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ABSTRACT

In this study, we report the synthesis and characterization of non-precious bimetallic iron-
molybdenum sulfide bioinspired electrocatalysts for the hydrogen evolution reaction (HER).
Iron-molybdenum sulfide materials were obtained through three distinct scalable synthetic
approaches using microwave irradiation or heat treatment in furnace under inert and reductive
atmospheres. These electrocatalysts were combined with carbon nanotubes (CNTs) and their
activity for the hydrogen evolution reaction (HER) was studied in acidic environment. The most
efficient composite material of the series was obtained by microwave synthesis and displays a
current density per geometric area of 10 mA-cm * at an overpotential of 140 mV with unity
faradaic efficiency for hydrogen evolution. This composite cathode catalyst was implemented
into a proton exchange membrane (PEM) electrolyzer single cell with iridium black as anode
catalyst and could be operated at 0.5 A-cm* requiring less than 300 mV additional voltage

compared to Pt, and with remarkable stability during accelerated stress testing.

INTRODUCTION

Renewable energy generation capacity has been increasing significantly in recent years as a
way towards a clean and sustainable energy system for reducing air pollution and limiting the
increase in average global temperature.' Power to hydrogen is deemed to be a promising solution
for storing intermittent renewable energy such as wind or solar. “Green hydrogen” is an efficient
energy carrier that can be exploited directly via its use in fuel cell systems, indirectly as an
alternative to fossil fuel technology for transportation, residential and industrial heating, or as a
feedstock for the synthesis of commodity chemicals and fertilisers.”> The market size of

hydrogen and fuel cells is expected to grow to 2.5 trillion US dollars by 2050.*



Although hydrogen is already cheaply produced at industrial scales through conventional
methods, such as steam methane reforming or coal gasification,”® only 4 % of global H, needs
are covered by CO, emission-free water electrolysis,” which is currently the most promising
option for a sustainable hydrogen production.® Alkaline electrolysis is a mature technology in the
large-scale industrial sector with currently lower cost.”"! This technology has nevertheless major
drawbacks such as the use of liquid electrolyte, high ohmic losses, H, crossover or low operating
pressure, associated with high maintenance costs and low adaptability to fluctuating power
supply — a characteristic of renewable energy.'*'* An alternative technology is proton exchange
membrane (PEM) electrolysis, which has advantages such as compact design, quick response,
higher efficiency (80-90 %), higher current density (ca. 2A-cm™®) and tolerance of large

variations (0.1 W to 100 kW) in power input.7’ 13, 15

PEM electrolysis is a technology with
significant cost reduction potential and is expected to have a commercial advantage over alkaline
electrolysis by 2030.'°

Typically, in PEM electrolysis (acidic environment), highly active and stable precious metal
based electrocatalysts are used, such as Pt-based catalysts at the cathode for the hydrogen
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evolution reaction (HER) and Ir or Ru-based catalysts at the anode for the oxygen evolution

reaction (OER).”2° Although catalyst cost is not currently the main cost driver for PEM
electrolysis, it will become important in the long-term as demand increases for rare and
expensive precious metals.'* 212

The challenges towards HER in PEM electrolysis have focused on the development of
efficient, cost-effective and stable noble metal-free electrocatalysts for the cathode. Natural
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hydrogenases and nitrogenases enzymes are effective catalysts for HER, and their active sites

consist of (bi)metal sulfide clusters based on Earth-abundant metals such as Fe, Ni, and Mo.



While the HER activity of crystalline molybdenum sulfide (c-MoS,) was reported in the
1970°s,% it was only more recently highlighted by Hinnemann et al.?® and Jaramillo et al.>’ that
its edge sites are inorganic analogues of the nitrogenase active site for electrochemical hydrogen
evolution. This triggered a large number of studies of such bio-inspired catalysts based on single
metal sulfides.”® Later on, it was demonstrated that the electrocatalytic activity of metal
sulfides was improved by the combination with other metal ions, such cobalt sulfide,* cobalt
doped-FeS, ' Ni-Mo-S nanostructures,’ Co-Mo-S and Co-W-S structures,”>>* V- or Zn-doped
MoS, 3% In particular the promotional effect of iron on the HER activity of molybdenum
sulfides, as in Fe-Mosg,3 7 FeS,-doped MoS,>® and amorphous FeMoS4>’ have been reported. The
structure-composition-activity relationships for these systems are thus highly regulated by the
incorporation of a second metal. Subsequently, tuning of electronic mobility, charge
transportability, density of electrocatalytically active sites and turnover frequency has led to
improved HER activity by lowering the overpotential requirement. However, the reported
synthetic methods for bimetallic sulfide materials are rarely scalable and only few studies report
the practical implementation of metal sulfide catalysts into PEM electrolyzers* and they have
been restricted to single metal sulfide materials such as MoS,,"' amorphous MoS,,*™*
[Mo5S15]* nanoclusters* and FeS,.*

We report here the development of bimetallic iron-molybdenum sulfides as new bioinspired
non-precious catalysts for HER. We describe scalable synthetic methods and characterization of
these materials, their activity towards the HER in combination with carbon nanotubes (CNTs)

and their integration as cathode catalyst into a proton exchange membrane (PEM) electrolyzer.

EXPERIMENTAL SECTION



Materials and reagents

Catalysts were prepared by using molybdenum chloride (MoCl; and MoCls), iron chloride
(FeCls) and thiourea as precursors, as well as ethylene glycol (EG), all purchased from Sigma
Aldrich. All chemical reagents used in this study were of analytical grade and were used as
received without further purification. Commercial grade NC7000 multi-walled carbon nanotubes
(denoted CNTs) were obtained from Nanocyl (Belgium) and Nafion 117 solution (5 wt % in a
mixture of lower aliphatic alcohols and water) was obtained from Sigma-Aldrich. Sigracet 39-
BC gas diffusion layer (GDL) was purchased from SGL Carbon GmbH, Germany and Vulcan
XCT72R from Cabot (Switzerland). Nafion NRE-212 membrane (50 um thick, Alfa-Aesar) and
iridium black powder (Sigma-Aldrich) were used for the fabrication of the membrane electrode
assembly (MEA). The electrolyte used, H,SO4 (0.5 M) aqueous solution, was prepared with
ultrapure water (18.2 MQ-cm resistivity at 25 °C).

Synthesis

In the microwave synthesis, appropriate amounts of metal salts (MoCls: 0.5 mmol, 135.2 mg
and FeCl;-H,0: 0.5 mmol, 101.1 mg) and thiourea (1.5 mmol, 114.2 mg) precursors were mixed
in EG (10 ml). After stirring for 5 min, the solution was then placed in a Discover SP microwave
synthesizer in a special 30 ml vial and the reaction was conducted under the following
conditions: irradiation varying from 0 to 300 W in order to maintain the temperature at 255 °C
leading to the pressure of 8 bars for 20 min. The resulting high-viscosity black precipitate was
transferred into ethanol for centrifugation. Then the precipitate was washed under centrifugation
for several times with ethanol and distilled water until the supernatant was clear. The final
precipitate (ca 130 mg) was vacuum dried overnight and then collected for characterization. The

obtained sample was denoted as FeMoS ).



By the heat treatment method, appropriate amounts of metal salts (MoCls: 1.8 mmol, 492 mg
and FeCl3-H,0: 1.8 mmol, 487 mg) and thiourea (5.4 mmol, 412 mg) precursors were dispersed
in ethanol under magnetic stirring. The resulting dry powder after solvent evaporation was
transferred into a alumina boat, inserted into a quartz tube and heated at 5 °C-min* up to 550 °C
in a flowing atmosphere (Ar or Ar+H;), held at this temperature for 2 h, then allowed to cool
down to RT. The resulting samples were denoted as FeMoSr, A (ca. 120 mg) and FeMoSr,
Ar+H2) ca. 120 mg).

Scale-up can be achieved either by repetitive synthesis, which has the advantage of being
facile, fast and automated for the microwave approach, or by starting from higher amount of
precursors for the heat treatment approach. The reference materials without iron were also
prepared, whose synthesis follows otherwise the synthetic steps described above. The obtained
reference samples were denoted as MoSw) (ca. 120 mg obtained from 0.5 mmol-135.2 mg
MoCl; and 1.5 mmol-114.2 mg thiourea in 10 ml of EG), MoSwr, ar) and MoSwr, ar+12) (ca. 130
mg of each, obtained from 1.8 mmol - 492 mg MoCls and 5.4 mmol - 412 mg thiourea in 20 ml
of ethanol).

Physical and chemical characterization

Raman analysis was conducted on a NRS-7100 Laser Raman spectrometer (JASCO, Japan)
using a 532 nm green line laser. Prior to measurement, wavelength calibration was done using
the bulk Si peak at 520 cm™' as a standard reference.

X-ray diffraction (XRD) analysis was carried out using a Rigaku Miniflex 600 diffractometer
with a CuKa radiation (A = 0.15406 nm).

Scanning electron microscopy (SEM) images were recorded with a scanning electron

microscope Zeiss Ultra 55 (acceleration tension 5 kV).



Transmission electron microscopy (TEM) images and selected-area electron diffraction
(SAED) patterns were acquired with a Cs-probe corrected FEI Titan Themis transmission
electron microscope, operated at 80 kV. A catalyst suspension in ethanol was prepared by
ultrasonic homogenization and was then drop-cast on an ultrathin carbon film on a Cu grid.
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and
corresponding energy-dispersive spectroscopy (EDS) elemental mapping analyses were collected
with on an FEI-Osiris microscope operated at 200 kV.

X-ray photoelectron spectroscopy (XPS) analyses were carried out with a Versa Probe II
spectrometer (ULVAC-PHI) equipped with a monochromated Al Ka source (hv = 1486.6 eV).
The core level peaks were recorded with constant pass energy of 23.3 eV. The XPS spectra were
fitted with CasaXPS 2.3 software using Shirley background. Binding energies are referenced
with respect to the adventitious carbon (C 1s BE =284.6 eV).

Inductively coupled plasma atomic emission spectrometry (ICP-AES) measurements were
carried out on a Shimadzu 9000 apparatus. The powder samples were completely dissolved by
sonicating in 70 % nitric acid and then diluted to obtain a solution of ca. 1000 pg-L™" of catalyst
in 10 % nitric acid.

Electrode preparation

Electrochemical activity of the materials towards the HER was determined using a gas
diffusion electrode (GDE) as working electrode. A catalyst ink including 1 mg of electrocatalyst,
160 pL of ethanol, 40 uL of water, 10 pL of 5 wt. % Nafion solution and optionally 0.2 mg of
CNTs, was prepared by sonication. Then, aliquots of 10 ul of the ink were successively
deposited on the microporous layer of a GDL piece (& 5 mm, 0.196 cm?) to reach various

catalyst loadings (0.24, 0.48, 0.97 and 1.46 mg-cm 2). The working GDE with the deposited



electrocatalyst layer was used in a conventional three-electrode -electrochemical cell
configuration.

Another electrode was prepared in a similar manner, but the electrocatalyst layer was deposited
onto a glassy carbon disk (& 7 mm, 0.38 cm?, catalyst loading of 0.97 mg-cm %) instead of a
GDL. This electrode was used for the electrochemical measurements coupled to gas
chromatography to determine the faradaic yield of the electrode for H,-evolution.

Electrochemical measurements

A detailed investigation of the electrocatalytic activity towards the HER was evaluated in N,-
saturated electrolyte (0.5 M H,SO4) using in a half-cell holder for GDE setup. The
electrochemical experiments were performed in a continuously degassed electrolyte by nitrogen
bubbling, in a three-electrode cell configuration and using a SP300 Bio-Logic potentiostat. The
counter electrode consisted of a Ti wire and the reference electrode was an Ag/AgCl, KCI1 (3 M)
(denoted below Ag/AgCl). The working electrode was a GDL substrate with the deposited
electrocatalyst layer fixed in the half-cell holder* (Figure S1). A nitrogen gas flow at the surface
of the GDL was used to remove the produced H,. The pipe used to evacuate the gas was also
used as the contact with the modified GDL.

All curves were iR-corrected by carrying out automatically ohmic drop compensation by the
EC-Lab software using the electrochemical impedance technique (ZIR). Current densities were
normalized in reference to the geometric area of the exposed electrode (0.056 cm?). All
potentials were reported vs. the Reversible Hydrogen Electrode (RHE) potential using the
following equation: Eys rue = Evs agagct - Eagagct vs nue 70.059 x pH. The Ag/AgCl reference
electrode was calibrated with the [Fe(CN)s]> /[Fe(CN)s]*~ couple in an external electrochemical

setup. Calibration against the [Fe(CN)¢]*/[Fe(CN)s]* couple was performed with a glassy



carbon electrode and a platinum wire as working and auxiliary electrodes, respectively, in 0.1 M
potassium phosphate buffer (pH 7). The potential of the [Fe(CN)6]3_/[Fe(CN)6]4_ couple is
denoted below as Eremyrear) vs agrager (0.225 V) and Eremyrearn vs nue (0.425 V) refers to the
tabulated value of Ereumyren against the NHE potential.47 Thus, Eagagct vs nue 15 0.200 V.
Polarization curves were recorded using the linear sweep voltammetry (LSV) technique at a scan
rate of 10 mV+s ! and 25 °C, under a back-flow of N,.

The stability tests were conducted by chronopotentiometry measurements (CP) under Nj-
saturated electrolyte. The constant applied current corresponds to attained current density of —10
mA-cm .

Electrochemical measurements coupled to gas chromatography

The measurements were carried out in a three-electrode electrochemical cell in aqueous H,SO4
solution (0.5 M) and using a glassy carbon disk substrate (& 7 mm, 0.38 cm?) for the preparation
of the working electrode. Chronoamperometry (CA) measurements were performed for 4 h at a
fixed potential of =160 mV vs RHE. The working and reference electrodes were placed in the
same compartment filled with the electrolyte. The counter electrode was separated from the main
compartment by keeping it in a bridge tube with ceramic junction filled with the electrolyte in
order to avoid the poisoning with the released oxygen. In the in-line gas chromatography
configuration,* the compartment of the working electrode is continuously flushed by N, carrier
gas, whose rate was fixed through a Bronkhorst EL Flow Select mass flowmeter at 5 ml-min”".
The output gas was analyzed with a PerkinElmer Clarus 500 gas chromatograph with a porapak

Q 80/100 column (6'x1/8"). The gas chromatograph was mounted in the so-called continuous

flow mode in which the carrier gas stream fills an injection loop of 100 pL in the gas



chromatograph. The content of the injection loop is fed every 2 min into the gas chromatograph
setup, where gases (H; and O;) are separated and the area under the H, peak is computed.

Control calibrations were performed via chronopotentiometric experiments at cathodic current
of —1 mA, in which a platinum mesh was used as the working electrode to evolve hydrogen from
an aqueous H,SO4 solution (0.1 M). In these control experiments, the faradaic yields are
assumed to be unitary, which allows the determination of calibration constant including all
experimental biases of continuous flow setup. This value was then used to relate the area under
the H, peak given by the in-line gas chromatograph setup to the experimentally measured
production rate of H, in the electrochemical cell (Mmeas). The theoretical production rate (Mneo)
for H, derived from the charge Q passed in the cell, assuming a unitary faradaic yield, is
calculated following the formula: npe, = Q/(2 x F) where F is the Faraday constant (F = 96485
C-molfl). The Mmeas/Miheo ratio then gives the faradaic yield of the electrode for Hy-evolution.

Fabrication of membrane-electrodes assembly (MEA) for PEM electrolysis

The membrane-electrode assembly (MEA) was prepared using Nafion NRE-212 membrane
(50 pum thick) as the polymer electrolyte membrane, iridium black as the anode catalyst with a
fixed loading of 2 mg-cm_2 and FeMoSmw) as the cathode catalyst. For the cathode preparation,
the FeMoSmw) catalyst was mixed in a 1:1 mass ratio with carbon Vulcan XC72R, and the total
loading (catalyst+carbon) was fixed at 4 mg-cm . Cathode catalyst ink was prepared using a
1.2/1 ethanol/water solution and Nafion ionomer (5 wt. % solution) corresponding to a Nafion-
to-(catalyst+carbon) ratio of 1.4. The catalyst ink solutions were sonicated for ca. 1 h using an
ultrasonic bath prior to deposition.

The anode catalyst ink was deposited by drop-casting onto a 5 cm” area of a decal substrate

(PTFE-coated fiberglass cloth, Plastic Elastomer) until the fixed catalyst loading was reached.
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The cathode catalyst ink was deposited by drop-casting onto GDL piece (5 cm?) to reach the
fixed catalyst loading. The as-prepared electrode and the coated decal substrate were assembled
by sandwiching the Nafion membrane and hot pressing at 120 °C for 90 s under 5 MPa. The
anode catalyst was transferred onto one side of the Nafion membrane by peeling off the decal
substrate following the hot-press process. A Pt-coated titanium mesh (127 pm thick, 5 cm? area,
FuelCellStore) was added on the anode side without pressing during the PEM electrolyzer cell
assembling.

Two reference MEAs were prepared: one with a 0.5 mg-cm™> 60% Pt-Vulcan/carbon paper
electrode (FuelCellStore) as cathode instead of the FeMoSw)/GDL electrode, and the a second
with only Vulcan XC72R at the cathode side.

The as-prepared MEAs were further assembled in a PEM electrolyzer single cell.

PEM electrolyzer setup

Electrolysis tests were performed using a 5 cm* PEM electrolyzer single cell (Scribner). The
cell consisted of two aluminium end-plates, two current collector plates and two grooved plates
(carbon at the cathode side and platinized titanium at the anode side). These plates, with
machined serpentine flow field of 0.125" on the working area of 5 cm? facilitate the flow of
water and produced gases (H, and O,). The prepared MEA was sandwiched between the two
grooved plates and clamped together with current collectors and end-plates using nuts and bolts.
The cell was assembled with PTFE (polytetrafluoroethylene) gaskets (FuelCellStore) to give a
compression of ca. 15 %.* The PEM electrolyzer setup (Figure S2) consists of the
electrochemical reaction cell, a peristaltic pump system (PP1300, WVR) and water reservoir, and
a computer-controlled potentiostat (VSP-300 Bio-Logic with a +10 A/[0, 5] V booster).

Electrolyzer testing was carried out at 80 °C (atmospheric pressure), with ultrapure water (Milli-
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Q) continuously pumped to the anode side at 4 mL-min"". Evolved gases (O, from anode and H,
from cathode) were released to the atmosphere through the outlets of the cell.

The performance of MEA was evaluated by recording the polarization curves from 1 V to 2 V
with a scan rate of 10 mV-s™'. The curves were iR-corrected by carrying out automatically ohmic
drop compensation by the EC-Lab software using the electrochemical impedance technique
(ZIR). Prior to recording the polarization curve, the MEA was kept at voltages ranging from 1.2
to 1.4 V with an interval of 0.1 V and then from 1.4 V to 2 V with an interval of 0.05 V, for 5
min at each potential.

In order to assess the durability of the MEA, an in situ accelerated stress test (AST) was
carried out. This AST was continuously applied for 24 h and the method cycled between 0.05
A-cm”' minimum intensity and a 0.5 A-cm™' maximum intensity and was held at each intensity
for 15 min each.

RESULTS AND DISCUSSION

Synthesis and characterization

The bimetallic iron-molybdenum sulfide materials were prepared from thiourea and Fe and Mo
salts and in a molar ratio of 3:1:1 according to two simple and scalable approaches. The first
approach involved a microwave synthesis in ethylene glycol (EG) as reaction and dispersion
media, and the second one involved a heat treatment synthesis under controlled atmosphere. In
both cases, metal salts and thiourea were dissolved (in EG and ethanol, respectively), resulting in
the formation of metal-thiourea complexes.®®>* These complexes undergo decomposition under
the microwave irradiation (0-300 W, 255 °C, 8 bars) or annealing conditions (550 °C, Ar or
Ar/Hy). The metal sulfide products resulting from microwave irradiation and heat treatments

were named FeMoSmw), FeEMoSwt, Ay and FEMOSwT, ar+Hz), respectively. Table 1 lists the
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different samples investigated in this study and summarizes their main characteristics. Samples
without Fe precursor, named MoSmw), MoSwT, Ay and MoSwt, ar+y), respectively, were also
similarly prepared for comparison (Sl).

The synthetic method directly impacts the morphology of the materials as can be seen in the
SEM images in Figure 1 and Figure S3. FeMoSmw, (Figure 1A) consists of spherical flower-like
assembled particles with homogeneous size distribution around 100 nm. By contrast, FeMoSr,
an and FeMoSwyr, arhy) (Figure 1B and 1C) have a sponge-like structure with a rough,
nanostructured surface arising from the agglomeration of the catalyst particles. These particles
with irregular size and shape are bound together resulting in an interlocked structure leading to

the formation of a porous network.

13



Figure 1. SEM images of (A) FeMoSw), (B) FeMoSwr, ar and (C) FeMoSwr, ar+Hy)-
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Figure 2. FeMoSw): (A). Raman spectra, (B) TEM and SAED images, (C) HAADF-STEM

image and (D-F) corresponding EDS elemental mapping images of Fe, Mo and S.
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The Raman spectrum of FeMoSw) (Figure 2A) showed a similar amorphous structure to
MoSmw) (Figure S4b) indicating no particular structural change by iron addition. The spectrum
displays broad peaks between Raman shifts of 300 and 1000 cm ', indicating the amorphous
nature of the sample. The molybdenum sulfide vibration modes of v(Mo—S) at 300-400 cm ™' and
v(Mos—S) at 455 cm™ ', which are characteristic for the amorphous nature (Figure S4a) are not

well-defined and any defined vibration modes of bridging and terminal S,*” could not be

52-53 1
d,

identifie suggesting that there is no local structure. The Raman features at 800-1000 cm
are assigned to molybdenum oxides defects>* as well as to the possible presence of molybdenum
oxysulfide M0S,0y,.>* The amorphous nature of FeMoSmy) was further confirmed by XRD
analysis (Figure S5a) as well as by TEM and SAED images (Figure 2B). The broad diffraction
pattern with no discernable peaks clearly confirms the amorphous phase of the FeMoS(mW).SS'S6
The characteristic halo ring pattern (Figure 2B, inset) is indeed characteristic for an amorphous

material. The corresponding EDS mapping images show that Fe, Mo and S elements are

homogeneously colocalized within the selected area of the material (Figure 2, D-F).
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Figure 3. FeMoSwr, an: (A). Raman spectra, (B) TEM and SAED images, (C) HAADF-STEM

image and (D-F) corresponding EDS elemental mapping images of Fe, Mo and S.
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The samples synthesized by heat treatment contain crystalline molybdenum sulfide, as
revealed by well-defined Raman peaks (Figure 3A and 4A) at 384 cm™ and 407 cm’
corresponding to in-plane vibration (Elgg) and out-of-plane vibration (Alg)57'58 of MoS,. The
characteristic peak of FeS, at 342 cm™ as well as 378 cm™ could not be observed because of the
low percentage of FeS, and/or overlapping by the peaks of MoS,** * The peak at 454 cm™
corresponds to the longitudinal acoustic phonon mode of MoS,.*® Iron seems to induce the
crystallization process. The structure indeed evolves from amorphous for MoSwr, ar (Figure
S3c) to a crystalline one for FeMoSr, ar (Figure 3) in otherwise identical synthesis procedures.
In XRD patterns (Figure S5a), the major peaks of FeMoSur, ar) line up with those of FeMoSr,
Ar+Hz). Both samples contain the characteristic diffraction peaks of the crystalline molybdenum
sulfide (c-MoS,) assigned to the planes indicated in Figure S5b.°”% The diffraction peaks at 30,
43, 53 and 63° indicate also the presence of crystalline Mo- and Fe, Mo-oxides phases.®*® When
compared to MoSr, ar+12) (Figure S5b), the addition of iron promotes the formation of the well-
defined peaks at 36 and 43° (oxides and/or Fe, Mo-sulfide)®>® as well as at 48 and 65° (Figure
S5a and b). The latter could both be associated with the presence of iron sulfide phases®’,
although the peak at 48° can also indicate a higher crystallinity of the c-MoS, phase (105 plane)
induced by the presence of iron and/or the reductive atmosphere during the synthesis. For the
same iron loading, the degree of structural disorder seems related to the nature of the gas flow
during the heat treatment, decreasing from FeMoSwr, ar) to FeMoSwr, ar+t). This behavior is
observed from (i) the peaks intensity of the Raman spectra and the calculated full-width at half
maximum intensity (FWHM) of peaks® (Figure 3A and 4A) and (ii) TEM analysis (Figure 3B
and 4B). The corresponding EDS mapping images clearly show the presence of Fe, Mo and S

elements in FeMoSwur, an Figure 3, D-F) and FeMoSwur, arm) (Figure 4, D-F). Compared to
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FeMoSwmr, ar+h, Where Fe is mostly located in the center of the selected area, Fe is
homogenously distributed in the entire bulk of in FeMoSwr, ar). By contrast, Mo and S elements

are more uniformly distributed in the entire area of FeMoSwur, ar+12) compared to FeMoSwr, a.
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Figure 4. FeMoSwuT, ar+my): (A). Raman spectra, (B) TEM and SAED images, (C) HAADF-

STEM image and (D-F) corresponding EDS elemental mapping images of Fe, Mo and S.
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Table 1. Main characteristics of the samples investigated in this study

Sample Synthetic Structure Chemical composition Mo = | Tafel slope
approach (mV) | (mV-dec™)
Raman Electronic ICP-AES XPS
spectroscopy | microscopy (bulk) (surface)
FeMoSmw) microwave amorphous amorphous Feo11M0114S, | Fep0aMO0g.g3S, 140 57
FeMoSr, ay 550 °C, Ar crystalline crystalline Feos:M0g.76S2 | FepsaMo0q 7S, 206 126
FeMoSyr, arthz) | 550 °C, Ar+H, | crystalline crystalline FeossM0001S, | FepsaM0g 7S, 180 101

ICP-AES measurements were performed to reveal the average bulk composition of the as-
prepared materials (Table 1). The synthetic method influences directly the composition of the
material. Despite the use of identical molar reactant ratios, the Fe content is eight times lower in
FeMoSmw) compared to both samples obtained by heat treatment. A slightly higher Mo content
is found in FeMoS) as compared to the other two (Fe, Mo)-sulfides.

The XPS data allowed resolving the chemical structure of the compounds studied. Although
the samples display twice less Fe on the surface as compared to the bulk, the surface elemental
distribution follows the bulk trends with much lower Fe content in the microwave-synthesized
sample compared to the high temperature ones. Mo 3p and 3d spectra show the presence of the
peaks clearly corresponding to molybdenum sulfide Mo-Sx species (ca. 228.7 — 229.5 eV for
Mo3ds;; and ca. 231.8 — 233 eV for Mo3ds,) (Figure 5A and S6). In all the cases, they coexist
with Mo-Oy compounds signature (232.4-232.8 ¢V and 236 ¢V),”**® the amount of which can
be correlated with the mean oxidation state of molybdenum in the material. Indeed, for
FeMoSr, ar produced from MoCls the Mo-O,/Mo-Sy ratio reaches 77 % but the use of reducing
H, atmosphere allows to maintain this ratio below 21 %. This ratio is slightly higher (36 %) for

FeMoSmw) produced from MoCls. The S2p spectra reveal a mixture of three sulfur doublets for
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all three compounds: one corresponding to Mo and Fe sulfides (around 161.9 eV), another to
polysulfides (163.0 ¢V), and finally one to SO4* (168.5 ¢V) (Figure 5B). The concentration of
the sulfates is, as expected, the highest for the most oxidized FeMoSwut, ar) sample. Finally, the
iron region can be fitted with several peaks indicating the main Fe oxidation state of +3 (711 and

715 eV), together with a weak Fe'!

satellite feature at 719 eV.”® The presence of metallic Fe
observed usually at 706.6 eV as well as FeS, (around 707 eV) was not observed in any of the

three materials (Figure S7).
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Figure 5. High resolution XPS spectra of (A) Mo3d and (B) S2p.

We finally estimated the electrochemical active surface area (ECSA) of the different materials
by recording cyclic voltammograms of the as-synthesized materials drop-cast on glassy carbon
electrodes in aqueous electrolyte and in the presence of Ki[Fe(CN)s] (SL, Figure S9, Table S1).7"-
7 These measurements showed that microwave-synthesized amorphous materials have a larger
electrochemical surface area and therefore expose more active sites toward the electrolyte
compared to materials synthesized by heat treatment. The latter being more crystalline, indeed
are only catalytically active at the edges sites.

Hydrogen evolution electrocatalytic activity
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The electrochemical activity of these three materials towards the HER was investigated under
aqueous acidic conditions (pH 0.3) relevant to PEM water electrolysis conditions using a static
three-clectrode configuration. We used the overpotential necessary (denoted as 10" in this
work) to achieve a magnitude current density per geometric area |] =10 mA-cm™ as principal
figure of merit of the HER activity. This value corresponds to the approximate current density
expected for 10 % efficient solar-to-fuels conversion device under 1 sun illumination.”*”

The electrode formulation study has been carried out in order to evaluate a possible effect on
the HER activity. Although MoS; is a promising catalyst, its low conductivity and low density of
active sites have been identified as bottlenecks for efficient HER activity. Among the various
strategies developed to overcome their low conductivity, the combination of MoS, with carbon
materials leads to a clearly improved catalytic activity.”*”® We therefore chose to use multi-
walled carbon nanotubes (CNTs) as carbon conducting material and mixed them with our
materials to evaluate their effect on its HER performances. As a control, the pristine FeMoSmw)
electrocatalyst was deposited onto a GDL substrate to achieve a catalyst loading of 0.24
mg-cm* (Figure 6A, brown curve). In a second formulation, a CNTs layer was deposited onto
GDL prior depositing the FeMoSmw) catalytic layer (Figure 6A, yellow curve). The third strategy
consisted of depositing a catalytic layer containing physically-mixed FeMoS ) and CNTs
(FeMoSmw):CNTs =5:1, mass ratio) in the prepared catalytic ink onto GDL (Figure 6A, purple
curve). The SEM image of the catalytic ink (Figure 6C) shows a random network of CNTs
bundles homogeneously distributed over the catalyst particles. The polarization curves of
different electrodes (Figure 6A) reveal a large dependence of the performances on electrode
formulation. The optimal electrode formulation was found to be physically-mixed FeMoS mw)

and CNTs in one catalytic layer. The presence of CNTs increases the surface, improves the poor
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intrinsic conductivity’”’ and optimizes active site availability and accessibility during HER
catalysis throughout the FeMoS ) material. This three-dimensional architecture of the catalytic
layer is favorable to a better catalyst accessibility and higher electrochemically active surface
area, providing positive effects on HER performance. To quantify this effect, we calculated the
double layer capacitances (Cpr) of our electrodes from cyclic voltammetry measurements
(Figure S10). Cpp values are directly proportional to the electrochemically active surface area
(ECSA).” By adding CNTs, the Cp, is more than eleven times higher than that of FeMoS (mw)
without CNTs. Accordingly, the GDL/(FeMoSmw)TCNTs) electrode displays a ca. 8-fold higher

current density at —0.18 V vs RHE compared to GDL/FeMoSmw) electrode without CNTs.
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Figure 6. Polarization curves for HER corresponding to: (A) various electrode formulations with
FeMoS(mw) electrocatalyst (catalyst loading 0.24 mg-cm—2 and CNTs loading 0.05 mg-cm—-2);
(B) GDL/(FeMoS(mw)+CNTs) with various catalyst loadings (mass ratio of catalyst to CNTs is
5:1). Conditions: N2-saturated 0.5 M H2SO4, scan rate 5 mV-s—1, Ti wire counter electrode. The
blank curves (GDL and GDL/CNTs) are shown for comparison. (C) SEM image of

(FeMoS(mw)+CNTs) catalytic ink.

As a second step, the electrode formulation was optimized for catalyst mass loading. The
polarization curves from Figure 6B display the improvement in the HER activity when varying
the catalyst loading from 0.24 mg-cm™*to 0.97 mg-cm ™~ (preserving the mass ratio of catalyst to
CNTs at 5:1). As expected, a higher catalyst loading initially enhances the current density of the
HER reaction. However, a slight decrease of the HER activity for catalyst loadings superior to
0.97 mg-cm > was observed. This behavior is likely related to mass transfer limitations within the
catalytic layer. Thus, the optimum catalyst loading for an optimal HER performance is a
compromise between the number of active sites in the catalytic layer and mass transport of
protons and hydrogen gas within this catalytic layer, which highly depends on its thickness.* ™
For comparison, the required overpotential (110" ) to reach 10 mA-cm* is 140 mV (Table 1)

for the FeMoSmw) electrocatalyst, thus 30 mV lower than that of the MoSw) electrocatalyst
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(Mo ™ = 170 mV, Figure S11). This result indicates a concerted effect of Fe doping and Mo on
the HER activity of bimetallic iron-molybdenum sulfide, as previously shown for Fe—MoS;37
although the latter displays lower HER performance than FeMoSw). Performance parameters
such as Mo ™" and current density of our microwave synthesized molybdenum sulfide are in the
range reported for most electrocatalysts of this type.®

The other two materials synthesized by heat treatment display poorer performances under
similar conditions: both FeMoSwr, ar and FeMoSwr, ar+t) display higher mOHER values than
FeMoSmw), 206 mV and 180 mV, respectively (Figure 7A, Table 1). The higher overpotential
requirement is likely related to the segregation of molybdenum- and iron-rich phases as
evidenced by EDS mapping and to the presence of crystalline molybdenum sulfide (induced by
the presence of Fe), which is known to be a poor HER catalyst compared to a-MoS,.** As a
consequence, both heat-treated (Fe, Mo)-sulfides display a higher nloHER (Figure S12) compared
to heat-treated Mo-sulfides (moHER ~ 160 mV).

The kinetics study and mechanistic pathway for HER were examined using Tafel plots derived
from polarization curves of synthesized (Fe, Mo)-sulfides (Figure 7B). These slopes are related
to multistep electrochemical reactions occurring at the catalyst surface during HER and thus can
be used as a signature of the HER mechanism. As generally accepted, Tafel slopes of 120, 30
and 40 mV-dec' reveal Volmer, Tafel and Heyrovsky rate-determining step (rds),
respectively.**’ The FeMoSmw) €lectrocatalyst has the lowest Tafel slope value (57 mV-dec™’,
Table 1) in the as-prepared electrode, GDL/(FeMoSmw)tCNTs). Tafel slopes of FeMoSwmr, ar
and FeMoSwr, ar+) are 126 mV-dec™ and 101 mV-dec™, respectively (Table 1). The smallest
Tafel value for FeMoSumw suggests faster kinetics which corresponds with its higher

electrocatalytic activity for HER (lower 10" ) compared with the other two (Fe, Mo)-sulfides.
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Considering the experimental value (57 mV-dec™') a Volmer-Heyrovsky mechanism is proposed
with a Heyrovsky reaction or an intermediate diffusion step of adsorbed hydrogen atoms as

rds.®*® This conclusion is in line with the data previously reported for electrodeposited Fe-MoSs

films.”’
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Figure 7. Polarization curves (A) and Tafel plots (B) for HER on: (a). GDL/(FeMoSwy+CNTs),
(b). GDL/(FeMoSwr, antCNTs) and (c¢). GDL/(FeMoSwt, ar+ttCNTs); (N,-saturated 0.5 M

H,SO4, scan rate 5 mV-s™', Ti wire counter electrode, catalyst loading 0.97 mg-cm2).

It thus appears that the addition of iron significantly improves the HER activity (Figure S11) of
amorphous material obtained via the microwave synthetic approach. Although the reasons for
such enhancement are still undefined at a molecular level, this observation is in line with

3791 By contrast, addition of iron negatively

previous studies about such amorphous materials.
impacts the HER performances of the heat treated materials, likely because it induces the
crystallization of the molybdenum sulfide phase and reduces the ECSA (Table S1).

As a result of this study is thus FeMoSw) 1s found to be the most promising catalyst for

further development: itt evolves H, with the lowest moHER value, smallest Tafel slope and with a

100 % faradic efficiency as determined during chronoamperometry measurements at —160 mV
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vs RHE for 4 h (Figure 8A). In order to investigate its potential for technological application, the
stability of this material upon HER turnover was analysed. Chronopotentiometry (CP) was
performed for 70 h at a current density of —10 mA-cm ™ (Figure 8B). Only a slight increase (ca.
30 mV) in 10 " was observed over 70 h, with a plateau after 24 h, therefore showing the high

stability of the GDL/(FeMoSumw)+CNTs) electrode under operation.
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Figure 8. (A). Chronoamperometry measurements (amount of hydrogen produced assuming a
unity faradaic efficiency (blue square) and as observed by the in-line gas chromatography setup
(red line)) and (B). Chronopotentiometry measurements (insight graph: overpotential evolution
(AmOHER /mV = mOHER (t)/mV-m(tp)/mV) during 70 h operation) on GDL/(FeMoSw)+CNTs)

electrode. (N>-saturated 0.5 M H,SO,, Ti wire counter electrode, catalyst loading 0.97 mg-cm ™).

PEM electrolyzer testing

For the technological implementation of our catalyst, Vulcan was selected for the electrode
fabrication in PEM electrolyzer (SI, Figure S13). Vulcan is indeed the most widely used support
in the PEM fuel cells and electrolyzer applications due to their properties, commercial
availability and low cost.”>”* Electrolysis tests were performed in a 5 cm® PEM electrolyzer

single cell (Scribner) at 80 °C or RT.
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Different MEAs were prepared using (FeMoSw)+Vulcan) (4 mg-cm 2, catalyst:Vulcan = 1:1
mass ratio, Nafion-to-(catalyst+Vulcan) ratio of 1.4) or Pt-C (0.5 mg-cm °) as the HER catalysts,
commercial Ir black (2 mg-cmfz) as the OER catalyst and Nafion NRE-212 membrane (50 pm
thick) as polymer electrolyte membrane. MEAs were prepared by hot pressing. The OER catalyst
was deposited onto the anode side of the membrane through the decal method of deposition and
the HER catalyst was deposited by drop-cast onto a GDL.

The polarization curves of the measured MEAs are shown in Figure 9. In spite of a smaller
efficiency of Ir/(FeMoSwtVulcan) electrolyzer than that of Ir/Pt-C electrolyzer, notable
electrochemical performances are obtained. At 80 °C (Table S2) the performance achieved with
Ir/(FeMoS myy+Vulcan) electrolyzer was 0.5 A-cm™> at 1.77 V and 1 A-cm™ at 1.85 V. For
comparison, Ir/Pt-C electrolyzer requires 1.5 V to reach 0.5 A-cm™> and 1.54 V to reach 1
A-cm™%. This electrocatalytic activity is strongly temperature dependent (Figure S14), with
Ir/(FeMoS mw)t+Vulcan) electrolyzer reaching 0.5 A-cm? at 1.93 V at RT. For comparison, Ir/Pt-

C electrolyzer requires 1.62 V to reach 0.5 A-cm ™~ at RT.

28



1.4+
1.2—-
1.0—-
0.8—-
0.6—-

0.4 i 1

Current density (A-cm™)

0.2+

00 T T I‘ T T ;\ : T
12 13 14 15 16 17 18 19 20
Potential (V)

Figure 9. Single cell polarization curves for PEM electrolysis at 80 °C using two distinct MEA:

(a). Ir black/NRE-212/Pt-C and (b). Ir black/NRE-212/(FeMoSmw)*Vulcan).

An in-situ accelerated stress test (AST) was then carried out to assess the durability of the
MEA. Standardized AST protocols are well developed for PEM fuel cell technology’*° while
the establishment of standardized AST protocols for PEM water electrolysis is still under
development.”” We exploit here an AST protocol for a quick (over 24 h) evaluation of the MEA
durability, adapted from the work performed in the NOVEL EU Project.”® The AST is
continuously applied for 24 h. The method involves cycling between 0.05 A-cm™' minimum
intensity and 0.5 A-cm™' maximum intensity with each intensity value being maintained for 15
min (Figure 10A, Figure S15). The voltage required to reach 0.5 A-cm™> before and after AST is
shown in Figure 10B and Figure S16. Both electrolyzers (Ir/(FeMoSmw)+Vulcan) and Ir/Pt-C)
exhibit a very good and similar stability under the testing conditions with a gradual increase in
potential over the 24 h test period. After 24 h AST, Ir/(FeMoSmw)tVulcan) electrolyzer required
an additional 45 mV to reach 0.5 A-cm™ (40 mV for Ir/Pt-C electrolyzer). Similar behavior was
observed in the polarization curves before and after AST (Figure 10C). The degradation slopes

(in pV-h™") calculated from AST measurement are shown in Figure 10D. At higher current
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density, a smaller difference between Ir/Pt-C and Ir/(FeMoSmw)t+Vulcan) electrolyzers was

obtained.
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Figure 10. Performances of PEM electrolyzers (80 °C) with Pt-C (0.5 mg-cm_z, in gray) or
(FeMoSmw)t+Vulcan) (4 mg-cm ~, in red) as HER catalysts and Ir black (2 mg-cm™?) as OER
catalyst. (A) AST carried out for 24 h, (B). Comparison of the voltage required to reach 0.5
A-cm™ (from AST measurement), (C). Polarization curves before and after AST, (D).

Degradation slope during AST.

To the best of our knowledge, there is no any other report of bimetallic sulfides such as M-Mo-

S (where M is Fe or other abundant metal) integrated as HER catalyst into PEM electrolyzers.
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Performances have been reported for Mo-based catalysts (mixed with various forms of carbon)-
based PEM electrolyzer working at 80 °C (from 0.1 to 0.5 A-cm ™ at ca. 1.9 V)*'™* and at 45 °C
in a flow-cell setup (0.3 A-cm ™ at 2 V).43 Additionally, under similar operating conditions (e.g.
80 °C) a current density of ca. 0.5 A-cm > was reached at 2 V with a FeS,-Vulcan cathode
catalyst.” Our bimetallic (Fe, Mo)-sulfide catalyst, FeMoS(mw), outperforms the current metal
sulfide catalysts implemented in PEM electrolyzers, and is thus promising for commercial
application. With the FeMoSw) we report lower potential to reach the same current density
compared to previously reported MoS,-based or FeS,-based PEM cathodes (Table S2).

CONCLUSIONS

Developing inexpensive, stable and efficient catalysts for HER is of great importance to
replace scarce and costly platinum-based catalysts to make the electrolysis process for renewable
hydrogen production economically feasible. This work provides scalable approaches for
designing bimetallic iron-molybdenum sulfide electrocatalysts for HER. The synthetic method,
microwave irradiation and heat treatment, respectively, directly impacts the structure and
composition of materials. The low amounts iron incorporated in the microwave synthetic
approach promote the HER performance of the amorphous FeMoSw). The higher amounts of
iron incorporated in crystalline structures by contrast impedes the catalytic HER activity of the
catalysts obtained by heat treatment. Combined with carbon materials (CNTs, Vulcan), these
electrocatalysts show high activity towards the HER in acidic media, which allows to implement
them as cathode catalyst into a PEM electrolyzer single cell. These new noble-metal free
materials require only ca. 300 mV additional voltage compared to Pt-catalyst, and show similar

stability under operation. Future study will be devoted to the coupling of such materials with
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PEM-compatible oxygen evolution reaction (OER) catalysts based on Earth-abundant

elements. %1%
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