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ABSTRACT: Alternative materials to platinum-based catalysts are
required to produce molecular hydrogen from water at low overpotentials.
Transition-metal chalcogenide catalysts have attracted significant interest
over the past few years because of their activity toward proton reduction
and their relative abundance compared with platinum. We report the
synthesis and characterization of a new type of iron sulfide (FeS, pyrrhotite)
nanoparticles prepared via a solvothermal route. This material can achieve
electrocatalysis for molecular hydrogen evolution with no structural
decomposition or activity decrease for at least 6 days at a mild overpotential
in neutral water at room temperature.

KEYWORDS: hydrogen evolution reaction, iron sulfide nanoparticles, electrocatalysis, nanoparticle Mos̈sbauer spectroscopy,
electrode modification

1. INTRODUCTION
Environmental and economic factors require a drastic change
in energy production. Replacing fossil fuels by renewable and
sustainable energy sources is an absolute necessity in order to
face contemporary energy challenges. Molecular hydrogen is
currently at the forefront for the prospect of new energy vectors
as a way to store energy in chemical bonds. Its clean, cold
combustion in fuel cells1 or its production in water electrolyzers
will require the replacement of noble-metal catalysts such as
platinum and its alloys by earth-abundant catalysts for proton
reduction into dihydrogen if worldwide use of hydrogen is
considered.
Inspiration can be found in microorganisms and algae, where

hydrogenase metalloenzymes are capable of reversibly convert-
ing protons into molecular hydrogen.2 The active sites of these
enzymes are made of Fe/S or Fe/Ni/S core clusters, and
molecular hydrogen can be evolved at turnover frequencies as
high as 9000 moles of H2 per mole of hydrogenase per second
in water at pH 7 and 30 °C.3 Attempts to implement these
enzymes onto electrodes have been made, but major practical
drawbacks of these natural systems arise from their high oxygen
sensitivity, their bulkiness (which limits the number of catalysts
per unit of surface area), and the difficulty of producing high
amounts of material for industrial purposes.4 Despite numerous

examples and attractive properties, such as their oxygen stability
and solubility in different media, hydrogenase biomimetic
synthetic molecular electrocatalysts, in solution or grafted onto
an electrode, present poor to moderate activity toward
molecular hydrogen evolution or uptake reactions.5,6 Interest-
ingly, it has been demonstrated that cubane-type Fe4S4 clusters
can reduce protons into dihydrogen from weak organic acids,7

but the poor stability of such molecules toward water and
dioxygen is still problematic when considering these systems
as potential efficient catalysts. It is worth noting that these
molecular Fe4S4 clusters can be stabilized within porous
chalcogenide frameworks and that such systems show activity
for homogeneous electrocatalysis and photocatalysis for
dihydrogen evolution and carbon dioxide reduction.8−10

Non-precious-metal catalysts operating at low overpotentials
and high current densities under mild conditions (ca. pH 7,
1 atm, room temperature) that would compete with natural
enzymes or platinum itself are scarce. Recently, long-lived and
cheap coordination complexes that can homogenously reduce
protons to molecular hydrogen in neutral aqueous media have
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been prepared11 using molybdenum,12 cobalt,13−15 or nickel16,17

as metal centers. Furthermore, molybdenum sulfide electro-
catalysts, in the form of nanocrystals,18 amorphous electro-
polymerized films,19,20 molecular complexes,21 or amorphous
particles,22 or transition-metal alloys of nickel−molybdenum,23,24

cobalt sulfide,25 and iron26 or nickel27 phosphides have also been
reported for their high activity toward molecular hydrogen
evolution in acidic or neutral water at relatively low over-
potentials and represent a very promising way to replace noble-
metal catalysts. Therefore, we can think that stabilization of other
types of transition-metal chalcogenide moieties within nano-
system assemblies could allow the preparation of cheap and
sustainable bioinspired catalysts.
Given the ubiquity of iron sulfide minerals in nature, such as

pyrite FeS2, which is the most abundant mineral on the Earth’s
surface,28 we decided to study the electrocatalytic properties of
iron sulfide nanoparticles that can be synthesized easily and
rapidly on a gram scale from an abundant and cheap precursor.
Herein we report the preparation of air-stable pyrrhotite-
type FeS nanoparticles dispersed in Nafion films, which
exhibit molecular hydrogen evolution in neutral water at
room temperature with catalytic stability exceeding 6 days of
electrolysis.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of Nanoparticles.

The synthesis of pyrrhotite FeS nanoparticles was performed
using a single precursor source, Fe2S2(CO)6,

29,30 which
decomposes in octylamine under solvothermal conditions at
230 °C. This simple and rapid method allows us to prepare
nanoparticles in >80% yield. The chemical composition of the
prepared powder was evaluated by energy-dispersive X-ray
(EDX) measurements, which indicated that the powder mainly
contained Fe and S atoms and corresponded to a 1:1 Fe/S
stoichiometry (Figure S3 and Table S1 in the Supporting
Information). The organic content of the powder, estimated via
thermogravimetric analysis (TGA) measurements under air,
was found to be negligible.
As displayed in Figure 1, the X-ray diffraction (XRD)

pattern, which can be fully indexed in a pure pyrrhotite
phase (P63/mmc space group), reveals that the particles are
crystalline. Refinement of the lattice parameters led to the

values a = 3.450 Å and c = 5.770 Å, in good agreement with the
values obtained for another synthetic pyrrhotite, Fe1−0.125xS
(0 ≤ x ≤ 1), which has the NiAs structure.31 They are rather
close to those of Fe0.921S (ICSD 98-016-8077) in that study,31

but since atomic positions and occupancies were not refined
(only strain was refined through the “arbitrary texture” option
of the MAUD software), one cannot conclude at this stage that
this sample is exactly the same and possesses this refined
stoichiometry. The mean crystallite size was estimated to be
about 100 nm, but the refinement showed that the crystallites
are anisotropic (Figure S6 and Table S2 in the Supporting
Information).
The transmission electron microscopy (TEM) image

(Figure 2 left) provides a 2D representation of the nano-
particles. The black powder recovered by centrifugation
consists of hexagonally shaped nanoparticles that are
polydispersed with sizes ranging from 50 to 500 nm. The
size range values are close to the average coherent diffraction
domain obtained by XRD (using the Debye−Scherrer law),
suggesting that the particles are mostly single crystals. The
selective-area electron diffraction (SAED) pattern on a single
particle (Figure 3) shows a monocrystalline-particle diffraction
pattern with sixfold symmetry, which is expected for a
crystalline hexagonal array observed along the ⟨001⟩ zone
axis. The scanning electron microscopy (SEM) image (Figure 2
right) reveals that the particles have a faceted platelet
morphology with aspect ratios as low as 1/10 and confirms
both the size range and the polydispersity of the sample
observed by TEM. It also supports the very low content of
organic matter in the sample.
In order to improve the structural characterization of our

sample, we decided to use 57Fe Mössbauer spectrometry, which
is a sensitive tool for probing the local chemical environment,
to bring information complementary to that of XRD. Indeed,
the Mössbauer spectra recorded at both 300 and 77 K clearly
exhibit a magnetic hyperfine structure with broadened lines
(Figure 4).
The modeling procedure involved a discrete series of

magnetic sextets with isomer shift values ranging from 0.68
to 0.78 mm/s and from 0.78 to 0.88 mm/s and hyperfine field
values ranging from 23 to 31 T and from 25 to 35 T at 300 and
77 K, respectively, with rather low values of the quadrupole
shift. As it was established above by X-ray diffraction that the
sample is well-crystalline, the broadened lines should result
from local chemical disorder in the environment of the Fe
nuclei and a lack of stoichiometry. The mean values listed in
Table 1 can be compared with those in the literature;32 the
present results allow us a priori to conclude that the Fe species
belong to Fe1−xS sulfides, close to a S-deficient disordered
pyrrhotite.

2.2. Electrochemical Studies and Stability of the
Coated Electrode. Catalyst ink was prepared using a Nafion
dispersion and FeS nanoparticles to evaluate the catalytic
activity toward molecular hydrogen evolution. Vitreous carbon
rotating disk electrodes (RDEs) were coated with FeS nano-
particles dispersed in Nafion and aged for 12 h at 100 °C in an
oven. Analysis of a coated electrode film by SEM showed a
rather dense and uniform film with a thickness estimated to be
around 40 nm (Figure 5).
Under an argon atmosphere, cyclic voltammetry in 0.1 mol/L

potassium phosphate (pH 7.0) exhibited a sharp rise in current
from ca. −0.8 vs NHE (Figure 6). Some small bubbles evolved
from the surface of the coated electrode, and from gas

Figure 1. XRD pattern of FeS nanoparticles. The vertical bars represent
the theoretical pattern for pyrrhotite Fe0.921S (ICSD 98-016-8077).31
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chromatography analysis we determined that this current
enhancement was due to molecular hydrogen evolution. On
the reverse scan we observed two oxidation peaks at −0.50 and
−0.42 vs NHE, probably due to oxidation of hydride or
dihydrogen species trapped at the surface of the catalytic film,
but no further characterizations were performed. The coated

Figure 2. (left) TEM and (right) SEM images of FeS nanoparticles.

Figure 3. (a) SAED pattern along the ⟨001⟩ axis on the single particle shown in (c). (b) Theoretical pattern along this axis obtained with the Carine software.

Figure 4. Mössbauer spectra recorded at 300 and 77 K.

Table 1. Mean Values of the Hyperfine Parameters
Characteristic of the Prepared Fe1−xS Nanoparticles and
Other Iron Sulfide Materials from the Literature

formula T (K) δ (mm/s)a 2ε (mm/s)a Bhf (T)
b ref

Fe1−xS 300 0.74 0.08 23.5 this work
FeS 300 0.7−0.9 −0.3 30−32 32
Fe11S12 300 0.55 0.05 22.0−23.5 32
Fe10S11 300 0.55 0.05 25.5−26.5 32
Fe9S10 300 0.55 0.10 27.5−31.5 32
Fe7S8 300 0.77 0.08 22.9 32

0.79 0.03 26.7
0.79 0.15 31.1
0.81 −0.09 34.5

Fe1−xS 77 0.84 −0.02 30.7 this work
aUncertainty = ±0.02 mm/s. bUncertainty = ±0.5 T.
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electrodes were found to be stable for electrochemical studies
for more than 6 months with no particular storage care.
The stability of the modified electrode was investigated over

24 h by a galvanostatic experiment at a current density of J =
0.7 mA cm−2 (I = 50 μA) at pH 7.0 (Figure 7). The decrease in
overpotential observed during the first 24 h indicates a rise
in the activity of the film toward H2 generation, likely due to
some modifications of the surface state of the catalyst. The
overpotential then decreases slightly over the course of the
experiment. The small spikes detected on the curve are due to
the formation of small H2 bubbles at the surface of the coated
electrode.
To determine the dependence of the catalytic activity and

film stability on pH, small amounts of concentrated HCl or
NaOH were added under an argon atmosphere to a 0.1 mol/L
buffered solution at pH 7.0 in order to vary the pH from 6.0 to
8.0. Higher catalytic activity (in terms of current density) was
noted at lower pH. On the contrary, under basic conditions a
strong decrease in the current was observed. It is worth
mentioning that the pH changes did not produce irreversible
alterations of the film, as the initial current density was fully
recovered by restoring the initial pH 7.0 conditions (Figure 8).

Figure 5. SEM images of an FeS nanoparticle/Nafion-coated rotating disk electrode: (a) side view; (b) top view.

Figure 6. Cyclic voltammograms of FeS nanoparticles dispersed in
Nafion on a rotating disk electrode (solid line), a Nafion-coated
electrode (dashed line), and a bare electrode (dotted line).
Voltammograms were recorded in 0.1 mol/L potassium phosphate
buffer at pH 7.0 and 20 °C (scan rate 0.1 V/s; rotation rate 4000 rpm;
scan number 10).

Figure 7. Galvanostatic control experiment on an electrode function-
alized with FeS nanoparticles dispersed in Nafion (overpotential = |
applied potential + 0.059 × pH| vs NHE). The experiment was
performed on a rotating disk electrode in 0.1 mol/L potassium
phosphate buffer at pH 7.0 and 20 °C (I = 50 μA; rotation rate 4000
rpm). No quantifiable pH variation during the experiment was
observed.

Figure 8. Linear sweep voltammetry of FeS nanoparticles dispersed in
Nafion. Voltammograms were recorded on a rotating disk electrode in
0.1 mol/L potassium phosphate buffer at pH 6.0, 7.0, and 8.0 at 20 °C
(scan rate 0.01 V/s; rotation rate 4000 rpm). Initial pH 7.0 conditions
(solid black line); pH 6.0 (red line); pH 7.0 restored conditions from
pH 6.0 (dashed line); pH 8.0 (blue line); pH 7.0 restored conditions
from pH 8.0 (dotted line).
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2.3. Controlled-Potential Electrolysis. Long-duration
controlled-potential electrolysis (CPE) was performed to assess
the durability and robustness of the FeS nanoparticle-coated
electrode. Figure 9 (left) shows the amount of charge measured
at different overpotentials (η = |applied potential + 0.059 ×
pH| vs NHE) at pH 7.0 after subtraction of the contribution
from the blank solution. Low current densities were observed at
low overpotentials, and a sharp increase arises from 325 mV.
To estimate the Faradaic efficiency for the H2 production, CPE
was performed in a 1 mol/L phosphate buffer solution at pH
7.0 over 5 days at η = 350 mV (−0.763 V vs NHE) (Figure 9
right, dashed line). Quantitative (≥0.99) Faradaic yield for
molecular hydrogen evolution was confirmed by gas chromato-
graphy analysis as well as by volumetric measurements (Figure
S8 in the Supporting Information). The slight decrease in the
slope of the Q versus time curve is due to the pH increase of
0.3 unit caused by proton consumption. To further investigate
this point, the crucible coated with the FeS nanoparticles was
refilled with a fresh solution of l mol/L phosphate buffer
at pH 7.0, and an identical Q versus time profile was obtained
over a 1 day CPE under the same experimental conditions
(Figure 9 right, solid line). Again, an almost quantitative
Faradaic yield (≥0.98) was obtained for H2 generation,
outlining the remarkable stability of such nanoparticles over
the course of catalysis. No particular care in storage of the
catalyst or pre-degassing of the phosphate buffer solution was
required, demonstrating the long-term stability of this material.
After these 6 days of electrolysis, no major structural changes in
the electrolyzed catalyst were observed by XRD (Figures S5−
S7 in the Supporting Information), and the morphology of the
FeS nanoparticles was also found to be unchanged (Figure S2
in the Supporting Information).
Comparison of different solid-state catalysts is a challenging

task because of differences in the electrode preparation (coating
vs electrodeposition) and the amount of material loaded onto
the electrode. A rough comparison can be envisaged by
measuring polarization curves and extracting the current
density at an overpotential of 0 V (J0) and the slope of this
curve.25 A measure of the catalytic activity of FeS nanoparticles
was extrapolated from polarization curves in neutral water
and compared with those of related solid-state catalysts for
hydrogen evolution (Figure 10 and Table 2). A linear increase
in log J was found in the overpotential range from 350 to
450 mV. At a given current density of J = 0.18 mA cm−2 (log
J = −3.75), the overpotential of our material is shifted positively

by about 300 mV relative to Co−MoS3, the best in the
molybdenum sulfide series reported by Hu and co-workers,19

and by about 100 mV relative to the cobalt phosphate material
reported by Artero and co-workers.33

3. SUMMARY AND CONCLUSIONS
We have demonstrated that a robust and efficient catalyst for
molecular hydrogen evolution from neutral water that operates
at a mild overpotential can be made from excessively cheap

Figure 9. (left) Controlled-potential electrolysis of FeS nanoparticles in 0.1 mol/L potassium phosphate buffer at pH 7.0. (right) First (dashed line)
and second (solid line) bulk electrolyses at an overpotential of 350 mV (−0.763 V vs NHE) in 1 mol/L potassium phosphate buffer at pH 7.0,
showing a buildup of charge (Q) vs time [Q = f(t)] for the cell with and without (dotted line) FeS nanoparticles.

Figure 10. Tafel plots of electrodeposited catalysts (from literature
data) and FeS nanoparticles (from this work) in water at pH 7.0. The
Co/P/O curve (red) was recorded in a 0.5 mol/L phosphate buffer at
5 mV/s.33 The curves for MoS3 (blue), Fe−MoS3 (green), Ni−MoS3
(purple), and Co−MoS3 (orange) were recorded in a phosphate buffer
(unknown concentration) at 1 mV/s.19 The curve for FeS nano-
particles (black) was recorded in a 0.1 mol/L phosphate buffer at
1 mV/s.

Table 2. Exchange Current Densities (J0) of Different
Electrocatalysts in Water at pH 7.0a

material J0 (mA cm−2) slope (mV/dec) η range (mV) ref

Co−MoS3 1.1 × 10−2 87 87−122 19
Ni−MoS3 1.0 × 10−2 96 110−144 19
Fe−MoS3 4.8 × 10−3 95 137−176 19
Co/P/O 1.9 × 10−3 134 200−300 33
MoS3 8.9 × 10−4 86 171−203 19
FeS 6.6 × 10−4 150 350−450 this work

a Data were extracted from the polarization curves in Figure 10.
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Earth-abundant materials and exhibits a catalytic activity
exceeding 5 days.
Despite the fact that our FeS nanoparticles compare less

favorably with cobalt phosphate or molybdenum sulfide
materials at a given overpotential, the remarkable stability and
the ease of preparation clearly show that the iron sulfide
materials are very promising. If we now compare the abundance
and cheapness of the different materials, the iron sulfide nano-
particles are clearly favored over cobalt phosphate or molybdenum
sulfide materials. A rough comparison between the different metal
prices shows that in 2012, iron ore ($101/ton) was much cheaper
than nickel ($22,890/ton), molybdenum ($34,100/ton) or cobalt
($36,100/ton), with the platinum-group metals being much
more expensive ($25,000,000/ton).34 We can therefore envisage
that iron sulfide nanoparticles may offer a great advantage in term
of cost and availability compared with other transition-metal
electrocatalysts for molecular hydrogen evolution, and further
investigations on related materials are currently in progress.

4. EXPERIMENTAL SECTION
Methods and Materials. All of the chemicals were of

analytical grade and were used without further purification.
Octylamine and Nafion (0.05 thick membrane, perfluorosulfonic
acid−PTFE copolymer, 5% w/w solution) were purchased from
Alfa Aesar. Tetraethylammonium acetate and potassium phos-
phate were purchased from Sigma-Aldrich. The Fe2S2(CO)6
precursor was synthesized according to previously published
procedures.29,30

Instrumentation. XRD patterns were determined on a
PANalytical X’Pert PRO diffractometer equipped with a
multichannel X’Celerator detector using Co Kα radiation
(λ = 1.7902) in the 2θ range 10−130°. The data were collected
at room temperature with a step size of 0.033° and a time by step
equal to 100 s. The refinement of the phase was determined
using the MAUD software based on the Rietveld method
combined with Fourier analysis,35 which is well-adapted for
nano-objects. The size of the coherent diffraction domains
(crystallite size) was determined with both MAUD software and
Highscore Plus software from PANalytical. Gas chromatography
analyses for dihydrogen detection were performed on a Hewlett-
Packard 6890 series GC system with a thermal conductivity
detector fitted with a 2 m long Agilent Technology 1/8″
Carbosieve S3 60−80 mesh column and calibrated with pure
H2 gas.
Synthesis and Characterization of Nanoparticles. The

synthesis of the particles was adapted from a published pro-
cedure.36 In a typical synthesis, Fe2S2(CO)6 (143 mg, 0.42 mmol)
was dissolved in 35 mL of octylamine in a stainless steel autoclave
equipped with a Teflon container at room temperature. The dark-
red solution was placed in an oven at 230 °C and kept at this
temperature overnight (ca. 16 h). The black precipitate obtained
was centrifuged at 22 500 rpm in polypropylene copolymer
tubes and washed five times with absolute ethanol, each washing
being followed by centrifugation at 22 500 rpm. The collected
black powder (62 mg, 0.70 mmol as FeS only, 84% yield),
was dried under vacuum for 1 h at room temperature and
then characterized as it was by XRD, EDX, TEM, SEM, and
Mössbauer spectroscopy.
Microscopy. The particle size and morphology were

determined by TEM and SEM. For TEM analysis, the powders
were dispersed in chloroform, and a drop was placed on a
200 mesh carbon-coated copper grid. Images were recorded
using a JEOL JEM-100CXII microscope operating at 100 kV.

SEM images were obtained with a Zeiss Supra 40 scanning
electron microscope. The images were taken at different magnific-
ations using an In lens detector at a low voltage (5 kV) and in a
small working distance (5 mm). An SEM image of a coated
electrode was also taken. The atomic composition of the powder
was analyzed using an EDX system with a JEOL 6510 scanning
electron microscope. The analyses were performed at 15 kV and
a work distance of 10 mm. The results were analyzed using
the IRIDIUM Ultra software. The semiquantitative analyses
(Table S1 in the Supporting Information) were obtained with a
FeS2 pyrite standard.

Mössbauer Spectroscopy. The 57Fe Mössbauer spectra
were recorded at 300 and 77 K with a bath cryostat in a
transmission geometry using a 57Co/Rh source mounted on a
conventional electromagnetic drive with a triangular velocity
form. The sample consisted of a thin powdered layer containing
5 mg of Fe/cm2. The obtained Mössbauer spectra were analyzed
by least-squares fitting to Lorentzian functions. The isomer shift
values (δ) were referred to that of α-Fe at 300 K.

Electrochemistry. The potentiostat used for cyclic
voltammetry was an Autolab PGSTAT 12. The working
electrode was a 3 mm diameter glassy carbon (GC) rotating
disk electrode (Tokai) that was carefully polished and
ultrasonically rinsed in absolute ethanol before use. The counter
electrode was a platinum wire, and the reference electrode was
an aqueous SCE electrode. All of the potentials were referred to
NHE by adding +0.244 V to the potential vs SCE (a conversion
to RHE can be done by adding 0.059 × pH to the potential vs
NHE). All of the experiments were carried out under argon at
20 °C at different scan rates and a rotation rate of 4000 rpm.
From a mixture of pyrrhotite FeS nanoparticles (10 mg), Nafion
(33 μL), and isopropanol (100 μL), 2 μL was deposited on the
electrode surface, which was then dried in air and left for 12 h at
100 °C in an oven. A 0.1 mol/L phosphate buffer (pH 7.0) was
prepared and used as a supporting electrolyte and degassed
under argon. Experimental details for Figures 6, 7, 8, and 9 are
detailed in the Supporting Information.
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