lower wavenumbers
for the inter-layer breathing modes is related to a higher number of layers vibrating in the
structure,’®°! we ascribe this shift of the inter-layer breathing modes to a structure that, due to its
amorphization, loses its ordered plane stacking through agglomeration of the nanocrystalline
domains in bigger and more disordered structures, in accordance with the HAADF micrographs
reported in Figure SI 11. Along with the change in structure, the ‘activation’ process modifies the
compositional properties of the MoS,, in analogy to other amorphous molybdenum sulfide
catalysts reported in literature.>>>7%2 The Raman bands associated to the molybdenum sulfide
bonds v(Mo-S) in the 280 cm™' —380 cm! region collapse into one broader feature centered at 329
cm!. A shift towards lower wavenumber is observed for the v(Mos-uS) feature — from 455 cm™! to
438 cm™! — along with the disappearance of the two v(S-S) features at 523 cm! and 554 cm™!. The
disappearance of the S-S vibrational bands and the shift of the v(Mos-uS) feature are associated to
the removal of terminal disulfide ligands in the material, caused by the release of excess sulfur
during the ‘activation’ process, and to a subsequent change in the ligands geometry in the material
after activation, in accordance to other reports found in the literature.’”>® Moreover, new features
at 201 cm!, 427 cm™! and 484 cm! are observed. While in this region different signals from MoS-,
MoO- and MoOS-based compounds overlap, making a univocal identification for these bands

difficult, the incorporation of oxygen in the structure triggered during the ‘activation’ procedure
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allows us to ascribe these features to the vibrations of bridging sulfur — v(Mo-S-Mo) at 427 cm’!
and 484 cm! 2% and oxygen — v(Mo-O-Mo) at 201 cm’!' —* in reduced molybdenum
oxide/oxysulfide species. An evident modification affects the Raman signature of the activated
material in the high shifts region. There, three main features (Figure SI 13) appear at
approximately 770 cm!, 857 cm! and 930 cm™!: similarly to the previous vibrational bands, these
features can be ascribed to different molybdenum compounds containing oxygen and sulfur and
therefore a univocal identification is not possible. However, due to the incorporation of oxygen in
the activated MoS,, we ascribe these vibrations to oxygen-molybdenum bonds with different
coordination (770 cm™! for v(Mo3-0), 857 cm! for v(Mo,-0), 930 cm™! for v(Mo=0)) in amorphous
molybdenum oxides®*?¢ or oxysulfide species.”® The presence of vibrational bands ascribed to Mo-
O4 bonds, along with the increase in O percentage and the decrease in S percentage shown by
STEM-EDX maps for activated MoS, in Figure 6e and Figure 6g, confirm that during the
‘activation’ process the MoS; catalyst incorporates oxygen. The excess sulfur of the MoSsg
stoichiometry is released from the surface of the material and oxygen is incorporated in the
structure with different coordination, creating oxide/oxysulfide phases through the amorphization
of the material. The activated material is characterized a compresence of both amorphous
molybdenum sulfide and non-stoichiometric molybdenum oxide/oxysulfide phases
(stoichiometric MoQj is soluble in strong acids®?>% and any formed MoOs is dissolved during
electrochemical activity), which is able to enhance the HER performance of the material: indeed,
in accordance with a number of previous works, 44347100 incorporating oxygen in a molybdenum
sulfide structure increases the electrical conductivity of the material thus enabling a faster HER
kinetics and a better catalytic performance. The compositional modifications triggered by the

‘activation’ process are particularly evident on the catalyst surface, as shown by the S 2p and Mo
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3d regions XPS spectra in Figure 7¢ and Figure 7d. For the sulfur region, the intensity of the
apical S?/bridging S,*> doublet at higher energy strongly decreases, almost disappearing. On the
other hand, the lower energy doublet ascribed to the terminal S,?>/unsaturated S*- is still present
and its intensity less affected by the electrochemical testing. The intensity decrease for the apical
S?-/bridging S,> doublet further confirms the release of sulfur from the material structure upon
electrochemical testing, as was suggested by Raman spectroscopy and electrochemical analysis.
A low-intensity doublet with its S 2p;, component centered at 168.5+0.3 eV is also registered,
related to sulfur in a 6" oxidation state and assigned to SO4* groups arising for the surface
oxidation occurring upon electrochemical testing, as similarly reported in previous works.!01:102
Concerning the Mo 3d region, the apical S*/bridging S,*> doublet at 227 eV related to decreases
concordantly to its S 2p counterpart, while the terminal S,?-/unsaturated S?>- doublet at 226 eV is
marginally affected. The doublet centered at 229.2 eV ascribed to MoV compounds of the
amorphous MoS; phase severely decreases in intensity and an additional Mo 3d doublet appears
close-by, with its Mo 3ds, component centered at 229.7+0.3 eV. This doublet too is ascribed to
MoV compounds, but slightly shifted to higher binding energy values. The attribution of the new
doublet to a specific Mo'Y compound is not trivial: XPS elemental analysis on porous samples with
a complex geometry requires advanced modelling and strong assumptions on the spatial
distribution of the elements. However, given the absence of other elements at the sample surface,
we restrict the attribution of this doublet to a sub-stoichiometric molybdenum oxide MoO,
phase¥4494103 or to a combined oxysulfide phase with stoichiometry Mo!VO,S,. The oxidation of
the sample is also reflected by the increased intensity of the MoY! doublet related to MoOj
compounds, accounting for almost 15% of the total Mo content for the activated material. In

addition, the surface Mo:S atomic ratio for the activated material becomes 35:65, corresponding
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to a MoS, ¢ stoichiometry, as a further proof of the assumed loss of excess sulfur during the
electrochemical testing. The presence of surface sub-stoichiometric oxide phases in the activated
MoS, catalyst is related to an enhanced catalytic activity through the increase of the electrical
conductivity of the material and a faster charge transfer during HER, in accordance with previous
reports where the incorporation of oxygen in a molybdenum sulfide catalyst, either by doping or
by the compresence of a MoO, phase near the catalytically active MoS, phase, improved the

catalytic activity of the material 4344100

34. High current stability and comparison

A paramount requirement for any nonprecious HER electrocatalyst in a working electrolyzer is
the ability to operate efficiently and continuously at high current density, with sustained hydrogen
gas generation. Indeed, typical operative current densities for these devices range from 500 mA
cm? for alkaline electrolyzers'® to 1 A cm and more for PEM electrolyzers.!? In this regard, the
optimized MoS; 10 Pa catalyst with 1 um thickness is characterized by an outstanding HER
performance in these operating conditions, even if this working regime is tested for our catalyst in
an experimental setup — a three-electrode cell with liquid electrolyte — with a markedly different
environment from what is found in a real-life PEM electrolyzer.

The first parameter describing the high-current operation of the catalyst is the 1,99 overpotential,
which was previously introduced in Section 3.2. The optimized MoS, catalyst is characterized by
a Moo of 170 mV, as extrapolated from the iR-corrected LSV curves, which stands as one of the
best values achieved by MoS-based catalyst irrespective or their nature (crystalline or amorphous).
A detailed comparison between the PLD-synthesized MoS; film and several other catalyst of the
molybdenum sulfide family is reported in Table SI 2, where the 1oy and the Tafel slope are

employed as main figures of merit, and a graphical comparison of the HER catalytic performance
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of the optimized MoS; catalyst and of other selected MoS-based catalyst is shown in Figure 8a.
In this comparison plot, where only MoS-based catalyst that reach a current density of at least -
100 mA cm in an iR-corrected LSV measurement are reported, the remarkable performance in
terms of both small 190 of 170 mV and fast HER kinetics of the optimized MoS, can be
appreciated, outperforming the majority of MoS-based catalysts, whether crystalline or
amorphous. It is important to highlight how the best-performing MoS-based catalysts found in the
literature and reported in the comparison table employ a support material — e.g. a porous nickel
foam!%¢ or carbon black®® — on top of which the catalytic material itself is deposited. By recalling
the definition of n;¢o, that is the overpotential required to generate a geometric current density of
-100 mA cm™, it can be seen how the synthesis of a support structure with a 3D controlled
morphology is an efficient method for increasing the electrochemical roughness factor of the
catalytic architecture, and consequently to improve the 1o parameter through an increase of the
electrochemically active surface area. Despite the remarkable ;oo value achieved by these
catalysts, their Tafel slope lies in the typical range of MoS-based materials, between 40 mV dec"!
and 50 mV dec’!: while their electrochemical surface area is maximized, the reaction kinetics,
which depends on the intrinsic activity of the catalytic material, is not fully optimized. On the other
hand, the PLD-synthesized MoS; catalyst with the optimized morphology achieves a 1o of 170
mV without any support structure, thanks to the coupled beneficial effect of a good onset potential
(M10=126 mV) and a very efficient HER kinetics, represented by the 35.1 mV dec! Tafel slope.
This Tafel slope value, which is achieved not only by the optimized MoS, but also by the more
compact PLD-synthesized films, is smaller than the usually reported range for MoS-based
catalysts, where the limited electrical conductivity of the material itself hinders the HER kinetics.

For the PLD-synthesized MoS, catalysts instead, the incorporation of oxygen in the material to
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form sub-stoichiometric oxide/oxysulfide phases with high electrical conductivity enhances the
electron transfer rate to the HER active sites during the reaction resulting in the optimal Tafel slope
values. Similarly to our MoS; catalyst, the positive effect on the HER kinetics of a higher electrical
conductivity, due to the presence of elements or dopants that improve the electron transfer, has
been reported in other literature works.!%44

Lastly, a turnover frequency (TOF) comparison is carried out between the optimized MoSy
catalytic architecture and the other MoS-based catalysts grouped in Table SI 2. TOF calculation
is performed employing the method outlined by Jaramillo’s group’”® (detailed in the
Supplementary Information) and the result is plotted in Figure SI 14. While a defined standard
for TOF calculation for MoS-based catalysts is still lacking, a qualitative comparison can still be
performed. For a 100 mV overpotential (current density of 1.96 mA c¢cm2), the optimized MoS, 10
Pa is characterized by a TOF ranging from 0.06 to 0.16 H, s!' per site according to the
simplification employed for surface active sites estimation. These values are in the same range of
other MoS-based materials with crystalline nature at the same applied overpotentials, e.g. a sulfur-
depleted 1T-MoS, catalyst with a TOF of 0.15 H, s™! per site!?’ or a Zn-doped ¢-MoS, with per-
site TOF of 0.67 H, s°',%? and significantly higher than amorphous molybdenum sulfide materials
that reach such TOF values at overpotentials equal to or higher than 150 mV (Table SI 2).
Moreover, at an applied overpotential of 170 mV (current density of 100 mA cm2), the per-site
TOF markedly increases to a 1.2-3.5 H, s°!, outperforming in one order of magnitude many MoS-
based materials and standing among the most active catalysts of the family, thus further confirming
the remarkable activity of the optimized MoS;, architecture: indeed, per-site TOFs range at higher
applied overpotentials usually lie in a range from 1.4 H, s71%3-1.86 H, s'1 197 at 150 mV to 0.4 H,

s119.3 5 H,s1108.20.6 H, s' 8 at 200 mV.
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In addition to the HER performance, the MoS catalyst shows also a remarkable stability during
continuous operation, another important parameter for an HER electrocatalyst operating in a full
electrolyzer device, as demonstrated through chronopotentiostatic measurements. The MoS;
catalyst is characterized by a remarkable electrochemical stability over more than 100 hours of
uninterrupted operation at an applied current density of -100 mA c¢m2, with a required (non iR-
corrected) overpotential of ~400 mV to sustain such current density (Figure SI 15a).
Benchmarking the obtained value against a Pt mesh catalyst reference in the same experimental
setup reveals the good high-current performance of the MoS, catalyst, since the Pt standard
requires an average overpotential of ~198 mV to sustain the same current density, just half of the
overpotential required by the MoS, catalyst, as visualized in Figure SI 15b. When the applied
current density is increased of one order of magnitude to -1 A cm, the remarkable performance
of the optimized MoSy is even more evident: not only the material still shows an excellent
electrochemical stability over 25 hours of continuous operation, requiring an average overpotential
of 851 mV at that applied current density as visualized in Figure SI 15¢, but more importantly
when its performance is compared against the Pt mesh reference at -1 A cm-2 in the same setup
(chronoamperometry shown in Figure SI 15d), the required overpotential of the optimized MoS,
is roughly the same of the Pt reference. Indeed, the performance comparison shown in Figure 8b
visualizes how in a high-current-density operating conditions the catalytic behavior of the
optimized MoSy is very similar to Pt mesh reference, which requires an average overpotential of
953 mV to sustain -1 A cm for 6 hours.

The operation at such current density and the long-term stability of the optimized MoSy
nanostructure, with particular attention to the 100 hour-stability at -100 mA c¢cm2 and the Pt mesh-

like performance at -1 A cm™, are an unprecedented result for an amorphous MoS-based material,
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considering that to the best of our knowledge no results are found for amorphous MoS-based
catalysts with such long-lasting stability at such applied current density and may pave the way for

a new design of a-MoS, catalysts to be integrated in working electrolytic devices.

4. Conclusions

In our work, we exploited the non-equilibrium characteristics of Pulsed Laser Deposition to
grow nanostructured, molybdenum sulfide-based HER catalysts characterized by a
nanocrystalline, defective organization at the nanometric scale where, dispersed in an amorphous
molybdenum sulfide matrix, nanocrystallites are embedded composed of bent and distorted
molybdenum disulfide layers. The peculiar atomic organization of the PLD-grown MoS, catalysts
originates from the controlled condensation and nucleation of nanoparticles and aggregates of
material in the plasma plume, generated by the laser ablation of a c-MoS, target, and by the
reciprocal interaction between the ions, atoms and particles that constitute the different plasma
components, e.g. the interaction between the highly-energetic ‘rebound’ particles and the slower,
heavier aggregates ablated from the target in the ‘tail” component. Along with their interaction in
the plasma plume, the background gas pressure affects the kinetic energy of the particles during
deposition. Depending on their final energy as they impinge the substrates, the sequential landing
on the substrates of the particles grows MoSy films with distinct morphological features, ranging
from compact films to porous hierarchical nanostructures. The nanocrystalline structure of the
pristine MoS, catalysts is confirmed by low- and high frequency Raman spectroscopy, which
register the interlayer vibration of the S-Mo-S distorted layer in the nano-crystallites and the Mo-
S vibrational bonds of a-MoS, materials respectively. To improve the electron transfer rate of the
MoS; catalyst, we incorporate oxygen in the material during the electrochemical ‘activation’

process, where concomitantly to the release of excess sulfur from the surface oxygen is
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incorporated to form sub-stoichiometric oxide/oxysulfide phases, confirmed by Raman and XPS
spectra, with enhanced electrical conductivity that promote a fast hydrogen evolution kinetics.
The PLD-grown, oxygen-incorporated MoS, catalysts exhibit a remarkable catalytic activity, as
shown by the Tafel slope of ~35 mV dec’! or the small charge transfer resistance of the 100 nm-
thick films which are related to a very fast HER kinetics. By tuning, during PLD synthesis,
morphological parameters like porosity, nanostructuration and thickness of the MoS, catalysts, we
identify two opposite effects of morphology on HER performance: thicker and more porous films
increase the exposed surface area available for the reaction, thus decreasing the overpotential
required for the reaction with respect to the 100 nm-thick films, but the rarefaction effect of the
more porous MoSy nanostructures hampers the electron transfer rate resulting in sluggish reaction
kinetics and worse Tafel slope. The best trade-off between the fast kinetics of thin, compact
structures and the low onset potential of thick, porous ones is represented by the MoS, 10 Pa with
a total thickness of 1 um. This optimized architecture currently stands as the state-of-the-art for
MoS-based amorphous self-supported electrocatalyst, thanks to its remarkable electrochemical
performance in terms of both onset potential (o = 126 mV, 1190 = 170 mV) and kinetics (Tafel
slope = 35.1 mV dec!). With its optimized charge transport properties, our architecture
outperforms even several supported and/or crystalline MoS-based catalysts reported in literature,
surpassing the renowned advantage provided by a supporting conductive scaffold or by an ordered,
crystalline structure. Finally, the optimized MoSy catalyst achieves an unprecedented stability
result among amorphous MoS-based materials, with a 100-hour stability after continuous
operation at an applied current density of -100 mA ¢m™ and a 25-hour stability at -1 A cm?,
representing a remarkable result towards the implementation of highly active, non-crystalline

MoS-based systems in real-world electrolyzers.
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Figure 1. — a-c. Ion probe plots (upper part) and corresponding ICCD images (lower part) for PLD
synthesis of MoSy nanostructures with different Ar pressure. Highlighted are three main
components of the plasma plume: violet shows the main component, green the rebound component

on the substrate, red highlights the second emission of the heavier nanoparticles (‘tail’ component).
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Figure 3. Electrochemical performance of MoS, nanostructures for the hydrogen evolution
reaction. a-c. iR-corrected linear sweep voltammograms, d-f. corresponding Tafel plots. a. and d.
100 nm-thick MoS;,, b. and e. 1 um-thick MoS,, c. and f. 2 pm-thick MoS;. In the LSV plots, the
black dashed line corresponds to a laboratory Pt mesh reference while the grey dashed line

represents a commercial Pt/C 20% (Pt loading 0.2 mg cm?) reference.
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Figure 4. Electrochemical figures of merit for MoS, nanostructures with different thickness and
morphology (Ar pressure). a. shows the increase of electrochemical roughness factor — i.e.
electrochemical surface area — with increasing porosity and thickness of the nanostructures, while

b. shows the effect of morphological features on the charge transfer resistance.
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Figure 5. Organization at the nanoscale of the as-synthesized MoSy catalyst: a. close-up SEM
cross section image of the nanotrees, b-c. nanocrystalline structure of the material, with enlarged
interlayer spacing, defects (red circles in b), and bent and distorted S-Mo-S planes. d. atomic
distribution derived from EELS map acquired in the green area for a representative portion of the

pristine MoS, catalyst.
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Figure 6. Composition of the pristine and activated MoS; catalyst. a. XRD pattern, b. low
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Figure 8. a. Comparison based on Tafel slope and 199 values between the PLD-synthesized MoS,
material and other catalysts of the MoS family, divided among crystalline self-supported
MoS,, 2526374084 crystalline  supported MoS,,23?7:31100.109  and  amorphous supported a-
MoS,.1819:31,54.63 b Chronopotentiometry at applied current densities of -100 mA ¢cm= of -1 A cm™
for the optimized 1 pum-thick MoS; 10 Pa catalyst, benchmarked against a Pt mesh reference. The

potentials are reported without iR correction.
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