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Abstract: Since pentlandites are among the most promising catalysts for hydrogen evolution reactions
(HER), in this study, we investigated the influence of different cobalt, iron, and nickel substitutions
in the cationic sublattice and the form of the material (powder, ingot, sintered pellet) on catalytic
performance. This complements previous results regarding a multi-component approach in these
chalcogenides. It was shown that in the case of sulfur-rich pentlandites with a non-equimolar ratio of
Co, Fe, and Ni, the impact of intrinsic material properties is smaller than the surface-related effects.
Among powder forms, catalysts based on a combination of Fe and Co perform the best. However,
in volumetric forms, extremely high contents of individual metals are favorable, albeit they are
associated with active precipitations of foreign phases. The presence of these phases positively affects
the recorded currents but slows down the reaction kinetics. These findings shed light on the nuanced
interplay between material composition, form, and HER properties, offering insights for tailored
catalyst design.

Keywords: hydrogen evolution; pentlandites; electrocatalytic performance; catalyst form; cations
arrangement

1. Introduction

Nowadays, humanity faces two of the most important non-social challenges: environ-
mental protection and energy sourcing. Despite significant advancements, the predominant
reliance on coal, 0il, and gas for energy extraction continues to impose substantial envi-
ronmental costs, primarily in the form of greenhouse gas emissions (e.g., CO;). One of the
most promising alternatives for energy generation is pure hydrogen, of which combustion
via fuel cells results in water as a byproduct. However, the current methods of hydro-
gen production, particularly through the steam conversion of hydrocarbon fuels (such as
propane, gasoline, diesel, methanol, or ethanol), pose challenges due their high operating
temperatures and associated environmental pollution [1-3].

To mitigate these challenges and obtain green hydrogen both in terms of low manufac-
turing contamination and chemical purity, water electrolysis emerges as a viable solution.
This process can be divided into two half reactions: the hydrogen evolution reaction (HER)
at the cathode and oxygen evolution reaction (OER) at the anode [1,4-9]. Key parameters
for assessing HER characteristics, such as reaction onset (overpotential, 1) and the so-called
Tafel slope, provide insight into electrode reaction mechanisms and kinetics. In particular,
the overpotential value is so far accepted in the literature as an indicator for comparing
across different material classes to enable an assessment of their relative efficiency in terms
of HER [1,4-6]. Another benchmarking parameter is the aforementioned Tafel slope, which
represents both the kinetic ratio and the main kinetic mechanism of hydrogen evolution.
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The generally accepted mechanism of HER in acidic media consists of three elementary
reaction steps [10-12]:

Volmer: H3O" + e~ — H,gs + HpO (0 = 120 [mV dec™ 1) (1)
Heyrovsky: Hygs + H + e~ — H; (0= 40 [mV dec™!]) ()
Tafel: H,gs + Hags — Hp (0 =30 [mV dec™ 1) 3)

The Volmer step describes the reduction of a proton into hydrogen adsorbed on a free
active site, followed either by the evolution of molecular hydrogen through proton transfer
(Heyrovski step) or the recombination of two adsorbed protons (Tafel step). It is accepted
that at low overpotential, the Volmer step is followed by parallel Heyrovski and Tafel steps,
while at a higher overpotential, the Tafel part is negligible. As each of these steps may be a
kinetic limiting factor for the whole HER process, voltammetry techniques are typically
used as a tool for establishing the main kinetic mechanisms. It is generally accepted that
lower Tafel slopes indicate a better catalyst. Similarly, sometimes the exchange current
density jj is determined (which is indirectly necessary to determine the Tafel slope). If
the exchange current density is high, it indicates that the surface of the electrode is more
active [10-12].

Considering both the overpotential and the Tafel slope values, platinum remains
the benchmark material in this field. It reaches overpotential at a current density of
-10 [mA /cm?], an (n3g) of ~29 [mV] [13] and a Tafel slope of —29 [mV dec™!], indicating
the Volmer-Tafel mechanism of hydrogen evolution. Despite its favorable properties,
its cost and limited availability drive the exploration for alternative materials, such as
CFeCoP reaching an nyg of 132, for example [mV] [14]. On the other hand, known materials
are being modified, with nanostructuring achieving very good catalytic parameters. For
instance, MoS; nanosheets exhibit a very low Tafel slope at the level of 95 [mV dec 11 13].
Another interesting structure in the field of hydrogen production is pentlandite, with a
stoichiometry of TMgSg, where “TM” stands for transition metals (Co, Fe, Ni). In natural
environments, materials with this stoichiometry can crystallize in a variety of substructures,
from monoclinic (pyrothene) through to orthorhombic to cubic structures (pentlandite),
with the latter occurring naturally as either CogSg or (Fe,Ni)9Sg [4,5]. Bimetallic Feq 5Nig 555
pentlandite, in particular, exhibits remarkable performance, even in rock-like geometry,
with a recorded 11 at the level of 190 [mV] and Tafel slopes of 72 [mV] [13]. It is important
to note that in the case of pentlandites, especially those rich in sulfur, the kinetics of
the HER reaction are mainly associated with the so-called activation process [15]. This
process is linked to the formation of sulfur vacancies, which expose bimetallic species
with exceptionally favorable intermetallic distances and provide very proton-preferred
active sites.

Pentlandite’s properties still differ from those of noble metals, but their high potential
for application drives continuous efforts to enhance their catalytic performance. These
efforts not only include nanostructuring and surface engineering but also investigating
bulk materials. This approach offers significant simplification and cost reduction in produc-
tion processes.

One of the simplest ways to enhance the catalytic performances of materials involves
the strategic modification of their chemical composition, which influences both their struc-
tural and electronic properties. Previous research on pentlandites has explored various
approaches, including a multicomponent approach [16-18], the dissolution of additional
selenium into the sulfur sublattice [4,16,17], and initial attempts to optimize catalytic perfor-
mance by modifying the cationic sublattice [19,20]. For example, substituting sulfur with
selenium in pentlandite structures has been shown to significantly reduce the overpotential
N120 from 489 [mV] for TMgSg to 416 [mV] for TMyS;Se [21]. Similarly, tailoring the cationic
sublattice has resulted in notable improvements, such as achieving an overpotential 15y of
378 [mV] for Fe;Co4NisSg [19].
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On the other hand, most of the research to date has focused on powder catalysts
anchored to conductive substrates [22-27]. However, emerging research indicates that it
is also feasible to fabricate, in bulk, materials that exhibit comparable or even superior
electrocatalytic properties [4,13,16,18,20,28]. The form of the material significantly affects
its transport properties, surface development, and the number of active sites, directly
impacting electrochemical performance. Assemblies employing powder catalysts anchored
to conductive electrodes usually feature a highly developed surface and a large number of
active centers, leading to high electrochemical surface area (ECSA) values. In the case of
sulfur-rich pentlandites, the powder catalyst approach causes an increased formation of
sulfur vacancies, which are crucial for creating active sites and enhancing overall activity
towards HER [15,16,21,29]. In turn, pentlandites utilized in volumetric forms exhibit re-
duced surface development and a limited ability to form sulfur vacancies. Yet, they may
demonstrate remarkable performance due to improved charge-transfer abilities. Addition-
ally, material properties stemming from intrinsic factors such as chemical composition and
electronic structure begin to play a dominant role [19,21]. It is also worth investigating the
influence of randomly oriented crystallites resulting from spontaneous crystallization (ingot
samples) as well as the impact of thermal processing (sintered pellets) on microstructure
and overall electrochemical properties. For instance, TMgSg in powder form exhibits an
overpotential 119 of 489 [mV], while in the rock-like sintered form, it shows an 11 of
342 [mV] [7].

Hence, it has been demonstrated that applying both strategies in materials design,
namely tuning the chemical composition and modifying material form, holds promise for
enhancing the catalytic properties of pentlandites. In this study, our aim was to integrate
both approaches in designing cathodic materials for the HER process. We explored various
ternary S-rich pentlandites with different compositions of individual metals, examining
them in the forms of powders, ingots, and sintered pellets. This combined approach
enabled us to gain a comprehensive understanding of the relationships between chemical
composition, electronic structure, microstructure, and catalytic performance.

2. Materials and Methods

The desired elements were weighed into self-prepared quartz ampoules in the form
of powders (Co—99.8% Alpha Aesar, Haverhill, MA, USA); Ni—99.8% Alpha Aesar) and
granules (Fe—99.98% Alpha Aesar; S—99.999%) and sealed under quasi-vacuum conditions
(1073 [atm]). The samples were then pre-homogenized and synthesized in a tube furnace
in a two-stage heat treatment process. The first stage consisted of heating the samples
(heating rate: 1 [°Cmin~!]) to 1050 [°C] and annealing at this temperature for 24 h. The
second stage included cooling the samples to 500 [°C] and annealing at this temperature
for 72 h, which was followed by quenching in tap water at room temperature.

In this work, we focused on several ternary systems with varying cobalt, nickel, and
iron contents, testing them in the form of powders, ingots, and sintered pellets. All the
considered compositions, along with the abbreviations used in the subsequent sections of
the work, are presented in Table 1.

Table 1. Structured nomenclature of the samples studied in this work.

Nominal Chemical Composition Pellet Ingot Powder
CO3F€1_5N14.558 Pe314 In314 Po314
C01'5F61_5Ni688 Pell6 Inl16 Pol16
C01'5Fe3Ni4_558 Pel34 In134 Po134
CO4_5F€1_5Ni3Sg Pe413 In413 Po413
CO6F81_5N11.588 Pe611 In611 Po611
CO4'5Fe3Nil_5SB Pe431 In431 Po431
CO3F€4_5N11.558 Pe341 In341 Po341
C01'5F€6Nil.588 Pel6l Inl61 Pol61

C01.5Fe4'5Ni358 Pel43 In143 Po143
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The powder samples were obtained by grinding the synthesized ingots. For this
purpose, a standardized milling procedure was employed using a planetary mill, allow-
ing for the production of powders with a unimodal grain size distribution at the level of
0.6-2.5 [um] (examined by Dynamic Light Scattering measurements; Figure S1). The ingot
samples were fabricated by cutting off a flat piece of the samples after synthesis, without
any additional processing. Pellet samples were produced by sintering as-prepared powders
using the inductive hot pressing (IHP) method. The detailed sintering conditions are
presented in the Supplementary Materials section. The ingots and pellet samples prepared
in these ways were subjected to density tests using the Archimedes principle, and the
volumetric measurements presented in Supplementary Materials section (Table S1 [30,31]).
Structural characterizations included X-ray diffraction (XRD, Empyrean PANanalytical ap-
paratus (CuKa radiation) equipment, Malvern Panalytical Ltd., England, UK) and scanning
electron microscopy (SEM with an energy disperse X-ray spectroscopy (EDX) attachment,
Thermoscientific Fischer Phenom XL scanning electron microscope equipped with EDX
analyzer, ThermoFisher Scientific Inc., Carlsbad, CA, USA) studies that were applied
at all the preparation stages (powder, ingots, sinters) to assess the chemical and phase
compositions of the samples. The pre-milled powders were also measured in an induc-
tively coupled plasma optical emission spectroscopy study (ICP-OES, PerkinElmer Optima
7300DV spectrometer, Shelton, Conn., USA; samples mineralized in concentrated HNO;
at a temperature of 523 [K] and a pressure of 8.1 X 106 [Pa]) to determine the molar ratios
between their elements.

The results of the structural characterizations are presented in the Supplementary
Materials (Figures S3-S5; Table S2) and in Figure 1 (XRD studies). As can be observed,
the materials were directly synthesized with close-to-equimolar proportions of cations
and were single-phase products with the desired pentlandite structure. However, devi-
ations, particularly in the samples rich in Fe or Ni, indicate the presence of additional
sulfur-containing phases. It is also evident that the sintering process leads to further phase
decomposition, as evidenced by the increased amounts of nickel and iron sulfide precipita-
tions for Ni-rich and Fe-rich samples. An exception is the Co-rich samples (611 samples),
which exhibit high stability and phase homogeneity in all the considered forms. Based
on the SEM + EDX investigations, it can be stated that the pentlandite-based areas of
the individual surfaces are characterized by unimodal element distributions with minor
precipitations of iron and nickel sulfides (Figures S3-S5). It is worth mentioning at this
point that this paper does not describe the study of a material with equal amounts of cations
(CosFe3Ni3Sg), since it this been described in detail in previous works [13,16,17].

The procedure of preparing working electrodes using the obtained materials, along
with a comprehensive description of the measurement protocols, are provided in the
Supplementary Materials. Electrochemical measurements were performed in the three-
electrode system, with pentlandite acting as working electrode, a platinum black (Pt
+ Pt black) serving as a counter-electrode, and a silver chloride electrode (Ag/AgCl
3M KCl) serving as a reference electrode. Measurements were performed with 0.5M
of HySOy as the electrolyte on the electrochemical measurement equipment (MTM-ANKO)
at room temperature.

In the literature it is acceptable to compare the efficiency of HER processes as the over-
potential needed to achieve a current value of —10 [mA/ cm?] (10), both for measurements
normalized to the electrochemical surface active area (ECSA) and to the geometric surface.
Due to the recorded current values, as well as the non-zero cathodic currents (associated
both with charge accumulation on the surfaces and the presence of foreign phases), the re-
sults in terms of the ECSA were compared for specific values of —100 and —500 [mA /cm?]
for ingots, —25 and —100 [mA/ cm?] for pellets, and —50 and —250 [mA/ cm?] for powders
(denoted as M5, M50, N100, N250, and Msg, respectively). Additionally, as the recorded current
densities for powder catalysts as a function of geometric area are very low, overpotential
values of —5 [mA /cm?] were taken into account.
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Figure 1. XRD patterns of (a) powder/ingot and (b) pellet samples.

To gain even more insight into the materials’ electrochemical performance, ab initio
studies were performed by utilizing the density functional theory (DFT) using the Vienna
ab initio calculation package [32-34]. Calculations were performed to obtain information
about the density of the states and to evaluate the so-called electronic structure descriptors,
such as the d- and p-band centers of TMs and S, respectively [18,35-37]. The pentlandites
with corresponding stoichiometries were modelled in VESTA [38]. The structures were then
relaxed by using the Perdew-Burke—Ernzerhof (PBE) exchange—correlation functional [39],a
plane-wave cut-off energy of 300 eV, 3 x 3 x 3 k-point mesh, and energy convergence
criteria set as 107> eV and 2:10~2 eVA 2 for the electronic and ionic relaxations, respectively.
Atomic spin orientation was included, and the initial magnetic moments were set to 2.5,
3.0, 2.0, and 1.0 for Co, Fe, Ni, and S, respectively. Self-consistent-field calculations with
10~ eV convergence criterion were then used to evaluate the total energy of the systems.
The total energy per atom AEy,,,, was calculated by using Equation (1) and used to assess
the stability of the materials:

Etot material — Zn:1 Ni : Etot element
AEform = - ln - ’ 4)

where Ejyt yateriar total energy of the system, N;—number of atoms in the structure, and
Eiot element—total energy of the Co, Fe, Ni, and S subsystems. The density of states (DOS)
was obtained by using the same k-point mesh, while the partial density of states (PDOS)
was used to evaluate the electronic structure descriptors using Equations (2) and (3):

S b Epy
p = B s 5
i=1 Pi
_ Yiqdi-Ey,
dbC - WI (6)

where p;, d; corresponds to the probability of finding electrons in the p and d orbitals of
S and TMs, respectively; E,y ;"energy that corresponds to the probability of finding an
electron at an individual orbital.
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3. Results and Discussion
3.1. Theoretical Characterization

The pentlandite structure is characterized by cubic Fm3m symmetry with a highly
metallic framework. As noted by Lu et al., the structure can be further divided into sub-
structures, ensuring a highly conductive backbone coupled with the presence of numerous
bimetallic and Me-S active sites [21]. To showcase the effect of different cationic site oc-
cupations, 2 x 2 x 2 supercells were used (Figure 2). The metal atoms occupy either
tetrahedral or octahedral sites that are related to 24e and 8c Wyckoff positions, respectively.
The arrangement of atoms is semi-random, ensuring that at least two atoms of each metal
are present in every site. Due to the nature of the work, we only consider intrinsic, not
surface, properties.

Figure 2. Schematic representation of 2 x 2 x 2 supercells: “314” (a), “116” (b), “134” (c), “413” (d),
//611// (e), //431// (f), 1/341" (g), /1161// (h), //143// (i).

Despite changing the cationic distribution, the relaxation process did not alter the
lattice constants, with only 2% deviations observed from the initial volume (Table S3),
indicating the great stability of these compounds and the capability to create solid solutions
in a wide range of TM concentrations [19,40].

The density of states plots of the pentlandites (Figure S6) confirm that all the materials
were metallic in nature, with strongly overlapping valence and conductive states [21].
Additionally, two main observations can be made. Except for “611” (Figure Sée), the states
near the Fermi level were highly and uniformly populated, facilitating rapid charge transfer
between the electroactive species and the electrode surface with increasing overpotential
values. Moreover, disparities between the up- and down-spin densities were observed,
with the latter being shifted to higher energies with respect to the Fermi level. This effect
was particularly prominent for compositions with a higher Fe content, suggesting possible
ferromagnetic characteristics. The electronic structure descriptors are presented in Figure 3a.
Both dy, as well as py, represent linear functions of the chemical compositions. However,
the changes in the former are more pronounced than in the latter. As these parameters were
derived from the TM and S PDOS, they inherited their main characteristics. Specifically,
discrepancies between different electron spin polarizations for Fe-rich materials remained
visible. The calculations indicated that Fe and Ni cause antagonistic effects on the electronic
structure, with Fe/Ni shifting the dy,. towards/away from the Fermi level and Co-rich
compositions being characterized by intermediate values of these descriptors. Based on
the literature evidence for chalcogenide systems, the upwards shift towards the Fermi
level should be beneficial in terms of electrocatalytic performance [21,41,42]. Despite such
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premises, no straightforward relationship between the electronic structure descriptors and
electrocatalytic performance was observed (Figure S7). This highlights the crucial role
of anions present in the structures [15]. The sulfur activation process occurring in these
materials masks the effect that electronic structure has on electrocatalytic activity, and thus
simple concepts such as TMs band centers in pristine bulk structures are unable to properly
predict the materials” performance. A more insightful use of the DFT should include the
surface energetics and vacancy formations along the surface density of states calculations.

-1.04(a) v T™Md,. DOWN (b) * phase-pure
124 A TMd,.UP v -1.02 1
1.2 - bc v Co, sFe Ni; 5S¢
-1.6 — 8 Poc cr * & £ Co, sFe; sNigSq
= ] O 1044 @
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w -204 % Lo o
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Figure 3. Electronic structure descriptors as a function of chemical composition (a); formation energy
as a function of the dy, (b).

On the other hand, the formation energies presented in Figure 3b serve as indicators
of the materials’ stability. In this work, a clear correlation between the AEf,,,, and the
electronic structure of the pentlandite materials was observed. The local minimum of
energy corresponded to dp. values in the range of [-1.7, —1.6] eV with respect to the
Fermi level, with “611” being the closest. Any change in the configuration of the cationic
sublattice translated into a higher total energy of the system. These calculations were
confirmed by structural studies (Figures 1 and S3-S5, Table S2), where only the “611” and
“413” were phase-pure before and after sintering into pellets, which also aligns with the
results obtained by Smialkowski et al. [19].

3.2. Catalytic Performance

For electrocatalytic testing, the geometric surface area, ECSA, and RF were determined
for each material. Usually, the ECSA is represented by the double-layer capacitance (Cq),
which is shown in Figures S8-513 [31]. The compiled values are depicted in Figure S14. In
comparison to other forms, the powders exhibit the highest ECSA values while the pellets
show the lowest, especially in relation to the working surface (Figure 4a and Table S4).
Such results appear entirely justified due to the decreasing surface development. Increasing
the density of the catalysts (ingots, sintered pellets) leads to a significantly higher ECSA,
particularly in the Fe-rich samples. Combining high concentration of Fe and Co further
increases the ECSA, suggesting that the high amounts of Fe and Co contribute to the higher
formation of active sites. Conversely, samples with a large amount of nickel exhibit a
reduction in the number of active centers. It is challenging to interpret these results due
to the rare occurrence of the materials” form as well as the lack of clear trends observed
in other studies devoted to these materials [19]. Therefore, it seems that this may be
more related to the phase purity of the materials rather than their parameters resulting
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from the occupation of the cationic sublattice. However, the change in the ECSA during
measurements provides significantly more valuable information (Figure 4b). The estimated
ECSA values before and after chronoamperometry are typical for the pentlandite activation
process related to the formation of sulfur vacancies. This effect is observed for all powders
and the majority of bulk materials. However, it is worth noting that for samples with a
limited surface development, only those rich in Ni show a decrease in their ECSA during the
measurements, suggesting that the presence of nickel itself, or more likely the presence of
Ni-rich precipitates on the surface, significantly affects the adsorption/desorption processes
of these materials. Similarly, the parameter of roughness factor (RF, Figure 4c), which is
closely associated with the quantity of active sites, indicates that Fe- and Co-rich materials
are the most promising, which is probably correlated to both the profound role of these
two elements and the presence of Fe-rich foreign phases.
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Figure 4. Working surface area (a) together with estimated changes in ECSA (b) and RF (c) prior to
and after chronoamperometric measurements.

Taking into account the above-described results, it was expected that the lowest overpo-
tentials would be achieved by the materials according to the ECSA and RF values (Table S4),
i.e., for Fe-rich and Co-rich samples. However, the situation is not as straightforward as
indicated by the results presented in Figure 5, where linear sweep voltammograms (LSV)
normalized to ECSA for pellets, ingots, and powders are presented. It is striking that re-
gardless of the material form, one of the best materials appears to be “413” in terms of both
recorded overpotential values and durability. Based on the results presented in Table S5,
this composition can be characterized by naspre = 311 and Nospost = 242 [mV/ cm?], M100pre
= —299 and n1g0post = 334 [mV/ cm?], and 1 50pre = 457 and N5ppost = 388 [mV/ cm?] for the
pellet, ingot, and powder samples, respectively. Although this result may be surprising
in relation to the ECSA, it indicates the typical behavior characteristic of pentlandites,
highlighting the importance of phase homogeneity (pure-phased material). On the other
hand, this is one of the compositions closest to the stoichiometry of equimolar CosFe3zNi3Sg,
which, according to the literature, exhibits some of the best catalytic parameters and highest
durability due to the profound role of cobalt in this system [19]. Good catalytic activity
towards HER for this “413” system cannot be correlated with the dy,. presented in the
previous section. It is accepted that better catalytic activity is expected for samples with a
dp. close to the Fermi level, with the maximum seen at —1.1 eV (in relation to Fermi level);
thus, Fe-rich samples should exhibit the best performance. This underlines that dp,. can
be treated as an effective descriptor of catalytic activity in pentlandites only in terms of
equimolar Co:Fe:Ni ratios with varying S:Se contents [21], but it is rather ineffective in
cases of different cation ratios. Here, the number of active sites related to S vacancies, as
well as the arrangement of cations at the individual surfaces, dominate in regard to HER
activity, which is likely due to metallic and bimetallic centers at the surfaces [19]. The
remaining materials that exhibit good catalytic performance, such as Pe314, In314, In134,
and Po143, also represent compositions oscillating near the equimolar cationic proportions.
It is not possible to correlate these results with either ECSA nor catalytic activity descriptors,
once again indicating the dominant role of the cationic arrangement and certain privileged
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positions in the system when all three elements are present in close coordination spheres.
There may also be a synergistic effect that is particularly associated with the presence
of cobalt. However, the presence of foreign phase precipitates appears to have the most
significant impact here. Thus is particularly exemplified by the case of Pe116, which breaks
the general trends occurring in these series and will be discussed in detail in the subsequent
part of the article.
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Figure 5. LSV curves recorded in 0.5 M H,SO; at 6.25 [mV /s] sweep rate and normalized to ECSA
for: (a) pellets before chronoamperometry; (b) ingots before chronoamperometry; (c) powders before
chronoamperometry; (d) pellets after chronoamperometry; (e) ingots after chronoamperometry; and
(f) powders after chronoamperometry.

Tafel slope values are usually presented as a main indicator of the dominant mech-
anism of Hj adsorption. In contrary to the recorded overpotentials, some general trends
can be observed here (Figure 6). As expected, the surfaces of the sintered pellets are rather
inactive (Figure 6a,d), which is evident from the high values of both the Tafel slope and ex-
change current densities (Table S6). The lowest Tafel slope values at 113 and 162 [mV /dec]
were observed for samples with extremely high concentrations of Fe and Ni (Pel61 and
Pel16). Even the best performing values suggest a rather unfavorable Volmer-Heyrovski
mechanism of hydrogen evolution, considering the chemisorption of a solvated proton
with a subsequent reaction of this species with another solvated proton. This may be
related to the presence of foreign phases, including metallic iron, as well as the exposure
to metallic active centers, consistent with the results presented by Smialkowski [19]. In-
termediate Tafel slopes at around 200 [mV /dec], which definitely point to a dominant
Volmer-Heyrovsky mechanism of H, adsorption, were observed for all the samples with
cationic ratios close to the 1:1:1. The highest Tafel slope was recorded for the Co-rich
sample (Pe611). This latter result indicates that an excessive concentration of cobalt, while
positively affecting a material’s durability, binds sulfur atoms too strongly, preventing
the creation of sulfur vacancies necessary to provide a high concentration of active sites.
Much lower Tafel slope values were observed for the ingot samples (Figure 6b,e), and
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this can be attributed to their significantly more developed surfaces. In this case, samples
In611 and In431 exhibit Tafel slopes clearly below 100 [mV /dec], indicating the desired
Volmer-Tafel mechanism, wherein the rapid chemisorption of protons onto the surface is
followed y a -limiting recombination reaction on the catalyst surface. It is worth noting that
these two samples constitute single-phase systems, so the presence of precipitates does not
hinder the mechanisms of active site formation that are characteristic of pentlandites. This
distinction is particularly significant compared to the pellets described earlier, where the
lowest Tafel slopes were observed for materials rich in metallic precipitates, highlighting
the importance of surface development. The remaining ingots suggest a prevalence of the
Volmer—Heyrovsky mechanism, with no clear correlation between the composition and
these values being observed. A similar lack of correlation is noticeable for the powder
catalysts. However, the results for the powders remain somewhat imprecise due to the
ambiguous extent of the screen-printed electrodes. Nevertheless, based on the available
results, materials rich in iron perform the best in terms of reaction kinetic ratio (Figure 6¢f).
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Figure 6. Tafel slope recorded in 0.5 M HySOy at 6.25 [mV /s] sweep rate and normalized to ECSA
for (a) pellets before chronoamperometry; (b) ingots before chronoamperometry; (c) powders before
chronoamperometry; (d) pellets after chronoamperometry; (e) ingots after chronoamperometry; and
(f) powders after chronoamperometry.

Normalizing the obtained current densities to the geometric area (Figure 7), slightly
different conclusions may be drawn. In the case of the sinters (Figure 7a,d), the best
performing ones are those rich in iron, and possibly those in combination with cobalt
such as Pel61, Pe431, and Pe341, while the weakest are those rich in nickel. An exception
is again the extreme composition involving Ni (Pel16), for which the lowest n1o values
were observed (342 mV, Table S5). It remains an open question as to whether the results
obtained for the Fe- and Co-rich materials are a result of favorable chemical composition,
including optimal dy,. position, or if they are related to the phase homogeneity, or a result
of the relatively catalytically active iron sulfide segregations (active catalyst on the surface
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of a well-conducting substrate). The latter effect is especially probably here, as we have
observed such behavior in the case of pentlandites subjected to thermal treatment at higher
temperatures [16]. However, the trend persists that the most stable materials are those for
which the cation composition is closest to an equimolar composition, i.e., Pe431 and Pe341,
also indicating some improvement in performance on prolonged electrolysis. Once again,
the exceptions are the systems with extremely high contents of Co, Fe, and Ni, suggesting
that a high activity of metallic species on the materials’ surface [15,40] was likely followed
by further phase decomposition.
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Figure 7. LSV curves recorded in 0.5 M H,SOy4 at 6.25 [mV /s] weep rate and normalized to geometrical
surface for (a) pellets before chronoamperometry; (b) ingots before chronoamperometry; (c) powders
before chronoamperometry; (d) pellets after potentiometry; (e) ingots after chronoamperometry;
(f) and powders after chronoamperometry.

The performance of ingots is notably worse (Figure 7b,e). Here, the Fe-rich materials,
possibly in combination with Co, perform the best, such as In161, In341, and In341, where
Ny0 values of 377, 465, and 421 [mV] were recorded, with only slight deterioration of
these values after 2 h of electrolysis. Once again, it can be noticed that the results for the
powder catalysts (Figure 7c,f) as a function of geometric area (although unreliable due to
the uncertain degree of coverage of the screen-printed electrode) are worst in comparison
to the ingot and pellet ones. The best performing materials here are those with a relatively
equimolar ratio of cations. This again suggests that surface effects are much more significant
for S-rich pentlandites than for Se-rich ones [4,16].

On the other hand, the reaction kinetics of the tested materials as a function of geomet-
ric area are analogues to those normalized to ECSA (Figure 8). In the case of bulk materials
(Figure 8a,b,e,f), the fastest reaction kinetics, are exhibited by systems with extremely high
contents of Co, Fe, or Ni, as well as single-phased systems (611 and 413 series), indicating
a relatively large contribution of favorable Volmer-Tafel mechanisms. In particular, the
latter phenomenon seem to be correct as very similar observation were made for trimetallic
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pentlandites presented in [19]. For ingots, once again, the best performing materials are
those that are single-phase, exhibiting Tafel slopes at 84 and 78 [mV /dec~!] for In611 and
In431, respectively. These results clearly indicate that materials unaffected by any further
processing are best when the typical properties of pentlandites can occur (activation pro-
cess). In cases where the material surface is contaminated with foreign phases or subjected
to some form of treatment, the resulting cases tend to depend on the chemical composition
(in contrary to Se-rich pentlandites) [21]. It seems, therefore, to confirm that the presence
of active precipitations may cause changes in ECSA as well as improve overpotentials at
specific current densities, but negatively affects adsorption/desorption processes on the
surface. In the case of the Tafel slopes for powders (Figure 8c,f), once again the key roles
of iron and cobalt emerge, with an emphasis on the unfavorable influence of excessive
contents of Co and Ni.
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Figure 8. Tafel slope values recorded in 0.5 M H,SOy at 6.25 [mV /s] sweep rate and normalized to
the geometric surface for (a) pellets before chronoamperometry; (b) ingots before chronoamperome-
try; (c) powders before chronoamperometry; (d) pellets after chronoamperometry; (e) ingots after
chronoamperometry; and (f) powders after chronoamperometry.

Interestingly, the results presented in this study for pellets indicate slightly inferior
catalytic parameters compared to the other trimetallic pentlandites investigated in the
same form. Particularly noteworthy are the results from our recent work [21], in which
overpotentials 15 below 300 [mV] were obtained for the all considered compositions
(Table S8). This result emphasizes that for materials rich in sulfur, the role of surface effects
is crucial. In contrast, for single-phase materials rich in selenium [4,21], the contribution
of the surface is much less significant, and the effect of chemical composition is much
more pronounced. The role of the surface is even more pronounced in the samples with a
well-developed surface, especially for ingots, where we observe the best parameters for
single-phase materials. The recorded overpotentials and Tafel slopes in this case are at a
comparable levels to those noted by other authors [13,19].
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Attempting to identify certain general trends within the presented series, and disre-
garding the issue of phase homogeneity, we summarize the results in Figure 9. Interpreting
the case of sintered pellets (Figure 9a) can be challenging since the lowest overpotentials do
not always correlate with the lowest Tafel slopes. However, it is evident that the materials
with an extreme concentration of individual metals (Pe611, Pel61, Pel16) perform the
best in terms of all the considered parameters, namely nggo, Necsa, RF, and Tafel slope.
This relationship is clearly linked to the surface effects. The Pe611 sample is the only
single-phase material, possessing the highest ability to create sulfur vacancies, while Pel61
and Pel16 are characterized by the highest contents of metallic segregations, providing
additional active sites. For the ingot samples (Figure 9b), the Fe-rich sample (In161) stands
out, possessing some of the best catalytic parameters but indicating low ngcga at the same
time. This finding is consistent with our previous research on bulk pentlandite and pseudo-
spinel catalysts [18,21], underscoring the substantial influence of ECSA and RF on catalytic
performance. In431 also stands out as a sample with one of the fastest HER mechanisms,
which once again should be attributed to the crucial roles of both cobalt and phase purity.
In the case of the powder catalysts, practically all of them have a very low REF, except
for Po611, which again highlights the role phase homogeneity. The set best describing
catalytic performance, however, belongs to the materials with nearly equimolar cationic
ratios (Po 341, Po 413, Po143).
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3.3. Coq5Fe; 5NigSg Phenomena

Materials with a nominal composition of Co; sFe; 5NigSg constitute a very interesting
case. Materials that already exhibit multi-phase composition after synthesis undergo fur-
ther phase decomposition due to thermal treatment during the sintering process. In the
cases described above, these foreign phase precipitations are typically catalytically active,
creating the random yet favorable scenario of a catalyst anchored to another catalyst. In the
case of sintered pellets, the highly conductive substrates are composed of strongly consoli-
dated pentlandites. Although such composite systems often yield low overpotentials, as
demonstrated, they can slow down the kinetics of the HER reaction. The initial stages of the
Pel16 sample are no different, wherein the amount of nickel sulfide increases from about 4%
after synthesis to about 12% upon sintering. These actively segregated nickel sulfide phases
translate into very good HER efficiency, as depicted in Figure 10, both as a function of
ECSA (Figure 10a) and of geometric surface area (Figure 10b), reaching n1gp = 244 [mV] and
N10 = 341 [mV] respectively. Additionally, a characteristic bend in the LSV curve associated
with the reaction of NiS itself can be observed. Due to its unusual behavior, this material
underwent additional processing according to the following scheme: surface cleaning 1 —
ECSA 1 — HER 1 — chronoamperometry 1 — surface cleaning 2 — ECSA 2 — HER 2 —
chronoamperometry 2 — surface cleaning 3 — ECSA 3 — HER 3. After the first chronoam-
perometry measurement, the properties of this material significantly deteriorated, resulting
in overpotentials at the level of 11199 = 327 and 119 = 388 [mV] as a function of ECSA and
geometric area, respectively. However, subsequent chronoamperometry and LSV mea-
surements caused practically no change to the catalytic performance of this material. The
structural analysis (Figure 11) reveals that during operating conditions, the nickel sulfide
(Figure 11a) contamination disappears (Figure 11b) and the remaining Ni-rich pentlandite
becomes a single-phased system. In other words, there is no further decomposition of the
system, and a thermodynamic equilibrium state is established, indicating the limit of nickel
solubility in this system to be specifically near the Coy 4pFe; 37Nis5 21Sg composition (based
on SEM-EDX). This is especially well observed in Figure 11c, where the areas affected and
unaffected by the HER processing are presented.

0+ — ) b
o] (@) (0]
L 2
-200 -
300+ 4
NE -400 4 L -4
2 _5004
g L -8
= -600
-700 10
-800 12 — Co1.5Fe1.5NigS8 pre
-900 - — Co1.5Fe1.5NigS8 post 1
(14 — Co1.5Fe1.5NigS8 post 2
0.6 0.4 0.2 0.0 02 -0.6 0.4 0.2 0.0 0.2
E vs RHE [V] E vs RHE [V]

Figure 10. LSV curves recorded in 0.5 M HySOy at [6.25 mV /s] sweep rate and normalized to (a) ECSA
and (b) geometrical area for Co; sFe; 5NigSg pellet.
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Figure 11. SEM micrographs together with EDX elemental mapping for Co; sFe; 5NigSg sintered
pellet: (a) pre-measurement area; (b) post-measurement area; and (c) border of areas affected (left-top)
and unaffected (right-bottom) by HER processing.

This is also confirmed by examining the ECSA and RF of this material at subsequent
measurement stages (Table 2). It can be noted that after the first cycle, the ECSA and RF
increase due to the removal of NiS, which was blocking the active sites of the pentlandite
itself. After the second cycle, further increases in the ECSA and RF are observed, but this
time due to the characteristic activation process typical for pentlandites. This confirms
previous the conclusions regarding the beneficial effect of precipitates on recorded over-
potentials and the detrimental, and probably uncontrolled, influence on reducing ECSA,
blocking active site formation, and slowing down the kinetics of the process.

Table 2. ECSA and RF values for Coj 5Fe; 5NigSg pellet.

ECSA [em—2 x103] RF [- x10%]
Pre 1.72 14.23
Post 1 3.32 27.46
Post 2 4.24 35.08

4. Conclusions

The article delves into the structural, computational, and catalytic characterization
of S-rich pentlandite materials across varying Co, Fe, and Ni concentrations and material
forms. It reveals that, except for the equimolar CozFe3;Ni3Sg system, only Co-rich materials
or those with cation ratios nearing 1:1:1 remain as single-phase systems. Following ad-
ditional thermal treatment (sintering), only Cog4 5Fe; 5Ni3Sg and CogFe; 5Nij 55¢ maintain
single-phase structures, confirming the calculated formation energies and underscoring
cobalt’s role in pentlandite stability. Additionally, it is demonstrated that bulk materials,
regardless of phase composition, exhibit lower overpotentials for systems with extremely
high iron, cobalt, or nickel contents. In contrast, powder catalysts perform best when rich in
both Fe and Co, while those rich in Ni exhibit a weaker performance. Unlike pentlandites
with variable S:Se ratios in the anionic sublattice, these composition-dependent relation-



Energies 2024, 17, 2261

16 of 18

ships cannot be correlated with catalytic activity descriptors (dy.) or ECSA, emphasizing
the role of metallic and/or bimetallic species associated with the activation processes.
Consequently, changes in material form do not alter the diminishing impact of surface
effects in favor of intrinsic material properties. This study underscores the importance
of phase homogeneity, with single-phase materials demonstrating predictable behavior
and favorable catalytic parameters. Conversely, multi-phase systems, where catalytically
active phases, typically iron and nickel sulfides, are observed, yield low overpotentials at
specific current densities but also lead to surface blockage and slowed HER kinetics. An
exception is the Coj 5Fe; 5NigSg compound, where nickel sulfide segregations disappear
during operating conditions, leaving a single-phase pentlandite with moderate catalytic
performance. This incidental Ni-rich pentlandite suggests nickel solubility in this structure,
with a stoichiometry nearing Coy 4 Feq 37Nis521Ss.

The cases of S-rich pentlandites serve as an excellent example of a system in which
the multicomponent approach, synergistic effects, and intrinsic properties yield to surface
effects associated with the formation of vacancies, metallic active sites, and the role of
individual elements in stability issues.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en17102261/s1, Figure S1. DLS results of the particles size as
a function of (a) number and (b) volume distribution. Figure S2. Photos of powders applied to
screen-printable electrodes (a) Po314; (b) Po116; (c) Po134; (d) Po413; (e) Po611; (f) Po431; (g) Po341;
(h) Po161; and (i) Po143. Figure S3. SEM micrographs together with EDX mapping for: (a) Pe314;
(b) Pel16; (c) Pel34; (d) Pe413; (e) Pe611; (f) Ped31; (g) Pe341; (h) Pel6l; and (i) Pel43. Figure S4.
SEM micrographs together with EDX mapping for: (a) In314; (b) In116; (c) In134; (d) In413; (e) In611;
(f) In431; (g) In341; (h) In161; and (i) In143. Figure S5. SEM micrographs together with EDX mapping
for: (a) Po314; (b) Po116; (c) Po134; (d) Po413; (e) Po611; (f) Po431; (g) Po341; (h) Pol61; and (i) Po143.
Figure S6. Total and partial density of states of examined materials: “314” (a), “116” (b), “134” (c),
“413” (d), “611” (e), “431” (f), “341” (g), “161” (h), and “143” (i). Figure S7. Benchmarking parameters
as a function of calculated dy,. of examined materials: overpotential: at 10 mA /cm? normalized to
geometric area (a), at 25 [mA/ cm?] normalized to ECSA (b), at 100 mA /cm? normalized to ECSA
(c); roughness factor (d), Tafel slope for current densities normalized to geometric area (e) and ECSA
(f). Figure S8. CV voltammograms witch different scan rates for determining ECSA before/after
stability tests for “pre” (a) Pe314; (b) Pell6; (c) Pel34; (d) Pe413; (e) Pe611; (f) Pe431; (g) Pe341; (h)
Pel61; and (i) Pe143. Figure S9. [1]. CV voltammograms witch different scan rates for determining
ECSA before/after stability tests for “post” (a) Pe314; (b) Pell6; (c) Pel34; (d) Pe413; (e) Pe611;
(f) Pe431; (g) Pe341; (h) Pel61; and (i) Pe143. Figure S10. CV voltammograms witch different scan
rates for determining ECSA before/after stability tests for “pre” (a) In314; (b) In116; (c) In134; (d)
In413; (e) In611; (f) In431; (g) In341; (h) In161; and (i) In143. Figure S11. CV voltammograms
witch different scan rates for determining ECSA before/after stability tests for “post” (a) In314;
(b) In116; (c) In134; (d) In413; (e) In611; (f) In431; (g) In341; (h) In161; and (i) In143. Figure S12.
CV voltammograms witch different scan rates for determining ECSA before/after stability tests
for “pre” (a) Po314; (b) Pol16; (c) Pol34; (d) Po413; (e) Po611; (f) Po431; (g) Po341; (h) Polé6l;
and (i) Po143. Figure S13. CV voltammograms witch different scan rates for determining ECSA
before/after stability tests for “post” (a) Po314; (b) Po116; (c) Po134; (d) Po413; (e) Po611; (f) Po431;
(g) Po341; (h) Pol61; and (i) Po143. Figure S14. Charging current densities representing Cq; values
for (a) pellets before chronoamperometry; (b) ingots before chronoamperometry; (c) powders before
chronoamperometry; (d) pellets after chronoamperometry; (e) ingots after chronoamperometry;
(f) powders after chronoamperometry. Table S1. Density of the ingot and sintered pellet samples.
Table S2. The summary of the chemical and phase compositions of the considered materials, along
with the fitting parameters. Table S3. Structural parameters as well as formation energies calculated
for pentlandites and the elements building the pentlandite structure. Table S4. ECSA and RF values
for all samples before and after the stability tests. Table S5. Summary of overpotentials for all
pentlandite samples “pre” and “post” stability tests normalized to ECSA and geometric area. Table S6.
Tafel slope values of pentlandites samples “pre” and “post” stability tests. Table S7. Charge-transfer
resistance as determined by means of EIS. Table S8. Comparison of achieved currents to previously
tested materials.
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