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ABSTRACT: Synthetic pentlandite (Fe,Ni,Sg) is a
promising electrocatalyst for hydrogen evolution, demon-
strating high current densities, low overpotential, and
remarkable stability in bulk form. The depletion of sulfur
from the surface of this catalyst during the electrochemical
reaction has been proposed to be beneficial for its catalytic
performance, but the role of sulfur vacancies and the
mechanism determining the reaction kinetics are still
unknown. We have performed electrochemical operando
studies of the vibrational dynamics of pentlandite under
hydrogen evolution reaction conditions using *’Fe nuclear
resonant inelastic X-ray scattering. Comparing the
measured Fe partial vibrational density of states with
density functional theory calculations, we have demon-
strated that hydrogen atoms preferentially occupy substitu-
tional positions replacing pre-existing sulfur vacancies.
Once all vacancies are filled, the protonation proceeds
interstitially, which slows down the reaction. Our results
highlight the beneficial role of sulfur vacancies in the
electrocatalytic performance of pentlandite and give
insights into the hydrogen adsorption mechanism during
the reaction.

he search for highly efficient hydrogen evolution reaction

(HER) catalysts made of abundant, non-noble elements is
of crucial importance for low-cost, sustainable hydrogen
production for energy storage applications.’ Platinum and its
alloys remain unparalleled in their ability to yield high current
densities at low overpotentials as HER catalysts,” but their high
cost and low natural abundance significantly reduce the
potential for large-scale implementation. Transition metal
dichalcogenides have recently emerged as promising alter-
natives to precious metals, combining remarkable electro-
catalytic performance with exceptional durability under harsh
acidic or alkaline conditions.”~” While most of these cost-
efficient catalysts require nanostructuring or surface modifica-
tion to exhibit the desired catalytic properties, it was recently
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shown that synthetic bulk pentlandite (Fe,(Ni,Ss) can yield
high current densities (up to 650 mA cm™ at an overpotential
of 0.6 V) and remarkable stability under acidic conditions in
rock-like form.*” Interestingly, the overpotential required for
hydrogen evolution on this catalyst gradually decreases within a
time span of several hours during the electrochemical reaction
(from 280 to 190 mV after 96 h). Based on complementary
XPS, SEM, and EDX characterization, this observation was
tentatively attributed to the depletion of sulfur from the surface
of the electrode,® but no understanding of the trend at the
atomic level and its possible correlation to the electrocatalytic
HER mechanism is available to date. Such an understanding is
crucial for further tuning the properties of transition metal
chalcogenide electrocatalysts.

In order to identify the role of sulfur vacancies in the catalytic
performance of pentlandite and to shed light on the
protonation mechanism on its surface, we performed nuclear
resonant inelastic X-ray scattering (NRIXS) studies on powder
pentlandite samples both in air and under operando HER
conditions in an aqueous 0.5 M H,SO, electrolyte. NRIXS
directly probes lattice vibrations (phonons) in the near-surface
(~500 nm probing depth at grazing incidence) region of the
catalyst, which are highly sensitive to chemical adsorption and
structural deformations. The Fe partial vibrational densities of
states (VDOS) determined by NRIXS under different
conditions with an energy resolution of ~1 meV were
compared with theoretical phonon spectra obtained from
first-principles calculations performed for various atomic
configurations, involving different concentrations and different
positions of sulfur vacancies and hydrogen atoms in the lattice.
Based on this comparison we were able to shed light on the
hydrogen adsorption process at the atomic level under reaction
conditions.

The pentlandite powder in our study was synthesized from
the elements, as previously reported.® It was not isotopically
enriched. The NRIXS measurements were performed at
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beamline 3ID-B of the Advanced Photon Source (Argonne,
USA) at the X-ray photon energy corresponding to the nuclear
resonance of “Fe (14.413 keV) in a custom-made electro-
chemical cell (Figure S1 in Supporting Information, SI).
Nuclear resonant fluorescence and atomic nonresonant
fluorescence photons were detected simultaneously with an
avalanche photodiode and subsequently separated with the help
of timing electronics'®"" (see SI). In-depth electrochemical
characterization of an identically synthesized powder sample
was previously reported.®

A large number of NRIXS spectra were acquired over a time
frame of ~24 h for every experimental condition (see later in
text) and summed up to achieve good quality statistics. The Fe
partial VDOS was obtained from the NRIXS energy spectra
(Figures S2—S4, SI) upon subtraction of the elastic peak at zero
energy,'”~'* using a quasi-harmonic model with well-defined
phonon states and multiphonon contributions in the
PHOENIX software."”” This technique has been previously
used by our group to study the phonon dynamics of Fe and Fe-
alloy nanoclusters,"®™'® as well as by others for a variety of
material systems.'”~>* The resulting VDOS spectra are shown
in Figure 1 for the pentlandite sample in air (as-prepared state)
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Figure 1. Experimental Fe partial vibrational density of states of
pentlandite in air (black) and under operando HER conditions (blue at
—0.59 V, and red at —0.79 V, both versus RHE) extracted from the
phonon excitation NRIXS spectra. The inset shows the pentlandite
structure.

and under operando HER conditions at two different applied
potentials, —0.59 V and —0.79 V versus the reversible hydrogen
electrode (RHE). Several thermodynamic and lattice dynamics
parameters, such as the mean force constant, the kinetic energy
per atom, and the vibrational specific heat, are obtained directly
from the experimental VDOS and summarized in Table S1
(SI). Significant changes are observed in the relative intensities
and energy positions of several spectral features upon
electrochemical reduction. The changes are dependent on the
applied potential and reflect variations both with respect to the
adsorbate species that become bound to iron during the
catalytic process (higher frequency optical modes) and with
respect to cooperative, lonzger-range motions in the lattice
(lower frequency modes).”*"

First-principles calculations were performed within the
framework of density functional theory (DFT), using plane-
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wave basis sets as implemented in the Vienna ab initio
simulation package (VASP)***° and the Perdew—Burke—
Ernzerhof (PBE)”’ exchange-correlation functional in the
generalized gradient approximation (GGA). The calculated
partial VDOS for Fe is shown in Figure 2a, for the case of a
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Figure 2. Theoretical Fe partial vibrational density of states in
pentlandite obtained with DFT. (a) The effect of a H atom at
interstitial site 24d (green) in the presence of a sulfur vacancy in the
lattice (at Wyckoff position 8c). The effect of a S vacancy alone
(dashed blue) is also shown in comparison with the VDOS of a perfect
structure (black). (b) The VDOS of protonated lattices with one H
atom at interstitial site Wyckoff 24d or substitutional 8c. The spectrum
of a perfect pentlandite structure is shown for comparison.

perfect, defect-free supercell consisting of 136 atoms
(Pe3gNisSes, black curve), as well as for a structure in which
one of the sulfur atoms has been removed, leaving behind a
vacancy at Wyckoff position 8c (Fe;sNisS;, dashed blue curve;
see atomic positions in Figure SS, SI). The calculated VDOS of
the H-free cell (Figure 2, black) and the experimental VDOS of
the as-prepared sample (Figure 1) are in good agreement. All
main characteristics of the NRIXS-derived spectrum acquired in
air prior to the electrochemical reaction are well reproduced by
the calculations. For example, the sharp, asymmetric feature at
phonon energy around 12 meV (spectral region #2, Figure 1)
preceded by a shoulder at 7.5 meV (#1), the four-peak
structure between 18.5 and 25 meV (#3), and the weaker,
partly overlapping peaks between 37 and 48 meV (#5) (all
energy values referring to the experimental spectra) are clearly
observed in the theoretical simulations. In the calculated
VDOS, a slight overestimation of the phonon energy positions,
resulting in a small “stretching” of the energy scale with respect
to the experimental spectra, was observed. This is a well-known
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effect caused by the underestimation of the volume of the
crystal structure at room temperature (see SI).

In order to identify the position that the H atom occupies in
the pentlandite lattice upon adsorption, we calculated the
energy required for replacing a sulfur vacancy at Wyckoff
position 8c or 24e with H. We further calculated the energy
needed for adding H at an interstitial position (4a or 24d), in
both the presence and absence of a sulfur vacancy. The
calculations clearly demonstrate that, in the case of preexisting
sulfur vacancies, the H atom prefers to occupy a former sulfur
site at Wyckoft position 8c rather than an interstitial position,
leading to a substitutional configuration. The energy of this
arrangement is lower by 1.6 eV as compared to an interstitial
configuration where the sulfur vacancy at site 8c remains
unoccupied and the H atom occupies a lattice site 24d instead,
and lower by 1.8 eV compared to a configuration where H
occupies an interstitial site 4a. The H atom binding mechanism
changes once the sulfur vacancy has been filled. Without a
vacancy being available in the supercell, it is now favorable for
the hydrogen atom to occupy the interstitial site 24d (energy
lower by 0.15 eV as compared to site 4a), while it is unlikely to
replace a sulfur atom at a substitutional position. The results of
the energy calculations are summarized in Table S3 in the SL

The above tentative conclusions are confirmed by comparing
the calculated VDOS of the hydrogenated pentlandite (Figure
2) with that of a supercell containing no H atom, as well as with
the experimental NRIXS-derived spectra (Figure 1). The
addition of an H interstitial (green line in Figure 2a) into a
supercell that contains a sulfur vacancy (dashed blue line in
Figure 2a) changes the DOS only slightly, without reproducing
some of the characteristic trends observed in the experimental
spectrum. On the other hand, the addition of H as a
substitutional atom (blue line, Figure 2b) in the former
vacancy at Wyckoft position 8c has a remarkable effect in the
VDOS. The latter results in a significant intensity increase of
the two peaks around 28 meV (region #3 in the experimental
spectra). Furthermore, the peak around 23 meV also shows an
increase, while the minimum at 19 meV (region #2) and the
shoulder at 35 meV (region #4) decrease. All these theoretical
predictions are in agreement with the observed changes in the
operando NRIXS spectra at applied potential —0.59 V vs RHE.
Complete consistency with our experimental trend (in
particular the increase of the two central peaks) cannot be
obtained if only scenarios without sulfur vacancies are
considered (Figure 3), indicating the importance of these
defects.

The experimental trends are significantly different for the
higher applied potential of —0.79 V vs RHE. The calculations
support the hypothesis that in this case most of the sulfur
vacancies are filled by H atoms. Using the vacancy-free
structure as a reference, the effect of gradually adding up to
eight H atoms to the supercell is shown in Figure 3 for
substitutional (Figure 3a, FeyNiySe_H,) and interstitial
(Figure 3b, FeyNiySeH,) configurations. It is obvious that
the substitutional protonation modifies the VDOS in ways
which are not consistent with the experimental results. For
example, the modes between 40 and 60 meV (#5) are strongly
suppressed and the ratio of the dominant peaks between 20 and
30 meV (#3) is clearly modified, resulting in a flattened
structure in this energy region, different from what was
observed in the experiment upon applying a more negative
potential. On the other hand, the assumption of a gradual filling
with interstitial H atoms at Wyckoff positions 24d, once the
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Figure 3. Theoretical Fe-projected vibrational density of states in

pentlandite, assuming the presence of one, four or eight H atoms in

the unit cell: (a) at substitutional Wyckoff positions 8c; (b) at

interstitial Wyckoff positions 24d. The VDOS of a perfect structure is
shown for comparison.

substitutional vacancy has been filled, reproduces all main
features of the experimental spectra. Most importantly, the peak
at 30 meV (region #3) was found to decrease, while the
neighboring peak at 26 meV and the peak at 23 meV are almost
unchanged. Alternative substitutional (24¢) and interstitial (4a)
positions were also systematically investigated and compared in
the calculations. The corresponding calculated VDOS are
shown in Figures S7 and S8 in the SI. No good agreement with
the experimental trends is obtained for any of those
configurations.

The above-mentioned results are consistent with the
nonlinear dependence of the charge transfer resistance on the
activation potential, as demonstrated by the electrochemical
impedance spectroscopy measurements shown in Figure S10
(SI). It seems plausible that the occupation of the majority of
sulfur vacancies by hydrogen atoms at a potential of about —0.6
V and the subsequent change of the protonation (from
substitutional to interstitial) are responsible for the nonlinear
alteration of the reaction kinetics. This is also reflected in the
experimentally determined thermodynamic parameters (de-
rived from NRIXS) shown in Table S1 (SI). Those exhibit a
nonmonotonic trend, with either a local maximum or a local
minimum at potential —0.59 V vs RHE. The promoting role of
S vacancies suggested by NRIXS and DFT for the protonation
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mechanism provides a viable explanation for the previously
reported decrease with time of the onset potential under HER
conditions (activation process):® the gradual depletion of S
from the catalyst makes more vacancies available for substitu-
tional H adsorption, which lowers the energy threshold of the
process. The possibility that dissolved Pt from the counter
electrode contributes to the decrease of the overpotential also
needs to be considered for long-lasting electrochemical
experiments. However, control measurements with alternative
counter electrode materials showed that this effect is not a
significant factor in our studies (see Figure S13 and related text
in SI).

In conclusion, operando high energy resolution NRIXS
studies and first-principles DFT calculations revealed the key
role of sulfur vacancies in the catalytic HER performance of
synthetic pentlandite. We showed that hydrogen atoms
preferentially occupy sulfur vacancies at substitutional lattice
sites (Wyckoff 8c) until all vacancies are filled. Afterward, the
protonation proceeds with H atoms occupying interstitial
positions (Wyckoff 24d). The occupation of alternative lattice
sites by hydrogen is not energetically favorable. The results
demonstrate the power of the combination of NRIXS with
DFT when probing phonon dynamics, revealing valuable
information on the dynamic nature of structural and surface
properties of the acting catalyst during an electrocatalytic
process.
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