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ctrocatalytic activity of
multicomponent (Co,Fe,Ni)9S8−xSex pentlandite
solid electrodes†

Andrzej Mikuła, *a Maciej Kubowicz, a Julia Mazurków, a Krzysztof Mars,a

Mathias Smialkowski,b Ulf-Peter Apfel bc and Marta Radecka a

The multi-component approach to materials design is gaining increasing popularity in energy-conversion-

oriented applications. This study describes a 5-component multimetallic chalcogenide compound with

a pentlandite structure that recently became increasingly interesting in terms of electrocatalytic water

splitting. The solubility limit of Se in the trimetallic Co3Fe3Ni3S8 system was determined along with the

potential effect of this additive on the material's intrinsic properties. This was followed by an

unprecedented approach, an attempt to fabricate solid electrodes using the inductive hot-pressing

method. The effects of the consolidation conditions on the morphology and final properties of the

material are discussed in detail. Tailoring both the chemical composition and processing conditions

(initial grain size, sintering temperature) can lead to the optimization of highly efficient electrocatalysts

for water splitting. The best electrodes were characterized at elevated current densities of 120 mA cm−2,

showing low overpotentials (240 mV versus RHE) but with rather low electrochemical active surface area

and moderately optimal reaction kinetics. It was therefore shown that using multi-component

compositions resulted in good intrinsic properties of the materials toward hydrogen production,

together with high density and vacancy concentrations provided by the sintering process, thus

producing an efficient electrocatalyst using a simple, scalable method without any additional processing.
Introduction

Considering the actual trends aimed at reducing the utilization
of fossil fuels as a source of hydrogen and the growing popu-
larity of energy-conversion processes (e.g. fuel cell technolo-
gies), electrocatalytic water splitting has become one of the
most promising processes for environmentally friendly
hydrogen production. State-of-the-art materials in this regard
are mainly represented by Pt and other precious-metal-based
compounds (the so-called platinum group metals, PGMs),1–3

whose high cost and limited availability have led to an intensive
search for new solutions. One of the most important criteria for
designing potential alternatives to PGMs is the strength of the
catalyst–H and catalyst–OH binding energies for the hydrogen
(HER) and oxygen (OER) evolution reaction, respectively, and
the related electronic structural properties.1,2,4 These features
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indicate the enormous potential for transition metal (TM)
compounds, including oxides and chalcogenides (Chs). The
latter group offers a wide variety of chemical compositions as
well as structures and is particularly interesting in this regard
owing to the presence of edge and surface defect sites, tailorable
morphologies, tunable electronic structures, and high electro-
conductivities.5,6 For instance, TM disuldes, represented by
different types of nanostructured cobalt, iron, andmolybdenum
disuldes (sometimes modied/doped by one of the other rst-
row 3d TMs), exhibit decent performances in various media,
characterized by current densities of 10 mA cm −2 at low over-
potentials (e.g. 96 mV for mesoporous FeS2 (ref. 7) or 180 mV for
Co-doped MoS2 nanosheets9), versus the reference hydrogen
electrode (RHE) and fast H2 evolution ratio determined by low
values of the Tafel slopes.7,9–11 Outside of the TMCh2 structures,
other stoichiometries have also been considered for the HER
catalysis, such as chalcopyrite CuFeS2 or nickel suldes (NiS,
Ni3S2) showing good properties reaching current densities of 10
mA cm−2 at an overpotential of 330–450 mV, particularly aer
anchoring to graphene or gold surfaces.2,12 Recently, metal
chalcogenides have also attracted a lot of interest for their OER
activity, potentially granting them the ability to operate as bi-
functional (HER–OER) catalysts. For instance, Chen et al. have
shown an overpotential of about 300 mV at a current density of
10 mA cm−2 and a Tafel slope of 47 mV dec−1 for NiS 8 towards
This journal is © The Royal Society of Chemistry 2023

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ta08893b&domain=pdf&date_stamp=2023-04-01
http://orcid.org/0000-0002-8067-996X
http://orcid.org/0000-0002-0559-0199
http://orcid.org/0000-0003-4035-1828
http://orcid.org/0000-0002-1577-2420
http://orcid.org/0000-0001-7912-6340
https://doi.org/10.1039/d2ta08893b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta08893b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011014


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
1:

53
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
both the HER and OER. Numerous studies have also shown that
TMChs can be easily modied by doping processes,9,13,14 shape
engineering, and creating heterostructure or composite
systems,1,15,16 granting them improved catalytical performance.

However, despite the satisfactory electrochemical activity,
the signicantly lower electrical conductivities of transition
metal chalcogenides when compared with noble metal-based
catalysts oen impose the need for additional surface engi-
neering, involving the nanostructuring of actual catalysts
(providing high surface expansion and defect concentration)
and anchoring them to a highly conductive backbone
(providing fast charge transfer).2,3,13,14

Recently, another group of TMCh, namely pentlandites
(TM9Ch8), have also been considered to be extremely efficient
catalysts. As bimetallic compounds (Fe9−xNixS8, Co9−yNiyS8),
pentlandites are characterized by excellent HER performances,
as evidenced by the overpotential at the level of 280 mV (for
a current density of 10 mA cm−2), the Tafel slope of 72 mV
dec−1, and high stability under operating and corrosive
conditions.17–20 Furthermore, pentlandites can be used in bulk,
rock-like geometries, ensuring high kinetic and efficiency with
a highly conductive backbone, avoiding the same time-
complicated synthesis process, and still reaching electro-
catalytic properties at the level of nanostructured suldes.17

These outstanding properties of pentlandites are associated
with very close intermetallic interactions and bimetallic bridges
connected by sulfur anions. Active sites formed by the sulfur
vacancies, in this case, are strongly favoured by H atoms,
especially at 8c Wyckoff sites.21 Some synergistic phenomena
related to the co-existence of randomly distributed cations
should also be mentioned.22 It has been theoretically14,23 and
experimentally14,24 proven that by combining two or more
cations (particularly from the Co, Fe, and Ni subgroup), the
respective d- and p-band shi, and states near the Fermi level
overlap, increasing the metallic character and affecting the
electrocatalytic activity by improving charge-transfer abilities,
HER activity, and increasing the electrochemically active
surface area. On this basis, the addition of Fe or Ni may
signicantly improve the activity of monometallic Co9S8,14,20

while the Fe : Ni ratio in bimetallic pentlandites promotes
changing the activity from HER to OER.25 The anionic sublattice
can also be modied by introducing Se anions.26 An extremely
interesting area of research that emphasizes these synergetic
phenomena is the so-called high-entropy approach to materials
design.27 It was originally applied to metallic systems and since
then, it has been translated intomultiple types of other systems,
including chalcogenides.23,28–30 In our previous study on the
possibility of obtaining high-entropy pentlandite (Co, Fe, Ni)9(S,
Se)8, the potentially positive inuence of multi-occupied sub-
lattices on electrochemical activity was presented. It is well
known that by tailoring the cationic composition in multime-
tallic compounds, signicant changes in the electronic struc-
ture and electrocatalytic activity can be achieved mainly due to
the shiing of the respective band centers, the occupancy of the
bonding or antibonding orbitals, and bond
covalencies.14,24,29,31–33 A favorable effect on the material's elec-
trical parameters is also possible, as demonstrated in our
This journal is © The Royal Society of Chemistry 2023
previous work.23 On the other hand, similar effects may be
reached by tailoring the anionic sublattices, a relatively new
concept, untouched for the rst high-entropy materials based
on oxide compounds, and expanded for non-oxide mate-
rials.23,26,29,30 Thus, the two possible approaches, namely
tailoring the cationic (Co/Fe/Ni) ratio in 4-component (TM9S8)
and 5-component (TM9S4Se4), or tailoring the S/Se ratio in 5-
component (TM9Ch8) pentlandites, should be considered as
extremely promising methods aimed at improving their cata-
lytic performances Although detailed studies on tailoring the
Co/Fe/Ni in trimetallic pentlandites have already been
described,18 the effects of selenium concentration on the cata-
lytic performance in 5-component pentlandites remain an open
issue.

In this study, we present the electrocatalytic performance of
5-component, high-entropy pentlandites as a function of sele-
nium concentration and sample processing, maintaining at the
same time the concept of using bulk material and providing
a simple and scalable synthesis procedure. The selenium solu-
bility limit in trimetallic pentlandites, together with detailed
structural characterization, has been examined for the rst
time. The sintering conditions and their inuence on the
sample morphology to obtain solid electrodes with optimal
properties have also been investigated. Finally, we have deter-
mined the inuence of the intrinsic material properties related
to the S : Se substitution ratio, together with the densication
level and the concentration of chalcogenide vacancies provided
by the sintering conditions, on catalytic performance. This
approach stands in opposition to current trends, imposing the
need for additional processes, and involves maximizing the
intrinsic properties of solid electrodes.

Experimental

High-purity elements in the form of powders (Co – 99.8% Alfa
Aesar, Ni – 99.8% Alfa Aesar), granules (Fe – 99.98% Alfa Aesar),
and the chalcogenides (S – 99.999% Alfa Aesar, Se – 99.999%
Alfa Aesar) were weighed in the desired ratios, initially
homogenized, and double sealed in quartz ampules (the
smaller ampule inside the larger one) under vacuum conditions
(10−3 atm). The material was synthesized from the as-prepared
mixtures in a tube furnace by a two-step heat treatment. At rst,
the ampules were heated to 1000 °C (1 °C min−1) and annealed
for 24 h. In the second step, the temperature was decreased to
500 °C where the material was annealed for 72 h and then
quenched by addition to the water. Electrochemical character-
istics were performed for samples directly cut from ingots, or
sintered pellets as a function of sintering temperature. In the
latter case, the obtained ingots were milled into powder by
using a manual agate mortar (providing a random distribution
of grain sizes) or by a normalized processing procedure in
a planetary mill (particle size at the level of 700–800 nm deter-
mined by Dynamic Light Scattering measurements). Subse-
quently, the powders were consolidated into disks with
a diameter of 10 mm and height of about 3 mm by using the
Inductive Hot Pressing (IHP) method and the following proce-
dure: double rinsing with Ar (0.5 atm) at room temperature,
J. Mater. Chem. A, 2023, 11, 7526–7538 | 7527
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Table 1 Investigated pentlandite samples as a function of Se
concentration together with nominal and real chemical compositions
(corresponding directly to the samples that are discussed in the next
sections)

Abbreviation
Nominal chemical
composition

Estimated chemical
composition

TM9S8 Co3Fe3Ni3S8 Co3.13Fe3.09Ni3.09S7.68

TM9S7Se Co3Fe3Ni3S7Se Co3.11Fe3.05Ni3.13S6.34Se1.37

TM9S6Se2 Co3Fe3Ni3S6Se2 Co3.08Fe2.95Ni2.96S5.51Se2.49

TM9S5Se3 Co3Fe3Ni3S5Se3 Co2.94Fe2.97Ni2.97S4.78Se3.34

TM9S4Se4 Co3Fe3Ni3S4Se4 Co3.01Fe2.96Ni2.92S3.99Se4.12

TM9S3Se5 Co3Fe3Ni3S3Se5 Co2.97Fe2.89Ni2.92S3.12Se5.09

TM9S2Se6 Co3Fe3Ni3S2Se6 Multiphase

TM9SSe7 Co3Fe3Ni3SSe7 Multiphase

TM9Se8 Co3Fe3Ni3Se8 Multiphase

Table 2 Investigated pentlandite samples as a function of sintering
temperature together with nominal and real chemical composition
(corresponding directly to the samples that are discussed in the next
sections)

Abbreviation

Sintering
temperature
[°C]

Nominal
chemical
composition

Estimated
chemical
composition

TM9S8_400 400 Co3Fe3Ni3S8 Co3.13Fe3.09Ni3.09S7.68
TM9S8_450 450 Co3Fe3Ni3S8 Co3.21Fe3.23Ni3.21S7.35
TM9S8_500 500 Co3Fe3Ni3S8 Co3.38Fe3.32Ni3.36S6.94
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heating to 200 °C (100 °C min−1), annealing for 5 min, heating
to the nal temperature (100 °C min−1), annealing for 14 min
under 50 MPa pressure and 1 min without pressure, cooling.
The density of the sintered pellet was further examined with the
use of Archimedes' principle and by volumetric measurements.
Tables 1 and 2 show all investigated samples with nominal and
real chemical compositions. The latter ones were determined
based on the averaged element concentration provided by EDS
analysis (actual results are presented in the next sections).

The phase compositions of the prepared samples (aer
synthesis and sintering process) were examined via X-ray
diffraction (XRD) (apparatus: Empyrean PANanalytical appa-
ratus (CuKa radiation)) and further analyzed using the X'Pert
High Score Soware. The microstructural observations and
homogeneity of the samples were investigated by scanning
electron microscopy combined with energy-dispersive X-ray
spectroscopy (SEM + EDS) (apparatus: Thermoscientic
Fischer Phenom XL scanning electron microscope equipped
with EDS analyzer). The chemical state of elements was
7528 | J. Mater. Chem. A, 2023, 11, 7526–7538
investigated by X-ray photoelectron spectroscopy (XPS) for
chosen compositions. The measurements were conducted in
a PHI VersaProbeII Scanning XPS system. The deconvolution of
spectra was performed using the PHI MultiPak soware
(v.9.9.2).

Detailed information on the material structure was obtained
by transmission electron microscopy (TEM) performed on
a Tecnai TF 20 X-TWIN, FEI Company.

Electrochemical measurements were carried out using an
electrochemical analyzer (MTM-ANKO) at room temperature. A
conventional three-electrode system was used, with TM3Ch4 as
the working electrode, Pt + Pt black acting as an auxiliary elec-
trode, and Ag/AgCl (3 M KCl) as the reference electrode. The
working electrode was made of polished (Al2O3-based polishing
paste) sintered material or ingots without any additional pro-
cessing, by connecting it directly to the Pt rod and placing it in
a custom-made glass holder. The as-prepared electrode was
sealed with silicone to ensure no contact between the electrolyte
and the Pt rod and, at the same time, the surface of the pellet
was in contact with the electrolyte without the involvement of
lateral surfaces. Next, the electrodes were conditioned by several
linear sweep voltammetric (LSV) cycles (200 mV s−1, −400–
400 mV measuring range) to achieve steady-state conditions
and clear the surface from residual contamination. To avoid the
overestimation of the obtained results, the electrochemical
activity of the material was assessed based on the electro-
chemical active surface area (ECSA). The ECSA was determined
based on electrochemical double-layer capacitance (Cdl) using
cyclic voltammetry (CV), measured in the 0–300 mV range and
with a 1.05–2000 mV s−1 scan rate. In this case, Cdl represents
the linear regression of charging current densities as a function
of scan rate, while ECSA provides the Cdl value divided by the
specic capacitance of the samples of 0.035 mF cm−2.34 Notably,
to compare the HER performance of the actual catalyst, over-
potential values vs. RHE are usually given at a current density of
10 mA cm−2. Due to the formation of the samples (solid elec-
trodes), recorded current densities, and the occurrence of non-
zero cathodic currents, the observed overpotential was deter-
mined with the application of more relevant current densities of
120 and 200 mA cm−2.

Chronoamperometric measurements were performed for
30 h at a constant overpotential of 300 mV versus RHE. Elec-
trochemical impedance spectroscopy (EIS) was recorded in the
frequency range from 1 Hz to 50 kHz. In the model used to t
the experimental spectra, the circuit consisted of resistors,
capacitors and a Warburg element. Based on the analysis of the
impedance spectra, the charge-transfer resistance (RCT) was
evaluated. Chronoamperometry and EIS measurements were
performed using a Gamry Interface 1010E apparatus.

Results and discussion

The selenium solubility limit in 5-component TM9S8−xSex
pentlandite (with an equimolar ratio of Co, Fe, and Ni) was
determined as the rst subject of this work. In Fig. 1 the
cumulative XRD patterns of compounds from TM9S8 up to
TM9Se8, together with tting parameters and basic structural
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD diffraction pattern of TM9S8−xSex samples; (b) the influence of Se concentration on the position of themost intense reflectionQv=

51.8; (c) the unit cell together with fitting parameters; GoF – goodness of fit, wRp – weighted R profile.
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data, are presented. Structural analysis indicated that selenium
can substitute for sulfur sites in trimetallic pentlandite at a level
of 63 molar%. Higher Se concentration (starting with (Co, Fe,
Ni)9S2Se6 composition) leads to multiphase systems with the
pentlandite structure being the main phase with the addition of
various selenides, such as FeSe (black dots in Fig. 1b), CoSe (red
dots in Fig. 1b) and pyrite-like TMCh2 structures (blue dots in
Fig. 1b). This limited solubility of selenium suggests that the
coexistence of all three metals (Co, Fe, and Ni) does not inu-
ence the Se : S substitution ratio as compared to bimetallic
pentlandite as evidenced by similar solubility limits presented
by Smialkowski et al.26 In the solid solution range, an almost
linear increase in lattice parameters with increasing Se
concentration was observed (Fig. 1c), which was accompanied
by a clear shi of analogous reections towards lower angles,
according to Vergard's rule (Fig. 1b).
Fig. 2 Cross-sectional SEM micrograph together with EDS point and m

This journal is © The Royal Society of Chemistry 2023
As an example, the SEM micrograph of a cross-section of
TM9S3Se5 (with a critical Se concentration) together with the EDS
analysis is presented in Fig. 2. SEM micrographs, together with
EDS analysis of other single-phase compositions, are presented
in the ESI† section (ESI Fig. 1–5). EDS analysis of all single-phase
structures showed the high homogeneity of the materials, with
the chemical composition being in accordance with the nominal
ones. Furthermore, TEM investigation was performed for two
extreme compositions, namely Co3Fe3Ni3S8 and Co3Fe3Ni3S3Se5.
It has been proven by selected area electron diffraction (SAED)
studies that the pentlandite nanostructure is preserved in the
volume of the grains. The EDS line scan across the selected grain
revealed a chemical composition close to the nominal one with
an equimolar Co : Fe : Ni ratio (ESI† Fig. 6).

XPS measurements performed for equimolar Co3Fe3Ni3S4Se4
(ESI† Fig. 7) showed well-resolved peaks TM2+ 2p3/2, TM

3+ 2p3/2,
ap analysis (at%) for TM9S3Se5 sample.

J. Mater. Chem. A, 2023, 11, 7526–7538 | 7529
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Fig. 3 XRD patterns of the TM9S8 pentlandite pellets sintered at 400,
450, and 500 °C.
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TM2+ 2p1/2, indicating the co-existence of TM cations in two
different sites that differ in coordination number (octahedral
and tetrahedral sites) in the material. The deconvoluted spectra
indicated the presence of each TM mainly in the second
oxidation state, typical for pentlandite-oriented studies.17–19 For
all TM, small amounts of metallic sites (at about 7, 16, and 2
molar% of total Co, Fe, and Ni content respectively) were also
identied, as well as oxidized Co3+/Fe3+ (23/44 molar%) cations,
whose occurrence in tetrahedral sites (coordinated by S/Se at 8c
Wyckoff sites) should positively inuence catalytic activity.21

The slightly shied binding energies of TM towards higher
values compared to mono- and bimetallic chalcogenides, as
well as the position of the S 2p and Se 3d peaks, agree well with
various non-stoichiometric chalcogenides, indicating the half-
metallic character of the sample and the strong hybridization
between TMs and Chs.13,17,35

In our previous study, the TM9S8 and TM9S4Se4 pentlandites
were sintered utilizing Inductive Hot Pressing (IHP) and a nal
temperature of 400 °C was presented.23 Since the previous work
did not address the catalytic properties, here, the sintering
procedure was repeated for all single-phase compositions and
their electrochemical performances were tested. Since the
densities of the materials pressed at 400 °C were not ideal and
the thermal stability of the pentlandite phase was estimated up
to 600 °C,18 the sintering procedures were also performed for
the nal temperature set at 450 and 500 °C (above the boiling
point of sulfur). Hot pressing is one of the basic techniques
used to consolidate polycrystalline powder materials into highly
densied solids and is widely used in thermoelectric, fuel cell or
metallurgical processes.36–40 In the eld of electrocatalysis,
where high surface development is usually desired, hot-
pressing methods are not commonly used. Here, the term
hot-pressing describes the process where the pressure is applied
uniaxially at high temperatures. If the heat source is an induc-
tion furnace, the process is called inductive hot pressing. The
simultaneous use of pressure and temperature allows
a decrease in pressure and temperature compared to conven-
tional pressing methods, and in turn, the maximum density can
be achieved at relatively low temperatures, limiting grain size
expansion at the same time.40 For materials containing d-block
elements, the densication process in this case is further
assisted by the eddy currents present as a result of the induction
coil. Ultimately, for materials with very high density and a large
number of grain boundaries, alternative bulk structures, with
favorable electrical properties, can be obtained. The XRD
patterns and SEM micrographs of the TM9S8 are presented in
Fig. 3, and ESI† Fig. 8, and 9, respectively, while the obtained
densities are shown in ESI† Table 1. It has been found that
sintering processes carried out at temperatures higher than
400 °C translate into the occurrence of a small area rich in Fe at
the surface of the pellets (ESI† Fig. 8 and 9), most probably due
to local reducing conditions (graphite dies), current ow across
the material, and sulfur evaporation during the process. These
Fe-rich areas constitute nonstoichiometric iron sulde phases
that are below XRD detection (a slightly broadened reection at
about 43.5 2q can be indirectly related to small precipitation of
the FeS phase) and can signicantly affect electrochemical
7530 | J. Mater. Chem. A, 2023, 11, 7526–7538
properties, particularly when one considers the possible metal
centers at the surface.18 Although a clear relationship between
the chemical composition, sintering temperature and nal
density of thematerials can be observed (ESI† Table 1), it should
also be noted that some level of Ch vacancies occurs on the
surfaces of the sintered pellets, as evidenced by the decreased
sulfur content (at 43 and 41 mol% for samples sintered at 450
and 500 °C, respectively, ESI† Fig. 8 and 9). Due to the
increasing proportion of iron-rich inclusions on the surfaces
and the relative densities close to 100%, the sintering processes
were abandoned at temperatures greater than 500 °C. Finally, it
seems obvious that the milling procedures, besides the strong
inuence on the material density, will also affect the catalytical
performance. Thus, considering the catalytical activity of these
solid materials, two different series of samples were considered:
those sintered from powder obtained by hand-milled ingots,
characterized by random particle size distribution, and those
milled by a normalized procedure with a unimodal particle size
distribution at the level of 700–800 nm.

Due to the customized design of each pentlandite electrode
(available surface limited by the accuracy of siliconization
processes at the edge of the material–glassy holder connections,
the average geometric area ranges from 0.02 to 0.11 cm2), the
electrocatalytic performance was presented as a function of the
electrochemical active surface area (ECSA) instead of the
geometric (the electrocatalytic performance as a function of the
geometric area is presented in ESI† Fig. 10). The ECSA of each
sample, in turn, was determined based on cyclic voltammetry
(CV, Fig. 4a) measurements performed in a wide range of scan
speeds in the non-catalytic area. The linear regression of
charging current densities provided by such CV measurements
represents double-layer capacitance (Cdl, Fig. 4b) that is
proportional to ECSA. For this reason, it is difficult to directly
compare the performance of the obtained materials as a func-
tion of overpotential at a current density of −10 mA cm−2 34,
with the state-of the-the-art materials, since most of the litera-
ture data are presented as a function of the geometric area.
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Cyclic voltammogram of the TM9S8 sample, (b) charging current density differences as a function of scan rate. The linear regression is
equivalent to twice the double layer capacitance Cdl representing the ECSA, (c) linear sweep voltammograms (LSV) of the ingot samples
normalized to the electrochemical surface area (ECSA) recorded at a sweep rate of 6.25 mV s−1 at 0.5 M H2SO4, (d) Tafel plots derived from
voltammograms at a sweep rate 6.25 mV s−1 for the TM9S8 and TM9S3Se5, respectively.
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Since the HER performances of bimetallic and trimetallic
pentlandites in acidic media are, also in rock-like geometry,
already well described,17,18,26 the presented results focus on the
comparison of material performance as a function of Se
concentration and morphology changes. To determine whether
the sintering process has an impact on catalytic activity, we
initially presented samples cut from ingots (directly from
synthesis and without any further processing) as a benchmark.
Here, the samples with extreme Se content (TM9S8 and
Tm9S3Se5) are presented (Fig. 4a–d). In the case of ingot
samples, spontaneous crystal formation occurred without any
nanostructured particles; thus, it should be stated that the nal
performance is related to the not-normalized surface rough-
ness, random distribution of individual crystal facets (affecting
catalytic performance41), as well as intrinsic properties of the
materials, including the occupancy of individual cations in
tetrahedral/octahedral sites, related vacancies in anionic sub-
lattice, and synergistic effects (shiing respective bands near
the Fermi level caused by multi-occupied sublattices).42 The
main role of catalytic activity in pentlandite-based systems is
believed to be directly related to distances between the metal
sites and related sulfur vacancy concentrations.21 As with
This journal is © The Royal Society of Chemistry 2023
bimetallic selenium-rich pentlandites,26 these distances and
related intermetallic interactions increased with increasing Se
concentration and therefore the HER activity also decreased.
Table 3 presents overpotentials versus RHE at current densities
equal to 50 and 150 mA cm−2, in the ranges from 302/381 to
346/519 mV, respectively, and they decreased slightly aer 2 h of
electrolysis, indicating good HER performance. The non-zero
cathode current for the samples with Se is quite remarkable.
This unusual and recurring trend (increasing with the concen-
tration of Se in all series of the samples) suggests the occurrence
of some residual reactions involving S/Se anions on the surface
of the material, charge compensation from the excessive
number of Ch vacancies, or may be somehow connected to the
non-ideal surface roughness and naturally (randomly) crystal-
lized crystallographic planes. Based on the results presented in
the next sections, these non-zero currents are related to the
former phenomenon; thus, looking at the total envelope of the
LSV curves (Fig. 4c), the selenium-rich material showed worse
performance toward the HER. Also, the Tafel slope of the Se-rich
ingot pentlandite (Fig. 4d) is high (217 mV dec−1) and indicated
a mixed Volmer–Heyrovsky reaction path, with the Volmer
(proton adsorption) step being the limiting one, which conrms
J. Mater. Chem. A, 2023, 11, 7526–7538 | 7531
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Table 3 Basic electrocatalytic performance: overpotential vs. RHE as a function of current density and the calculated Tafel slopes of the ingot-
like pentlandites

Chemical composition

Overpotential at 50 mA
cm−2 [mV] vs. RHE

Overpotential at 150
mA cm−2 [mV] vs. RHE

Overpotential at 600
mA cm−2 [mV] vs. RHE Tafel slope [mV dec−1]

1st cyc. Aer 2 h 1st cyc. Aer 2 h 1st cyc. Aer 2 h 1st cyc. Aer 2 h

Co3Fe3Ni3S8 302 312 346 341 429 445 125 113
Co3Fe3Ni3S3Se5 381 398 519 528 — — 217 205
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that the sulfur depletion in this material is somehow hindered,
worsening at the same time the entire HER process. The Tafel
slope of the trimetallic ingot with only sulfur anions (125 mV
dec−1) is at a level comparable to the one presented recently by
Smialkowski et al.,18 indicating a similar mechanism with an
improved ratio of two absorbed protons (Tafel step) compared
to the selenium-rich sample.

Surprisingly, the test measurements of the pellets sintered at
400 °C do not indicate a clear relationship between the HER
performance and the chemical composition. Further attempts
specied that in addition to the concentration of Se and the
morphology of the samples, the density itself also strongly
inuences the catalytic activity of these solid electrodes. As can
be seen in Fig. 5a, ingots that were milled in a hand-agate
mortar (providing randomly distributed particle sizes) into
powder and subsequently sintered under given conditions
showed no clear tendency to be a function of chemical
composition. Two of the best compositions were those with the
highest Se concentration, which is an opposite effect to those
presented for bimetallic compounds26 and ingot electrodes
(Fig. 4c). The TM9S8 sample was signicantly better as
compared to other single-phase materials (TM9S7Se, TM9S6Se2,
TM9S5Se3), indicating a strong correlation between the perfor-
mance of TM9S8 with the highest density in this series and the
relatively small ECSA. Therefore, it could be concluded that
porosity and related charge transfer abilities inuence the HER
performance at least as much as the intrinsic material proper-
ties. It also seems signicant that the random distribution of
grain sizes could also correlate with LSV curves as a function of
Fig. 5 LSV curves as a function of Se concentration normalized to the EC
random particle sizes, (b) pellets with normalized particle sizes.

7532 | J. Mater. Chem. A, 2023, 11, 7526–7538
the number of grain boundaries and the average grain size
(although the results presented in the literature do not indicate
special differences between bulk samples and nanosized
samples, only for sulfur-rich samples43,44). Since any techno-
logical process should be standardized, samples with random
grain size distribution are less important. To this end, another
series of ingots was treated with a normalized grinding proce-
dure to obtain a unimodal grain distribution of 700–800 nm
(Fig. 5b). Taking into account the comparable and signicantly
higher level of densities (93% to 95%, ESI† Table 1), a clear
relationship between the increase in Se concentration and the
HER performance was observed, which is an opposite rela-
tionship to that of bimetallic systems26 and the trimetallic
composition presented in this work for ingot samples (Fig. 4).

Although the SEM/EDS analysis does not indicate any special
changes in the chemical composition, it seems justied to
conclude that when the density of the samples is close to the
theoretical one, the sulfur vacancies are no longer the main
reason for the high HER performance of solid pentlandites. It is
well known that chalcogenides have a strong tendency to
evaporate during any thermal treatment, especially in the
presence of current ow.45,46 When the longer and weaker TM–

Se bonds compared to those of TM–S are taken into account, the
concentration of Se vacancies will increase drastically with
increasing Se concentration in the starting material, providing
a higher number of TM-related active sites. Therefore, it seems
that the sintering process of the Se-rich samples leads to high
defect concentrations, followed by the creation of effective
percolation paths. This can be indirectly conrmed by the
SA recorded at a sweep rate 6.25mV s−1 at 0.5 MH2SO4: (a) pellets with

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Linear regression of the charging current density differences as a function of scan rate for pellets with random particle sizes (a) and pellets
with normalized particle sizes (b).
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presence of residual cathodic currents, the proportion of which
increases with the selenium content. Thus, sintering with the
IHP method, where eddy currents occur, leads to an inverse
relation between HER activity and Se concentration in pent-
landites. Notably, the electrochemically active area calculated
by the analysis of the charging current density differences as
a function of scan rate decreases with increasing Se concen-
tration in both material series (Fig. 6), which indirectly trans-
lates into observed values in LSV curves. This trend coincides
with the observation for the bimetallic seleno-analogues of
pentlandites presented by Smialkowski,26 where the decreasing
ECSA for Se-rich samples were correlated with a limited ability
to create defects on the sulfur sublattice. Thus, a general rela-
tionship started to become clear. The availability of the active
surface and the intrinsic properties of pentlandites deteriorated
with increasing Se content, which agrees well with the available
data on bimetallic Se-rich pentlandites.26 However, optimal
sintering conditions provided very high density and related
charge transfer abilities (charge transfer resistances RCT for
normalized sample series are presented in ESI† Fig. 11) together
with a high concentration of Ch vacancies, which affected the
improved catalytic performance, placing Se-rich pentlandites in
a different light with reference to the bimetallic analogues.26

The latter phenomenon strongly suggests that the thermal
Fig. 7 Tafel slopes of pellets with random particle sizes (a) and pellets w

This journal is © The Royal Society of Chemistry 2023
treatment of pentlandites is one of the key factors that lead to
an inverse correlation as compared to the literature data. This is
a typical disguising effect, the skillful optimization of which,
based on materials science methods, can contribute to the
deliberate improvement of the nal properties. For comparison,
the synthesis of the well-described bimetallic pentlandite
(Fe4.5Ni4.5S8) and nickel sulde (NiS) was also performed. The
pellets obtained under analogous conditions indicated that the
multicomponent approach makes it possible to obtain mate-
rials whose reaction onset occurs at lower overpotentials in
relation to the mono- or bimetallic systems. The overpotentials
at certain current densities of Fe4.5Ni4.5S8 were at a comparable
level to the Co3Fe3Ni3S5Se3 composition and signicantly lower
than the samples with higher Se contents. Due to the obtained
current densities, non-zero cathodic currents, the relatively
small active area (ECSA), and the presentation of the HER
performance as a function of ECSA, it is difficult to directly
compare these results with other literature data; however, in the
ESI† section, recorded overpotentials at certain current densi-
ties of the normalized series are presented versus selected
literature data (ESI† Table 3).

The determined Tafel slopes (Fig. 7a and b) showed a rather
random distribution with a slight tendency to decrease with the
increasing Se concentration. Here, these values are very high,
ith normalized particle sizes (b).
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Table 4 Basic electrocatalytic performance: overpotential vs. RHE as a function of current density and calculated Tafel slopes of the sintered
pentlandites with normalized particle sizes

Chemical composition
(particle size 700–800 nm)

Overpotential at 120 mA cm−2

[mV] vs. RHE
Overpotential at 200 mA cm−2

[mV] vs. RHE Tafel slope [mV dec−1]

1st cycle Aer 2 h 1st cycle Aer 2 h 1st cycle Aer 2 h

Co3Fe3Ni3S8 460 452 Out of range Out of range 217 188
Co3Fe3Ni3S7Se 398 444 Out of range Out of range 154 156
Co3Fe3Ni3S6Se2 363 404 436 481 230 157
Co3Fe3Ni3S5Se3 333 393 385 466 234 207
Co3Fe3Ni3S4Se4 264 269 309 307 213 159
Co3Fe3Ni3S3Se5 296 321 333 362 184 164
Fe4.5Ni4.5S8 360 345 389 377 68 71
NiS Out of range Out of range Out of range Out of range 618 585
Pt 13 19 21 24 56 56
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indicating the Volmer–Heyrovsky mechanisms of H2 evolution
and the rather slow kinetics of the reaction. However, pellets
obtained by normalized powders were characterized by signi-
cantly lower Tafel slope values, which should be connected by
both the higher number of grain boundaries and the increased
density, providing a fast charge-transfer ratio. As a summary of
this section, Table 4 (and ESI† Tables 2 and 3) shows the over-
potentials and Tafel slopes obtained during the rst measure-
ment and aer 2 h of electrolysis. Surprisingly, aer 2 h of
operating conditions, the overpotentials increased slightly,
suggesting that stabilization processes occur on the surfaces
(charge equalization associated with defect concentration), or
the surface area is blocked due to relatively low ECSA. The last
effect should be connected to both the presence of Se in the
anionic sublattice that blocks sulfur-depletion mechanisms
responsible for hydrogen adsorption, as well as lling the
preferred available vacancy sites (8c and 24d).21,26 This seems
particularly reasonable as one considers the slightly decreased
or even improved overpotentials at certain current densities
obtained for sulfur-rich compositions (Co3Fe3Ni3S8 and
Fe4.5Ni4.5S8, Table 4). A clear relation between the obtained
overpotentials and densities of the samples was noticed here.
On the other hand, aer 2 h of electrolysis, the Tafel slopes
decreased suggesting that the proton adsorption/desorption
processes became more efficient with time. It should also be
noted that the sample TM9S7Se that belongs to the normalized
series deviates from general relationships, namely the
decreasing Tafel slope as a function of Se concentration,
Table 5 Basic electrocatalytic performance: overpotential vs. RHE as a
pentlandites with random particle sizes as a function of sintering tempe

TM9S8 (random
particle size) sintering temp.

Overpotential at 120 mA
cm−2 [mV] vs. RHE

1st cycle Aer 2 h

400 369 397
450 283 294
500 243 241

7534 | J. Mater. Chem. A, 2023, 11, 7526–7538
indicating a strong dependence on ECSA (highest ECSA in the
normalized series, Fig. 6b, ESI† Table 4).

The chronoamperometric curves for 2 hours of electrolysis at
a constant potential of 300 mV vs. RHE, and SEM-EDS micro-
graphs of the sample surfaces before and aer the process are
presented in the ESI† section (ESI† Fig. 12–18) to estimate the
chemical stability of the materials. No signicant changes were
found in the morphology and chemical composition of the
electrode surfaces, indicating good stability under operating
conditions. To demonstrate long-term stability, the best-
performing composition, namely Co3Fe3Ni3S4Se4 was addi-
tionally tested over a period of 30 h of electrolysis (ESI† Fig. 19).

The results indicate that by applying bulk pentlandites with
relatively low ECSA but easy and scalable synthesis procedures,
it is possible to obtain materials whose intrinsic properties
guarantee very high current densities per surface area. It has
also been found that the density, ECSA, and defect concentra-
tion on the surfaces, provided by the sintering process, also
strongly inuence the HER performance (ESI† Table 4). Thus,
the last part of this study focused on catalytic activity versus
sintering temperature for the trimetallic samples without Se
addition (due to strong Se evaporation during processes carried
out at higher temperatures). The results presented in Fig. 8–10
and Tables 5 and 6 conrm the outstanding HER capabilities of
pentlandites in this regard. It was found that current densities
at a given overpotential can be drastically improved by applying
higher temperature, which is related to the close to the theo-
retical density of the samples and very high defect
function of current density and calculated Tafel slopes of the sintered
rature

Overpotential at 1000 mA
cm−2 [mV] vs. RHE Tafel slope [mV dec−1]

1st cycle Aer 2 h 1st cycle Aer 2 h

428 457 268 264
307 319 105 96
263 280 90 95

This journal is © The Royal Society of Chemistry 2023
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Table 6 Basic electrocatalytic performance: overpotential vs. RHE as a function of current density and the calculated Tafel slopes of the sintered
pentlandites with normalized particle sizes

TM9S8 (particle
size 700–800 nm) sintering temp.

Overpotential at 120 mA
cm−2 [mV] vs. RHE

Overpotential at 1000 mA cm−2

[mV] vs. RHE Tafel slope [mV dec−1]

1st cycle Aer 2 h 1st cycle Aer 2 h 1st cycle Aer 2 h

400 460 452 Out of range Out of range 209 178
450 348 455 369 502 77 109
500 374 571 411 Out of range 83 142
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concentration. Referring to ESI† Fig. 8 and 9 (SEMmicrographs)
the average concentration of sulfur per area decreased from the
level of 45 mol% to 43 mol% and nally 41 mol% for the pellets
sintered at 450 and 500 °C, respectively. Therefore, both hand-
milled and normalized powder series sintered at higher
temperatures produced lower overpotentials at 120 mA cm−2 as
compared to samples processed at 400 °C (Tables 5 and 6).
Surprisingly, the hand-milled series provided better and more
intuitive results, namely, increasing the HER efficiency (Fig. 8a)
and decreasing the ECSA (Fig. 9a) along with increasing the
temperature. The sample sintered at 500 °C was the best-
Fig. 8 LSV curves as a function of Se concentration normalized to ECSA
random particle sizes, (b) pellets with normalized particle sizes.

Fig. 9 Linear regression of the charging current density differences as a f
with normalized particle sizes (b).

This journal is © The Royal Society of Chemistry 2023
performing material, characterized by a current density equal
to 400mA cm−2 at an overpotential of 300mV, with a Tafel slope
of 90 mV dec−1 (Fig. 10a). The remaining question was about
the inuence of the Fe-rich area on the sample surfaces (ESI†
Fig. 8 and 9) on its catalytical activity. It seems that in addition
to the density of the materials and the high defect concentra-
tion, we obtained a rather typical system: a conventional and
randomly distributed precipitation of the active phase in the
form of a nonstoichiometric iron sulde anchored to the highly
conductive and catalytically active surface in the form of pent-
landite. The latter effect led to the appearance of unpredictable
, recorded at sweep rate 6.25 mV s−1 at 0.5 M H2SO4: (a) pellets with

unction of scan rate for pellets with random particle sizes (a) and pellets
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Fig. 10 Tafel slopes of pellets with random particle sizes (a) and pellets with normalized particle sizes (b).
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synergistic phenomena, yielding solid electrodes with high
efficiency. The positive inuence of temperature treatment was
also observable in the normalized series (Fig. 8b); however, the
observed HER performance of the samples was signicantly
worsened as compared to the not-normalized ones. Further-
more, the sample sintered at 450 °C is better than the one
sintered at 500 °C, suggesting that too much Fe-rich precipita-
tion resulted in blocking the active surface (Fig. 9b and 10b) and
limiting the positive inuence of very high density. Therefore, it
seems that once the material density is sufficiently high (by
means of temperature or initial powder treatment), there is
a certain optimal concentration of defects, in the form of other
phase precipitations or vacancies in the anionic sublattice,
which translates into the highest performance. Further studies
should answer how to quantitatively estimate this optimal
amount to develop the most favorable conditions.

Conclusions

In this work, the limit of the solubility of selenium in high-
entropy pentlandites was determined at the level of 63 mol%.
Single-phase compositions were sintered as a function of initial
powder neness and processing temperature. Multicomponent
pentlandites were shown to achieve a high HER efficiency as
solid electrodes, which may be translated into a simple appli-
cation of this solution in the future. It has been found that the
addition of Se worsens the intrinsic properties and reduces the
active surface area of the materials. However, it seems that
selenium has a stronger tendency to create vacancies during
sintering processes conducted at 400 °C, followed by the
formation of percolation paths. Thus, considering highly
densied materials, it is possible to tailor and improve the
performance of pentlandites by introducing Se as a precursor of
a defect in the anionic sublattice without affecting the phase
composition. It was also shown that the initial grain size of the
powder, density, and defect concentration at the surfaces
provided by temperature treatment allowed very high current
densities to be achieved at relatively low overpotentials.
Through the careful selection of the sintering conditions,
a highly conductive material with active precipitations on the
7536 | J. Mater. Chem. A, 2023, 11, 7526–7538
surface can be produced. Although the addition of Se makes
such control difficult due to its too-strong tendency to evapo-
rate, only S-rich samples should be considered at temperatures
higher than 400 °C. These sulfur-rich pentlandites sintered at
temperatures above the boiling point of sulfur involve a reduced
sulfur content along with the precipitation of non-
stoichiometric iron suldes at the surface. Together with very
high densities, solid pentlandite electrodes can achieve an
overpotential of 240 mV at the current density of 120 mA cm−2,
with good stability, and reduced Tafel slopes at the level of 70–
110 mV dec−1 (depending on initial grain size and nal
temperature). The proposed solution involving a combination
of multicomponent materials together with optimization of the
sintering process represents an unprecedented approach,
allowing highly effective catalytic materials to be obtained
through a relatively simple and productive preparation process.
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