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I. Nomenclature

I.1. Abbreviations

AUX — auxiliary/counter electrode

CCUS - carbon capture, utilization and storage
CORR/CO2RR — Carbon monoxide or dioxide reduction reaction
CV — cyclic voltammetry

d.n.a. — did not achieve

DFT — density functional theory

DLS — dynamic light scattering

ECSA - electrochemical active surface area
EIS — impedance spectroscopy in solutions
EOR - ethanol electrooxidation reaction

Erug — electrical potential of the reversible hydrogen electrode
FAOR - formic acid oxidation reaction

GHG - greenhouse gas

GoF — goodness of fit

HBE — hydrogen binding energy

HEA — high entropy alloys

HER - hydrogen evolution reaction

HOR - hydrogen oxidation reaction

Hupp — underpotential of hydrogen, on which the local maxima can be observe
IHP — Inductive hot pressing

LPCE — low Pt content electrocatalyst

LSV — linear sweep voltammogram

Me — metal

MOR — methanol electrooxidation reaction

n.d. —no data

NRR — Nitrogen reduction reaction

OER - oxygen evolution reaction

ORR - oxygen reduction reaction

PEM — proton exchange membranes

pH — hydrogen ion exponent

PVD — physical vapor deposition

REF — reference electrode



RF — roughness factor

RHE — reversible hydrogen electrode

RI — reaction intermediate

SPE — solid polymer electrolyte

TMCh — transition metal chalcogenide
TMSO - oxygen doped transition-metal sulfide
VASP — Vienna Ab initio Simulation Package
VDOS - vibrational density of states

WE — working electrode

wRp — weighted R profile

WIE — waste-to-energy

WtH — waste-to-hydrogen

[.2. Symbols

m, — mass of the sample in air [g]

m,,, — mass of the sample in water [g]

Ph,o — density of the water [g/cm’]

pa — density of the sample [g/cm?]

pc — theoretical crystallographic density calculated using Rietveld analysis [g/cm?].
pr — relative density of the sample [%]

A — geometric surface area [m?]

a — Tafel slope, the slope of the Tafel curve [mV/dec]

A" — active site

ao — activity coefficient of the reactant in oxidized state
ar - activity coefficient of the reactant in reduced state.
Ca — charging current density, double layer capacitance
C; — electrode surface concentration [—]

C;" — bulk concentration []

C; — specific capacitance [mF/cm?]

E’ — standard potential of the electrode [V]

E. — potential of the electrode in the equilibrium state [V]
F — Faraday constant (9.5 - 10* [C/mol]) !

I — current [A]

Jj — current density [A/cm?]



Jjo— exchange current density [A/cm?]
n —number of electrons exchanged during reaction [—]
n — overpotential [V]
nuer — overpotential in HER measurements [V]
noer — overpotential in OER measurements [V]
R — ideal gas constant (8.3143 [kJ/kmol-K]) 2
T — temperature [°C]
v, — rate of reaction
o. — charge transfer coefficient [—]
S — symmetry factor [—]

AGy+ - Gibbs free energy of hydrogen adsorption [eV]
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1. State-of-the-art

1.1. Introduction

Modern science and technology are placing increasing demands on the performance and durability
of materials utilized in chemical processes. A key area of research is the development of new catalysts
that accelerate chemical reactions without consuming the catalyst itself. The performance of catalysts
has a direct impact on the energy and economic efficiency of many industrial processes, including
the production of chemicals, fuels, and other critical substances. Research into new catalytic materials
focuses on optimizing their chemical and physical properties to meet growing market demands.
A significant challenge is finding alternatives to the expensive and rare metals that currently dominate

the industry 3.

Hydrogen, obtained through electrochemical water splitting, is considered one of the most promising
energy carriers for a future low-carbon economy. However, the large-scale deployment of this
technology is limited by the high cost and scarcity of state-of-the-art catalysts based on platinum group
metals (PGMs), such as Pt, Ir, and Ru, which dominate the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). As a result, recent research has focused on developing alternative
catalysts composed of earth-abundant transition metals. Among these, transition-metal chalcogenides
(sulfides and selenides) have attracted significant attention due to their favorable electronic structure,
high catalytic activity, and tunable composition. In particular, pentlandites with a general formula
TMoChg (where TM = Fe, Ni, Co, or their combinations; Ch = S, Se, or their combinations) offer

a unique combination of metallic conductivity, structural stability, and catalytic activity toward HER.

Most existing work has concentrated on binary systems, leaving the role of multicomponent approach
or compositionally complex pentlandites largely unexplored. Moreover, the correlation between
composition, crystal structure, and catalytic performance in water splitting is still poorly understood.
This doctoral research addresses these challenges by investigating the application of multicomponent
pentlandites as cathodic materials in electrocatalytic water splitting. The study focuses on designing
and synthesizing novel pentlandite-based compositions, evaluating their catalytic activity and stability,
and establishing structure—property—activity relationships that may guide the development of next-

generation non-noble catalysts for sustainable hydrogen production.
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1.1.1. Hydrogen

One of the most promising solutions to the energy crisis is the use of hydrogen as an energy source.
Its high demand stems from several advantageous properties. In particular, the reaction between
hydrogen and oxygen produces a significant amount of energy (143.1 MJ/kg) with pure water as the only
by-product, resulting in no environmental pollution during this process *’. Additionally, hydrogen has
an excellent storage capacity; 1 kg of hydrogen contains approximately 120 MJ of energy, which is more
than double that of commonly used fuels, such as natural gas (47 MlJ/kg), diesel (43 MJ/kg),

and methanol (20 MJ/kg) 7. Furthermore, hydrogen is a sustainable and non-toxic energy source 75

Hydrogen is widely used in fuel cells due to its ability to directly convert energy from hydrogen-oxygen
reactions into electricity. If an effective and economically viable technology for hydrogen production
were developed, Earth's water resources could serve as an inexhaustible source of hydrogen,
as it is the most abundant element in the universe, constituting more than 90% of atoms 7. However,
current hydrogen production relies on high-energy processes such as the steam reforming
of hydrocarbon fuels, including propane, gasoline, methane (from natural gas), ethane, and diesel 319,

which contributes to significant environmental pollution and costs.

Initially, synthetic hydrogen was classified as either gray or green based on its production method.
The former is produced from processes like steam reforming (using fossil fuels), whereas the latter
is obtained through water electrolysis. Over the years, new production methods and potential
technologies for hydrogen generation have been researched and developed, leading to an expansion
of the “color” classification >''>!, Various publications refer to hydrogen produced from the electrical

n 11,11

grid as "yellow hydrogen , while hydrogen derived from nuclear power-derived is also referred
to as "purple/pink hydrogen" '*!'4. Some other classifications include e.g. "orange hydrogen" '°

and others *!1%12.16.12-16 Tp this work, I adopted the color classification system outlined in Table 1.

The hydrogen types associated with the highest CO, emissions are black and brown hydrogen, both
produced through the gasification of bituminous (black) or lignite (brown) coal. Interestingly, hydrogen
can also be produced from the gasification of biomass, which is not classified as black or brown
hydrogen. However, the overall process — referred to as waste-to-energy (WtE) or waste-to-hydrogen
(WtH) — results in a level of environmental pollution similar to that of black and brown hydrogen

production %!,

Gray hydrogen is now considered the most common method of hydrogen production, specifically
through steam reforming without carbon capture, utilization, and storage (CCUS) technologies.
In the steam reforming process, high-temperature steam reacts with hydrocarbon fuels to produce
syngas, a mixture of hydrogen and carbon monoxide. Although a variety of hydrocarbon-based gases

can be used in this process, methane is one of the most commonly used fuels for hydrogen production

11,17,18
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Table 1. The summary of the hydrogen colors °11:13.15.1611-7

Electricity
Color
source

Black

Hydrogen

Non-renewable Grey

energy, fossil Hydrogen

fuels
Solar
Orange
Hydrogen
A mix of Yellow
electricity grid ~ Hydrogen
Purple/Pink
Nuclear P
Hydrogen
Renewable Green
energy Hydrogen

Source of CO;
Technology
hydrogen emission
Black coal
Gasification High
Brown coal,
biomass
Natural gas Natural gas reforming High/Medium
By-product,
Natural gas Pyrolysis no direct CO,
emission
Natural gas, Natural gas reforming,
) ] ) Low
biomass, coal gasification + CCUS
Minimum, no
direct CO;
Thermolysis, o
emission
thermochemical
Minimum, no
process
direct CO,
emission
Medium
depends on
Water .
the electricity
mix
) Minimum, no
Electrolysis ]
direct CO;
emission

Minimum, no
direct CO,

emission
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Turquoise hydrogen is produced through the pyrolysis of methane, where the primary products
are hydrogen and solid carbon. The absence of oxygen in this process prevents the formation of carbon
oxides. Solid carbon can be stored in forms such as carbon nanotubes or carbon nanofibers *2°,
However, this approach presents challenges due to the high temperatures (above 1000°C) required
for the thermal decomposition of methane 2'-23. To mitigate this, metal catalysts such as iron, nickel,

cobalt, or carbon-based catalysts can be used to lower the required temperature .

To reduce CO, emissions in gasification and natural gas reforming processes, CCUS technologies
are applied to hydrogen production, resulting in what is referred to as blue hydrogen. These methods

aim to capture CO, from large production sources or directly from the atmosphere !!.

Red hydrogen is a rare term for hydrogen produced through thermal and thermochemical water splitting
23, This process involves the direct decomposition of water molecules into hydrogen and oxygen 2.
The two main challenges associated with this approach are preventing the recombination of H,O
and the high cost of the required equipment. Red hydrogen is sometimes associated with white hydrogen,

which refers to hydrogen stored in natural deposits ',

Purple or pink hydrogen is produced using nuclear power, depending on whether it serves as a thermal
or electrical energy source, respectively. The primary method involves electrical energy, which can come
from processes such as thermochemical water splitting, low- and high-temperature water electrolysis,

and steam methane reforming %1167,

Yellow hydrogen is produced through the process of water electrolysis powered by electricity
from the grid. Although the electrolysis process itself does not generate environmental pollution,
the sources of that electricity can, such as coal-fired power plants or other methods that produce
greenhouse gas (GHG) emissions. According to the European Environment Agency, Poland
was the second-highest country in Europe (after Estonia) in terms of the intensity of greenhouse gas

emissions in electricity generation in 2020 11616,

Orange hydrogen is produced using solar power. While it appears to be a promising "color" of hydrogen,
this method requires a substantial energy supply chain and large areas for solar farms. Furthermore,

it is statistically one of the most expensive forms of hydrogen production '5.

Green hydrogen is highly desired because it is produced from renewable sources other than biomass
and achieves a 70% reduction in GHG emissions compared to fossil fuels. Generally, it is obtained
through water electrolysis powered by renewable energy sources such as photovoltaics or wind turbines
11,15.2832 Tt seems to be the most promising aspect of hydrogen technologies, and in my work, I have
focused on aspects related to the production of efficient and cost-effective electrodes for the water

electrolysis process.

14



1.1.2. Water electrolysis

Water electrolysis is a process in which electrical current powers the decomposition of HO molecules.
The electrolysis phenomenon was discovered by Troostwijk and Diemann in 1789 * while
the electrolytic decomposition of water was discovered by Nicholson and Carlisle in 1800 *. Since then,
research on this phenomenon has led to significant advancements, including the establishment
of the first large water electrolysis plant in 1939, with a capacity of 10,000 Nm? Hy/h. In 1948, Zdansky
and Lonza invented the first pressurized industrial electrolyzer. Then, in 1966, General Electric built
the first solid polymer electrolyte (SPE) system, followed by the invention of the first solid oxide water

electrolysis system in 1972 34,

Nowadays, three main subtypes of water electrolysis are being tested, depending on the operational

conditions 35-¢;

- PEM (Proton-Exchange Membrane) electrolysis, which operates mainly in acidic environments.
It offers highly compact and flexible technology but relies heavily on expensive platinum-based
or other PGM catalysts.

- AEM (Anion Exchange Electrolysis), which avoids the use of PGMs, but is significantly less
efficient and less flexible than PEM.

- HT-WSE (High-Temperature Water-Splitting FElectrolysis), which provides the highest
efficiency due to its elevated operating temperatures. However, it requires the most expensive

construction materials and electrocatalysts capable of withstanding aggressive conditions.

It is worth mentioning that the materials described in this thesis show the greatest potential for use
in PEM electrolysis, due to their stability in acidic environments. With further research, these materials
may also be suitable for AWE applications, as Ni-rich pentlandites are known from the literature

to perform well in alkaline electrolysis 7.

During basic reaction of water electrolysis, a water molecules can be split into gaseous hydrogen
and oxygen, as shown in the equation (1.1) 4343840

H>O — Hy + %OZ(g) (1.1)

This process occurs on electrodes surface (or catalysts anchored to electrodes) made of noble metals
and, depending on electrolyte and pH, can occur via different pathways. In acidic media the mechanism

is described by equations (1.2) and (1.3) 3440:

Anode (+) H,0 - 2H" + %oz +2e (1.2)

Cathode (-) 2H"(aq) + 2€ = Ha (1.3)

And in alkaline or neutral solution as in the following equations (1.4) and (1.5) %°:

Anode (+) 20H - H;0 + 50, + 2¢ (1.4)

15



Cathode (-) 2H,0 +2¢ — H, + 20H"

what leads to the summary equation (1.6) (which leads to the general equation (1.1)) 3*:

2H,0 - (46') -2H, + O,

(1.5)

(1.6)

16



1.2. Electrocatalytic activity

The basis of electrochemical reactions lies in redox reactions, during which electron transfers occur.
Oxidation always occurs at the anode, and reduction at the cathode. However, the electrode polarity
differs depending on the type of electrochemical cell. In a galvanic cell, the anode is negative,
and the cathode is positive, as the cell generates electrical current through spontaneous chemical
reactions. In contrast, in an electrolytic cell, the anode is positive and the cathode is negative, since
the reactions are driven by an external power source. In both systems, electrons flow from the anode
to the cathode. The working electrode either supplies or absorbs charge, enabling two possible
processes: generating electricity from a reaction, as seen in galvanic cells, or supplying current to induce

a reaction, as in the process of electrolysis 4143, .

For a chemical reaction to occur, the energy barrier must be overcome. To lower this barrier, catalysts
are used — substances that accelerate the reaction by lowering its activation energy without being
permanently altered. This means the catalyst is not consumed or changed during the reaction and can
be reused once the reaction is complete. Catalysts work by forming a transient complex
with the reactants, which facilitates the conversion of reactants into products more easily. While they
do not participate in the overall energy balance of the reaction, they help reduce the amount of energy
required for the reaction to proceed. In summary, a catalyst lowers the "energy threshold" of a reaction,
making it faster or enabling it to occur under conditions that would otherwise be impossible. Catalysts
play a crucial role in many industrial processes, such as chemical production and the reduction

of nitrogen (N») to ammonia (NH3). A summary of electrocatalytic processes is presented in Table 2 4+

46
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Table 2. Summary of the electrocatalysts processes.

Short name Full name Main reaction Reference
HER Hydrogen evolution reaction 2H" +2e > H, 47
HOR Hydrogen oxidation reaction Hy -» 2H" + 2¢ 4749
OER Oxygen evolution reaction 40H - O, +2H,0 + 2¢ 3,34,40,50
ORR Oxygen reduction reaction 0, +2H,0 + 4e - 40H 47485152

Methanol electrooxidation 2CH30H + 30, - 2CO, +
MOR 47,48,53,54
reaction 4H,0
o ) CH;CH,0H + 30, » 2CO, +
EOR Ethanol electrooxidation reaction 13.47,48,54
3H,0
NRR Nitrogen reduction reaction N, +3H, - 2NH; 47,55
HCOOH —» HCOOH" —» CO; +
FAOR Formic acid oxidation reaction 48,56
2H" + 2¢e
ECH Electrochemical hydrogenation Various reactions, see Ref. 3759

Carbon monoxide or dioxide ] )
CORR/CO:RR . ‘ Various reactions, see Ref. 48,6061
reduction reaction

J

2H,0 + 2

FER

AOH-

OER

H2[gJ + 20H- OQ[Q] + 2H2O + 4e

Cathode Membrane Anode

Figure 1. Schematic representation of HER/OER reaction in electrolyzer (alkaline conditions).
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1.2.1. Hydrogen and oxygen evolution reactions

Water electrolysis can be represented by two half reactions: the hydrogen evolution reaction (HER,
equations 1.3 and 1.5) and oxygen evolution reaction (OER, equations 1.2 and 1.4). HER is a reaction
occurring at the cathode, during which a water molecule is reduced to H,, and OER is a reaction
occurring at the anode, in which a water molecule is oxidized to form an O, molecule. To induce
the desired reaction, a potential difference must be applied at the electrodes, with a negative potential
favoring HER and a positive driving OER ***40, The general scheme of the HER and OER reactions

is shown in Figure 1

The main mechanism of the hydrogen evolution reaction, regardless of the solution’s pH during
electrolysis, consists of three steps. The first step, known as the Volmer step, involves the adsorption
of hydrogen onto the electrode surface by discharged protons. In the second step, hydrogen desorbs
from the cathode. This process can occur via two routes: the electrochemical pathway, referred
to as the Heyrovsky step (an adsorbed hydrogen atom reacts with a proton and an electron to form H»),
or the chemical pathway, known as the Tafel step (two adsorbed hydrogen atoms combine without
electron transfer). The overall HER mechanism is illustrated in Figure 2 %2 and shown in details
in equations (1.7-1.14) depending on the pH of the electrolyte. The HER response can involve both
mechanisms, but which one dominates depends on the specific electrochemical conditions.
The Heyrovsky step tends to dominate at lower overpotentials, under conditions of lower hydrogen ion
concentration and lower pressure, whereas the Tafel step becomes dominant at higher overpotentials,
higher hydrogen concentrations (or pressure), and elevated temperatures, where it is easier for hydrogen
atoms to combine into an H, molecule. From an efficiency standpoint, the Tafel step is more
advantageous, as it allows for faster and more efficient hydrogen production, minimizes dependence
on electron supply from an external source, and facilitates the rapid removal of hydrogen molecules

from the electrode surface 33:31:63-67,
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Tafel step
Hags + Haas = Ha

Volmer step

Heyrovsky step

q “ H* + Hygqs + € — Hy

Cathode N

Cathode

Figure 2. Schematic illustration of a potential HER mechanism on a cathode. Based on %,

In acidic media the whole HER process and individual steps follow (1.7-1.10):

Overall 2H@q)" +2e = Ha (1.7)
Volmer H'+ e + A" = Hags (1.8)
Heyrovsky H"+ e +H" - Hyy (1.9)
Tafel 2H > Ha (1.10)

In alkaline and neutral media (1.11-1.14):

Overall 2H>0 + 2e = Hag) + 20H,q (1.11)
Volmer H,O+e +A"> H + OH (1.12)
Heyrovsky H>0 + e — Hy + OH (1.13)
Tafel 2H" = Hyg (1.14)

A" — active site
H" — adsorbed hydrogen

In both cases, during the Volmer step, the active site (A”) is required to start the reaction. This site

is a location on the electrode (or catalyst) surface where the hydrogen atom can be adsorbed as H" 33868

74
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Due to the more complex nature of the OER process, there are several different mechanisms involved,
which are related to the higher number of electron transfers required for the reaction to proceed.
Although the reactions in the system are similar to those in HER, they follow different pathways
and involve a significantly greater number of possible intermediates. In acidic conditions, the reactions

proceed as follows: (1.15-1.18) >75-78:

2H20@) = Oz¢g) + 4H* + 4e (1.15)

H,O + A" —> Hugs + AOH + ¢ (1.16)

AOH+OH - AO+HO+¢ (1.17)

2A0 = 2A + Oy (1.18)

And in alkaline media (1.19-1.22):

2H20¢) = Oz¢g) + 4H* + 4e (1.19)

A"+ OH - AOH (1.20)

AOH + OH - AO + HxOy, (1.21)

2A0 = 2A + Oy (1.22)
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1.3.

Electrolyzers

The design of electrodes and electrolyzers is a key factor influencing the efficiency and scalability

of electrochemical processes. Currently, water electrolysis is primarily carried out using two main

system configurations 782

H-type cells (Figure 3a), consisting of a simple single-cell design in which the electrodes
are separated by an ion-exchange membrane, immersed in an aqueous solution of a suitable
electrolyte (typically 0.5 M H,SO4 under acidic conditions or 1 M KOH under alkaline
conditions).

Flow cells, suitable for electrolysis in both the gas and liquid phases, require a continuous flow
of electrolyte through designated compartments of the electrochemical system. Unlike H-type
cells, they are not limited by diffusion-based mass transport. A notable subclass of flow cells
is represented by zero-gap electrolyzers (Figure 3b), where the electrodes are pressed directly
against the membrane. This design eliminates the internal gap between the electrode

and the membrane, significantly enhancing charge transport.

The advantages and limitations of both types of electrolyzers are summarized in Table 3.

a)

H,

O,
\_} u Electrolyte outlet

b)

OER HER _
HER _ |+_

. OER

Electrolyte iniet Electrolyte iniet

Membrane
Catalyst
Membrane
Catalyst

Electrolyte outlet

HQJ (e

Figure 3. Schematic representation of electrochemical cells: a) H-type cell; b) zero-gap cell.

22



Table 3. Summary of advantages, disadvantages, key requirements of H-type, flow cells and zero gap electrolyzers.

H-type

Flow cell

Zero-gap electrolyzer

Advantages

Limitations

- Simple construction

- Minimal cross-
contamination of products
between anodic and cathodic
compartments

- Precise control over
reaction mechanisms,
facilitating the investigation
of electrodes

and electrocatalyst materials
under well-defined
conditions

- Straightforward electrode
preparation: platinum wire,
foil, or suitable pellets; metal
foils coated with catalyst
layers; or screen-printed

electrodes (SPEs)

- Mass transport limitations
due to diffusion-controlled
processes, resulting in low
current densities

and restricted scalability

- Primarily suitable for
fundamental research

applications only

- High current densities

- Suitable for large-scale
applications, including
energy storage

and conversion

- Enables investigation of
large-surface electrodes,

as the system accommodates
thick or additively
manufactured electrodes

- Highly modular

and tunable, allowing
adaptation for fundamental
research

- Enhanced control over mass
transport and improved
stability of reaction

conditions

- Requires continuous
electrolyte flow

- Lower current densities
compared to zero-gap
electrolyzers

- Ohmic resistance may
occur due to limited contact
pressure between

the membrane and electrode

- Improved charge transport
through minimization

of ohmic losses

and enhanced ionic
conductivity

- Reduced material
requirements compared

to conventional flow cells

- Compact form factor,

enabling efficient scalability

- Require thin, conductive,
and well-integrated catalytic
layers

- Not suitable for bulky

or non-planar electrodes

Due to the scope of this work and the focus on so-called solid electrodes (i.e., bulk materials
simultaneously serving as both electrode and catalyst), both types of electrolyzers (classical H-type
and flow-cells) are of great importance. On the one hand, experiments were carried out in standard
single-compartment setups. On the other hand, the use of solid electrodes also offers potential relevance
for flow-cell configurations, where large electrode surfaces are exposed to the electrolyte, although

not necessarily in zero-gap systems.
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1.4. Electrochemical methods

Electrochemical methods offer a variety of techniques that can be used to study electrochemical cells,
including the electrocatalyst properties. Insight is gained by analyzing the response of the system,

which is different, depending on the excitation method (Table 4).

Table 4. General classification of electrochemical techniques 83%°.

Type of method The principle

Amperometry Current is measured as a function of:
Chronoamperometry Time
Voltammetry Electrode potential
Polarography -

Potentiometry The potential of a solution is measured

between two electrodes

Coulometry Change in the oxidation state of the
analyte by application of current or

potential

Due to the nature of this work, amperometry techniques, especially voltammetry, require a more detailed

discussion. However, the basic principles of electrochemical methods should be introduced first.

In electrochemical systems, current density (j) is a crucial measurement parameter. It represents
the current (/) flowing between the electrode and the electrolyte interface, which is directly related
to the reaction rate (v,). However, discrepancies can arise due to variations in catalyst geometry or nature
of the electrode-solution interface. To address these issues, current is normalized to the electrode surface
area (resulting in current density), providing a more accurate representation of the system's performance
and enabling comparisons between different -electrocatalytic materials. The reaction rate

can be described by equation (1.18):

I j (1.18)

where:
n —number of electrons exchanged during the reaction [-];
A — geometric surface area [cm?].

The simplest way to increase the current, which is a primary goal in electrochemical methods,
is by enhancing the electrode surface area. However, this may not always be feasible, especially
when using fixed-size electrode holders. Alternatively, the current can be increased by enhancing
the reaction rate (v). This method is more complex, requiring careful design and optimization
of the catalyst's chemical composition, geometry, and electronic structure. Consequently,
electrocatalysis is defined as the dependence of the electrochemical reaction rate on the electrode

material .
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In addition to the parameters mentioned above, that affect reaction kinetics and reaction rate — such
as temperature, pressure, and reactant concentration — there are methods to adjust the electrode potential
(E). To fully grasp this concept, it is essential to illustrate the redox reaction occurring at the electrode,

as shown in equation (1.19):

O+n-e =R (1.19)

where:
O — species in its oxidized state;
R — species in its reduced state.

Voltammetry methods are based on creating an electric potential difference between two electrodes,
typically within a two- or three-electrode system, over a predetermined range within a specified time
frame. Current-voltage characteristics are measured for the working electrode, which is the electrode
where these changes occur. When the potential of the working electrode is altered, the energy level
of the electrons, represented by the Fermi level, is also affected. This energy change can lead to either
reduction or oxidation reactions (Figure 4). Reduction occurs (as shown in Figure 4b) when a more
negative potential is applied to the working electrode, raising the Fermi level toward higher energies.
If there are a species in the electrolyte with higher-energy empty orbitals, electrons can transfer
from the electrode to these species, facilitating a reduction reaction. Conversely, oxidation occurs
(illustrated in Figure 4c) when a more positive potential is applied, allowing electrons of the species
in the electrolyte, which occupy orbitals of higher energy than the Fermi level, to be transferred

to the electrode.

fo---- Es

i 4
T Ef_1__l_

\
e
\

Species Species Species
Electrodew i solution Electrodew in solution Electrode¥ in solution
Potential Potential Potential

Figure 4. Schematic diagrams illustrating how changing the potential of the electrode affects the system: a) initial state;
b) reduction process, c) oxidation process. Eg — Fermi energy. Based on ¥

In general, two types of situations can occur at the electrode/electrolyte interface: the equilibrium state
and the non-equilibrium state. In the equilibrium state, no current flows through the interface,
and the potential (E,) is described by the Nernst equation (1.20). In contrast, the non-equilibrium state

features a flowing current, which leads to electrode polarization. In this state, the potential
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of the electrode depends on the current density and is defined by an overpotential (eq. 1.21).
The overpotential represents the additional energy needed to increase the voltage between the two
electrodes, allowing the reaction to occur at a given rate, which is determined by the corresponding

current density.

ao (1.20)

n=E - E, (1.21)
where:
E" — standard potential of the electrode [V];
T — temperature [K];
ao — activity coefficient of the reactant in oxidized state [-];
ar - activity coefficient of the reactant in reduced state [-].
This leads to the Tafel equation (1.22), which is fundamental in electrochemical kinetics, since
it quantitatively describes the relationship between overpotential and measured current density.
To compare the electrochemical performance of different materials, I focus on the Tafel slope (more
specifically: the slope of the Tafel curve, (a)), often expressed in mV/dec. A specific value "x" for this
parameter indicates that when the overpotential increases by "x", the current density will increase by one
order of magnitude. One key difference between chemical and electrochemical systems is that,
in electrochemistry, the reaction rate can be adjusted by controlling the potential of one electrode relative

to the other. This is achieved by generating an appropriate voltage between them.

n=a -logj+b (1.22)

Benchmarking parameters are crucial for evaluating electrochemical performance of catalysts,
with the Tafel slope and overpotential being two key indicators of performance. When comparing two
materials with identical Tafel slope values, the one with the lowest overpotential is considered superior.
Conversely, if both materials exhibit the same overpotential, the one with the smaller Tafel slope
is preferred. Furthermore, a specific tool, the Butler-Volmer equation (1.23), a generalization of which
is the Tafel relationship, provides further insight into these processes. This equation was initially
developed by the German scientist Volmer in the 20" century, and its validity was later confirmed
by Butler and Erdey-Gruz. It consists of two main terms: a positive term associated with the oxidation
reaction and a negative term related to the reduction reaction. For sufficiently high or low overpotential
values, this equation can be simplified to the Tafel equation. The graphical representation of the Butler-
Volmer equation (1.23) is shown in Figure 5:

T (' ﬁnFrl] Co (1—-pB)nFn (1.23)
J=Io N P TR | P RT

where:

Ci (electrode surface concentration) — concentration of electroactive species (depolarizers) in reduced and oxidized states on
the electrode surface [-];

C/* (bulk concentration) — concentration of electroactive species (depolarizers) in the electrolyte volume (bulk) [-];

R — Gas constant, which relates to the energy of the system (8.3143 [kJ/kmol-K]);

f (symmetry factor) — a parameter that describes the symmetry of the energy barrier for the electrochemical reaction [-].
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Figure 5.Graphical representation of the Butler-Volmer equation for a one-electron reaction.

The symmetry factor describes the contributions of both cathodic and anodic currents, which, like
the exchange current density, depend on the specific reaction occurring on the electrode/catalyst surface.
When comparing two electrode materials, the one with higher jy values is considered superior in terms
of catalytic performance. While equation (1.23) can determine many crucial parameters for simple
electrode reactions, real systems often exhibit more complex behavior. This complexity is one
of the reasons why the Tafel equation remains the most popular method for extracting information about

electrochemical systems.

1.4.1. Benchmarking materials using electrochemical methods

Several electrochemical methods can be classified based on the voltammetric techniques
or the apparatus used, such as stripping voltammetry and polarography. The differences between these
techniques arise from the measurement setups, accuracy, and the mathematical models employed
to interpret electrochemical data. In cyclic voltammetry (CV), the technique predominantly used
in this work, the way the electrode potential is applied is a defining characteristic. In linear sweep
voltammetry (LSV), the electrode potential is varied linearly from a lower potential (£/) to a higher

potential (£>), or vice versa. When the potential is increased to more positive values (£; — E>), oxidation
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reactions dominate, and this is referred to as an anodic scan. Conversely, when the potential is decreased
(E, — E)), reduction reactions take place, which is called a cathodic scan. A cyclic voltammogram,
which involves both anodic and cathodic scans, can provide valuable information about the reversibility
of the electrochemical reaction. This reversibility is closely related to the charge-transfer kinetics, which,

in turn, depend on the nature of the electrode/catalyst material.

Figure 6a shows typical voltammograms (also called cyclic voltammograms). The x-axis in the cyclic
voltammetry plot represents the electrode potential (E), while the y-axis corresponds to the current
response, usually shown as current density. Two standard conventions are commonly used to present
CV data, as illustrated in Figure 6b and Figure 6¢. In this study, all measurements follow the IUPAC
convention. As depicted in Figure 6, a four key points are marked: the starting potential (E),
the maximum potential (E»), and two points corresponding to the maximum (“A”) and minimum (“B”)
current. Beginning from E;, the current density increases as the potential becomes more positive,
reaching point A. This rise is caused by the rapid migration of anions toward the electrode surface,
which initially outpaces the diffusion of oxidized species back into the bulk solution. Point A marks
the maximum current, representing a dynamic equilibrium between the oxidized and reduced species
near the electrode interface. Beyond point A, as the potential continues to increase, the current density
begins to decline. This decrease occurs because a diffusion layer enriched in oxidized species builds
up near the surface, which slows further anion migration. In this region, the current becomes diffusion-
limited, governed by how fast the oxidized species can move away from the electrode. At the upper
potential limit (E»), the scan direction is reversed, initiating the cathodic (reverse) scan. During this
phase, the current from reduction reactions grows as species at the electrode surface are reduced.
The resulting cathodic curve from E, back to E; generally mirrors the anodic path, though now
the limiting processes involve the migration and diffusion of cations. The maximum reduction current

occurs at point B 8,

a } b } Reduction [ } Oxidation

= z S
= = [ = —
£ g g
2 \5 =1
Q a3 0
: : : : : : | Oxidation Reduction
03 02 01 00 01 02 03 High Potential (V) Low Low Potential (V) High
Potential (V] Potentials Potentials Potentials Potentials

Figure 6. a) An example of typical voltammogram with key points,; b) US convention; c) IUPAC convention %,
There are several key parameters in cyclic voltammetry, one of which is the scan rate — the rate at which
the electrode potential changes. The scan rate directly influences the size of the diffusion layer.
As the scan rate increases, the time available for electroactive molecules to form a sufficiently large

diffusion layer decreases, leading to higher current densities in the recorded voltammogram. This leads
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to another important parameter, the electrochemically active surface area (ECSA), which is crucial
when comparing the electrochemical performance of different electrode materials. The current
can be normalized in two main ways: one is based on the geometric surface area, often referred
to as the geometric current density (jgeo) or to electrochemical area ECSA (jecse). The former
is the simpler approach, as it only considers the macroscopic surface area of the electrode. However,
this method has limitations because it does not account for key surface features such as the material’s
microstructure, roughness, or the presence of impurities, contaminants, pores, pits, or channels. These
factors can create additional active sites ¥ on the electrode surface, which are crucial
in electrochemical reactions. In general chemistry, an active site can also refer to the specific part
of amolecule involved in acid-base interactions. According to Brensted-Lowry theory, an acid
is a substance that donates a proton (H*), and a base is a substance that accepts a proton. In this context,
the 'active site' refers to the specific part of the molecule that directly participates in donating

or accepting protons during the reaction °'.

To better understand the influence of surface features on electrochemical measurements, the concept
of electrochemically active surface area was introduced. Determining the ECSA requires more effort
than simple surface area measurements and typically involves techniques such as stripping methods,
voltammetry or electrochemical impedance spectroscopy (EIS) °>°%. The first method involves
measuring the deposition of atoms or molecules (e.g., Cu, O, or Hz2) on the electrode surface. However,
the results from this technique can vary significantly, with differences of up to 200 [%] °°. The second
method, based on voltammetry, involves analyzing the current-potential (j — £) curve in the region where
non-Faradic currents are observed (i.e., currents not associated with redox reactions). Specifically,
the double-layer capacitance (Ca) is analyzed (eq. 1.24), which is related to the ECSA through
the equation (1.25). In practice, ECSA is determined by performing cyclic voltammetry measurements
at progressively increasing scan rates within an experimentally defined potential range. This yields
the double-layer capacitance values, which are then divided by the specific capacitance (C;), a value
determined experimentally and taken from literature. The typical range for Cs is 0.015 to 0.110 mF/cm?
in H,SO4 and 0.022 to 0.130 mF/cm? in KOH for transition metal-based compounds 7.

dE\! (1.24)
ca=1(g)
C

EcsA= 2% (1.25)

where:
dE/dT — scan rate.

This method, despite its frequent use in literature, is not without flaws. One of the main issues is the lack
of standardized value for the Cs used in literature. The most accepted value, 0.035 mF/cm? %6101,
was calculated by McCrory et al. °7 from the average specific capacitance of various materials
in different concentrations of H,SO4. However, this value is not universally normalized, which can lead

to discrepancies in ECSA measurements across different studies, depending on the choice of Cs values.
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Beyond the specific capacitance value, several other factors can affect the accuracy of ECSA
calculations. These include the grain size distribution, catalyst loading, the method of applying
the catalytic layer (especially in the case of thin film-based electrodes), the degree of amorphization,
and the nature of the material (mono- vs. polycrystalline form) 3466102103 For example, varying
the platinum catalyst loading on a rotating disk electrode from 13 ng/cm? to 197 ng/cm? (illustrated
by the blue lines in Figure 7) can lead to a nearly threefold increase in overpotential. Further increases
in catalyst loading (as shown by the red lines in Figure 7 for commercial electrodes) result in additional
decreases in overpotential ', As demonstrated, ECSA measurements can be difficult to compare across
different studies, due to numerous variables. However, efforts are underway to develop a more uniform
and reliable methodology for determining ECSA in electrochemical measurements 967105106,
An additional tool to normalize the ECSA value with respect to the geometric area of the measured

material is the roughness factor (RF), shown in equation 1.26 °6:107-109;

_ Ecsa (1.26)
F= A
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Figure 7. Differences between cathodic sweeps of HER cyclic voltammograms for a different set of Pt loading %,

Typically, cyclic voltammetry is performed in the three-electrode system in acidic (PEM) or alkaline
(AEM) media, for example 0.5 M H,SO4 and 1.0 M KOH solutions, respectively, as shown in Figure

8a. This system consists of three electrodes:
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WE (Working Electrode): The working electrode is made of the material being measured.
To minimize the influence of electronic components (e.g. leads) on the current-potential (I-E)
response, the material of interest can be mounted in a dedicated holder. A key requirement is
that only one surface of the material is exposed to the electrolyte, while the remaining surfaces
and connecting wire are properly insulated.

REF (Reference Electrode): The reference electrode provides a stable reference potential that
should remain constant during the experiment. Commonly employed reference electrodes in CV
are the silver/silver chloride (Ag/AgCl) electrode and the saturated calomel electrode (SCE).
AUX (Auxiliary or Counter Electrode): The auxiliary electrode completes the circuit and allows
the current to flow between the WE and itself, providing a constant current to maintain potential
difference between WE and REF. The auxiliary electrode is typically made from catalytically
active inert material, such as Pt or Pt-black. Additionally, the surface area of AUX should
be made large enough with respect to WE to make sure that AUX is not the current-limiting

factor.

The equivalent circuit of the three-electrode system for CV measurements is shown in Figure 8b.

All electrodes are connected to a potentiostat, which in turn is connected to a computer or other signal

recording device. Current flows only between the WE and AUX, while the potential is measured relative

to the REF, whose potential remains fixed. The result of this setup is the current-voltage (I-V)

characteristic of the working electrode.

a)

WE — working
electrode; tested
material

AUX —
auxiliary/couner
electrode;

Pt / Pt Black

Figure 8. a) Schematic diagram of the test cell for electrochemical measurements, b) equivalent circuit of three-electrode
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To summarize electrocatalytic measurements, there are a few key points to consider. First, the tests
are usually conducted in a three-electrode system in the electrolyte solution, where the current flowing
through the WE is measured. Second, several benchmark parameters are used to describe the obtained
results. These include: 77; (mV) — the overpotential at a specific current density; j, (mA/cm?) — the current
density at a specific overpotential; and a (mV/dec) — the Tafel slope. By comparing these three
parameters and normalizing them to either the electrochemical active surface area (jzcs4)
or the geometric area (jze0), valuable information about the electrocatalytic efficiency of the material can
be obtained. However, asnoted earlier, there are some challenges with this testing approach.
A standardized and fully reproducible method to obtain these results, particularly when normalizing
to jecsa, 1s lacking. Therefore, a more insightful interpretation by the investigator is often needed
to properly compare the obtained values, for example by utilizing methods such as Electrochemical

Impedance Spectroscopy (EIS).

EIS is a technique widely used in electrochemistry to understand how various chemical systems function
and how they respond to alternating electric currents. The more complex a material is (e.g., having
multiple layers or changing over time), the more resistance can vary depending on the frequency
of the current passing through it, allowing for deconvolution of the overall material response into time-
scale-dependent phenomena. In practice, EIS involves applying an alternating current signal at different
frequencies to a material and measuring how the material responds. From this data, conclusions
can be drawn about how the material behaves, such as its efficiency in storing energy,

its electrochemical properties, or how quickly chemical processes occur within it.

To conduct EIS, a time-varying current signal is applied to the material under test. This current
is modulated in a sinusoidal (wave-like) manner. Impedance testing then involves measuring
the material's resistance in response to this current at various frequencies. The material may react
differently depending on the frequency of the signal. By analyzing the changing impedance, insights

into the material's structure and properties can be gained.

In electrochemical systems, EIS allows for quantitative separation of various resistive and capacitive
components of the electrode—electrolyte interface. The resulting impedance spectrum is typically
presented as a Nyquist plot or a Bode plot and analyzed by fitting an equivalent electrical circuit model
composed of discrete elements. A typical equivalent circuit includes the uncompensated solution
resistance R,, which reflects the ionic resistance of the electrolyte and wiring; the charge transfer
resistance Rcr, associated with electron transfer across the electrode—electrolyte interface;
and the double-layer capacitance Ca, representing the non-Faradaic charge accumulation
at the interface. In porous or inhomogeneous electrodes, a constant phase element (CPE) is often used

instead of a pure capacitor to model non-ideal capacitive behavior %!

The high-frequency region (typically above 10* Hz) is dominated by R, while the mid-frequency region
(10-10* Hz) provides information about Rcr and Cq. The low-frequency region (0.01-10 Hz)
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can indicate diffusion-limited processes, often modeled using a Warburg impedance element (W).
From EIS fitting, one can extract precise values of Rcr, which correlate inversely
with the electrocatalytic activity: a lower Rcr typically indicates more efficient charge transfer
at the electrode surface. Moreover, Cq, obtained in the non-Faradaic potential range, can be used
to estimate the ECSA, as described earlier. In electrochemistry, EIS can also be used to obtain the ECSA

(from Cqj) values of the tested material 1127114,
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1.5. HER kinetics

Going forward, my work will primarily focus on HER, as hydrogen production is my main area
of interest. However, OER will be briefly addressed where relevant. To fully understand the mechanisms

and performance of the hydrogen evolution reaction process, a few main factors have to be discussed.

Kinetics of the reaction strongly depend on the catalyst material, which manifests in the overpotential
needed for a reaction to begin !'°. For hydrogen evolution, the reversible thermodynamic potential is 0 V,
while for the OER, it is 1.23 V !®, The overpotential is measured at a desired current density
and does not account for any iR drop correction (which refers to the adjustment of the measured
electrode potential to account for the voltage drop caused by the solution resistance (R) and the current
(), ensuring an accurate representation of the actual electrode potential.). This relationship

can be described by the following equations: (1.15 and 1.16) 317

(HER) nuer = Erue — 0 [V] (1.15)

(OER) foer = Erue — 1.23 [V] (1.16)
Erue - the electrochemical potential of the reversible hydrogen electrode 3119,
In the literature, a reference overpotential value is often used to evaluate the performance of HER
and OER electrode materials at a current density of 10 mA/cm?. This current density corresponds
to the expected performance of a solar-to-fuel conversion device equivalent to illumination of 1 sun
97120 However, this is merely a convention; in practice, the reaction can be evaluated at any current
density, especially since, from an application perspective, the relevant current densities are significantly
higher. While comparing materials based on this parameter is valuable, it is essential to approach
it with caution. The overpotential is indeed a critical metric, but other factors, such as pH, exchange
current densities, and the ECSA or geometric area of the sample, significantly influence overpotential

values.

Two important catalytic benchmarks parameters in HER also include the Tafel slope and the exchange
current density. The slope of the linear portion of the Tafel plot reflects the relationship between

n and the current density () and can be described by a specific equation (1.17) 15121

dlog(j) _ 2.3-RT (1.17)
dn ~ azF

where:
j — current density [mA/cm?];

1] — overpotential [V]
a — transfer coefficient [-]
z — number of transferred electrons [-] — 4 for OER and 2 for HER

The lowest Tafel slope values indicate that a given increase in current density requires a smaller
overpotential, suggesting a faster reaction rate. Typically, LSVs obtained at low scan rates yield Tafel
slopes with minimal experimental inaccuracies. The jo is derived from the extrapolation of the linear fit,
intersecting at the point where the equilibrium potential (zero potential) of the electrocatalytic process

meets the corresponding current density on a logarithmic scale. This means that the exchange current
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density is directly correlated with the onset overpotential in the HER. It is crucial not to compare Tafel
slopes and exchange current densities separately among samples, as different materials can exhibit

similar Tafel slope values but significantly different jo values 38115121,

The stability of materials used for HER electrodes is a crucial feature for commercial applications 38,
There are two primary methods for assessing the stability of a material in electrochemical applications:
chronoamperometry (constant exposure to a fixed potential) and chronopotentiometry (constant
exposure to a fixed current density). It is widely accepted that a material is considered stable
if its properties remain intact (i.e., it does not degrade) over a period of 12 hours at a stable potential

or through more than 5,000 cyclic voltammetry cycles 217123,

The environment in which electrochemical measurements are performed significantly affects
the properties of the electrocatalysts. In acidic conditions, the kinetics of the HER increase due
to the increased concentration of H* ions, which facilitates easier adsorption on the catalyst's active sites.
For platinum (Pt) !?2, the benchmark electrocatalyst, the current densities during the HER decrease

by up to three orders of magnitude as the pH of the electrolyte solutions increases from 0 to 13

33,45,76,126,127

In addition to the features discussed above, the microstructure of the electrode/catalyst materials plays
a crucial role in electrochemical tests, impacting the kinetics of the reactions. Factors such
as the amorphization of materials, their form (monocrystalline or polycrystalline), and the alignment
and exposure of individual crystallographic planes significantly affect current densities during
voltammetric techniques '?%. Figure 9a illustrates the cyclic voltammogram of a polycrystalline platinum
electrode, highlighting the underpotential hydrogen phenomenon (Hupp), where adsorption occurs
before the hydrogen evolution reaction. The voltammogram displays three local maxima in current
densities corresponding to specific crystallographic facets: adsorption on the (111) surface occurs
at the highest potentials, followed by the (100) plane, and finally the (110) plane ®. Figure 9b presents
the Arrhenius dependence of exchange current densities for platinum monocrystals with individual
facets exposed on the surface. The linear relationship of the recorded current densities aligns
with the results obtained for the polycrystalline material. From the slopes of the respective lines,

the activation energy can be determined, showing the trend: Pt(110) < Pt(100) < Pt(111) 1%,
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Figure 9. a) Cyclic voltammogram for polycrystalline Pt recorded at 50 [mV/s] in 0.5 M H2S04%; b) Arrhenius plots of
exchange current densities jo as a function of temperature for Pt monocrystals '%3.
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1.6. HER catalysts

In this chapter, state-of-the-art materials based on platinum and other noble metals will be discussed,
as well as those based on non-noble metals. Additionally, the concept of "volcano plots" and other
catalytic activity descriptors, and how they can be used to identify the most promising materials for HER

will be described.

1.6.1. Platinum-based materials

The ideal material for electrocatalytic applications should exhibit the following key characteristics: high
current densities during operation, high activity at possibly low overpotentials (the point at which
the reaction begins), low Tafel slope values (which indicate the kinetic speed of the reaction, particularly
for the H,/O, evolution), and good stability under operating conditions. Based on these criteria,
Pt is considered the optimal material for HER, while RuO, and IrO, are preferred for OER.
Pt, for example, shows a Tafel slope around 29-30 mV/dec, a near-zero overpotential for hydrogen
production, and high current densities in acidic electrolytes 93-67:104122,129-135 Tyye to the high cost, limited
availability, challenges with recycling, and dependence on geopolitical factors, extensive research
is being conducted to reduce or completely replace platinum in electrocatalytic processes
with alternative materials. Several approaches have been explored to achieve this goal. These include,
notably, the nanostructuring of platinum 3%5%133-140 " attempts to synthesize platinum-based composite
materials 65:129-135.140-142 "the development of heterostructures containing platinum **13% and the creation
of platinum alloys with both precious and non-precious metals, or its compounds *!7. These efforts
have led to the emergence of low-platinum-content electrocatalysts (LPCEs). Additionally, attempts
have been made to modify platinum electrodes themselves by depositing thin platinum layers
onto conductive surfaces in various shapes 3%-5%122133.136.138.140 " tajloring the platinum active sites
by controlling defect concentrations 241143 or modifying the platinum surface with a layer of other
metals, active carbon, or graphene oxide #1144, A general summary of platinum-based materials is shown
in Table 5, butsamples presented are only selected examples. More materials and summaries

can be found in references; 30-33:145,

While platinum is highly advantageous in hydrogen evolution reactions, there are several notable
disadvantages. The most significant is its limited availability, which makes it expensive. Another issue
is the tendency of platinum nanoparticles to agglomerate into larger clusters. This agglomeration reduces
the number of active sites on the electrode, thereby compromising both the efficiency and stability

of the catalyst '4°.
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Table 5. A summary of chosen electrode materials for platinum-based HER applications >34,

Current
Overpotential Tafel slope
Catalyst density Electrolyte Ref
[mV] [mV/dec]
[mA/ecm?]
Pt/C 32 10 30 0.5 M H2S04 65147
Pt@DNA 26 (45) 10 (20) 30 0.5 M HaS04 122
Pt-SnS, 117 10 69 0.5 M H>SO4 125
(7P 3%NIICS1 161 10 136 0.5 M H:SO4 129
1:1)]
Pt nanopowder ~50% 10 ~29 0.5 M H>SO4 130
Pt 30 10 n.d. 1 M KOH 131
Pt 10-90* 10 29 1 M HCI 132
Pt/5% Ti0,/C ~50 20 n.d. 0.5 M H>SO4
Pt/10% Ti0,/C ~50 20 n.d. 0.5 M H2S04 133
Pt/20% Ti0,/C ~45 20 n.d. 0.5 M H>SO4
Pt/Mo0-90 10 10 41 0.5 M H:S04 135
0.5Pt/Ni-SP 250 10 115 1 M NaOH
0.75Pt/Ni-SP 125 10 32 1 M NaOH
1Pt/Ni-SP 76 10 283 1 M NaOH 136
2Pt/Ni-SP 42 10 285 1 M NaOH
5Pt/Ni-SP 32 10 29.1 1 M NaOH
Pt(73%)/Pd/Co “Negligible” ~50* 10 <30 0.5 M H:S04 53
Pt-Ni NTAs 23 10 38 1 MKOH .
Pt-Ni NWAs 43 10 40 1 MKOH
SSMPF/Pt 70 10 76.8 1 MKOH 50
Pt@NOMC-700 91 10 88 0.5 M H2S04 138
Pt@NOMC-A 7 10 43 0.5 M H>SO4
PtCqo 243 10 419 1 M KOH 139
P/TC’(HR) 44 10 118 0.5 M HaSO4 140
PyPOP-Pt@G ~175% 100 37 1 M H2SO04 14
Pt/Rh,03-CN, 26.7 10 35 1 M KOH 142
PtW0,4/C 22 10 29.8 0.5 M H2S04 143
Au-Pt nd. n.d. 33 0.5 M H>SO4 144
Pt disc 125 44-18 36-68 0.5 M H2S04 148
Mo,C@C@Pt 27 10 28 0.5 M H2S04 149
PtCoFe@Cn 45 40 46 0.5 M H>SO4 150
Pt/GNs 25 10 33 0.5 M H>SO4 151
Pt/Mo,C 144 50 35 0.5 M HaS04 152
PtO,/TiO, - - 40 0.5 M H2S04 153
Pd/Cu-Pt 23 10 25 0.5 M H>S04 154
Pt/WO,/CC 42 10 101 0.5 M H2804 155

n.d. — no data

* - value taken from figure
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1.6.2. Non-noble-metal-based materials

In response to the disadvantages of platinum and the need for more cost-effective, widely available,
and highly efficient materials for hydrogen evolution applications, efforts have been made to develop
suitable alternatives (the same remains true for alternatives to Ru- and Ir-based materials for OER).
In 2018, Peng Yo et al. briefly described the history of new, non-noble materials for HER uses,
the scheme of which is shown in Figure 10 !*°. Various research groups have focused on materials such
as alloys, chalcogenides (described in more detail in chapters 1.6 and 1.7), carbides, nitrides, borides,
phosphides, metal-free catalysts, and composites in general. Another approach to addressing
this challenge is the use of structured materials with a large surface area. Examples of non-noble

elements used in HER and materials from both approaches are presented in Figure 11 and Table 6.

Ni, Co, Wo,, NiO, Mo,C WC, NiB,, CoB,, MoN, WN, NiP,, CoP,,
NiMo, efc. CoQ,, etc. CrC,, etc. MoB,, etc. Co,C, etc. FeP,, efc.
Non-noble Metal

Metals Borides

1939

1960

1964

1974

1995

1992

Figure 10. Timeline of development of the first reported non-noble metal-based HER electrocatalysts .
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B Metal Nitrides
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Figure 11. The elements involved in preparing non-noble-metal based HER electrocatalysts in the periodic table '%°.
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Table 6. Summary of the chosen materials for HER application. Platinum-based and chalcogenide materials are not included

33,40,156,157

Catalyst Overpotential Current Tafel slope Electrolyte Ref
[mV] density [mV/dec]
[mA/cm?]
Alloys
Mo,C on carbon Hs-saturated
152 10 n.d. 158
nanotubes 0.1 M HCIO4
SCEINSs on
77 10 40 0.5 M HSOq4 159
SWNTsA
Ni-Mo
6 M KOH, 80
electrodeposided 185 300 112 o 160
on steel foil
CoNi/ultrathin
142 10 105 0.1 M H2SOq4 161
graphene layer
Carbides
wC
125 10 84 0.5 M H2SOq4 162
nanoparticles
Mo,C/graphene
~175 10 0.5 M H,SOq4 163
hybrid
B-Mo.C
nanoparticles on ~150 33.5 58 0.5 M H2SO4 158
carbon black
Nanoporous
125 10 53 0.5 M H,SOq4 164
Mo,C nanowires
Nitrides
NiMoN,/C ~225 5 35.9 0.1 M HCIO4 165
MoN nanosheets 300 38.5 90 0.5 M H,SO4 166
v-Mo,N 381 10 108 0.5 M H,SOq4 167
Fe-WCN 220 10 47 0.1 M H,SOq4 168
Borides
MoB 210 10 59 0.1 M KOH 169
MoB; 193 10 n.d. 0.5 M H,SOq4 147
Cl'o_4M00,5B2 225 10 60 0.5M HzSO4 147
MoAIB 301 10 68 0.5 M H,SOq4 170
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Catalyst Overpotential Current Tafel slope Electrolyte Ref
[mV] density [mV/dec]
[mA/cm?]
Phosphides
Ni,P 130 (180) 20 (100) n.d. 0.5 M H>SOq4 7
FeP ~250%* 10 67 0.5 M H,SO4 172
CoP
85 20 50 0.5 M H,SOq4 173
nanoparticles
WP/Ti 120 20 n.d. 0.5 M H,SO4 174
Metal free catalysts
C:Ns@NG 10 240 0.5 M H,SO4 175
C3N4 nanorods
0.8 300 176
on FTO
N and P co-
10 420 0.5 M H,SO4 177
doped graphene
Oxidized carbon
10 220 0.5 M H,SO4 178
nanotubes
Composites
Ni/NiO/CoSe;
120 20 39 0.5 M H,SO4 179
nanocomposite
Other
Ni-Mo
80 20 0.5 M H,SO4 180
nanopowder
MoCat 96 10 37 0.5 M H,SO4 181

*value read from the graph.
d.n.a. — does not achieved
n.d. — no data

A — single-shell carbon-encapsulated iron nanoparticles decorated on single-walled carbon nanotubes
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As shown in Table 6, there are many different approaches to developing high-performance materials
for HER applications. This is a positive trend, as it opens up numerous avenues for discovering materials
that could potentially replace platinum-based catalysts in this field. However, several issues need
to be addressed. First, there is a lack of a standardized testing protocol between studies. This
inconsistency can complicate the comparison of materials because factors such as different current
densities or the choice of electrolyte often vary across publications. Second, the widespread use
of nanostructuring in materials is common. While nanostructuring can improve HER performance
by increasing the active surface area and number of active sites, the process itself can be expensive
and challenging to perform. Moreover, nanomaterials must be anchored to a conductive substrate, which
requires additional procedure steps and may influence the electrochemical properties of the materials
being tested. Finally, there is significant variability in the reported values for overpotentials and current
densities, even within the same series of materials. While most of the materials tested show promising
potential, none are without drawbacks. Issues such as high material cost, limited stability, or suboptimal
electrochemical performance remain. These challenges create significant obstacles in the development

and testing of new materials for electrochemical applications.

1.6.3. Binding energy approach — volcano plots

In 1977, Trasatti developed a clear relationship between log(j,) data and the hydrogen chemisorption
energies, which takes the form of "volcano plots”. A schematic example of this plot can be seen in Figure
12a. These volcano plots represent the hydrogen binding energy (HBE), which describes the strength
of the metal-hydrogen bond (Me-H). According to Sabatier’s law, the ideal catalyst should bind
hydrogen strongly enough to absorb protons from the solution (in the HER, this corresponds
to the Volmer step), but not too strongly, as excessive binding negatively impacts the desorption kinetics,
which are crucial for hydrogen gas formation during the Heyrovsky and Tafel steps !82. It is important
to note that volcano plots for HER in acidic media are better established than in alkaline media
for several reasons. First, there are fewer comparative data available for alkaline media, and the existing
data tend to be less reliable and older ’. Another key point, described by Petrii and Tserlina ¥,
is the difference in the rate-controlling step for HER in acidic versus alkaline solutions, which is related
to the different identities of the proton source: H in acidic media and H»O in alkaline media. A good
example of this is Ni, where the rate-controlling step differs between acidic and alkaline solutions,

with the j, values in acidic solutions typically being an order of magnitude or higher 34185,
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Figure 12. a) Schematic volcano plot'®; b) a prototypical volcano diagram '%.

In Figure 12a, the schematic volcano plot is shown. The descriptor value is plotted along the x-axis,
while the y-axis represents the negative of the free energy change of the most difficult reaction step
in the catalytic cycle (or another measure of catalytic activity). Catalysts with the best
thermodynamic/kinetic profiles (Cat2 and Cat3) are located near the volcano plateau (or peak)
in the Sabatier ideal binding region (red). Catalysts with overly strong catalyst—substrate interactions
(Catl) appear along the left “strong-binding” slope (yellow), while catalysts with overly weak
catalyst—substrate interactions (Cat4 and Cat5) are found along the right “weak-binding” slope (blue)
186 In Figure 12b, a prototypical volcano diagram is shown, where activity is plotted as a function
of the free-binding energy of the reaction intermediate at zero overpotential. While the common
assumption, based on thermodynamic considerations, is that the apex of the volcano occurs
at thermoneutral bonding (equation), the inclusion of the applied overpotential and kinetics shifts

the volcano’s peak toward weak bonding (equation) with increasing driving force '%.

Figure 13 shows HBE values for the HER activity for pure metals. Platinum is the state-of-the-art
material for these applications, with thodium and iridium showing slightly lower activity. However, both
Rh and Ir are expensive and rare materials. Although volcano plots are commonly used to evaluate
electrocatalysis performance, they are not a perfect or definitive solution in this context. Various factors,
such as different approaches, measurement techniques, or even the experience level of those

who perform electrochemical measurements, can lead to discrepancies in the obtained results !85.
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Figure 13. Examples of ,,volcano” plots: a) as a function of DFT-calculated Gibbs free energy (AGu™) of absorbed atomic
hydrogen on pure metals 33; b) for HER on metal electrodes in acidic media *°.

A clear example of the limitations of volcano plots is molybdenum disulfide (MoS»), which
demonstrates excellent HER activity despite having low HBE values. This discrepancy is due to MoS,'s
role in the pure hydrogen oxidation reaction. The high electrocatalytic efficiency of these materials
is due to their active centers, which are formed at sulfur vacancies '*. As a result, volcano plots should
not be taken as an absolute determinant of HER activity. Instead, they should be considered as a useful

starting point for simple HER scenarios or for ab initio calculations in more complex systems.

1.6.4. Other descriptors of catalytic activity

In addition to the previously discussed factors that influence HER electrocatalytic activity — such
as electronic conductivity, surface morphology, and the overpotential at a given current density — other
catalytic activity descriptors can also be considered. Although these were not the primary focus
of my work, they supported the interpretation of the results. The corresponding calculations were carried
out by other members of the research team, namely Associate Professor, DSc Andrzej Mikuta and PhD

candidate Mitosz Kozusznik. These additional descriptors include:

e The Gibbs free energy of hydrogen adsorption (AGg=), which represents the change in free
energy upon adsorption of hydrogen atoms on the catalyst surface. This parameter is closely
related to the d-band center (dwc)or p-band (pwc) center, defined as the average energy of the d-
or p-electron states relative to the Fermi level. The position of the dy. center influences
the binding strength between the metal surface and adsorbed species, and therefore directly

affects AGpux 72

e The electronic density of states (DOS) at the Fermi level, which directly determines

the availability of electrons for participation in the hydrogen evolution reaction 7>!%°,
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Most of these descriptors are directly related to the electronic structure of the catalyst and should
therefore be regarded as complementary tools to the volcano plot approach and the Sabatier principle,
rather than as independent evaluation criteria. It is important to note that for each material, whether
differing in structure or elemental composition within one or both sublattices, the relationship between
a given descriptor, the material, and its HER activity must be re-evaluated individually. This makes

the process inherently complex and time-consuming.
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1.7. Transition metal chalcogenides

Transition metal chalcogenides (TMChs, TM — transition metal, Ch — chalcogenide) are among the most
promising materials to replace state-of-the-art catalysts in electrocatalytic water splitting processes '°!.
They contain chalcogen elements (sulfides, selenides, and tellurides) as anions '°2, combined
with transition metals (d-block elements) as cations '*>. TMChs have been intensively investigated
for hydrogen technologies due to their affordability and unique properties. One notable feature of these
compounds is their wide variety of chemical compositions and crystal structures, allowing doping
and forming solid solutions over the wide range of elemental solubility, and thus tunable electronic
properties. A popular structure of TMChs is TMCh,, which is characterized by the presence of edge

and surface defect sites, disulfide linkages '*

, and excellent electroconductivity (allowing fast charge-
transfer capabilities). Within this structure, several well-performing examples can be found, such
as Mo$S; exhibiting high HER activity with an 119 of 175 mV and a Tafel slope of 42 mV/dec '3, or FeS,,

which achieves an 119 of 96 mV and a Tafel slope of 78 mV/dec '°°.

Other examples include CuFeS; (chalcopyrite) structure in nanosheet (NS) form, which achieves an 110
of 88.7 mV and a Tafel slope of 22.3 mV/dec '7; or nickel sulfides (NiS, NisS,), which, anchored
to graphene or gold surfaces, exhibit promising properties (Table 7) 4%, Other noteworthy TMCh
structures include pentlandite (described in detail in 1.6.1. and 1.7) and spinel-like (TM3Chs) structures,
which are tested as bifunctional catalysts (HER and OER).

TMCh structures can also be synthesized using a variety of methods, including epitaxial growth, wet-
chemical synthesis, and solid-state synthesis. Different techniques can influence material properties
such as nanostructurization, defects, amorphization, and phase changes '°°. Furthermore, TMChs
are highly susceptible to morphological changes, as demonstrated in CosSes and CoNi,Ses 200201,
exhibiting good stability in both acidic and alkaline media 2%. Numerous studies have also shown that
combinations of oxides and transition-metal chalcogenides (e.g. heterostructures, composites,
and layers) can further enhance catalytical activity 7°. A good example of improvement of HER
performance could be the MoS; material, which achieves nio of 485 mV and Tafel slope equal to 203
mV/dec 22, whereas MoS, nanoparticles and MoS,/RGO (MoS; nanoparticles grown on reduced glassy
carbon) show nip of 406 mV and ~175 mV and Tafel slopes of 95 and 41 mV/dec, respectively 203204,
Doping MoS; by transition metals also affects the HER activity, yielding nio of 490 mV, 350 mV
and 302 mV and Tafel slopes of 94 mV/dec, 69 mV/dec and 66 mV/dec for Fe-, Co- and Ni-doped MoS,,

respectively 204,

However, despite their satisfactory electrochemical activity, TMChs often exhibit electrical conductivity
significantly lower than that of noble metal-based catalysts. This limitation necessitates additional
surface engineering. Furthermore, the long-term stability of TMChs remains a challenge in HER-
and OER-oriented applications. A summary of various TMCh electrocatalysts for OER and HER
applications is presented in Table 7.
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Table 7. The examples of transition metal chalcogenides investigated as HER/OER catalysts.

Catalyst Overpotential Current Tafel slope Electrolyte Ref
[mV] density [mV/dec]
[mA/cm?]
TMCh,
CoSe; nanobelts 140 20 48 0.5 M H,S0, 179
MoS,/Mo foil 175 10 41 0.5 M H,S0, 195
MoS,/RGO 150 10 41 0.5 M H,S0, 203
MoS; NP (nano-particles) dn.a. 10 94 0.5 M H,S04 203
FeS,/NF 9% 10 78 0.1 M KOH 196
NiS,/GCE 219 10 157 1.0 M KOH 205
TM,Chs
MoqSs 321 10 74 0.5 M H,S0,
MogSes 432 10 81 0.5 M H,S0, 194

MogTes 634 10 77 0.5 M H,S0,

TM;Ch
Co3Sey/CF 1880 10 n.d. 1 MKOH 200
(Co,Fe,Ni);Se, 180 50 150 0.5 M H,SO, 206
CoNi;Se,/CP 220 10 72 1 M KOH 201
CuCo,S,/CP 69 10 55 1 M KOH 207
NiCo,S,/NF 80 10 59 1 M KOH 208
(Nip62C09.35F e 03):Se4/CC 87 10 123 1 M KOH 209
TM,Chs")

C0,Ss 364 50 148 0.5 M H,S0;, o8
NissC045Ss 336 10 101 0.5 M H,S0, 7
Fe;sC045Ss 327 10 155 0.5 M H,S0 7

Fe,sNiy5Ss (rock)® 630 10 n.d. 0.5 M H,SO0, 130
Fe sNis 585 280 10 72 0.5 M H,S0, 130
Fe,Co,Ni3Ss 378 50 108 0.5 M H,S0, 68

Fe,sNiysS:Se,®) 300 10 120 0.5 M H,S0, 210
Other

CuFeS; NSs 88.7 10 223 0.5 M H,S0, 197

CuS NSs 375 10 74 0.5 M H,S0, 197

) — bulk material

(") — described in more detail in chapter 1.7.1

n.d. — no data
d.n.a. — do not achived
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Analyzing Table 7, several key observations can be made. First, TMCh structures are highly susceptible
to changes in their composition and structure, which significantly impact their electrochemical
properties. Currently, the primary methods for creating TMCh electrodes involve nanostructurization
and anchoring a thin layer onto a conductive substrate. However, these processes are costly, complicated,
and can alter the material's properties. Konkena et al. demonstrated that nature itself offers potential
solutions to bypass these processes and yield materials with electrochemical properties comparable
to platinum and other noble metals '*°. For instance, hydrogenases, natural enzymes, are capable
of efficiently reducing protons to H> molecules due to the presence of bimetallic Ni-S and Fe-S active

sites 2!, A catalyst that incorporates these properties — and more — is pentlandite.

1.7.1. Pentlandite

Pentlandite naturally occurs as an orthomagmatic ore in various locations on Earth. The (Fe,Ni)9Sg form
of pentlandite was first reported in Sudbury in 1960, while a cobalt-rich variant, approaching CooSg
in composition, was first identified in Finland in 1959. Pentlandite was first synthesized in 1929
by Newhous as a Fe-Ni-S material with the TMoSg structure. In 1936, Lindqvist et al. characterized
it as a face-centered cubic (Fe,Ni)oSs system, which is isostructural with synthetic CoSs. In 1961, Knop
and Ibrahim conducted experimental studies on the pentlandite solid solution in the Fe-Ni-Co-S system
(FeoSs-NioSs-CooSs) 2!2. Later, in 1976, Kojonen investigated the complete solid solution series between
the two "end members": (Fe,Ni)oSg and CooSg, showing that the production of trimetallic pentlandite
is possible, although further research is required — opening the door to future studies, such as this thesis
(but it’s worth mention that in monometallic form only pure CosSs can exist) !3. In pentlandite cubic
Fm3m structure, the transition metal cations occupy both tetrahedral and octahedral positions (Figure
14)., which contributes to the mineral's unique properties, including electrochemical applications, such

as HER and OER.

The presence of two or more cations in the structure contributes to its close-to-metallic properties, e.g.,
metallic conductivity, a high concentration of charge carriers, and fast charge-transfer abilities
73.130210214-217 - Additionally, pentlandite shows intriguing metal-metal bonding 2!42!8 as well as active
sites formed by Fe-, Ni-, or Co-S hydrogenase-like bridges !30210211.216  The elemental composition
of pentlandites is highly flexible, and targeted synthesis with precise stoichiometric control can
be achieved through various methods, such as hydrothermal, mechanochemical, or solid state
approaches 98219224, These synthetic methods allow for the creation of materials with diverse multi-
element structures, including (Fe,Ni)oSs, (Co,Fe)oSs, (Co,Ni)oSg, (Fe,Ni)oSs«Sex (x = 1-6), and even
three-metal compositions like Coo.xyFexNiySg (x,y = 1-7) 687377210225 Qych flexibility in the elemental
composition enables tailoring either the cationic or anionic sublattice, thereby enhancing
the electrochemical properties. None of the above methods, however, allow obtaining this material

in the form of nanopowder.
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Figure 14. Pentlandite structure with Gibbs triangle depicting possible cation occupancies with Co, Fe, and Ni polyhedra
depicted in blue, brown and gray, respectively*?.

Both natural pentlandite ore and synthesized pentlandite materials exhibit high long-term durability
under corrosive conditions. Additionally, these materials undergo an "activation process", which
involves the creation of additional active sites at sulfur vacancies on the surface, a phenomenon known
as "sulfur depletion” mechanism (Figure 15a/b) 2!7. This effect has been confirmed in subsequent studies
using in situ techniques under operando HER conditions, such as nuclear resonant inelastic X-ray
scattering. By analyzing the obtained vibrational density of states (VDOS) spectra and comparing them
with theoretical spectra calculated via density functional theory (DFT), Zegkinoglou et al. pinpointed
sulfur vacancies as the primary cause of the activation process. They calculated the energy required
to replace a sulfur vacancy with a hydrogen atom or to add hydrogen at an interstitial position in both
the presence and absence of sulfur vacancy. Their calculations clearly demonstrated that, in the case
of preexisting sulfur vacancies, the hydrogen atom prefers to occupy a sulfur site at Wyckoff position
8c rather than an interstitial position, leading to a substitutional configuration 74. Theoretical insights
into the activation process were also provided by Lu et al., who concluded that, during electrolysis, three
main crystallographic planes are exposed. These planes differ in their catalytic properties, primarily
due to a varying number of active sites (Figure 15¢) 72. It is worth mentioning that Smialkowski et al.
observed that during the activation process the pentlandite material (in this case: FexCo9.xSs and NiyCoo.
v3g8 (x =y = 0-4.5) systems) may decompose into foreign phases such as troilite (FeS), linnaeite (Co3S4),

or heazlewoodite (Ni3S;) 7.
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Figure 15. a) LSV curves of “as-synthesized” and activated pentlandite material in the example of (Fe,Ni)9Ss system; b)
catalytic activity of pentlandite-structured materials described as overpotential to achieve current density of -10 mA/cm? 7,
¢) volcano plot for different planes exposed at the surface of pentlandites during the electrolysis process 7.

Additionally, Konkena et al. showed that both natural pentlandite ("rock") and as-synthesized rock-like
materials exhibit outstanding electrochemical properties even as a bulk materials with significantly
reduced surface area compared to typically applied nanopowders. Specifically, the synthesized bulk
Fe4 5NissSg material demonstrated HER activity with an overpotential of nio = 280 mV (normalized
to the geometric area) and a Tafel slope of 72 mV (Figure 16) '3°. This finding is significant for several
reasons. First, the material in solid form can serve as both an electrode and a catalyst simultaneously,
avoiding the expensive and complex processes typically used for nanostructuring and anchoring
a catalysts to conductive substrates, thus simplifying surface shaping. Moreover, pentlandites in bulk

form can be successfully synthesized through relatively simple and scalable methods, such as direct
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reactions between the constituent elements. This makes them an attractive electrocatalytic solution from

both technological and commercial perspectives 20217,

Q) b
04 ) 8 = Ni, 5 Fe, ;Sg rock
= MoS, nanosheets 20 AV
0.04 « Ptnanopowder "
15 - = = NiS, nanosheets \
o w ® FeS, nanosheets
| A ?
£ E e Linear fit
S _ap- G
‘é — Natural rock 7 0.2 74 mV 94 mV 72mV
= | == MoS, nanosheets a;, ’
—45 - o Niy 5 Fe, 5 Sgrock Wy iy
| —— Pt nanopowder -0.3 4
: = Ni§, nanosheets
—60 - : — FeS, nanosheets 0.4
-08 06 04 -02 0.0 0.2 0.001 0.01 01 1 10 100

E versus RHE /V —log (j/ mA cm2)

Figure 16. a) LSV curves of the catalysts recorded at a sweep rate of 5 [mV/s] in 0.5 M H:SO4 (normalized to geometric
area); b) Tafel plots derived from voltammograms at a sweep rate of 1 mV/s 13°.
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1.8. Methods of materials modification

Electrocatalytic performance of the materials can be improved in a few ways: by modifying chemical
composition, microstructure, and experimental setup. These strategies are well-founded and could lead
to significant improvements in the electrocatalytic performance of pentlandites. It is important
to consider that these modifications could interact with each other, and therefore a systematic
optimization approach is necessary. Understanding the effects of element doping, composition
variations, morphology changes, and electrolyte conditions on the material’s electrochemical properties
can guide the design of more efficient pentlandite-based electrocatalysts for various energy conversion

applications. These include:

- changing the form of the material;

- multicomponent approach, adding new elements to material, creating a four- or even five-
elements structures;

- modification of the chemical and phase compositions of the material;

- modification of surface morphology;

- temperature dependence;

- change in the pH of the electrolyte.

1.8.1. Form of the material

As mentioned earlier, most research on the electrochemical activity of materials in the field of HER
involves anchoring nano- or micro-sized powders onto conductive substrates. The fabrication
of electrodes from powder materials is inherently associated with one of two main challenges, depending
on the method used. The first approach involves depositing powders onto a conductive substrate —
for example, using the drop-casting technique. In this method, the powder is first dispersed into an ink,
which is then applied onto the electrode surface. However, this often results in an uneven distribution
of the material, leading to inconsistencies in the ECSA and an increased contribution from the underlying
substrate to the overall electrochemical response 227?28, The second approach involves physical vapor
deposition (PVD) techniques, such as magnetron sputtering. While these methods offer better control
over film uniformity and adhesion, not all materials can be deposited using sputtering, especially those
with complex compositions, low thermal stability, or generating highly corrosive plasma environment
(like S-rich compounds). Furthermore, the process requires the fabrication of a sputtering target, which

adds further complexity and cost to the overall electrode preparation 22230,

However, Konkena et al. (2016) demonstrated that natural pentlandite, extracted directly from rock,
exhibits significant electrocatalytic properties. They synthesized the Fes sNissSg material in bulk form
(by milling the obtained material and compacting it by free compression) and tested its HER activity,
showing that the material does not need to be obtained as nanometric powder to exhibit notable
electrochemical performance 3. This approach simplifies the electrode fabrication process and ensures

that the electrochemical response originates solely from the investigated material, rather than
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from the underlying substrate. Since then, only a few studies have investigated the electrochemical
activity of bulk pentlandites. Table 8 summarizes the HER activity of pentlandites in bulk forms, along

with various compositions.

As shown in Figure 16, the bulk-synthesized Fes sNissSs achieves better overpotential values (nio=~280
mV) compared to MoS,, NiS,, or FeS; nanosheets, which have overpotentials of approximately 400 mV,
350 mV, and 420 mV, respectively. This discovery marks a significant shift in the study
of electrochemistry for hydrogen generation reactions, highlighting the potential of bulk materials over
their nano counterparts. Puring et al. also provided a brief tutorial on how to synthesize and prepare bulk

non-noble electrodes for electrocatalytic applications 23!,

Of course, the synthesized pentlandite material exhibits electrochemical properties significantly more
favorable than those of the natural rock, because of impurities and undesirable compounds on the surface
of'the latter. Additionally, later studies have shown that, for bulk materials, the ratios of coexisting metal
particles play a more critical role in determining electrochemical properties than factors such as topology
or electrical conductivity **2!7. This led to a new wave of research focused on multi-component

approaches and tailoring the composition of pentlandites.

1.8.2. Multicomponent approach

Increasing the number of components in a material system can lead to behaviors that follow the mixing
rule, where the resultant properties of the final material reflect a weighted average of the properties
of the end-member compounds. However, it may also trigger a "cocktail effect," where unexpected
properties emerge, sometimes contradicting the behavior of the individual elements (synergistic effect).
Examples of such effects include: progressive microstructure refinement, which can enhance strain-
hardening capacity, making the material more resistant to deformation under stress; improved tensile
ductility without a loss of high strength, leading to a material that is both strong and more stretchable;
interstitial strengthening, which alters dislocation behavior and can result in increased material strength
232 In addition, such deviations from the mixing rule can significantly affect local atomic ordering

and electronic structure, which in turn may strongly influence the catalytic performance of the material.

High-entropy compounds were originally defined in the context of High Entropy Alloys (HEAs) by Yeh
and coworkers in 2004 233, and later expanded to include other material classes such as carbides, oxides,
nitrides, and chalcogenides. HEAs are composed of five or more elements, with each element typically
making up between 5% and 35% of the alloy, although proportions lower than 5% are also possible.
These materials are of significant interest because they tend to form far fewer phases than the Gibbs
phase rule would predict. HEAs are characterized by four main features: a) high entropy effect:
This effect increases the potential for solid solution formation at high temperatures; b) slow reaction
kinetics: HEAs exhibit lower diffusion coefficients compared to conventional alloys, resulting in slower
transformation rates; c) severe distortion of the crystal lattice: The large differences in atomic sizes

among the alloy components cause significant lattice distortion, influencing the energy and behavior
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of defects; d) synergy effect: This refers to the enhancement of properties due to the interactions between
the different components of the alloy 233235, While the high-entropy concept does not fully apply
to the systems investigated in this thesis, it can help explain some of the observed behaviors

in multicomponent pentlandites.

In the pentlandite structure, examples of this approach up to beginning of my PhD (2021) include two
methods: pentlandite with three metal elements on cationic sublattice 2?6, or two metal pentlandites
with sulfur and selenium on anionic sublattice 2!°. The first study ?°, published in early 2021
by the research group in which I carried out my PhD, was initially not focused on catalytic properties,
although I was directly involved in these investigations. These examples will be described in more detail
in chapter 1.8.3, but it is worth mentioning now that this approach does not involve doping,
but the formation of solid solutions. There are examples of other structures modified by this doping

approach, for example spinel-like material in HER/OER ((Coo 35Fe0.03Nio.62)3Ses/CC 2%%).

1.8.3. Tailoring chemical composition of the materials

This approach involves altering the stoichiometry or the ratio of elements within materials.
By optimizing the composition, it is possible to enhance the intrinsic properties, such as electrical
conductivity, electronic structure, and catalytic activity. Senthamaraikannan et al. described
the influence of various amounts of transition metal elements in the TMS and TMSO (oxygen doped
transition-metal sulfides) structures on the HER activity, as shown in the volcano plots (Figure 17).
Based on these studies, they deduced that the single-metal structures (like FeS, NiS) have the highest
stability, but the two-metal materials show a higher HER performance due to preferred Gibbs free energy
of proton adsorption (AGyu+) in relation to exchange current densities, with the best exhibited
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Figure 17. The volcano plots of exchange current density as a function of the adsorption Gibbs free energy for a) TMS

materials from the scope of FeS-NiS; b) oxygen doping FeS-NiS system; c) various TMS materials including oxygen doped

ones 23 6.

In the case of pentlandite, three main approaches are commonly used to modify the material's
composition: adjusting the Co:Fe, Co:Ni, or Fe:Ni ratios in binary sulfur pentlandites 7>217-222:225; altering

the Co:Fe:Ni ratio in ternary sulfur pentlandites ¢%-2!3; or substituting sulfur with selenium 21°.
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While CosSs pentlandite is relatively easy to synthesize, multi-metallic materials are not always stable
within the FeoSs-NigSg system. Amin et al. described that phase-pure (Fe,Ni)oSgz pentlandite
can be obtained only within a limited range of stoichiometries (2 < Fe < 7). For higher Fe

or Ni content, foreign phases, such as NiS, Ni3S,, or FeS, are observed 2.

In the case of mixed metal sulfides (FexNijx)9Ss (x = 0-1), the 1:1 Fe:Ni ratio exhibits the highest
number of active sites. As the amount of Fe or Ni increases, the number of active sites and HER
performance decreases (Figure 18). This behavior is attributed to specific metal-metal interactions (Fe-
Ni), which are important for superior electrocatalytic HER activity, akin to hydrogenases. Furthermore,
an activation process is notably effective at the equimolar Fe:Ni ratio (Figure 18a; b), due to the highest

number of Fe-S-Ni bridges, which are particularly susceptible to activation 2!7.

High Nickel Content High Iron Content

Fe;NigsSg FessNiy 595 FegNisSg
Figure 18. Schematic surface area of (FexNiix)9Ss with enriched nickel surface (left) and enriched iron content (right). The
pentlandite (middle) serves as an idealized system with a recurring pattern sequence and active centers. Inspired by >".

Doping monometallic CooSg pentlandite with Fe or Ni significantly influences HER performance.
The formation of bimetallic bridges on sulfur enhances the susceptibility of these materials to sulfur
depletion, which in turn leads to an increase in ECSA and improved overall electrochemical properties.
Fe-rich pentlandites, such as (Fe,Co)9Ss, show a marked increase in ECSA, while simultaneously
benefiting from significant activation during electrolysis 7?7, In contrast, materials with a higher

Co content (e.g. NiCosSg or Ni3CosSg) are more prone to deactivation.

Interesting observations arise from the substitution of sulfur by selenium in bimetallic pentlandites
FessNissSg. This material remains single-phase up to high selenium contents (FessNissSsSes),
decomposing into multiple phases only beyond this point. Additionally, the material with selenium
content Se; exhibits a reduced overpotential of 172 mV at a current density of 10 mA/cm?, outperforming
even the pure sulfide material (190 mV). This demonstrates the potential for further enhancement
of pentlandite-based catalyst performance through modification of the anionic sublattice composition.
The incorporation of selenium induces significant changes in interatomic distances and electronic
properties at sulfur-deficient sites, which serve as hydrogen adsorption sites in pentlandites.
Consequently, modifications ofthe adsorption properties of pentlandite ultimately govern

its HER performance, as reflected in the decreased activity of pentlandites with high selenium content

210

When modifying the composition of any material structure, it is essential to maintain single-phase purity,
as this ensures reliable interpretation and meaningful comparison with other materials. In multiphase

systems or those containing, for example, surface precipitates, it is unclear which phase or component
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is primarily responsible for the catalytic activity. Moreover, the catalytic effects of different phases may

either enhance or suppress each other, making such systems difficult to interpret.

1.8.4. Temperature dependence

Although most scientific research is conducted at room temperature, industrial electrolyzers typically
operate at temperatures between 60°C and 90°C. It is well known that elevated temperatures can reduce
charge-transfer resistance, facilitate H» bubble removal, decrease overpotentials, and generally increase
double-layer capacitance 23724, Several studies have investigated the influence of temperature

on the electrochemical properties of pentlandite materials (Figure 19 and Table 8).

The temperature dependence of the equimolar (Fe,Ni)oSs pentlandite clearly shows that increasing
the temperature gradually improves the electrochemical performance of the material, as evidenced
by reduced overpotentials (Figure 19a) and Tafel slopes (Figure 19b). Piontek et al. observed that while
electrical conductivity decreases with increasing temperature, the core mechanism of the hydrogen
evolution reaction (Volmer-Heyrovsky) remains unchanged (Figure 19b), which is consistent

with previous reports 130217,

Smialkowski et al. combined temperature dependence studies with the tailoring of the metal
composition on the cationic sublattice of S-based pentlandite. They found that although all materials
exhibited decreased overpotential values at higher temperatures, the material tested at room temperature
showed significantly greater changes in catalytic activity during testing (Figure 19¢). They also observed
that the trend of higher activity for Co-deficient compounds persisted, with Ni/Co compounds
demonstrating significantly higher activity than Fe/Co compounds (Table 8, 1.7.) 3.
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1.8.5. pH dependence

pH significantly influences electrochemical performance. As mentioned above, various materials exhibit
electrocatalytic properties across a wide pH range, such as (NH4)MoS4, which functions effectively
between pH 0 and 13 3, and nanometric Mn3Os, which operates in neutral pH (7) 2*!. However,
for platinum (Pt), the resulting current densities during the hydrogen evolution reaction decrease

by up to three orders of magnitude when the pH of the electrolyte solution increases from 0 to 13 27,

Research on the HER performance of pentlandites in different pH ranges is limited. Sanden et al.
investigated the electrochemical performance of trimetallic pentlandites in a 1 M KOH electrolyte.
Each tested material generated a substantial amount of H>. However, after chronopotentiometry stability
testing in alkaline conditions, the sulfur depletion process was still observed, highlighting the fact
that the sulfur depletion mechanism is also pH independent. While this study was conducted at 75°C,
the direct comparison with materials tested in acidic media is limited, the overpotentials and Tafel slopes
were less favorable in alkaline media. For example, Co9Ss had overpotentials of 302 in acidic and 329
mV in alkaline solution, and Tafel slopes of 145 and 200 mV/dec, respectively. Similarly, CosFesNi3Ss
showed overpotentials of 298 (acidic) and 344 mV (alkaline), and Tafel slopes of 88 and 159 mV/dec,
respectively. The hypotheses were proposed in the paper : in an alkaline environment, the increased
Tafel slope values are due to the expected contribution of water dissociation at high pH, and the alkaline

electrolyte has a corrosive effect on the surface of the working electrode, reducing its efficiency 4.
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1.9. Summary of recent pentlandite research

To summarize the discussion from the previous chapters, it can be observed that materials
with a pentlandite-type structure for HER applications are typically studied in either powder or as solid-
state material forms. However, powders deposited on conductive substrates are used much more
frequently. As mentioned earlier, this approach introduces several challenges, such as the complexity
of substrate preparation, significant substrate effects, and the fact that the electrode coverage is never
exactly the same. Solid-state materials, on the other hand, bypass these issues. Moreover, since they act
as both the electrode and the catalyst (solid electrodes), they provide valuable insight into the intrinsic
properties of the material. For this reason, Table 8 compiles data specifically for these solid-state

materials.

The analysis of the collected results can be divided into two main trends and two additional observations.
The first trend concerns the difference between using natural and laboratory-synthesized materials (First
bulk material section). While natural pentlandite does exhibit electrocatalytic properties, the lab-

synthesized material shows significantly more favorable catalytic behavior.

The first major comparative group involves modifications to the cationic sublattice, in both bimetallic
and trimetallic systems. For bimetallic systems based on iron and nickel, it is clearly observable
that the best catalytic performance is achieved by materials whose structure closely resembles
that of naturally occurring pentlandite — specifically FessNis sSg (Fe:Ni ratio section). A similar trend
isseen in systems where cobalt replaces either iron or nickel: materials with near-equimolar
compositions again show the most promising activity toward HER (Co:Ni/Co:Fe content

and temperature dependence section).

In the case of trimetallic pentlandites, mixing and adjusting the metal ratios does not lead to unexpected
results. The best electrocatalytic properties are still observed in compositions that are equimolar or close
to equimolar, as well as those with slightly increased cobalt content. Nevertheless, their overall
performance remains noticeably lower compared to the optimal bimetallic systems (7rimetallic
approach and Co:Fe:Ni ratio in alkaline media sections). It is worth noting, however, that although
the addition of cobalt does not significantly improve HER activity compared to the bimetallic
Fes4sNissSg system, it provides enhanced long-term stability. This effect can be attributed to a more
homogeneous distribution of cations and the associated charge-compensation mechanism, which
reduces local lattice strain and mitigates structural degradation under operating conditions. These results
were obtained during the course of my PhD work, and their confirmation will also be presented among

my own findings.

The second major comparative group focuses on changes within the anionic sublattice in bimetallic
systems, specifically the substitution of sulfur with selenium (Doping sulfur by selenium section).
The data clearly show that while selenium generally reduces the electrocatalytic activity of these

materials, a small amount of selenium substitution (up to a composition of Fes sNis 5S7Se) can enhance
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the performance in solid-state samples. An explanation of this phenomenon can be found

in the experimental section dedicated to trimetallic systems.

The final comparative aspect involves testing under elevated temperatures, which overall has a positive

effect on the catalytic performance of the materials.

Chapters 1.7 and 1.8 and Table 8 discuss recent research on the electrochemical catalytic performance
of various pentlandite materials and approaches to obtain effective HER catalysts. These sections
highlight how different methods influence the properties of pentlandite. One key conclusion
is that the pentlandite can be used as an HER electrode in bulk form, obtained by free compaction,
which simplifies the material preparation process. In addition, bulk materials are the best
form for comparing properties because they eliminate the degree of catalyst loading and the number
of defects, focusing instead on the intrinsic properties of the materials. Another important finding
is that Fes sCo45Ss demonstrates the best catalytic performance, but multicomponent materials tend
to be more stable. The effect is explained by the key role of cobalt, which stabilizes the electronic
structure, ensures a uniform distribution of cations, and provides an almost ideal binding strength
of hydrogen to Co-Co and Co-Fe active centers. The latter, however, reduces the number of active
centers (by blocking the sulfur depletion mechanism), which is why the overall properties remain

comparable to Fes sNigsSs.

The next two conclusions are related to the testing conditions rather than the materials themselves. First,
increasing the temperature significantly enhances the HER performance of pentlandites. Second, lower
pH values are associated with better electrocatalytic properties in the tested materials. This is due
to the expected contribution of water dissociation at high pH and the corrosive effects of the alkaline
environment on the electrode surface. Therefore, these two parameters were not systematically

investigated in the present work.
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Table 8. A summary of past research on pentlandites (in solid form) in case of HER performance.

Overpotential  Current density Tafel slope Form of Temperature
Catalyst Electrolyte Ref.
[mV] [mA/cm?] [mV/dec] electrode [°C]
First bulk material
Fe4sNissSs
~500 n.d. Rock
natural rock 10 0.5 M H,SO4 25 130
Fe4sNissSs rock ~280 72 Pellet
Fe:Ni ratio

Fe3NisSs ~350!

Fe4NisSs ~250!
FessNissSs ~200! 50 n.d. Pellet 0.5 M H,SO4 25 217

FesNisSs ~250!

FesNisSs ~350!

Temperature dependence

Fe4sNissSs 377 n.d. 0
Fe4sNissSs 365 80 10
Fe4sNissSs 343 10 82 Pellet 0.5 M H>S0O4 25 27
Fe4sNissSs 335 76 30
Fe4sNissSs 307 81 40
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Fe4sNissSs 273 82 50
Fe4sNissSs 241 82 60
Fe4sNissSs 214 90 70
Fe45NissSs 179 83 80
Fe4.sNi4sSs 138 n.d. 90
Doping sulfur by selenium
Fe4sNi4sSs 280 76
Fe4sNissS7Se 273 120
FeqsNig5S6Sex 336 10 130
Pellet 0.5 M H,SO4 25 210
FeqsNissSsSes 306 143
Fe4sNissS4Seq 300 120
Fe4sNissS3Ses 296 150
Co:Ni/Co:Fe content and temperature dependence
Nis5C04.5Ss 336 25
Nis.5C04.5Ss 213 75
Ni3Co6Ss 256 25
NizCo6Ss 182 10 n.d. Pellet 0.5 HaSO4?? 75 3
Ni,Co7Ss 334 25
Ni;Co7Ss 239 75
NiCosSs 345 25
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NiCosSs 246 75
Co9Ss 333 25
Co9Ss 247 75

FeCosSs 334 25

FeCosSs 270 75

Fe;Co7Ss 357 25

Fe;Co7Ss 241 75

Fe3;Co6Ss 354 25

Fe;Co6Ss 227 75

Fes5C04.5Ss 327 25
Fes5C04.5Ss 192 75
Trimetallic approach
CooSs 364 148 25
CooSs 302 145 75
Ni3Co06Ss? 405 118 25
Fe4sNissSs 385 78 25
Fe3;Co3NizSs 376 50 114 Pellet 0.5 HoSO4 25 o8
Fe3;Co3NizSs 298 88 75
Fe3;Co:NisSs 394 102 25
Fe3;CoNisSg 383 92 25
Fe4Co3Ni,Ss’ 412 111 25
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FeCosNi3Ss 406 113 25

Fe;Co4NizSs 378 108 25

Fe.6Co0s.6Ni1sSs 399 108 25

Co:Fe:Ni ratio in alkalic media
Fe1.6Cos6NiisSs 201 158
FeCosNi3Ss 210 156
Fe;Co4NizSs 287 170
Fe3;CoNisSs 336 186
Fe4Co3NizSs 224 157
Fe3;Co3NizSs 344 10 159 Pellet 1 M KOH 75 242

Fe4sNissSs 250 182
Fe3Co0:NisSs 343 163
CosNisSs 322 165
Co45Nis5Ss 118 148
CosSs 329 200

! — values taken from Figure

% — composite compounds



2. Objectives and Scope of the Thesis

The overarching aim of this study was to establish structure—composition—property relationships
in multicomponent transition metal chalcogenides by correlating their crystal structure, microstructure,
chemical composition, and electronic configuration with electrocatalytic performance in the hydrogen

evolution reaction.

This research focused on trimetallic pentlandite-type materials based on Co, Fe, and Ni, synthesized
in various molar ratios. In addition to sulfur-rich systems, selenium-rich pentlandites were also
investigated. Particular attention was given to evaluating how the chemical composition and the physical
form of the material — powders, pellets, and bulk ingots — influence their electrocatalytic properties

toward HER (Figure 20).

A systematic screening of multiple chemical compositions, combined with the evaluation of materials
in different physical forms, enabled the assessment of the individual effects of cationic elements
and selenium content on the electrochemical behavior of each form. As a result, this work identifies
the most promising materials for potential integration into electrolyzers of different designs

and operational requirements.

Ingots

@ Potentially best performing
chemical composition

Potenfially best performing
material form

Co,Fe, oNi; sS.Se,
CogFe;NisSey CogsFe;NizS;5e Co, sFesNi; :5.5e, Co, sFe, gNizS,5e}

CoFe,NiS, Se, CofeNiSSe, CosfesNir s3.5e; CosFer eNissS.Se.

CosFe NisS,Se,

0sFesNizSSe, Co, sFeNi; 5.5e, Co, sFe, NisS.Se.

CoaFe;NisS;Se; CogFe;Ni;S,Se, Co, sFe, NiS,Se, Co, sFeqNi, sS,5e,

Powders Pellets

Figure 20. Schematic representation of the objectives and scope of the presented thesis, illustrating the focus on three
material series in three distinct physical forms.
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Based on these investigations, the study established the following objectives:

e To synthesize single-phase four- and five-component materials with the pentlandite (TMoChs)

structure.

e To determine the solubility limits of individual components (Co, Fe, Ni, S, Se)

within the pentlandite structure across different compositions.

e To fabricate materials in three distinct forms: pellets, ingots, and powders deposited

on conductive substrates.
¢ To identify sustainable and stable material compositions and forms.

e To evaluate the electrochemical performance of all synthesized materials and determine

the optimal composition and form for HER applications.
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3. Maternials and methods

3.1. Motivation

In this doctoral thesis, I concentrated on trimetallic systems, as comprehensive studies
on such compositions are still lacking, which makes this a novel direction. The idea of exploring five-
component pentlandite-type materials for hydrogen evolution reaction originated from preliminary
investigations carried out in my research group under the supervision of my advisor ?°. These initeial
studies revealed several intriguing properties of multicomponent systems, which provided additional

motivation for my work.

The first significant achievement was the successful synthesis of single-phase, trimetallic pentlandites
in both quaternary (CosFesNi3Sg) and quinary (CosFe3NisSsSes) compositions. Furthermore,
incorporating multiple metal elements enabled a substantial reduction in thermal conductivity —
from around 40 W/mK in pure-phase CooSg to just 2—3 W/mK in the multicomponent materials —
while simultaneously maintaining high electrical conductivity of 10° S/m, with a near-to-metallic

temperature dependence.

Additionally, theoretical calculations such as DFT indicated that these materials possess an electronic
structure favorable for HER catalysis. Key features include the presence of multiple redox pairs,
enhanced electrochemical properties arising from synergistic effects between cations, their influence

on the DOS near the Fermi level, and high charge carrier concentrations.

Moreover, according to parallel studies conducted by the group of Professor Apfel (Ruhr University,
Bochum, Germany), carried out independently but overlapping in time with our own work, later formed
the basis for collaboration between out groups. These studies shown that cobalt, when introduced
as a third component into iron-nickel-based pentlandites, does not improve catalytic performance
but does significantly enhance the structural stability of the material . It is also worth noting that Se-
rich trimetallic pentlandites represent an unexplored approach globally, with no prior studies available

in literature to date.

Ultimately, the concept of solid electrodes — further advanced by our group through the development
of sintering conditions enabling their consolidation into bulk form using IHP — established an entirely

new research direction, previously unexplored in the field of catalysis.
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3.2.

Materials

This study investigates a range of trimetallic materials within the pentlandite (TMoChs) structure,

composed of cobalt, iron, and nickel in the cationic sublattice, and sulfur, optionally selenium

in the anionic sublattice. The materials were divided into three series, as summarized in Table 9:

1.

Trimetallic pentlandites with equimolar amounts of transition metals and varying amounts
of sulfur and selenium, ranging from Sg to Seg — TMoSs.xSex series. This series was designed
to evaluate the influence of selenium content on the electrochemical properties of the trimetallic

pentlandites.

Materials with only sulfur in the anionic sublattice and varying amounts of transition metals
in the cationic sublattice. This series is assigned as Coo.xyFexNi,Ss, where x and y can be 1.5,
3,4.5, or 6, with the smallest amount of a given element being 1.5. This series was used to assess

the effect of different cationic ratios on the HER activity in sulfur-based pentlandites.

This series is similar to the second one, but with an equimolar amount of sulfur and selenium
on the anionic sublattice, represented as CooxyFeNiyS4Ses. This allowed to investigate whether
the catalytic behavior of various cationic combinations remains consistent in Se-rich

compositions.

All three series represent an unexplored field of materials (with the exception of a partially overlapping

scope of the second series with the work of Apfel’s group %), particularly in view of the adopted

convention of using bulk material form.

Table 9. Chemical composition of the pentlandite materials tested in this thesis together with individual sample
abbreviations.

TMoSs.Sex series Coyx.yFexNiySs series Coo.xyFe,NiyS4Ses series

Chemical Chemical Chemical

- Symbol - Symbol - Symbol

composition composition composition
CosFesNis X.S8 CosFeisNigsSs X.314.S8  CosFeisNissSsSes  X.314.S4
CosFesNisS;Se X.87 CoisFeisNigSg  X.116.S8  CoisFeisNigSsSes  X.116.54
CosFesNizSeSes X.S6 CoisFesNigsSs X.134.S8  CoisFesNiasSsSes  X.134.S4
CosFes3NisSsSes X.S5 CossFeisNisSg  X.413.S8  CossFeisNizSsSes  X.413.S4
CosFesNizS4Ses X.54 CogFeisNiisSg X.611.88  CoeFeisNijsSsSes  X.611.S4
CosFes3NisSsSes X.S3 CossFesNi;sSg X.431.S8  CossFesNijsSsSes X.431.54
CosFes3NizS:Ses X.S2 CosFessNiisSg X.341.S8  CosFessNiisSsSes  X.341.54
CosFe;NisSSe; X.S1 Coi1sFesNiisSg X.161.S8  CoisFesNiisSsSes  X.161.S4
CosFesNizSes X.S0 CoisFessNisSg  X.143.S8  CoisFessNizSsSes  X.143.54
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The procedure of sample syntheses and electrode preparations involved several steps, as illustrated
in Figure 21. Each of the series mentioned earlier was tested in three different forms: ingots directly
after synthesis, powders deposited on a conductive substrates, and sintered pellets. This approach
allowed to assess not only the impact of material composition on electrochemical performance,
but also the influence of material form, intrinsic properties, density, and other factors. For that reason,
in Table 9, the prefix “X.” before the sample name indicates the material form, where “P” stands
for powder, “I” for ingot, and “S” for sinter. For example, S.S8 refers to the CosFe;NizSg powder sample,
1.314.S8 denotes the CosFe; sNissSg ingot sample, and S.116.S4 indicates the sintered form of sample
CoisFer sNisSsSes.

Cutting Densﬂ

the ingot
i—-a-

Sample synthesis - ﬁ -
[ and preparation J Characterization -

Figure 21. Schematic workflow of sample synthesis and testing procedures.
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3.2. Synthesis of materials

Figure 22 shows a schematic illustration of the material synthesis process. All materials
were synthesized from pure elements (Co, 99.8% Alfa Aesar powder, Fe, 99.98% Alfa Aesar granules,
Ni, 99.8% Alfa Aesar powder, S, 99.999% Alfa Aesar pieces, Se, 99.999% Alfa Aesar shot), which
were weighed and transported into self-made quartz ampoules inside the MBRAUN LABstar Glovebox
under an argon atmosphere. The ampules were then sealed under vacuum (10-* atm) to ensure an oxygen-
free environment. Subsequently, the ampules were placed in a tube furnace and subjected to a two-step
temperature treatment, which was empirically optimized in our group: first, they were heated to 1050
°C (1°C/min) and annealed for 24 hours; then, the temperature was decreased to 500 °C (2°C/min),
and the materials were annealed for 72 hours. Finally, the ampules were quenched in tap water at room
temperature to ensure the formation of the desired cubic phase structure (Fm3m space group).

The temperature profile is graphically presented in Figure 22b.

Attempts to obtain phase-pure pentlandite-type multi-component compounds by alternative synthesis
routes were unsuccessful, which is likely related to thermodynamic constraints and the requirement
of high-temperature formation of the pentlandite phase. Only more recently, such materials have also

been synthesized using mechanical alloying (mechanosynthesis) 243.
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Figure 22. a) Schematic presentation of synthesis process, b) thermal annealing profile used during the synthesis.



3.3. Preparation of materials

After synthesis, the obtained materials were subjected to mechanical treatment, which varied depending
on the final form of the electrode. The pure ingot, shown in Figure 23, was cut into several pieces,
each intended for different purposes. These included obtaining material in the form of powder or sintered
electrodes or conducting structural analyses like XRD (X-ray diffraction), ICP-OES (Inductively
Coupled Plasma Optical Emission Spectroscopy), SEM+EDS (Scanning Electron Microscopy

with Energy Dispersive X-ray Spectroscopy), and subsequent electrochemical studies.

Figure 23. The photograph of synthesized ingot sample prior to mechanical treatment.

3.3.1. Powders

The procedure of obtaining powder electrodes is shown in Figure 24. To obtain powders
from synthesized ingots for XRD and ICP-OES analysis, as well as to create a powder electrode
for electrochemical testing, the pentlandites were milled using a Retsch RM 200 planetary mill
with agate mortar and pestle, following manual pre-milling in an agate mortar. The milling procedure
was standardized to 5 minutes '%-2%4, Milled pentlandite can be seen in Figure 25a. The prepared powders
were then examined using Dynamic Light Scattering (DLS) with a Malvern Zetasizer Pro ZSU5800

analyzer to determine the particle size.

] B B T
XRD) Sintering il

7.5 ml of powder; 1050 Sonicated 20 min;

- ____ Ml distiled water; 300 pl 4 ul drop-casted on YA
- isopropanol; 150 ul screen-printed

i | G G
Planstary Grain size

R S

Figure 24. Schematic illustration of the powder electrode preparation process.

To prepare an electrode, a powder suspension (ink) was made. The ink was composed of 7.5
mg of powder, 1050 pl of distilled water, 300 ul of isopropanol, and 150 pl of Nafion D-520 dispersion.
The entire mixture was homogenized for 20 minutes. After sonication, 4 pl of the ink was drop-casted

onto a screen-printed electrode (DRP-110 nLab) and left to dry for 24 h in air. An example of a prepared
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electrode is shown on Figure 25b. Each powder electrode prepared in this manner was photographed

using an Olympus SZX7 optical microscope.

Figure 25. a) Example of milled pentlandite powder; b) Pentlandite drop-casted onto DRP-110 nLab screen-printed
electrode.

3.3.2. Ingots

To prepare the ingot samples (Figure 26), the material was cut into flat pieces directly after synthesis.
These bulk pieces required further treatment before electrode preparation. The flat surface of each ingot
was polished manually using a KLINGSPOR abrasive paper set with gradations of P600, P2000,
and P3000 to achieve a smoother surface. During this process, the ingots were washed with acetone
to prevent excessive heating of the samples. The ingots were then transferred to a pre-soaked suede cloth
with a suspension of Al,Os-based 3 um polishing paste and polished manually. Finally, each sample
was washed with tap water and left to dry completely. An example of the ingot material is shown
in Figure 27.

Density Glass holder;

platinum wire;

. Resin;
_______ microsection;

! Gamry

Polishing (Al;Oa- “
based polishing _

Figure 26. Graphical presentation of the ingot samples and working electrode preparation.

Two methods were used to prepare the working electrode from the ingots. The first method involves
mounting the material in a glass holder by wrapping a platinum wire around the sample. Silicone
was then applied with a spatula between the holder and the sample to ensure that the electrode
does ot penetrate the glass holder or react with the platinum wire. The WE prepared this way was ready

for use after 24 hours and was used with the MTM Anko M161 potentiostat, as shown in Figure 27.
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The second method involved embedding the sample in resin and grinding it into the shape
of a microsection. This type of WEs were used with the GAMRY Interface 1010E apparatus in a special
Gamry holder, as shown in Figure 27. The TMoSg-S3 and Coo.xyFexNiySg series were prepared using
the “Anko” method, while the Cog.xyFexNiySsSes series was prepared using the Gamry method.

b)

Figure 27. Photographs of a) cut ingot; b) Anko holder, c) polish of ingot; d) Gamry holder.

3.3.3. Pellets

Before the “pellet samples” could be tested electrochemically, several preparatory steps were necessary.
The milled powders, initially characterized by DLS, were sintered into bulk pellet form. After sintering,
the obtained pellets were subjected to surface preparation and subsesquently used for mounting working

electrodes(Figure 28).

Density — Glass holder;
- ---- plafinum wire;

| | | | Gamry
Planeta Polishing (AlO5- 110 mm;
“ry & based polishing ® w

Figure 28. Schematic representation of pellet samples preparation.

The samples were sintered to produce solid materials that could serve as WEs in the electrochemical

HER, avoiding the need for the more complex process of powder milling. This approach also ensured
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that only the working material was tested, minimizing the signal interference coming from the substrate.
It is important to note that during the sintering process, undesirable phenomena may occur,
such as the evaporation of sulfur or selenium from the surface of the samples or the precipitation of other
phases. To verify that the material maintained its integrity, the sintered pellets were subjected

to SEM+EDS and XRD analysis.

Another critical factor in the sintering process is its effect on the density of the samples. Lower density
can lead to greater surface area development and higher porosity, which allows the electrolyte
to penetrate through various types of microchannels, thus facilitating HER within the material’s volume,
not just on the electrode surface. In contrast, higher density enhances electrical conductivity
and promotes a higher concentration of defects and active sites, which can increase the ECSA and RF.
Therefore, the density, porosity, defects, and roughness factor of the material are crucial when designing

electrocatalysts in the form of solid electrodes, making the sintering temperature a critical parameter.

When comparing the tested samples, it is essential that all samples have the same density. This ensures
that their electrochemical properties can be accurately compared, without discrepancies arising

from factors such as those described above.

To obtain the pellet samples, the powder was sintered using the Inductive Hot Pressing (IHP) process
(Figure 29). The standard procedure included flushing the working chamber twice with argon
at a pressure of 0.5 atm at room temperature, followed by the main sintering process. The sample
was then heated to 200 °C at a rate of 100 °C/min and annealed for 5 minutes. Afterward, the temperature
was increased to the target temperature, which in the standard procedure was 400 °C. The sample
was then annealed for 14 minutes under an applied pressure of 50 MPa. Following this, the pressure
was released to relieve stress in the material, and the material was annealed for an additional minute.

Finally, the entire apparatus and sample were cooled down to room temperature.

‘ Powder —— Flushing —— Healing — Anneadling — Heating — Annedling — Annealing — Cooling
IHP ~I_g Ar: 0.5 afm: 200°C 5 min 400°C 14 min; 1 min; Room T

; no
room T (100 °C/min) 50 MPa pressure

Figure 29. Schematic illustration of the IHP process.
The pellets were sintered to achieve a high-density bulk sample. The temperature of 400
°C was determined in previous experiments to be sufficient to ensure a dense and durable material.
The 15-minute duration of the process was also established experimentally. Although the majority
of pellet samples were sintered at 400 °C for 15 minutes, additional tests were conducted at higher
temperatures (450, 500, 550, 600, and 650 °C) and longer durations (20 and 25 minutes), as shown
in Table 10, in order to assess the effect of these factors on the density and phase purity of the samples

after sintering, as well as for additional studies on surface precipitates and electrochemical properties.
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Before sintering, the pellets were wrapped in graphite, which was subsequently removed after
the process. Initial layers of graphite were removed mechanically using a wallpaper cutter,
and the pellets were then placed in a grinding machine, where the residual graphite was removed
with abrasive paper. After the graphite was completely removed, the surface preparation process
followed the same procedure applied to the ingot samples. It should be emphasized that the sintering
of multicomponent pentlandites by IHP represents an entirely novel approach. The relatively low
temperature required to obtain dense pellets results from the combined effect of the applied pressure
and the [HP method itself, which generates so-called eddy currents. In the case of our materials, rich
in delocalized electrons, these currents further facilitate the sintering process. Importantly, sintering
at relatively low temperature not only reduces processing costs but also limits grain growth
(which is particularly beneficial for maintaining the desired microstructure). Additionally, the graphite

matrix provides locally reducing conditions, effectively preventing oxidation during the treatment.
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3.4. Material characterization

Due to the multi-component, multi-form, and multi-stage nature of the testing process, it is crucial
to monitor the chemical composition, phase structure, and homogeneity of all materials at various stages
of their processing. To gain a comprehensive understanding of the samples behavior throughout
the entire process, the following techniques were employed: XRD, SEM+EDS, ICP-OES, XPS,
and DLS.

3.4.1. X-ray diffraction (XRD)

To determine the phase composition of the samples, XRD was employed. Measurements were conducted
using a PANalytical X Pert Pro apparatus (Cu Koy = 1.54 A radiation) and analyzed using the X Pert
High Score Software.

The XRD tests were performed twice (Figure 30). The first test was conducted immediately
after synthesis, where the samples were manually milled, to verify that the synthesized material
was a single-phase pentlandite. The second test involved analyzing sintered pellets to assess the phase

stability of the material after IHP sintering.

Figure 30. Schematic procedure involving XRD measurements and analyses.
3.4.2. Scanning electron microscopy with energy-dispersive X-ray spectroscopy

(SEM+EDS)

To determine the microstructure and elemental composition of all samples, the SEM+EDS method
was employed. SEM imaging and EDS analysis were conducted using Fischer Phenom XL equipped
with an EDS analyzer.

The SEM+EDS tests were performed on all sample forms — pellets, ingots, and powders — prior
to electrochemical measurements. Additional tests were conducted on the pellets and ingots
after the HER processing to verify the phase composition and stability of the materials during

the electrochemical operation (Figure 31).
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Figure 31. Schematic procedure involving SEM measurements and analyses.
3.4.3. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

As an alternative method for verifying elemental composition, the ICP-OES technique was employed.
These tests were performed at the accredited Hydrogeochemical Laboratory of the AHG-UST
Department of Hydrogeology and Engineering Geology, using a PerkinElmer Optima 7300DV
spectrometer. Samples were mineralized in concentrated HNOs at a temperature of 523 K and a pressure

of 8.1 x 10° Pa.

ICP-OES analysis was conducted on the powders directly after synthesis and on the milled pellets after

sintering, to verify the stability of the elemental composition (Figure 32).

Figure 32. Schematic procedure involving ICP-OES measurements and analyses.
3.4.4. X-ray photoelectron spectroscopy (XPS)

To investigate the surface changes during electrochemical testing of the Co;sFesNiisS4Ses (S.161.S4)
pellet sample, XPS measurements were conducted. Additionally, XPS tests were performed
on the CozFesNizSsSes (S.S4) pellet for comparison with the S.161.S4 reference. For both pellets, XPS

measurements were taken before and after the electrochemical tests (Figure 33).

The XPS analysis was carried out using a PHI5000 VersaProbe Il Scanning XPS Microprobe, equipped
with a monochromatic Al Ka X-ray source. The X-ray power settings were 4 mA and 15 kV,
and the analysis was performed on an area of 400 um x 400 um. The base pressure in the chamber
was maintained at < 2.0-10" mbar. The analyzer used was of the SCA type, with a pass energy of -46.95
eV for XPS measurements. Charge neutralization was achieved through a dual-beam system, consisting
of an electron flood gun (1 eV) and an Ar* ion gun (7 eV). The instrumental resolution was determined
to be < 0.5 eV at a 23.50 eV pass energy, using the Ag 3ds,, line from a sputter-cleaned metallic silver

sample at room temperature.
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Figure 33. Schematic procedure involving XPS measurements and analyses.

3.4.5. Dynamic Light Scattering (DLS)

In order to determine the particle size of the powders before creating a pellet and powder electrodes,
the DLS method has been employed. The DLS test was performed with a Malvern Zetasizer Pro
ZSU5800 analyzer and Figure 34 shows the schematic DLS process.

[sintering]

Malvert
Zetasizer Pro

L

Figure 34. Schematic procedure involving DLS measurements and analyses.

3.4.6. Density measurement

The density of the obtained ingots and pellets was measured using the hydrostatic (Archimedes) method

(equation 3.1).

S ()
Pa = m, — m, PH,0 (3.1)

pa — density of the sample [g/m?] ;
m, — mass of the sample in air [g];
m,, — mass of the sample in water [g];
PH,0 — density of the water [g/m®].

Then the relative density of the sinter was determined using equation (3.2)

_ Pa

p
RPC

(3.2)
pr — relative density of the sample [g/m?];

pc — theoretical crystallographic density calculated using Rietveld analysis [g/m?].

3.4.7. Electrochemical Impedance Spectroscopy (EIS)

EIS was employed to evaluate the uncompensated resistance (R,) and charge-transfer resistance
(also known as polarization resistance — Rct). The measurements were performed over a frequency

range from 1 Hz to 50 kHz using a Gamry Interface 1010E potentiostat. The equivalent circuit model
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applied in this analysis consisted of Ry, Rcr, a constant phase element (CPE), and a Warburg diffusion

element, as illustrated in Figure 35.

RE.

%,

Y0

Ru

Rp

oS -\erl—

Wd

18-

W.E.

Figure 35. Equivalent circuit used for EIS analysis, consisting of: Ru — uncompensated resistance; Rcr — polarization
resistance; Yo — constant phase element (CPE); Wy — Warburg diffusion element.
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3.5. Electrochemical measurement methodology

The electrochemical performance tests were conducted using two different measurement systems.
The former, used for testing the TMoSg.xSex and Coo.x.yFexNySg samples, was based on the MTM-ANKO
MI161 potentiostat, with subsequent analysis performed using the MTM-Anko EalAB software.
The second system, used for the Coo.yFeiN,SsSes series, involved the GAMRY Interface 1010E
potentiostat, with the samples placed in a specialized RedoxMe holder with an electrode area of 0.196

cm?.

All measurements were conducted in a 0.5 M H,SO, electrolyte. For ingots and pellets, an Ag/AgCl
reference electrode was used during testing, and a Pt/Pt black electrode served as the counter electrode
during tests in the ANKO system, while a Pt spiral wire served as the counter electrode in the Gamry
system. Screen-printed electrodes, which were used as conductive substrates for powders, have built-in
Pt counter electrode and Ag reference electrode. The electrochemical performance tests were carried
out in seven distinct steps (Figure 36). All potential values are given with reference to Erur (electrical

potential of the reversible hydrogen electrode).

>
o 6 c gies‘ I Determination of
e ECSA and RF
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Figure 36. Schematic procedure involving electrochemical tests. Numbers denote the order of the steps to be performed.
The first step involved fast CV electrochemical scanning consisting of 20 cycles, to remove impurities

and contaminants from the surface of the sample. However, if the signal remained unstable after this

step, the number of cycles can be increased.

The second step involves the evaluation of the ECSA, which is determined by recording CV plots
at different scan rates. In the ANKO apparatus, the scan rates were systematically set to values marked
as """ in Figure 36, while in the Gamry system, the scan rates were manually adjusted based on literature
values (e.g., ref. 13%). The ECSA calculation involves determining the double-layer capacitance (Cai)
by plotting the differences between the cathodic and anodic current values at the midpoint
of the potential range, referenced to Ag/AgCl, and then plotting this against the scan rate (Figure 37a/b).
Linear regression is used to approximate Cq as the slope of the curve, as shown in Figure 37c. The ECSA

and the RF values were calculated using equations (1.25 and 1.26), with Cs (specific capacitance) set
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to an average value of 0.035 mF/cm? °6-1%!, The CV curves related to these measurements are included

in the Supplementary Materials.
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Figure 37. Examples of a) CV curves obtained by ANKO apparatus, b) CV curves obtained by GAMRY apparatus;
¢) Cai obtained by ANKO apparatus; d) Cai obtained by GAMRY apparatus.

The third step was the most critical and assessed the material's activity toward HER. For ingots
and pellets, the testing range was from -800 mV to 0 mV and reversed, while for powder samples,
the measurement range extended from -1200 mV to 0 mV and reversed, due to different potentials
of reference electrodes. The HER test included three scans, and the average value of these was used

for analysis.

A short-term — lasting two hours — stability test (chronoamperometry) was then performed to assess
the material's stability and examine its properties after extended operation. This test helped to identify
phenomena such as sulfur depletion or material decomposition. After the stability test, cleaning, ECSA,
and HER steps were repeated to evaluate the potential changes in the material's performance. Long-term
(12 h) stability tests were not conducted due to the large number of investigated samples and limited

availability of the electrochemical measurement equipment.

The overpotential and current densities reached by the materials during the LSV tests are among

the most important benchmarks for HER measurements, alongside ECSA, RF, and other parameters.
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However, due to the varying approaches in HER research, the 10 mV/cm? criterion is not always ideal.
In some cases, materials may fail to reach this current, particularly when normalized to ECSA, or a non-
zero current might be observed due to factors such as highly defective surfaces, electrochemically active
precipitates, or agglomeration of residual charge on the catalyst surface. Therefore, in my research,
I will use alternative current densities values to describe the electrochemical performance

of the materials: 0.2 mA/cm? for ECSA: noecsa; and standard 10 mA/cm? for geometric area: niogeo.
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3.6. Preparation of powder working electrodes

To determine the particle size distribution of all obtained materials in the form of powders
(which were also later used for pellet preparation and thus determined the potential amount of grain
boundaries), DLS tests were performed. In the CosFesNisSs..Sex series (Figure 38), the P.S7 sample
exhibits the most uniform and unimodal particle size distribution of around 350-400 nm. In contrast,
the other powder samples show at least two populations; however, the second population is typically
negligible (Figure 38b). P.S7 has an average particle size of approximately 400 nm, while the other
samples exhibit larger particle sizes, nearly 1 um, which could affect their electrochemical performance,
for example, by exhibiting the higher ECSA and, consequently, the best HER performance — not

necessarily due to its chemical composition or intrinsic properties, but rather due to the average linear

grain size.
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Figure 38. DLS results of the particle size for CosFes3NisSs.Sex series as a function of a) number and b) volume distribution.

After the preparation of the powder working electrodes, as described in Section 3.3.1, optical
microscopy was performed to examine the distribution of powder grains on the surface of the conductive
substrate. A significant issue was immediately apparent: the distribution and size of the powder grains
vary considerably from one electrode to another. This inconsistency can cause serious problems during
electrochemical testing, primarily due to variations in the geometric working area. Additionally, several
concerns arise in relation to the ECSA. The measured ECSA values may be influenced not only
by the powder itself, but also by the conductive substrate and the Nafion binder used in the powder
suspension. Therefore, the geometric area has been fixed at 0.187 cm?, corresponding to the defined

working area of the substrate.

For the CosFesNiszSg«Sey series (Figure 39) specifically, electrochemical measurements show a visible
layer of Nafion solution on the conductive substrate (Figure 39g), further complicating interpretation
of the results. Additionally, in this Figure — as well as in the corresponding ones for the other two series
(Figure 41 and Figure 43) — it is clearly visible that the material is not uniformly dispersed across
all samples, which may affect its electrochemical properties, especially R, and Rer values. To address
these challenges, an alternative system for evaluating the electrochemical performance of powders

on conductive substrates is proposed in Chapter 4.4.4.
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Figure 39. Photos of powders applied to screen-printed electrodes a) P.S8; b) P.S7; c¢) P.S6; d) P.S5; e) P.S4, f) P.S3;
g) nafion solution.

Among the Coox.yFexNySg series (Figure 40), the samples demonstrate a broader size distribution,

ranging from approximately 0.6 to 2.5 pm. Among them, only P.431.S8, P.341.S8, and P.161.S8 display

unimodal particle size distributions, although their average sizes are still exceed 1 pm.
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Figure 40. DLS results of the particles size for Cog.x.,FexN,Ss series as a function of a) number and b) volume distribution.

Figure 41 shows the microscope images of powder grain distribution on the surface of the conductive

substrate.
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Figure 41. Photos of powders applied to screen-printable electrodes: a) P.314.588; b) P.116.S8; ¢) P.134.88, d) P413.58;
e) P611.58; f) P431.58; g) P341.88; h) P.161.S8; i) P.143.58.

The Coo.xyFexNySaSes series (Figure 42) shows the most scattered results. Only three samples: P.134.S4,
P.431.S4, and P.161.S4 deviate from a unimodal distribution. However, for nearly all other samples

in this series, the particle size distribution is too broad to allow definitive conclusions about a dominant

particle size.
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Figure 42. DLS results of the particle size for Coo.xyFexNySsSes series as a function of a) number and b) volume distribution.

Distribution of powder grains on the surface of the conductive substrate for this series is shown in Figure
43.

Figure 43. Photos of powders applied to screen-printable electrodes a) P.314.54; b) P.116.54; ¢) P.134.54, d) P413.54; ¢)
P611.54; f) P431.54; g) P341.54; h) P.161.54; i) P.143.54.
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3.7. Supporting DFT calculations

Some of the interpretations presented later in this dissertation are based on calculations performed
as part of a team effort by my supervisor, DSc Andrzej Mikuta, and PhD student Milosz Kozusznik.
These calculations were carried out using the VASP (Vienna Ab initio Simulation Package) software
for DFT computations. The detailed computational parameters and results are available

in the corresponding publications 245247,
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4. Results

In order to clearly present and describe the results obtained, the experimental part of the work has been
divided into three main parts, each describing the results for an individual series. Within each section,
a consistent convention has been applied: structural analysis, followed by electrocatalytic property
evaluation, and, where applicable, additional complementary studies. Further supplementary parts

are presented after these three main sections. The discussion and conclusions begin in Chapter 5.

4.1. CoszFesNi3Sg.«Se, series

4.1.1. Structural investigation

4.1.1.1. XRD analysis

The first structural technique applied to all materials immediately after synthesis, to determine its phase
composition (with special emphasis placed on phase-purity), was the X-ray diffraction analysis
The single-phase nature of the obtained materials is crucial for comparing their properties based
on intrinsic characteristics, as the catalytic activity of multiphase systems may arise from one or both
phases, or their activities may overlap or suppress each other — making such systems impossible
to reliably compare with others. It is worth noting that these materials were likely the first five-
component pentlandites obtained as a single phase worldwide. Figure 44 shows the XRD pattern

for the TMySs.xSex series.
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Figure 44. XRD patterns of the TMoSs.xSex series in the form of a) powders and b) sinters.

Previous studies 29245247 report that selenium solubility limit in the pentlandite structure
is approximately 65 mol% for bimetallic systems. The XRD patterns shown in Figure 44a support
this finding, as they reveal that the trimetallic pentlandite with selenium, specifically TMoS3Ses, remains
a single-phase structure. Based on DFT calculations, the formation energy of trimetallic pentlandites
as well as all experimentally observed phases in the form of mono- and bimetallic chalcogenides

was determined. Although the gradual addition of selenium increases the formation energy of trimetallic
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pentlandites (i.e., makes it less negative), the values remain negative across the entire S—Se composition
range. Importantly, up to the critical composition (S3Ses), the overall formation energy of the pentlandite
phase is still lower than that of CosSes, Fes sNi4 5Sg, or the individual sulfides observed experimentally
above this limit. Beyond this selenium content, however, the multiphase assemblage becomes
thermodynamically more favorable. Therefore, the selenium solubility limit is governed not by steric
effects related to the S/Se ratio, but by thermodynamic constraints. Moreover, the fact that Fe- and Ni-
rich pentlandites (FeoSs and NigSs) cannot be synthesized using the method described in this thesis (and
are not experimentally observed, such as FeoSes and NigSes) 2'22!3, while Co-rich monometallic
pentlandites crystallize naturally (CosSs) and can be easily synthesized as pure-phase materials 68248
(even the CooSes can be synthesized 2*°) which is consistent with the DFT calculations. Based
on the observations above, subsequent studies in this series exclude multi-phase materials (S2, S1, S0).
XRD analysis of the pellet surfaces made from single-phase pentlandite powders (Figure 44b) shows
that the multimetallic pentlandite, with equimolar amounts of metals on the catodic sublattice, remains
single-phased even after sintering in 400 °C. Accordingly, this partial objective of the thesis
was accomplished at an early stage, as the selenium solubility limit in trimetallic pentlandites could

be clearly established 2%.

4.1.1.2. Vegard’s law

The detailed Rietveld analysis, including fitting parameters and unit cell data, is provided
in the Supporting Information. All samples exhibit a Goodness of Fit (GoF) below 10 (with most below
3), indicating accurate structural characterization in the XRD studies. For the Co3FesNi3Ss.«Sex series,
the GoF value increases due to changes in the intensity ratio of the reflection doublet around 30°
20 as the Se content increases. A detailed Rietveld analysis (Table S1) of these reflections suggests
that selenium predominantly occupies the 8c position, which causes the reflection to deviate
from the ideal pattern ’*. This trend is shown in Table S1 and visually represented in Figure 45,
which depicts the main diffraction peaks of each sample in the series. The unit cell size increases almost
linearly with each sample in the solid solution range. This is accompanied by a clear shift
of the corresponding XRD peaks toward lower angles, in accordance with Vegard’s law. This analysis
supports the first thesis of this dissertation, which posits that the solubility limit of selenium in trimetallic
pentlandite-structured materials is reached at the CosFesNi3S;Ses composition, beyond which solid

solutions no longer form.
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Figure 45. The influence of Se concentration on the position of the most intense reflection peak at O, ~ 51.8°.

4.1.1.3. SEM + EDS analysis

Figure S1-Figure S5 show the SEM-EDS images
supported by XRD analysis, were performed only

from the TMoSs to TMoS3Ses compositions, as these were the only compositions subjected
to electrochemical testing. Based on EDS elemental maps, almost all the samples investigated showed
uniform elemental distribution. Only a few maps showed small precipitates of pure Fe (P.S4; .S5; 1.54;
S.S4; S.S3), but they were small and sparse enough not to significantly affect the overall composition

of the materials. Notably, the high-temperature treatment did not affect the phase-purity and elemental

homogeneity of the materials in this series.
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4.1.2. Catalytic properties

As described earlier, the evaluation of electrochemical properties of materials involverd several steps:
determination of the ECSA (via Cq) and RF measurements, analysis of water-splitting activity
from voltametric curves and Tafel slope evaluation, and finally assessment of material stability during

operation.

4.1.2.1. ECSA, RF, Cq

Because not all the samples were measured on the same equipment, there are several differences
in the approach to various issues, such as the geometric area of the measured sample, electrochemical
scanning rate, and IR-drop correction. In presenting data, it is specified whether the measurements

were performed on MTM Anko or Gamry equipment.

For all pellet and ingot samples tested with the MTM Anko setup, the geometric area varied
due to the manual sealing of the sample with silicone. To determine the geometric area of these samples,
a photo of the constructed electrode — consisting of the glass holder, silicone, and bulk material —
was taken, and the area was calculated using the I/mageJ program (Figure S6). For bulk samples
measured on the Gamry system, this process is simpler, as all samples have the same geometric area,
determined by the shape of the dedicated holder. The geometric area of powder samples was determined
based on the surface of the substrate: the DRP-110 nLab screen-printed electrode. Table S2 provides
a summary of the geometric areas for all measured samples, along with a note on which measurement

equipment was used during the electrochemical tests.

Due to variations in the geometric area of most samples and the significantly greater influence of ECSA
on electrochemical performance, Cq measurements were conducted to calculate both the ECSA
and the RF. However, due to differences in their geometric area, better parameters for this are ECSA

and RF, determined directly from the Ca.

Table 3 summarizes the values of Cq, ECSA and RF of all samples before and after stability tests. Figure
S7-Figure S12 shows CV and Figure 46 show Cq values for CosFe;NizSg«Sex series.
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powders before, d) pellets after, e) ingots after, f) powders after chronoamperometry. Numerical colored data indicates the
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Upon examining Figure 46a and d, a clear correlation can be observed: larger surface areas correspond
to higher values of ECSA for the materials, which is explained by the increased amount of active sites.
However, despite higher ECSA values for the powder and ingot samples, the pellet samples
in the CosFesNi3Ss-S3 series exhibit the highest RF values, which correlates with the highest Cgy
observed for this form of the material, and suggests that although pellets expose less geometric area,
their surface is significantly more electrochemically active per unit area, possibly due to higher surface

roughness or more efficient utilization of active sites.

For samples with a high Se ratio, the formation of sulfur vacancies may be limited by low sulfur content
or poor surface development (as seen in the pellet samples). In such cases, the high concentration of Se
could create an alternative form of active sites in intermetallic positions, which may explain the high

ECSA and RF values observed for the S.S7 sample.

The first general observation is that pellet samples exhibit significantly higher ECSA values (Figure
47a) and show greater changes during chronoamperometry tests compared to other sample forms,
particularly powders. RF values follow the same trend: they are higher for pellets, intermediate
for ingots, and lowest for powders. This trend is directly related to the number of active sites: the more

advanced the surface preparation, the greater the tendency to generate active sites.

In comparing the cationic equimolar series, additional conclusions can be drawn. The activation process
is observed mainly for powders, most likely due to their large exposed surface area. However,

the magnitude of this effect is small and may partly originate from systematic or measurement errors.
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A clearer correlation is seen in the RF wvalues (Figure 47b), which decrease systematically
with increasing selenium content, indicating that sulfur depletion is the dominant mechanism of active-
site formation. On the other hand, the AECSA values for bulk samples (ingots and sinters) become less
positive with higher selenium contents, suggesting that active sites on the surface are not blocked,
but rather that other types of active centers are being formed. These are most likely assicoated
with intermetallic positions, as the larger selenium atoms systematically elongate TM-Ch bonds
226245247 The simultaneous weakening of TM—S bonds facilitates the formation of vacancies, which
inturn suggests that there exists a critical selenium concentration that positively influences

the mechanisms of active-site formation related to sulfur depletion mechanism.
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Figure 47. Graphical illustration of a) AECSA and b) RF for CosFe3;Ni3Ss.xSex series.
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4.1.2.2. Polarization resistance

Electrochemical impedance spectroscopy (EIS) measurements were carried out to determine the charge-
transfer resistance (Rcr) and ohmic resistance (Ru), as shown in Figure 48 and in Table S4. The general
trend in this series appears to be clear: the higher the density, and consequently the greater
the interparticle contact, the lower the recorded values of R, and Rcr, following the order of highest
values for powders and significantly lower values for ingots and sinters. Within individual sample forms,
no clear dependence is observed between selenium concentration and either Rer or Ry,
with the exception of powder electrodes, where an increase in selenium content correlates
with a decrease in R,. This can be attributed to the degree of electrode coverage (the higher the coverage,
the better the contact), the increasing metallic character of Se-rich compositions, as well as the average
linear grain size within this powder series. Considering the potential implications for HER efficiency,
selenium content does not appear to significantly affect charge-transfer abilities. Therefore, any
correlations are more likely to arise from morphological factors, or from the influence of selenium
on the electronic structure and/or the limitation of sulfur depletion mechanisms. For future analysis,
itis also worth noting that sample 1.S4 exhibits a significantly higher Rcr compared to the rest
of the series, which is most likely the result of experimental errors and may be relevant during data

interpretation.
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Figure 48. Nyquist plots for a) powders; b) ingots and c) pellets from the CosFe3;Ni3Ss.xSex series.
4.1.2.3. HER

As shown in Figure 49a and d, which display the LSV curves for the first CosFe3;NisSs.«Sex series
in powder form, a clear trend can be observed: as the selenium content increases, the electrochemical
performance decreases, which stay in contrast to the recorded R, values. Additionally, the influence
of chronoamperometry, a short stability test, is evident. Before the stability test, materials with small
amounts of selenium (especially P.S7, P.S8, and P.S5) exhibit the best electrochemical performance.
However, after the stability test, two materials stand out — those with a small amount of selenium
(but not completely absent): P.S7 and P.S6, reaching nosecsa of 481 mV and 510 mV, respectively. This
behavior suggests a combination of two factors: sulfur depletion, which is more effective at higher
surface development, and the introduction of additional active sites associated with an increased TM—

Ch bond length due to the larger selenium atom.

According to the calculations carried out by our team, both Se incorporation and S vacancies shift the dy.

toward the Fermi level. This applies to single point defects as well as to increasing concentrations of Se

96



or S vacancies. These observations are consistent with the bonding trends: as the selenium content
increases, the TM—Ch bonds become weaker and longer, which in theory facilitates the sulfur depletion
mechanism and leads to the formation of new, Se-related active sites (although these are less favorable
for proton adsorption). On the other hand, a high selenium content reduces the amount of sulfur available
for removal, once again suggesting the existence of a critical selenium concentration that is beneficial
for HER. This interpretation is also supported by the best catalytic performance observed

for compositions with a small selenium addition 74210247

As mentioned earlier, the best results are achieved by combining these effects, with vacancies located
in the 24e site and Se in the 8c site 7#2*, When the surface area is large, the effects of sulfur depletion
are not limited, which may explain why the P.S7 sample performs the best in this series. Another factor
contributing to its performance could be the particle distribution on the electrode. This is the only sample
where the particles have a uniform, unimodal distribution, while the other powders show bimodal
distributions with the second peak being much smaller. This suggests that particles around 400 nm
are the most effective for catalytic applications. Larger and smaller particles exhibit lower performance,
although it remains uncertain whether this is due to particle size or chemical composition. Nonetheless,
the performance of P.S7 is likely due to its intrinsic properties, with the particle size distribution further

supporting its superior performance.

The powders normalized to geometric area exhibit the same trend as those normalized to ECSA,
but they do not reach nio. This discrepancy could be due to uncertain and random electrode surface
coating, which necessitates considering the entire surface of the electrode. Nevertheless, the P.S7 sample
still demonstrates the best performance, and the activation process for samples with small amounts

of selenium remains clearly visible.

In the case of bulk materials, it is visible that ingots and pellets exhibit distinct performances. Among
the ingot samples, 1.S7 again demonstrates the best performance in terms of both ECSA and geometric
area. However, the general trend differs from that seen in the powder series. Still, the S-rich
compositions (I.S8 and 1.S7) deliver the best results, with a noticeable increase after activation during
the stability test. In contrast, [.S4 and 1.S3 - ingots with the highest selenium content — show significantly
better performances in comparison to powders with analogous Se content. This suggests that intrinsic
properties, such as changes in the dy. caused by Se addition and the associated longer TM-Ch bonds,

begin to play a more significant role as the surface area decreases 243247,

For the pellet series, there is a clear correlation between selenium content and performance: the higher
the selenium content, the better the HER performance, in contrast with the powder and ingot series.
In the pellet series, S.S8 has the worst HER performance, while Se-rich samples like S.S3 and S.S4
exhibit the best overpotentials and current densities. This suggests that when surface development

is limited, and activation is restricted (due to smaller ECSA and higher Se content), intrinsic properties
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— such as the dy. offset and longer TM-Ch bonds — along with the presence of additional active centers

facilitated by higher Se content, become crucial for HER performance 2%,

The slight decrease after chronoamperometry in HER performance observed for sintered pellets
can be attributed to their relatively small ECSA, which leads to the blocking of active sites
and, potentially, partial oxidation of the surface (as indicated by high values in the Cq4 curves). The only
increase in registered overpotential during prolonged electrolysis tests among the pellets is observed
for the S.S4 sample — no.2ecsa equal to 309 mV and 307 mV before and after chronopotentiometry tests,
respectively. One possible reason for this is that with an equimolar S:Se ratio, both anions adopt
a specific order in the structure (for example, Se predominantly occupies 8¢ sites and S predominantly
occupies 24e sites), which facilitates sulfur depletion mechanisms 7. However, this behavior may also

be influenced by the randomness associated with the preparation of the working surface.

It is important to note that bulk materials (both sinters and ingots) do not show macroscopic changes
in microstructure, and their chemical composition remains mostly unchanged during the electrolysis
process, as observed in the SEM+EDS micrographs. Additionally, when normalizing to ECSA, S.S3
shows better performance (almost on par with S.S4) compared to that normalized to a geometric area.
This suggests that the S.S3 composition has favorable kinetics, including a high number of active sites.
In addition, sintering the materials with high content of Se results in a high concentration of defects,
which leads to the creation of effective percolation paths, confirmed by residual cathodic currents

increasing with the content of selenium 247.
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Figure 49. LSV voltammograms recorded at a sweep rate of 6.25 mV/s in 0.5 M H2SO4 for CosFe3Ni3Ss-xSex series
normalized to ECSA for: a) powder samples before chronoamperometry; b) ingot samples before chronoamperometry, c)
pellet samples before chronoamperometry; d) powder samples after chronoamperometry; e) ingot samples after
chronoamperometry and f) pellet samples after chronoamperometry.

98



0 G) f/f/ —_— 0 b) e
. / _
& 10 ]
=
Q
=
-6
= 20 — XSS
. _ X.S7
X36
X= Pprior X= Iprw’or X= Spr'\or o XS5
S — [ %] | s
,/ X33
2 E Nafion
o -10
4
o]
< -
Eo
— F-20 f
X = Ppost X = |posf X= SposT
0.6 0.4 -0.2 0.0 0.2 0.6 0.4 0.2 0.0 02 06 0.4 0.2 0.0 0.2
E vs RHE [V] E vs RHE [V] E vs RHE [V]

Figure 50. LSV voltammograms recorded at a sweep rate of a 6.25 mV/s in 0.5 M H:SO4 for CosFe3NisSsxSex series
normalized to geometric area for: a) powder samples before chronoamperometry, b) ingot samples before
chronoamperometry; c) pellet samples before chronoamperometry; d) powder samples after chronoamperometry; e) ingot
samples after chronoamperometry and f) pellet samples after chronoamperometry.

4.1.24. Tafel slope

Figure 51 and Figure 52 show the Tafel slopes for the first group, the CosFesNi3Ss.«Sex series, before
and after chronoamperometry. The Tafel slopes obtained for powders (Figure 51a, d and Figure 52a,
d) are favorable, with values below 90 mV/dec, suggesting a Volmer-Tafel mechanism with only a slight
tendency to increase (which would decrease reaction kinetics) as the selenium content rises. This trend
is in line with earlier studies (e.g., presented by Smialkowski et al. for bimetallic systems 2!° which also
indicates that selenium has an adverse effect on HER kinetics in pentlandite-type materials. After
chronoamperometry, higher Tafel slopes are observed, which can be attributed mainly to the blocking

of a fraction of the active sites, reducing the number of electrochemically accessible centers 219247,

Interestingly, the Tafel slopes of powder electrodes do not match those of the ingot samples, which also
differ significantly from the pellets, following ECSA and RF values. This discrepancy highlights
the significant influence of material form on hydrogen evolution kinetics, but in this case, it is most
likely caused by limited contact between the powder and the substrate, which slows down the reaction
kinetics in accordance to R, values presented in the previous sections. For ingot samples (Figure 51b; e;
Figure 52b; e), the best kinetics are shown by the 1.S8 and 1.S7 samples, with Tafel slopes below 100
mV/dec, indicating a Volmer-Tafel mechanism. However, as the selenium concentration increases,
the Tafel slopes systematically increase, with 1.S3 reaching the highest value (over 200 mV/dec),
suggesting an unfavorable Volmer-Heyrovsky mechanism, again suggesting unfavorable influence

of selenium on HER kinetics.
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Pellet samples (Figure 51c, f; Figure 52c¢; f) exhibit the highest Tafel slopes among all the Co3;Fe;NisSs.
«Sex series, indicating that the reduced surface development in this form leads to slower kinetics,
regardless of the R, and Rer values. Unlike powder and ingot electrodes, pellet samples do not show
a further increase in Tafel slope values after chronoamperometry, instead, the remain stable or even show
a slight improvement, most likely due to the better exposure of their surfaces during operation.
This behavior highlights the strong influence of material form and density on hydrogen evolution
kinetics. Furthermore, It is worth noting that among all solid-state samples, the lowest Tafel slope values
are observed for compositions with a small Se addition, particularly X.S7, once again suggesting

the presence of an optimal, critical selenium concentration that positively affects the catalytic

performance.
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Figure 51. Tafel slope recorded in 0.5M H2SO4 at a 6.25 mV/s sweep rate and normalized to ECSA for CosFe3Ni3Ss-xSex
series for: a) powder samples before chronoamperometry; b) ingot samples before chronoamperometry; c) pellet samples
before chronoamperometry, d) powder samples after chronoamperometry; e) ingot samples after chronoamperometry,
) pellet samples after chronoamperometry.
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Figure 52. Tafel slope recorded in 0.5 M H2sOq4 at a 6.25 mV/s sweep rate and normalized to geometric area for CosFesNisSs.
Sex series for: a) powder samples before chronoamperometry,; b) ingot samples before chronoamperometry; c) pellet samples
before chronoamperometry; d) powder samples after chronoamperometry, e) ingot samples after chronoamperometry;

f) pellet samples after chronoamperometry.

It thus appears that selenium deteriorates the reaction kinetics, which is consistent with literature data;
however, it positively affects the electronic structure and masks the influence of the cationic
composition, resulting in the highest current densities observed for bulk samples. Among all series,
X.S7 deserves particular attention — as the beneficial effect of selenium seems to be most optimally
expressed in this composition: it improves the metallic character and band structure, while still retaining
a high sulfur content, which provides active sites preferentially interacting with protons. At higher
selenium contents, this effect becomes dependent on the material form; nevertheless, it appears evident

that an excess of selenium partially blocks the sulfur-rich surface.
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4.2. CooxyFexNiySg series

4.2.1. Structural investigation

4.2.1.1. XRD analysis

In the Coo.xyFexNySs series, where cationic sublattice was altered, determining the chemical composition
range characterized by single-phase pentlandite structure was less straightforward. As shown in Figure
53a, nearly all products remain single-phase immediately after synthesis, except for those with high
amounts of Ni (P.116.S8) or Fe (P.341.S8 and P.161.S8). Almost all samples undergo phase
decomposition after sintering, with reflections corresponding to phases such as Fe, NiS, and FeS.
As previously discussed, monometallic composition can only be achieved for Co-rich systems, while
bimetallic Fe- or Ni-rich compositions remain single-phased only when the amounts of Fe and Ni
are comparable. An excess of either element drives the system beyond the stability range
of the pentlandite phase. This suggests that Co-rich systems are more flexible, as cobalt tolerates a wider
range of atomic configurations and preserves the structure even in excess. Cobalt also promotes greater
lattice order, making the phase more resistant to local distortions. These are the first synthesized
trimetallic pentlandites and, as will be shown later in this work, while cobalt does not enhance
the catalytic properties compared to the bimetallic system, it significantly improves the structural

stability of pentlandite-type materials (Figure 53b).
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Figure 53. XRD patterns of Cog.xFexN,Ss series in the form of a) powders and b) sinters.
42.1.2. SEM + EDS

As shown by the XRD patterns, the synthesized materials for the Coo.yFexN,Ss series, in powder form,
contain fewer secondary phases than the pellets. However, SEM+EDS imaging (Figure S13-Figure S17)
indicates that, in addition to the limited solubility — particularly of iron — and the tendency toward phase
decomposition under reducing and elevated temperature conditions, this series of materials also exhibits

significantly lower stability. It is evident that the as-synthesized ingots (Figure S14-Figure S17) contain
102



considerably fewer chemically (and presumably also structurally) inhomogeneous regions compared to
the powders. Only minor iron precipitates are observed in samples 1.413.S8 and 1.341.S8, most likely
resulting from limited solubility or unreacted iron, as well as a clearly biphasic region in sample
1.161.S8. This is most likely not a matter of the solubility of iron alone, but rather of the overall limited
solubility in the trimetallic system. In such conditions — being the element with the lowest reduction
potential among the three — segregates first, either in metallic form or iron sulfides, particularly under
reducing conditions. The grinding process, which is inherently high-energy and poses a risk of phase
decomposition, further promotes segregation, as seen in the powder images (Figure S13). As a result,
not only iron precipitates but also iron sulfides appear almost ubiquitously. Importantly, no Co-rich
segregations are observed, which once again highlights the key role of cobalt in stabilizing
the pentlandite structure. This study did not investigate whether this process results from pentlandite

decomposition or from slow reactions between Fe-rich precipitates and sulfur-rich surfaces.

Moreover, additional phase decomposition is evident during sintering (Figure S15) as only S.314.S8,
S.413.S8, and S.611.S8 samples remain chemically homogeneous (Co-rich ones). It must therefore
be concluded that, although the system with equimolar cationic composition may be stable, in ternary
pentlandites the solubility of Fe (and/or Ni), as well as the stability — especially thermal stability —
of these materials, remains significantly reduced, -effectively disqualifying these systems
from application-oriented work at this stage. This measurement series was nevertheless included,
due to the fact that these materials still predominantly exhibit pentlandite as the main phase. However,

any comparisons and correlations should be considered at least partially speculative.

4.2.2. Catalytic properties

422.1. ECSA, RF, Cqa

In this section, the ECSA, RF, and double-layer capacitance (Cq) are analyzed for the Cog.x.yFexNySg
series. The CV plots are provided in Figures S18-S23, while the corresponding Cga values
are summarized in Figure 54. The lowest ECSA values are observed in the powder samples (e.g.,
5.16-10"" cm? for P.S3), while the highest values are found in the pellet samples (e.g., 1.37-10? cm?
for S.S7), particularly when compared to the geometric working area. An increase in density leads
to a higher ECSA, especially for samples with a high Fe content. Moreover, the combine presence of Fe
and Co further enhances the number of accessible active sites. In contrast, increasing the Ni content
appears to suppress this effect. This can be attributed to the electronic influence of Ni, which uniquely
shifts dy. away from the Fermi level in the opposite direction compared to Fe and Co, thereby reducing

the favorability of hydrogen adsorption in HER (particularly noticeable in acidic environments).

Additional insights can be gained from interpretation after the chronoamperometry tests , which confirm
the occurrence of sulfur depletion in all powder and most pellet samples. Materials with a high Ni

content, or more specifically, those with a large number of high-nickel precipitates on the surface,
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do not exhibit an activation process. This is because the Ni precipitates effectively inhibit the H*

adsorption/desorption processes in these materials.

These results confirm that S-rich pentlandites exhibit the sulfur-depletion mechanism in practically all

material forms, with the effect being more pronounced when surface development (powders) or surface

exposure (pellets) is higher. The samples richest in Co and Fe provide the highest number of active

centers. Taken together, these findings are consistent with the conclusions of the previous chapter,

where it was postulated that selenium tends to mask the influence of cations
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422.2. EIS analysis

A similar trend to that seen in the previous series , where the resistance of sintered pellets
is approximately an order of magnitude lower than that of the as-synthesized ingots, and even lower
compared to the powders, can be noticed in the Coo.x.yFexNi,Sg series (Figure 56 and Table S4).
This behavior can be attributed to differences in contact resistance, the compactness of the materials,
and, toa lesser extent, the higher charge-carrier density and cation mobility in the samples
with the greatest resistance values. Sintering leads to densification of the material, thereby facilitating

charge transport within the grains°.

For powders, no clear trends are observed in either Ry or Rer, with the exception of samples P.116
and P.143, which exhibit unusually low Rcr values; however, these deviations are most likely incidental.
In ingot samples, R, shows no correlation, while Fe-rich compositions (1.431.S8, 1.341.S8, 1.161.S8,
1.143.S8) display the lowest Rcr values. A similar tendency is observed for pellets: no systematic
correlation is found for Ry, but again Fe-rich samples exhibit significantly reduced Rcr. These results
suggest that iron strongly enhances charge-transfer abilities, regardless of whether the material is phase-
pure or contains iron-rich precipitates. Consequently, Fe-rich samples can be expected to exhibit
the most favorable catalytic properties. At the same time, the clear manifestation of cation-related effects
further supports the conclusions of the previous chapter, where selenium was shown to mask

the influence of cations.
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4223. HER

Generally, it is assumed that samples exhibiting the highest Cq and ECSA values demonstrate the best
HER performance. However, as shown in Figure 57 and Figure 58, which present the LSV curves
for the Coo.x.yFexNySg series normalized to both ECSA and geometric area, this assumption
does not hold true for all samples. Regardless of the material form, the best performance, normalized
to ECSA (Figure 57), appears to be the CossFe;sNi3Sg composition, which exhibits the lowest
overpotential values (e.g. No2ecsapost =465 mV/em? for powders, or No2ecsaprior = 338 mV/cm? for ingots)
and enhanced durability. While these values might seem surprising in the context of ECSA,
they are typical for pentlandite-like behavior, which highlights the importance of phase homogeneity
in the material. Notably, these values are comparable to those of the CosFe;NisSs composition,
which also demonstrates excellent catalytic properties and durability, where both equimolar cation ratio

and the presence of cobalt itself playing a key role in this system 3.
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The behavior of these materials, including both CossFe; sNizSg and CosFes;NizSg (as well as all other
combinations with near-equimolar cationic configuration and a relatively high cobalt content), cannot,
however, be directly attributed to the electronic structure of pentlandites. The dy. — while a successful
descriptor of catalytic activity in bulk materials with variable selenium content (see previous series) —
is generally assumed to correlate positively with activity when it lies closer to the Fermi level. Among
the present cations, iron is the one that most significantly shifts the dy.. In this case, however, cobalt
appears to play a more decisive role as a structural stabilizer, promoting persistent sulfur bridging
and a unimodal distribution of active sites. Moreover, Co-less systems are likely to exhibit a greater
tendency toward the leaching of other cations, particularly iron, from the material surface — an effect
that should ideally be verified by ICP-OES analysis of the post-electrolysis solution. Unfortunately,
measurements were not included at the time when the experiments were conducted. Nonetheless,
the above considerations appear well justified, as all near-equimolar systems behave in a similar manner,
highlighting the crucial role of cobalt in this trimetallic system. The behavior of sample S.116.S8

deviates from the rest and will be discussed in additional analyses (4.4.2).
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Figure 57. LSV voltammograms recorded at a sweep rate of 6.25 mV/s in 0.5 M H2SO4 for Cog.x.,FexNiySs series normalized
to ECSA for: a) powder samples before chronoamperometry; b) ingot samples before chronoamperometry, c) pellet samples
before chronoamperometry, d) powder samples after chronoamperometry; e) ingot samples after chronoamperometry and
) pellet samples after chronoamperometry.

When discussing the LSV values of the Cog.xyFexNySs series normalized to the geometric area (Figure
58), completely different conclusions can be drawn. The best-performing samples are the iron-rich
compositions, particularly those with high cobalt content (e.g., 161.S8, 431.S8, and 341.S8).
There are two possible reasons why the Fe- and Co-rich samples show such high HER performance.
First, this could be due to a favorable chemical composition, followed by an optimal dy position,
the highest ECSA/RF values, and the lowest Rer. Second, it is related to phase homogeneity or the result
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of catalytically active iron sulfide precipitates on the already catalytically active and well-conductive
substrate (pentlandite). The latter effect is highly probable here, as such behavior is not unique to this
material, and will be discussed in detail in subsection 4.4.1. This indicates that, while bulk materials
are best suited for comparative analysis, parameters determined from cyclic voltammetry — such
as ECSA or RF — do not necessarily correlate with the final catalytic performance. However, when
referring to the total surface area (geometric area), the influence of chemical composition becomes

evident and aligns well with theoretical expectations.

In agreement with the ECSA-normalized results, the long-term stability of these materials shows
that those with near-equimolar compositions (e.g., S.431.S8 and S.341.S8) show improved performance

after prolonged electrolysis.
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Figure 58. LSV voltammograms recorded at a sweep rate of 6.25 mV/s in 0.5 M H:SO4 for Cog.x.yFexNiySs series normalized
to geometric area for: a) powder samples before chronoamperometry, b) ingot samples before chronoamperometry; c) pellet
samples before chronoamperometry, d) powder samples after chronoamperometry, e) ingot samples after
chronoamperometry and f) pellet samples after chronoamperometry.

4224, Tafel Slope

In the case of Tafel slopes for the Coo..yFexN,Ss series normalized to ECSA (Figure 59), some general
trends can be observed. The interpretation of Tafel slope values for powders is imprecise due to the non-
homogeneous coverage of screen-printed electrodes, and a lack of correlation is noticeable for this
sample form. Nevertheless, based on the available results, materials rich in iron or cobalt
can be identified as the best-performing in terms of reaction kinetics (Figure 59a; d), with Tafel slope

values of 116 mV/dec, 136 mV/dec, and 140 mV/dec for P.161.S8, P.413.S8, and P.314.S8, respectively.

In contrast to powder electrodes, the Tafel slopes of ingots (Figure 59b; ¢) in this series are lower

than those of the powders, which may be attributed to the absence of the influence of the screen-printed
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substrate - which correlates with the results obtained from EIS. For the ingot samples, the best
performers are characterized by Tafel slopes below 100 mV/dec, indicating the desired Volmer-Tafel
mechanism, in which proton chemisorption onto the surface occurs rapidly, followed by a limiting
recombination reaction on the catalyst surface 2. These include two samples with a high Co ratio:
1.611.S8 and 1.431.S8. Interestingly, these two samples remain single-phase and do not show any surface
precipitation, which could otherwise block the mechanism responsible for creating active sites. Other
ingot samples in this series predominantly follow the Volmer-Heyrovsky mechanism, with no clear

correlation between composition and Tafel slope values.

As with the previous series, the surface of the pellet samples appears to be relatively inactive (Figure
59c, 1), as evidenced by the high Tafel slope values — much higher than those for the ingots. This
can be attributed to their significantly less developed surface area. The lowest Tafel slopes, indicating
the highest kinetics, are seen in the iron-rich sample, P.161.S8, and the nickel-rich sample, P.116.S8 (113
mV/dec and 162 mV/dec, respectively), following the highest ECSA/RF and lowest Rer values in this
series. However, even these best-performing Tafel slopes suggest a non-preferred Volmer-Heyrovsky
mechanism for HER, considering the chemisorption of a solvated proton followed by a reaction
with another proton 2%, This may also be caused by foreign phases, such as metallic iron, present
on the surface, as well as the exposure to metallic active centers, as described earlier by Smialkowski et
al. %%, . The highest Tafel slope value (466 mV/dec) is observed in the Co-rich sample, 1.611.S8. This
result suggests that an excessive concentration of cobalt, while positively affecting the material's
durability, may bind sulfur atoms too strongly, preventing the creation of sulfur vacancies necessary

for the formation of a high concentration of active sites.
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Figure 59. Tafel slope recorded in 0.5 M H2sOq4 at 6.25 mV/s sweep rate and normalized to ECSA for Cog..yFexN,Ss series

for: a) powder samples before chronoamperometry, b) ingot samples before chronoamperometry, c) pellet samples before

chronoamperometry; d) powder samples after chronoamperometry, e) ingot samples after chronoamperometry and f) pellet
samples after chronoamperometry.

The reaction kinetics of the Coo.«yFexNySg series as a function of geometric area are similar to those
normalized to ECSA (Figure 60). In the case of powders (Figure 60a; d), the key role of iron and cobalt
is once again evident, with an emphasis on the unfavorable impact of excessive Co and Ni content.
For both bulk materials — pellets and ingots (Figure 60b; c; e; f) — the best hydrogen evolution reaction
kinetics are observed in materials with extreme concentrations of Co, Fe, or Ni in a single-phase system
(such as the “611” or “413” series), showing a relatively large contribution from the favorable Volmer-

Tafel mechanism.

For the ingots with the best kinetics, once again, the single-phase samples stand out: 1.611.S8
and 1.431.S8, with Tafel slopes of 84 mV/dec and 78 mV/dec, respectively. This clearly indicates
that materials unaffected by further processing are the best for HER, as they allow typical pentlandite
activation via sulfur depletion. When the material's surface is contaminated by foreign phases
or subjected to treatments (such as sintering), the resulting properties tend to be more dependent
on the chemical composition, which corelates with the CosFesN3Ss«Sex series 243, This observation
supports the idea that the presence of active precipitates can alter ECSA and improve overpotentials
at specific current densities, but it negatively affects the adsorption and desorption processes

on the surface.

At this point, a more general remark arises: in the case of trimetallic pentlandites, Se-rich materials tend
to exhibit a better correlation between intrinsic properties, electronic structure, and catalytic

performance. This is an expected outcome, given the increase in metallic character with increasing
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selenium content. At the same time, the presence of sulfur remains critical due to sulfur depletion
mechanism. However, modifications within the cationic sublattice suggest that high-throughput
screening may point to materials whose electronic structure only partially explains their behavior,
with thermodynamic effects and structural stability playing an increasingly dominant role — particularly
with regard to the stabilizing function of cobalt. The combined results of both series appear to provide
a solid foundation for simultaneously analyzing both phenomena: changes in the cationic sublattice

and the effect of high selenium content in the anionic framework.
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Figure 60. Tafel slope values recorded in 0.5 M H>SOq4 at a 6.25 mV/s sweep rate and normalized to the geometric surface for
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pellet samples before chronoamperometry; d) powder samples after chronoamperometry; e) ingot samples after
chronoamperometry and f) pellet samples after chronoamperometry.

111



4.3. CoogxyFexNiyS4Seq series

4.3.1. Structural investigation

43.1.1. XRD analysis

Among the Se-rich CooxyFexNiySsSes compositions (Figure 61) the overall stability and cations
solubility of the materials appears to be improved; however, secondary phases still emerge on some
of the samples, particularly Ni-rich ones (e.g., P.116.S4 and P.134.S4) (Figure 61a). These secondary
phases appear as precipitates of nickel and cobalt sulfides and selenides. Similar to the behavior
observed in the sulfur-rich series, high-temperature treatment has an even more detrimental effect
on the stability of materials with higher selenium content (Figure 61b). In this Se-rich series, not even
one composition remains fully single-phase after temperature treatment, and the precipitates contain all
the constituent elements of the original compositions. These observations suggest that pentlandite-like
materials with non-equimolar or naturally occurring compositions are thermally unstable, especially
under high-temperature conditions. Even the more stable high-Se compositions become unstable
when exposed to elevated temperatures. This means that although selenium provides geometric space
to accommodate increased iron or nickel content, it simultaneously weakens the overall structural
integrity of the system, leading to destabilization rather than an improvement in thermodynamic
stability, especially over time and under high-temperature treatment. Additional DFT studies on systems
with critical Co, Fe, and Ni content show that their stability follows the trend: Co-rich > Ni-rich > Fe-

rich.
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Figure 61. XRD patterns of CogxyFexNySsSeq series in the form of a) powders and b) sinters.
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4.3.1.2. SEM + EDS

The CooxyFexNySsSes series shows noticeably improved phase purity and stability compared
to the series with sulfur alone (Figure S24-Figure S28). As in the previous example, powders (Figure
S24) exhibit Fe and FeS precipitates in a significant portion of the samples, but the ingots maintain
a stable single-phase composition (Figure S25). High-temperature treatment affects the phase
composition much less than in the previous example (Figure S26), with only small precipitates of Fe
(S.314.54, S.431.54) and Co and Ni (S.161.S4) observed on the surfaces. This suggests an increase
in the stability of the samples after the addition of selenium as a fifth component in amounts equal
to sulfur, both at room and elevated temperatures, as selenium increases the lattice parameters of the unit

cell, providing more space for metal atoms.

4.3.2. Catalytic properties

4.3.2.1. ECSA, RF, Ca

In the Coo.x.yFexNyS4Sey series (Figure S29-Figure S34 show CV plots and Figure 62 shows Cq1), during
the test of powder samples, redox peaks appear at slow scan rates, regardless of the material composition
or measuring range, indicating the absence of a non-faradaic region. This issue disappears at higher scan
rates due to the influence of Cq and non-faraday currents that mask this effect, likely due to the presence
of oxidized metallic compounds on the powder surface, which are formed during the milling process.
Additionally, ingot samples exhibit irregularities, likely due to the randomness of orientation and uneven

surface morphology, with brittle behavior especially evident in selenium-rich materials.

In this series, pellet samples exhibit the most pronounced changes in ECSA and RF values (Figure 63),
indicating that the method of sample preparation has a substantial impact on catalytic behavior. These
differences between pellets, ingots, and powders are primarily attributed to variations in microstructure
and the extent of surface exposure. Among them, the S.161.54 sample stands out, showing the highest
RF value accompanied by a notable drop in ECSA. This behavior likely results from the catalytic
activation driven by iron, which facilitates the formation of active sites — an effect observed also
in the previous series. In the equimolar S—Se system, this iron-driven activation appears to be more
pronounced than in S-rich compositions, possibly due to selenium-induced surface restructuring.
However, in Fe-rich samples, partial decomposition of the pentlandite phase still occurs during
electrochemical testing, which may hinder long-term stability. It should also be noted that such Fe-
driven activation may partly originate from the partial dissolution of iron into the electrolyte. This effect
would need to be verified by ICP-OES analysis of the post-measurement solutions; however,

as in the previous series, such an analysis was not performed.

Almost all pellet samples (particularly S.161.S4, S.431.S4, and S.143.S4) show clear signs
of electrochemical activation, as reflected by substantial changes in ECSA. This behavior
may be attributed to the compact and relatively flat surface of the sintered pellets, which can locally

concentrate electrochemical reactions and promote partial sulfur depletion. In contrast, ingot and powder
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samples exhibit only minor ECSA changes during operation, likely due to their more porous or irregular

surfaces, which facilitate a more stable distribution of active sites.

Compared to the Coox.yFexNiySg series, the activation process in the S;Ses series is less pronounced.
Here, the differences in catalytic activity appear to stem primarily from surface morphology rather
than from chemical composition. Notably, RF values tend to decrease with increasing geometric surface
area, closely following the trend observed for ECSA. The introduction of selenium once again seems
to obscure the role of the cationic sublattice composition, making the observed differences more
sensitive to sample preparation and microstructural variability. In contrast to the sulfur-only series,
the equimolar S—Se compositions show higher ECSA values, suggesting a distinct mechanism of active
site formation — possibly due to the longer TM—Se bonds, which localize catalytic activity closer

to the metal centers and modify the overall HER pathway.
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432.2. EIS analysis

In the Cog.x.yFexNiySaSes series (Figure 64 and Table S4), Rer values are noticeably lower than in S-rich
compositions, suggesting enhanced conductivity due to the more metallic nature of Se-rich phases.
Following the ECSA and RF analysis, and the general observation that selenium tends to mask
the influence of cations while simultaneously increasing the metallic character and facilitating charge-
transfer abilities, the EIS results indicate that, regardless of the material form, R, and Rcr values do not
show a systematic correlation with the cation sublattice occupancy. To a very limited extent, it can only
be noted that Fe-rich compositions generally exhibit slightly lower Rcr values, which is particularly
visible for S.161.S4 sample. The only consistent trend is that R, decreases with increasing material
consolidation. It should also be noted that sample P.314.S4 deviates from the rest of the series, most

likely due to experimental errors.
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4.3.2.3. HER

In the case of the Coo.x.yFexNyS4Ses series, the conclusion that a large ECSA and RF correlate with HER
performance is not as straightforward as expected. If this were true, the Co- and Fe-rich compositions
should exhibit the best HER performance, but the situation is more complex. The LSV curves
for this series, particularly those normalized to ECSA (Figure 65), highlight the influence of material
morphology and changes in the cationic sublattice, with stability remaining a crucial factor. Normalizing
the LSV currents to ECSA shows that the best performers are the ingot samples, which achieve
the lowest overpotentials and highest current densities. Only three samples (1.314.S4, 1.611.54,
and 1.341.S4) show significantly lower HER performance compared to the others.

Powders show promising overpotentials and current densities (e.g., the best powder, P.143.S4, shows
No.2ecsa = 312.11 mV/em?), but the majority of the powder samples suffer from instability over time,
likely due to the detachment of grains from the substrate. This indicates that Se-rich compositions exhibit
a different surface charge distribution, resulting in poorer adhesion to the conductive substrate. Pellets
perform the worst in this series, except for the S.143.S4 and S.134.S4 samples. However, the former
shows instability over time, while S.134.S4, though showing no2ecsaprior = 435 mA/cm? and no2ecsapost

= 383 mA/cm? both before and after stability testing, still results in the worst performance in the series.

Similar to the Coo...yFexNiySg series, this series exhibits comparable trends regarding the density of states
near the Fermi level and the influence of metallic and bimetallic centers on the HER performance
of the samples. However, this is affected by multiple factors such as the introduction of selenium,
the presence of sulfur vacancies, and the iron content 2°!. Typically, such modifications enhance catalytic
activity, but auxiliary AG calculations reveal an interesting relationship in this case — namely, they lead
to excessively strong hydrogen binding. While proton adsorption in the Volmer step is favored,
the recombination reaction and desorption process in the Tafel step are limited, resulting in overly strong

hydrogen binding and slowed reaction rates.
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Figure 65. LSV voltammograms recorded at a sweep rate of a 6.25 mV/s in 0.5 M H:SO4 for CogrFexNiySsSeq series
normalized to ECSA for: a) powder samples before chronoamperometry, b) ingot samples before chronoamperometry, c)
pellet samples before chronoamperometry, d) powder samples after chronoamperometry; e) ingot samples after
chronoamperometry and f) pellet samples after chronoamperometry.

The LSV normalized to geometric are curves for the Coox.yFexNiySsSes series show that the current
densities decrease as the sample density decreases. The highest currents are observed for sintered pellet
samples, followed by ingots, with the lowest currents seen in powder samples on conductive substrates.
These trends correlate with the previously discussed Rer values and the inherent electrical properties
of the materials. However, there is no clear correlation between overpotentials and chemical

composition.

For the pellets (Figure 66), the best-performing compositions are S.161.S4 and S.431.S4, reaching nio
=253.24 and 283.19 mA/cm?, respectively, while the worst-performing composition is S.134.S4 (n1ogeo
=451.08 mA/cm?). Interestingly, for the S.161.S4 material, the situation is not entirely clear, particularly
due to superior performance and non-zero cathodic currents observed in this material. Structural analysis
indicates that the surface of S.161.S4 sample undergoes decomposition into Fe-rich areas, suggesting
that despite its strong performance, the material may lack long-term stability. To confirm this, an XPS

test was conducted on this composition (see 4.3.2.5).

For ingots and powders, no clear trends emerge linking performance to chemical composition. The best-
performing ingots are 1.413.S4 and 1.143.S4 reaching niogeo = 356.91 mA/cm? and 347.92 mA/cm?,
respectively, while the best powder is P.431.S4 (niogeo = 340.89 mA/cm?). In both series, the X.314.S4
composition exhibits the worst overpotentials. Although these values might seem random, in materials
with both sulfur and selenium on anionic sublattice (“SsSes”), surface morphology and sample

preparation are far more significant factors, as demonstrated by the P.431.54 sample. This sample stands
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out due to its exceptionally small average particle size, making it noticeably superior to other powder

samples.
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Figure 66. LSV voltammograms recorded at a sweep rate of a 6.25 mV/s in 0.5 M H:SO4 for CogxyFexNi,SsSeq series
normalized to geometric area for: a) powder samples before chronoamperometry; b) ingot samples before
chronoamperometry; c) pellet samples before chronoamperometry; d) powder samples after chronoamperometry;, e) ingot
samples after chronoamperometry and f) pellet samples after chronoamperometry.

4.3.24. Tafel Slope

The Tafel slope normalized to the ECSA for the CooxyFeNyS4Ses series (Figure 67) shows a trend
consistent with the LSV results. Notably, both powder (Figure 67a and d) and ingot samples (Figure 67b
and e) exhibit activation after chronoamperometry, attributed to sulfur depletion. This effect is more
pronounced in the ingot samples, likely arises from their denser microstructure and lower surface area,
which amplifies the impact of surface compositional changes on the overall catalytic activity. The best-
performing powder sample displays a Tafel slope of approximately 100 mV/dec, although no clear
correlation is observed between the Tafel values and chemical composition, nor between the values

before and after the stability tests. Once again, this behavior reveals the masking effect of selenium

on the influence of cations, consistent with the trends observed for Ry, and Rer.

Ingot samples generally show better kinetics than powders, with most exhibiting Tafel slopes below 100
mV/dec, except for samples 1.314.S4, 1.611.S4, and 1.341.S4. These lower Tafel slope values suggest
a preferred Volmer—Tafel mechanism, where fast proton chemisorption is followed by a rate-limiting
recombination step. In contrast, the pellet samples (Figure 67c; f) — with lower surface development —
exhibit the highest Tafel slopes, which again is consistent with literature data suggesting that Se-rich
pentlandites are characterized by poorer kinetics, especially when ECSA is low 21924 Even the best-
performing pellet samples, S.143.S4 and S.134.S4, show Tafel slopes above 100 mV/dec. The lowest

Tafel slope of 114 mV/dec are identified for pellet S.143.S4 both before and after chronoamperometry.
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These values indicate a non-preferred Volmer—Heyrovsky mechanism, suggesting that the high density

in pellet surfaces significantly limits their catalytic activity.

2

-1

0 1

1 2

o] 203mV 209mY X =P 202mV SImY X= o 223mv 13ImV X=5_
a) 175my . ") somyv C) losmv g
299mV 131my 172mv
— 0.04 205mVv FBmY 112mVv
=, 114mv 1My 104mV
Ll F-0.2 0.2
T — X.314.54
A 02 \ \
o \\ \ \\ _X.116.54
L 0.4 b o4 \ 04 — X.134.54
X.413.54
d) 20mV 96myX=Poyl @) amV FimV X =l o 159mY 128mV X =S| — X.611.54
) 146mv L on 89mv ) 112mv X.431.54
0.0f 305mV 133mV 114my
— 401my § 92my " 1 13mV X.341.54
> 114mv 80my 97mVv — X.161.54
ITIN o2 —X.143.54
IZ 04 \\\\ \ 04 \

log j [mA/cm?’] --|09] [mA/cm?] Jogj [mA/cm?]

Figure 67. Tafel slope values recorded in 0.5 MH2S04 at a 6.25 mV/s sweep rate and normalized to the ECSA for Cog.x-
yFexN,S4Seq series for: a) powder samples before chronoamperometry, b) ingot samples before chronoamperometry, c) pellet
samples before chronoamperometry; d) powder samples after chronoamperometry, e) ingot samples after
chronoamperometry and f) pellet samples after chronoamperometry.

A very similar trend is observed for the Coo.xyFexNySiSes series when Tafel slopes are normalized
to the geometric area (Figure 68). Ingot samples (Figure 68b; e) continue to show the most favorable
Tafel slope values, while pellet samples (Figure 68c; f) display the poorest hydrogen evolution kinetics.
Powder samples (Figure 68a; d) exhibit slightly higher Tafel slopes than the ingots, with most values
clustering around 100 mV/dec. Almost all ingot samples reach Tafel slopes close to 100 mV/dec,
with the exception of three samples — 1.314.84, 1.611.S4, and 1.341.S4 — though the differences
are relatively minor. Notably, ingot samples in this series exhibit Tafel slopes comparable to the 1.S8
sample and significantly lower than those of the 1.S4 sample, indicating superior HER kinetics. Pellet
samples generally show high Tafel slopes above 100 mV/dec, indicative of a non-preferred Volmer-
Heyrovsky mechanism. Most pellet samples also exhibit higher or comparable Tafel slopes relative
to the S.S8 and S.S4 references. Only two pellet samples — S.143.S4 and S.134.S4 — approach Tafel
slope values near 100 mV/dec. By analyzing Tafel slopes normalized to both ECSA and geometric area,
the “143” sample stands out, showing the best average Tafel slope wvalues. This is likely
due to its composition, which closely resembles equimolar CosFe;NizSsSes and contains a high Fe
content that enhances reaction kinetics. The second-best performing sample, X.134.S4, further supports
the conclusion that optimal “S4Ses” compositions tend to favor near-equimolar distributions of transition

metals on the cationic sublattice.
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Figure 68. Tafel slope values recorded in 0.5 M HSOq at a sweep rate of 6.25 mV/s and normalized to the geometric surface
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The slow desorption process, which results in the low kinetics of the samples in this series, does not stem
from geometric factors but rather from electronic ones. TM—Se bonds are longer than TM—S bonds,
creating interatomic active centers, yet the optimized proton adsorption geometries in Se-rich structures
are very similar to their sulfur analogues. Therefore, the kinetics are slowed down by the deepening
of the d-band center caused by selenium. This, combined with the previously noted strong hydrogen
binding and limited desorption, indicates that Se-rich pentlandites operate according to a different HER
mechanism — the rate-limiting step is not related, as usual, to proton adsorption but rather to hydrogen

release.

4.3.25. XPS test
To determine changes on the surface during the electrochemical tests of the S.161.S4 samples, the XPS
test was conducted (Figure 69—Figure 72) for the sample before and after chronopotentiometry.

Additionally, the same test was conducted for the S.S4 sample, for comparison.

All three transition metals exhibit mixed oxidation states, with Fe’ being the most depleted
in electrochemical tests — particularly in Fe-rich systems such as the S.161.S4 sample. This depletion
suggests the presence of localized iron-rich regions within the material's volume, which dissolve
into the electrolyte during electrochemical reactions and subsequently become oxidized. Verification
of this effect by ICP-OES analysis of the post-reaction electrolyte would be highly valuable; however,

such measurements were not performed in this study. This process accounts for the observed non-zero
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cathodic currents (as shown in Figure 65 and Figure 66 for this sample) and supports the concept that
Fe-rich materials with a pentlandite structure possess the lowest thermodynamic stability (Table S5),
what is further supported by DFT results. Comparing the XPS spectra of selenium-rich materials to those
containing only sulfur reveals significantly broader and more fragmented spectral envelopes
in the former, which indicates a more complex surface chemistry and a more dynamic redox behavior
247 An intriguing observation lies in the differing oxidation transitions of the transition metals: while Fe
and Co exhibit shifts to higher oxidation states, Ni remains consistently at the +2 state. This suggests
that Ni maintains near-zero net charge fluctuation and behaves as electrically inert throughout the redox
cycle. Consequently, in Ni-rich systems, the role of charge compensation appears to shift toward Fe,
which assumes a higher positive charge. This results (Figure S35) in partial filling of the d orbitals,
which diminishes the catalytic activity of Ni-rich systems — as evident in the LSV curves — by effectively
reducing the number of unoccupied states available for hydrogen adsorption. Conversely, in Fe-rich
systems, iron tends to occupy the electronic roles typically favored by Ni, appearing with a lower net
charge, closer to zero. This increases the availability of electron states, thereby enhancing HER activity.
However, in critical cases — such as the S.161.S4 sample — this benefit comes at the expense of structural

stability.

In addition, selenium — like iron — significantly shifts the d-band center, a key descriptor of catalytic
activity 2°2233, closer to the Fermi level. However, while Fe enhances electron accessibility at active
sites, selenium exerts a much stronger effect, effectively overshadowing the subtle differences
introduced by cationic substitutions. This explains why the best-performing Se-based pentlandites
are those with Fe-rich or Fe-Co compositions, in contrast to selenium-free, sulfur-only pentlandites,
where Ni-rich domains typically show higher activity . Moreover, the incorporation of larger Se ions
into the structure increases the formation energy, thereby reducing the structural stability
of the pentlandite phase. This observation is consistent with results from the CosFesNizSs<Sex series

and aligns with the literature 254

, which reports that substituting sulfur with selenium leads to greater
lattice distortion due to selenium’s larger ionic radius and lower electronegativity. In summary, selenium
not only enhances charge transfer but also fundamentally alters the influence of the cationic sublattice

on catalytic behavior.
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Figure 69. High-resolution spectra for pellet S.S4 sample before electrochemical tests:
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Figure 70. High-resolution spectra for pellet S.S4 sample after electrochemical tests: a) XPS survey spectrum; b) Co 2p2s3; c)
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Figure 71. High-resolution spectra for pellet S.161.54 sample before electrochemical tests: a) XPS survey spectrum, b) Co
2p2s; ¢) Fe 2psp; d) Ni 2psp;e) S 2p; f) Se 3d.
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Figure 72. High-resolution spectra for pellet S.161.54 sample after electrochemical tests: a) XPS survey spectrum; b) Co

2p2s; ¢) Fe 2psp; d) Ni 2psp;e) S 2p; f) Se 3d.
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4.4. Additional analyses

In this chapter, additional analyses are included, covering the optimization and the influence of sintering
temperature on the properties of solid electrodes — which represents a central aspect of this dissertation
— as well as clarifying specific mechanisms in pellet samples produced by non-normalized powders,

and explaining the phenomenon observed in the Ni-rich composition S.116.S8.

4.4.1. Influence of sintering temperature on HER performance

As mentioned in the chapter dedicated to pellets (3.3.3), the CosFesNi3Sg and CosFesNizSsSes materials
were sintered at different temperatures. Figure 73 presents XRD studies of S.S8 series and Figure 74
presents SEM+EDS studies of the S.S8 and S.S4 pellets sintered at 450 °C, 500 °C, and higher
temperatures. As shown, when the sintering temperature is too high, the material begins to decompose.
It is not visible in XRD, but SEM and EDS maps accurately show the decomposition of the material.
This is clear in Figure 74b-d and f-g, that the higher temperatures cause the appearance of Fe
and its subphases on the surface of the material. Typically, pentlandites are stable under inert (oxygen-
free) conditions up to temperatures of around 700 °C 2%, However, decomposition observed in these
materials occurs due to two main factors. The first is surface reduction driven by elevated temperatures
under carbon-provided reducing conditions. The second, and more critical, factor is inductive hot
pressing (IHP) sintering, during which eddy currents are generated 2. These currents lead to intense
electron movement, which, combined with the reducing environment, promotes redox reactions. Among
the constituent metals, iron has the lowest standard reduction potential, which explains why iron-rich
phases are the first to appear 3. This decomposition is one of the reasons why all pellet samples,

in the main part of the thesis, were sintered at a temperature of 400°C.
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Figure 73. XRD patterns of the CosFesNsSspentlandite pellets sintered at 400, 450 and 500 °C.
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Figure 74. SEM of CosFes3NisSs pellets sintered in: a) 400°C; b) 450°C; ¢) 500°C; and CosFe3;Ni3S4Seq pellets sintered
in: d) 400°C; e) 450°C; f) 500°C and g) 550°C.

The chemical compositions of all materials were determined using two different methods: SEM-EDS
analysis and ICP-OES. The collected data were listed in Table S1, and discrepancies between
the chemical compositions obtained by these two methods can be observed. The chemical compositions
derived from ICP-OES are closer to the theoretical values than those obtained from the EDS method.
This is because ICP-OES is a volume-based technique, while EDS is a surface-based method, making
the latter more susceptible to random variations, which can significantly affect its accuracy, moreover,
the measurement error of EDS is significantly higher than that of ICP 2%7. This discrepancy is most

evident in the Coo.x.yFe.NyS4Seq series, where the values deviate notably from theoretical expectations.
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This can be attributed to the limitations of the testing equipment, which may underestimate certain
elements, such as sulfur, especially in the presence of selenium. Therefore, the values obtained
from EDS should be considered as reference only, while further analysis will rely on the ICP-OES data.
Overall, the elemental compositions in the obtained materials are close to the theoretical values,
with deviations falling within acceptable limits — which, in the case of single-phase materials
with a unimodal elemental distribution, can be emphasized as an unquestionable success, especially

given the complexity of such a non-stoichiometric, multicomponent sulfide system.

An analysis of the relative density values of the obtained samples shows that all of them demonstrate
stable values above 80%, often approaching 95% relative density. These values were measured using
the Archimedes hydrostatic method and compared to the theoretical densities obtained via Rietveld
analysis. Increased density can significantly influence the electrochemical properties of the materials
(by altering the active surface area, electrical and thermal conductivity, the number of active centers,

and other internal properties), making the measurement of these values crucial to this study.

Given these considerations, sintering conditions were tested in the IHP process, with sintering time
and temperature manipulated. The collected density values are summarized in Table 10.
When the sintering temperature is altered, the density increases up to 97.2 % but then begins to decrease.
This reduction is likely due to the volatilization of sulfur at temperatures exceeding its evaporation
threshold and subsequent phase decomposition. . Additionally, increasing the sintering time
did not impact the density of the resulting pellets, so for both financial and time efficiency, a sintering

time of 15 minutes was maintained.

Table 10. Density of CosFesNisSs and CosFesNizSsSeq pellets after IHP sintering in non-standard conditions.

CosFe;NisSs CosFesNizSsSey
Conditions Measured Relative density Measured Relative density

density [g/cm’] [%] density [g/cm’] [%]
400 °C (15 min) 4,69 91,6 4,82 81,4
450 °C (15 min) 4,79 933 52 87,8
500 °C (15 min) 4,98 97,2 5,69 96,2
550 °C (15 min) 4,88 95,4 X X
600 °C (15 min) 4,80 93,7 X X
650 °C (15 min) 4,80 93,7 X X
15 min (400 °C) 4,38 85,5 4,82 81,4
20 min (400 °C) 4,40 85,9 4,87 82,3
25 min (400 °C) 4,40 86,0 4,86 82,1
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Another test was conducted to assess the influence of sintering temperature on the catalytic activity
of the pellets. As mentioned in 4.4.1, sintering temperatures above 500 °C led to phase composition
of the pellet samples. Despite the presence of iron-rich precipitates, pentlandite remains the main phase
at temperatures above 400 °C. Therefore, it was decided to investigate how the density and the possible
presence of these precipitates affect the HER activity. Therefore, these tests were performed
on CosFesNizSs (as the most stable composition) samples, sintered at 400 °C, 450 °C, and 500 °C, in two
series: pellets sintered from hand-milled powders in an agate mortar and those sintered from normalized
milled powders. A sulfur-only composition was chosen to avoid significant Se evaporation at higher
sintering temperatures. Figure 75-Figure 77 show the LSV, Cq, and Tafel slope charts for both non-

normalized and normalized pellet series.

The results confirm the exceptional HER capabilities of pentlandites in this regard. It was found
that current densities at a given overpotential could be significantly improved by applying higher
sintering temperatures, which is linked to achieving near-theoretical density in the samples and a high
defect concentration. As shown in Figure 74, the average sulfur concentration per area decreases from 45
mol% to 43 mol%, and finally to 41 mol% for the pellets sintered at 400 °C, 450 °C, and 500 °C,

respectively. This confirms the observation of sulfur evaporation as the sintering temperature increases.

This test also revealed that the high defect concentration, in combination with the material density,
results in the conventional and random precipitation of the active phase as a non-stoichiometric iron
sulfide. These phases are anchored to the highly conductive and catalytically active surface
in the form of pentlandite. This phenomenon led to the appearance of unpredictable synergistic effects,

yielding solid electrodes with high efficiency.

In both series, samples sintered at higher temperatures (450 °C and 500 °C) exhibited higher current
densities compared to those sintered at 400 °C. However, surprisingly, the hand-milled series provided
more consistent and intuitive results, with a clear correlation between increasing temperature

and improved HER efficiency (Figure 75a), as well as a decrease in ECSA (Figure 76a).

Furthermore, the increase in sintering temperature had a significant impact on both overpotential (Figure
75) and Tafel slopes (Figure 77). The Tafel slopes of samples sintered at higher temperatures
were significantly lower (90 mV for non-normalized and 83 mV for normalized pellets sintered at 500
°C) compared to those sintered at 400 °C (268 mV for non-normalized and 209 mV for normalized

pellets).

The positive influence of temperature treatment was also observed in the normalized series (Figure 75b).
However, the HER performance of these samples was significantly worse compared to the non-
normalized ones. Moreover, the sample sintered at 450 °C outperformed the one sintered at 500 °C,
suggesting that the larger extent of Fe-rich precipitation at 500 °C reduced the contribution
of the pentlandite surface. Although the Fe-rich precipitates themselves are catalytically active, their
excessive formation diminishes the relative pentlandite area, thereby weakening the synergistic effect
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between the two active phases. Similar to the case of selenium concentration, this indicates the existence

of a critical sintering temperature at which the balance of defects and phase proportions leads

to the highest performance.
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Figure 75. LSV curves as a function of Se concentration normalized to ECSA, recorded at sweep rate of 6.25 mV/s'int 0.5 M
H>S04: a) pellets with random particle sizes and b) pellets with normalized particle sizes.
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Figure 77. Tafel slopes of pellets with a) random particle sizes and b) pellets with normalized particle sizes.

Summarizing the observations about pellets sintered from non-normalized powders and the impact

of higher sintering temperatures, several conclusions emerge. First and foremost, the preparation

of the electrode itself, including its surface treatment and pre-test processing, plays a crucial role

in determining HER performance. Second, the non-normalized milling process, which results

in a random particle size distribution, significantly affects the current densities of the materials. The
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same effect is observed for the density and the precipitates with high efficiency on the surface, which
are influenced and modified by the sintering temperature. The key takeaway is that electrode preparation
and the pre-test treatment of the material are essential when comparing materials with different chemical
compositions, as each of these variables has a significant impact on the HER performance of pentlandite

materials.

4.4.2. S.116.S8 phenomenon

The “S.116.S8 phenomena” was previously mentioned during the LSV test of the Cog.«.,FeNiySg series,
where the S.116.S8 sample exhibited a strong non-cathodic current after the stability test. This sample
was also the best performer in both measurements: before and after chronoamperometry. The S.116.S8
composition is multi-phase immediately after synthesis and undergoes further decomposition during
sintering, resulting in the formation of nickel sulfide-based phases distributed throughout the material.
NiS phases are catalytically active, creating a favorable yet unpredictable scenario where a catalyst
is anchored to another catalyst - pentlandite (similarly as in the case of pellets sintered above 400 °C).
In this context, despite achieving low overpotentials, the kinetics of the HER reaction are reduced, due
to the NiS precipitates block active sites on the pentlandite surface (and related sulfur depletion

mechanism).

It is worth noting that the S.116.S8 sample behaves similarly in the initial stages, where the amount
of nickel sulfide phases increases from about 4% after synthesis to approximately 12% upon sintering.
These actively segregated nickel sulfide phases contribute to excellent HER efficiency, as shown
in Figure 78, both as a function of ECSA (Figure 78a) and geometric area (Figure 78b), reaching no.2ecsa
=291 mV and niogeo = 341 mV, respectively. In both cases, the characteristic bend in the LSV curve,

associated with the NiS reduction reaction (Ni*" to metallic Ni) can be observed.

To further test its unusual behavior, this material underwent additional processing following the scheme
shown on Figure 36. After the first chronoamperometry measurement, the material's properties
significantly deteriorated, resulting in overpotentials of 1o, =356 mV and 110 =388 mV, based on ECSA
and geometric area, respectively. Notably, subsequent chronoamperometry and LSV measurements

did not cause further significant changes in the catalytic performance of this material.

Structural analysis of S.116.S8 (Figure 79) shows that under operating conditions, the nickel sulfide
contamination (Figure 79a) disappears (Figure 79b), and the remaining Ni-rich pentlandite becomes
a single-phase system. In other words, there is no further decomposition, and a thermodynamic
equilibrium is established, indicating the limit of nickel solubility in this system is near
the Coi.42Fe137Ni521Ss composition (based on SEM-EDS). This equilibrium is clearly shown in Figure

79c¢, which compares areas affected and unaffected by HER processing.

This conclusion is confirmed by changes in ECSA and RF values at each processing stage (Table 10).

After the first chronoamperometry cycle, both parameters increased due to the removal of NiS, which
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had blocked active sites on the pentlandite surface. The second cycle led to a further increase, now
attributed to the typical activation process observed in pentlandite materials. These findings highlight
adual effect of NiS: it can initially enhance HER performance by lowering overpotentials,
but at the same time, it reduces ECSA, limits the formation of active sites, and slows down reaction

kinetics in an uncontrolled manner.
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Figure 78. LSV curves recorded in 0.5 M H2SO4 at a 6.25 mV/s sweep rate and normalized to: a) ECSA and b) geometrical
area for CoysFei sNisSs pellet.

Figure 79. SEM micrographs together with EDS elemental mapping for Coi.sFe; sNisSs sintered pellet: a) pre-measurement
area; b) post-measurement area, and c) border of areas affected (top-left) and unaffected (bottom-righ) by HER processing.
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Table 11. ECSA4 and RF values for Co,.sFe;.sNisSs pellet.

ECSA [em210°]  RF [-10]

Prior 1.72 14.23
Post 1 3.32 27.46
Post 2 4.24 35.08

4.4.3. Pellets sintered from randomly milled powders

The second additional analysis focused on evaluating the HER performance of sintered pellets made
from randomly distributed, milled powders. Typically, all powders, whether for preparing powder
electrodes or sintering pellets, are milled in a planetary mill for the same duration for each sample.
However, for the CosFe;NizSg«Sex series, an additional test was conducted in which pellets were sintered
from powders ground in a hand-agate mortar, resulting in randomly distributed particle sizes rather than
following the standard milling procedure. This test aimed to investigate the impact of particle
distribution on electrocatalytic performance. The LSV measurements normalized to ECSA for these

pellets are shown in Figure 80a.

As presented, the pellets made from these powders do not exhibit a clear trend with respect
to the chemical composition. The three best-performing compositions are the extremes: CosFe;NizSs,
CosFesNizSsSes, and CosFesNizS;Ses (with HER performance reaching nosecsa = 428 mV, 384 mV,
and 362 mV, respectively), with the two pellets containing the highest Se concentrations performing
the best. This is particularly interesting, as it contrasts with the bimetallic compositions 2!,
For the normalized pellets, the S.S4 and S.S; compositions show nearly identical results, confirming that
selenium strongly influences the overpotentials and masks the effects of both cations and microstructure.
At the same time, the S.S8 sample performs almost equally well, indicating that in sulfur-rich materials
the random grain distribution and associated microstructural features become more important, as they

expose numerous active sites related to sulfur-vacancy formation.

Analyzing the Caq (Figure 80b) and Tafel slopes (Figure 80c) of the non-standardized pellets reveals
a clear observation: both values appear random and do not correlate with Se concentration. For example,
the Tafel slope of non-standardized CosFesNi3S;Se (the highest in this series) is 397 mV, whereas
the "normalized" CosFesNizS;Se has a Tafel slope of 154 mV — the lowest and best in this series. This
test shows that the most important factor affecting kinetics and ECSA in such studies is the precise

and reproducible preparation of electrodes before measurements.
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Figure 80. a) LSV curves normalized to ECSA, b) Ca values, and c) Tafel slopes for non-normalized CosFes3NisSs.xSex pellet
series.

4.4.4. Another approach to powders

Due to challenges in interpreting the performance of powder-based electrocatalysts in the hydrogen
evolution reaction — particularly due to the significant influence of Nafion, the substrate, and the uneven
distribution and size of powder grains on electrode surfaces — it was decided to conduct an additional
analysis. As not all samples achieved standard current densities (e.g., Nio) the comparison was made
based on the potential at which the HER reaction began for each sample. Figure 81 shows the LSV
curves for all samples, both before and after chronoamperometry, normalized to the ECSA. The points
at which the reaction appeared to start — onset potential — are indicated by vertical lines in colors
corresponding to each LSV curve. It is important to note that this is not a standardized method; rather,
it represents an alternative approach proposed in this work, where the onset values were determined
manually and are intended to illustrate general trends rather than provide precise HER onset potentials.
Additionally, Figure 82 graphically presents the onset potential obtained for all three series, offering
a visual representation of the observed trends. Table 12 lists the corresponding onset potential values

for each sample, before and after the chronoamperometric test.

Within the CosFesNizSs.cSex series, the best-performing sample is P.S7, with HER onset potentials
0f 346 mV and 403 mV vs. RHE before and after chronoamperometry, respectively, confirming
the consistent observation that the X.S7 composition tends to outperform others. In contrast, the poorest
performance is observed for P.S4, which exhibits an onset potential of 549 mV prior

to chronoamperometry, standing out as an outlier within the series.

The CooxyFexNiySiSes series shows overall the best performance, particularly among Fe-rich
compositions. Samples P.341.S4, P.161.S4, and P.143.S4 display the lowest onset potentials prior
to chronoamperometry (225 mV, 313 mV, and 215 mV, respectively). After chronoamperometric testing,
almost all samples in this series retain onset potentials below 400 mV, and in some cases even below
300 mV. The only exception is P.413.S4, with a post-test onset of ~446 mV, which is still ~50 mV lower
than the equimolar P.S4 sample. Overall, Fe-rich samples consistently show the most favorable onset

values in this series.
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By contrast, the Coo.«yFexNi,Sg series generally exhibits the highest onset potentials, often exceeding
that of the equimolar P.S8 sample. Only one Fe-rich sample, P.161.S8, and several near-equimolar, low-
Fe compositions show promising values. Furthermore, in most cases no improvement is observed that
could be attributed to the sulfur-depletion mechanism. The notable exception is P.314.S8,
where the onset potential decreases dramatically from 710 mV to 350 mV after chronoamperometry,

indicating a potential activation. although it is most likely related to a measurement error.
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Figure 81. Onset potential of HER reaction of powders for: a) Co3Fes;Ni3SsxSex series before chronopotentiometry; b)
CosFesNisSs.xSex series after chronopotentiometry; c¢) CogryFexNiySs series before chronopotentiometry, d) Co9.xyFexNi,Ss
series after chronopotentiometry, e) Cog.xyFexNiySsSeqseries before chronopotentiometry; f) Cog..yFexNiySsSeq series afier

chronopotentiometry.
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This experimental approach of analyzing the HER performance of powder samples confirms that, among
the metal-equimolar compositions, the best-performing sample is the one with a small selenium addition
(P.S7). Selenium positively influences the electronic structure while still leaving sufficient sulfur
content, so that the sulfur-depletion mechanism is not limited. Additionally, when using a variable-metal
composition strategy, non-equimolar samples — particularly those with a high iron content (e.g.,
P.161.S4) — show favorable HER performance, but only when combined with a high selenium content.
In contrast, for pentlandites with high sulfur content, the best-performing samples are those with near-
equimolar (P.413.S8, P.314.S8) or equimolar (P.S8) compositions. However, even these exhibit
significantly lower HER activity compared to other groups. While this experimental method is not ideal
and involves a degree of subjectivity, it provides a more accurate comparison of the intrinsic
performance of pure powder catalysts by minimizing the influence of substrate effects and surface
distribution. Importantly, although not a perfect methodology, this approach demonstrates that results
which in the main series of powders often deviated from general trends show much greater consistency

with the overall observations when analyzed in this way.
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Figure 82. Graphical representation of HER reaction onset trends for powders from: a) CosFe3NisSs.xSex series before
chronopotentiometry, b) CosFe3Ni3Ss.xSex series after chronopotentiometry, ¢) Cog.xFexNiySs series before
chronopotentiometry, d) Cos...,FexNi,Ss series after chronopotentiometry; e) Cog.x.yFexNiySsSeqseries after

chronopotentiometry, f) Cog.xyFexNiySaSeqseries after chronopotentiometry.
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Table 12. Onset potentials of HER reaction for the tested powder electrrodes from all series.

Sample

Onset potential

[mV]:

Prior

Post

Sample

Onset potential

[mV]:

Prior

Post

Sample

Onset potential

[mV]:

Prior Post

CosFesNizSs<Sey series

Coo.xyFexNiySs series

Coox-yFexNiyS4Seq series

S8 438 504 P.314.S8 710 350 P.314.54 410 376
S7 346 403 P.116.S8 705 817 P.116.S4 388 336
Se 452 464 P.134.S8 715 702 P.134.54 263 294
SS 404 481 P.413.S8 415 426 P.413.54 421 446
S4 549 503 P.611.S8 851 866 P.611.S4 329 330
S3 522 500 P.431.S8 735 802 P.431.54 182 267
P.341.S8 496 523 P.341.S4 225 311
P.161.S8 666 746 P.161.54 313 340
P.143.S8 555 726 P.143.54 215 284
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5. Discussion

5.1. Phase and chemical stability of pentlandites

Table S1. Summary of all samples from all three series and all three forms, with chemical compositions
determined by EDS and ICP-OES, other phases in the material determined by XRD analysis, elementary
cell size, Goodness of Fit, Weighted R profile determined by Rietveld analysis and relative density for

ingot and pellet samples.

The initial aim of this thesis was to investigate the solubility limits of individual elements in trimetallic
pentlandites, as illustrated in Figure 83. This section focuses on: a) the solubility of selenium
in an equimolar pentlandite structure (CosFesNi3SgxSex series, Figure 83a and Figure 83b),
b) the solubility of different amounts of transition metals on the cationic sublattice in a sulfur-only
pentlandites (Coox.yFexNiySs series, Figure 83c and Figure 83d), and c) the same transition metal
substitutions in a system containing equimolar amounts of sulfur and selenium (Coo.xyFexNiySsSes

series, Figure 83e and Figure 83f).

As shown in Figure 83a, substituting sulfur with selenium does not disrupt the single-phase pentlandite
structure up to approximately 65% selenium substitution, corresponding to composition P.S5. Further
substitution results in the appearance of secondary phases: 8.3% CoSe and 1.3% NiS for P.S6.
With increasing selenium content, decomposition into dominant secondary phases occurs —43.4% CoSe
and 31% FeSe for P.S7, and 70.1% FeSe and 12.3% CoNiSe for P.S8, but this is not caused
by the amount of selenium itself, but rather, as confirmed by DFT analyses and formation energies,
reflects the thermodynamic preference for the formation of these secondary phases instead
of a selenium-rich pentlandite Thermal treatment of this series (Figure 83b) does not induce
decomposition of the single-phase materials; even P.S5 remains single-phase after heat treatment. Based
on these results, the solubility limit for selenium in cationic equimolar compositions of pentlandite
is defined as CosFe3Ni3S3Ses which is the same as that determined for the corresponding bimetallic

systems 219,

Variation in the amounts of transition metals on the cationic sublattice in the sulfur-rich series (Figure
83c and Figure 83d) reveals a significant impact on the phase stability of the pentlandite structure.
Forthe Coo.xyFeNiySg powders (Figure 83c), most compositions remain single-phase,
with the exception of three materials that deviate significantly from the stoichiometry of naturally
occurring pentlandite. These exceptions — Fe- and Ni-rich compositions (P.161.S8, P.116.S8,
and P.341.S8) — exhibit the formation of secondary phases. In P.116.S8 and P.341.S8, minor amounts
of NiS (3.7%) and FeS (5.7%), respectively, are observed, while the Fe-rich composition P.161.S8 shows
more substantial decomposition, with 24.3% FeS and 4.8% elemental Fe detected. Thermal treatment
of these samples (Figure 83d) leads to further decomposition, ultimately resulting in only two
compositions — S.413.S8 and S.611.S8 — retaining a single-phase structure. Notably, these compositions
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are close to that of naturally occurring pentlandite (CosSs), indicating that this stoichiometry represents
a thermodynamically stable configuration, due to the local order enabled by the stabilizing role of cobalt.
The results suggest that synthesizing single-phase materials significantly deviating from this natural
composition is difficult, if not impossible. Overall, the observed solubility limits are in good agreement

with values previously reported in the literature 8.

Investigations of the next series — comprising equimolar sulfur and selenium (Cog.x.yFexNiySsSes, Figure
83e and Figure 83f) — revealed several noteworthy observations. Due to the larger unit cell size resulting
from selenium's greater atomic radius compared to sulfur, some powder compositions more readily
retain a single-phase structure (Figure 83e). However, Ni-rich compositions exhibit the formation
of secondary phases, such as 10.5% of CoNiS4 and 6.3% of CoNiSe, for P.116.S4, and 2.4% of NiSe
for P.134.S4. While the minor amount of NiSe precipitate in P.134.S4 does not significantly alter
the material’s overall character, this composition still cannot be considered single-phase. Upon thermal
treatment (Figure 83f), additional foreign phases appear in all compositions. While in some cases
the precipitates are minor (e.g., 1.4% Fe11Si2 in S.143.54), in most samples they are more pronounced
— such as 19% FeSe in S.611.S4 and 23.7% FeSe in S.341.S4. These results show that even the most
stable compositions from the sulfur-only series do not retain their single-phase character
when equimolar amounts of sulfur and selenium are used. However, the incorporation of selenium
increases the solubility range of individual cations compared to S-only pentlandites, although the overall

stability of these Se-rich systems remains moderate.

In summary, direct synthesis from elements allows for the creation of four- and five-element materials
with pentlandite structures. Additionally, it is possible to tailor the chemical compositions on both
the cationic and anionic sublattices, though within limited ranges. The pentlandite structure forms solid
solutions within the TMoSs-S3Ses series, where the addition of selenium increases the lattice parameters,
in accordance with Vegard's rule. However, exceeding a certain selenium content leads to material

decomposition.

Similarly, manipulation of the metal content in the cationic sublattice is feasible, but compositions
deviating significantly from naturally occurring pentlandite ores (Coo¢Ss; FessNissSg) are unstable.
This means that compositions with high iron or nickel content will be unstable in practice. Moreover,
substituting sulfur with selenium improves the stability of the material, enabling the synthesis
of pentlandites with more extreme metal compositions. Effective screening of pentlandite materials
to identify the best HER catalysts is possible within broad but limited stoichiometric ranges, with their
performance strongly depending on the material’s form. It is important to note that selenium masks
cationic effects in solid electrodes, facilitating higher current densities but simultaneously drastically

reducing reaction kinetics and the number of active sites.

Heat treatment and sintering by IHP method often lead to the formation of additional phases

in the material, particularly Fe-rich ones. This occurs for two reasons: iron has the lowest reduction
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potential and the IHP process takes place under reducing conditions, plus it has the highest number
of electrons. Additionally, eddy currents in IHP are difficult to control. In this case, the addition

of selenium increases the stability of pentlandite, although it slightly negatively affects its density
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5.2. HER

5.2.1. HER normalized to ECSA

For the measurements normalized to ECSA, an overpotential at a current density of 0.2 mA/cm?
(no.2ecsa) was chosen as the basis for comparing the HER performance of all materials. The observed
trends for each series — CosFe3NizSs.«Sey, Coox-yFexNiySg, and Coo.x.yFexNiyS4Ses — are shown in Figure
84-Figure 86, respectively. To enable comparison across all tested compositions, those that did not reach
No.2 had the maximum measurable value (804 mV) manually assigned. Analysis of 1osecsa across
all series reveals several key observations. First, ingot samples consistently exhibit the best
performance, often achieving overpotentials near or even below 300 mV, what is likely due to their
higher phase purity and structural homogeneity compared to pelletized samples, as well as the absence
of substrate-related effects observed in powder-based electrodes. While certain samples, such as S.S5
(209 mV) and several powders from the Coox.yFexNiyS4Ses series, demonstrate superior performance,

the ingot form generally performs best across all compositions.

In the CosFesNizSg«Sex series (Figure 84), two interesting trends emerge: among low-density materials
(powders and ingots), the best HER performance is observed in samples with low selenium content (e.g.,
P.S7 and 1.S7), whereas for high-density materials (pellets), the sample with equimolar sulfur
and selenium (S.S4) performs best, because the addition of selenium masks the effects of microstructure
and cation influence, whereas a high sulfur content — indicating the absence of selenium's impact —
is beneficial for materials with a high surface area. In the Coo.x,FexNiySs series (Figure 85), ingots again
show superior HER performance. Notably, across all material forms, Fe-rich compositions exhibit
the poorest performance, while Ni-rich — and to a lesser extent, Co-rich — samples perform the best.
An opposite trend is observed in the Coo.yFexNiySiSes series (Figure 86), where ingot samples also
display strong HER activity, particularly those with near-equimolar compositions or enriched in Co
or Fe/Ni. A general trend observed across all series indicates that single-phase materials consistently
exhibit significantly higher HER activity than those containing secondary phases or impurities.
Unfortunately, nearly all samples tested exhibited a decline in HER activity after the two-hour stability
test, indicating degradation over time. This degradation likely results from the decomposition
of the pentlandite phase into residual compounds and/or the dissolution of certain elements, such as iron,

into the electrolyte.
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5.2.2. HER normalized to geometric area

While overpotential normalized to ECSA is widely accepted in the literature as a parameter
for comparing the HER performance of materials, the geometrical normalization approach also offers
valuable insights — especially when directly compared with ECSA-based results. In this thesis,
overpotential at 10 mA/cm? based on geometric area (110ge0) is used to assess HER performance across
the different material forms, as shown in Figure 87 — Figure 89. In this geometrical approach, the best-
performing form across all series is the high-density material — pellets — followed by ingots,
with powders showing the lowest HER performance. This trend highlights how sample density affects
the apparent catalytic activity normalized to the geometric surface area, which in turn influences charge-

transfer performance.

In the CoszFesNizSs«Sex series (Figure 87), the same trend observed in the ECSA-based analysis
is partially maintained: for pellets, the best-performing sample is S.S4, which has equimolar amounts
of sulfur and selenium. For lower-density forms (ingots and powders), the best performance is again
observed for compositions with a moderate selenium substitution (I.S7 and P.S7). In the Cog..yFexNi,Sg
series (Figure 88), a clear contrast to the ECSA-normalized results emerges. Here, Fe- and Co-rich
compositions (e.g., S.341.S8 and S.431.S8) show the best HER. This highlights the strong influence
of individual transition metals on both ECSA and HER activity, depending on the normalization method.
Specifically, Fe- and Co-rich materials exhibit higher ECSA values, which dilutes their performance
when normalized to ECSA. However, when normalized to geometric area, their intrinsic catalytic
activity becomes more apparent. It should be noted, though, that these parameters are also affected
by phase purity, which is not consistent across all samples. Therefore, the interpretation of these results
remains at least partially speculative. For the Coo.x.yFexNiySsSeqs series (Figure 89), pellets again show

the best HER performance, with Fe- and Co-rich compositions (e.g., S.341.54 and S.431.S4) outperform
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others. Among ingots, the best-performing samples are those with low Ni content and compositions
close to equimolar. Powders follow a similar trend to the Coo.x.,FexNiySs series, confirming the influence
of elemental composition in high-surface-area materials, where the masking effect of selenium is less
critical. Interestingly, across nearly all samples and series, the HER performance — as measured
by overpotential — either remains stable or improves slightly after the two-hour chronopotentiometry

stability test, indicating reasonable durability under operational conditions.
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Figure 87. Niogeo values of CosFe3NisSsxSex series for: a) powder samples before chronoamperometry, b) ingot samples
before chronoamperometry; c) pellet samples before chronoamperometry, d) powder samples after chronoamperometry, e)
ingot samples after chronoamperometry and f) pellet samples after chronoamperometry.
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chronoamperometry.

5.2.3. HER — summary

These observations suggest that selenium may mask the effect of cations due to strong influence
on electronic structure and increased metallic character, making the sample preparation process —
and the surface condition of the materials — crucial for electrochemical performance. Therefore, for bulk
materials, the surface condition is paramount, while for powders, particle size is a key factor. In the Coo.
x~yFexNiySg series, the best-performing samples were those with nearly equimolar chemical
compositions, but rich in Fe. However, this trend does not appear in the CooyFeNiySsSes series,
making the results more random. Collectively, these findings imply that the absorption mechanism
in these materials differs fundamentally from that in classical TMoSs-type pentlandites, with a hidden
influence from cationic sublattice occupancy. This seems especially plausible, as selenium shifts the d-
band center towards the Fermi level, similarly to sulfur vacancy. Given the relatively low sulfur content

on the surface (S:Se = 1:1), this effect appears justified.

For materials with equimolar cationic compositions, two key features determine their catalytic behavior:
the formation of sulfur vacancies, which provides additional active sites, and the presence of a small
selenium addition, which optimizes the electronic structure while leaving sufficient sulfur to sustain
the vacancy-driven activation. Specifically, the CosFe;Ni3S;Se material demonstrates a stable
composition, highlighting the favorable effects of selenium addition in conjunction with sulfur
vacancies. This amount of selenium was identified as a “critical concentration” that shifts the electronic
structure of the material toward more favorable values while retaining a high sulfur content
on the surface, enabling its detachment. Additionally, XRD analysis reveals that Se predominantly
occupies the 8c crystallographic sites, as indicated by changes in the intensity of reflections
in the doublet around 30° 26, leaving vacancies at the 24e positions free, which can serve as adsorption

sites for hydrogen. These interactions significantly influence the electronic structure and catalytic
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properties, showing a clear correlation between HER performance, activation mechanisms,

and intermetallic interactions — especially in sulfur-rich samples such as powders.

For ingots, high sulfur content combined with a slight Se:S substitution proves advantageous
due to favorable d-band center position and longer TM-Ch bonds. The later weakens the bonds
with sulfur, facilitating sulfur detachment from the structure, supported by DFT 246, This effect becomes
more pronounced in pellet form, where increasing selenium content correlates with enhanced HER
efficiency, despite lower ECSA. This enhancement, in addition to the shifting of the d-band center

and the elongation of TM-Ch bonds, is linked with the creation of the new type of active sites.

Thus, without considering the influence of varying metal amounts on the cationic sublattice, sulfur-rich
compositions outperform others in both powder and ingot forms, while selenium-rich compositions
excel as pellet materials. Notably, among the CosFe;Ni3Sg.xSey series, pellets perform the best, although
higher selenium content increasingly diminishes this advantage. On the other hand, the CosFesNizS;Se
composition stands out as the most efficient across all forms, highlighting the importance of single
S—Se substitution, as well as the sulfur-depletion mechanism, in enhancing the catalytic activity

of pentlandite materials.

When the number of metals on the cationic sublattice begins to change, while sulfur remains the only
element on the anionic sublattice, several observations can be made. For pellet and ingot materials, clear
trends emerge: the best performance is observed in Fe- and Co-rich compositions, while Ni-rich
materials exhibit the poorest activity, as nickel shifts the electronic levels toward less favorable values
for catalytic efficiency 2+. In these systems, the catalytic performance correlates well with the position
of the duc and, to some extent, with electrochemical parameters such as Rcr, while the correlation
with ECSA alone is less apparent. This indicates that both the composition of the cationic sublattice
(particularly Co—Fe-rich systems) and the material form strongly influence charge-transfer abilities
and catalytic activity. Phase homogeneity also plays an important role, as single-phase materials tend
to exhibit predictable behavior and favorable catalytic parameters. In contrast, materials with surface
precipitates — such as FeS or NiS — may display lower overpotentials but simultaneously block

the pentlandite surface, thereby altering HER kinetics.

The cases of sulfur-rich pentlandites with various metals on the cationic sublattice serve as an excellent
example of a system in which a multi-component approach, synergistic effects, and intrinsic properties
yield to surface effects, especially in solid electrode forms. These effects are related to the formation
of vacancies, the presence of metallic active sites, and the role of individual elements in enhancing

stability.

Substituting sulfur with selenium in the series containing varying amounts of metals in the cationic
sublattice increases the solubility of Fe and Ni due to the expansion of the material's geometric space.
However, this substitution simultaneously reduces the stability of these compositions over time,

as selenium weakens the overall structural integrity of the system, particularly during prolonged
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exposure and under high-temperature conditions. This trend is especially evident in the Fe-rich
composition, which achieved the best overpotentials and current densities, but also destabilized
the fastest during operation. As previously mentioned, supporting DFT studies confirm these
observations, ranking the stability of the respective systems in descending order as follows: Co-rich, Ni-
rich, and Fe-rich. Selenium also enables the metals to shift toward the adsorbed hydrogen, which leads
to the elongation and weakening of TM—Se bonds, particularly around iron atoms, contributing

to material degradation and dissolution during operation.

Additionally, a different adsorption mechanism seems to be involved compared to the sulfur-rich series.
Specifically, the traditional hydrogen absorption mechanism in pentlandites — typically relying on simple
adsorption into sulfur vacancy sites — does not fully account for the observed behavior in these materials.
Computational analysis suggests that an alternative absorption mechanism may be involved,
characterized by more complex interactions at the atomic level. These interactions could be linked
to selenium’s influence on the material’s electronic structure and intermetallic active sites.
While this may enhance the material's ability to adsorb hydrogen more efficiently, the binding strength

seems excessively high, which hinders desorption and negatively affects hydrogen evolution kinetics.

Among all series, one notable phenomenon observed during chronoamperometry is the activation
process, which refers to cases where long-term processes, such as sulfur depletion, enhance
the electrochemical performance of the materials. In this thesis, the "activation process" is defined
as the situation where the difference between the ECSA before and after chronoamperometry
is negative, indicating an increase in the electrochemically active surface, likely due to mechanisms
like sulfur depletion. A careful analysis of the changes in ECSA and RF wvalues during
chronoamperometry — a short-term stability test — revealed that the sulfur depletion mechanism
predominated in the case of all pentlandite materials with high sulfur content, leading to an increase

in RF values, particularly for materials with higher surface areas.

As mentioned in the theoretical section, the addition of a third metal into the cationic sublattice
does not significantly improve HER performance to a level surpassing the best-performing samples
reported in the literature, such as FeqsNissSs or FeqsNissSsSes, which reaching nio= 280 mA/cm?
and 300 mA/cm?, respectively 2!°. However, materials with varying elemental compositions within
the cationic sublattice exhibit superior catalytic efficiency compared to literature values (e.g.
Fe>CosNisSg reaching njo values of 378 mA/cm? 98), particularly in the case of ingot-type samples,
which achieve ng» values close to 300 mA/cm?. Unfortunately, it is not possible to compare the last

material series with literature data, as this type of system is described for the first time in this work.

In the case of these tests, which include both the cationic and anionic sublattices, and involve changes
in the material's form, interpreting the results can be complicated. However, the interpretation of ECSA
values and their differences from chronoamperometry tests can reveal the electrocatalytic properties

of the materials and help identify the best-performing catalysts. The RF, which serves a similar purpose
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as ECSA but is less dependent on the geometric surface area, is an even more reliable metric
for describing the electrochemical performance of the material. Moreover, the Rcr values — particularly
for bulk samples — also provide a good indicator of the final HER performance, complementing

the information obtained from ECSA and RF.
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5.3. Tafel slope

Tafel slopes, alongside overpotential, are critical parameters for evaluating HER performance, as they
describe the reaction kinetics. Although Tafel slopes can be determined from LSV data normalized
to either ECSA or geometric area, the trends are consistent between both approaches. Therefore,
in this section, only the Tafel slopes obtained from ECSA-normalized LSVs are analyzed in detail

(Figure 90 —Figure 92).

Interestingly, and in contrast to overpotential trends, the best Tafel slope values across all series
are observed for powder samples. In the CosFesNizSg«Sex series (Figure 90), all powder samples exhibit
Tafel slopes close to or below 100 mV/dec, with only two ingot samples — [.S8 and 1.S7 — achieving
comparable values. Other ingots, as well as all pellet samples, show significantly higher Tafel slopes,
often exceeding 100 mV/dec and in some cases surpassing 200 mV/dec, indicating two to three times
slower reaction kinetics compared to the low-density forms. This observation makes the advantage
of maximizing surface development in potential applications quite obvious. However, within the scope
of this work, it is of particular importance for the discussion of bulk samples in the context

of their possible use in flow-cell configurations.

In both variable-transition-metal series (CooxyFexNiy,Sg and CooxyFexNiyS4Ses), a clear trend persists:
powders exhibit the lowest Tafel slopes, followed by ingots with slightly higher values, and pellets
with the highest, often one to three times greater. In the Coo.x.,FexNiySg series (Figure 91), two powder
compositions — P.611.S8 and P.116.S8 — along with a few ingots (e.g., 1.314.S8, 1.143.S8, and 1.134.S8),
display exceptionally high Tafel slopes. In contrast, the Coo.x.,FexNiySsSes series (Figure 92) shows more
consistent performance, with no extremely poor-performing powder or ingot samples. While a few
weaker-performing examples exist, such as P.314.54 and 1.314.54, their Tafel slopes still fall within

the general range of other samples, particularly after the stability test.

Among pellet samples, only S.116.S8 and two Coo..yFexNiy,S4sSes compositions (S.143.S4 and S.134.54)
reach Tafel slopes around 100 mV/dec. However, even these are significantly worse than the best-
performing low-density materials. Notably, Tafel slope values tend to improve for nearly all samples
following the two-hour chronopotentiometry test, indicating enhanced reaction kinetics after prolonged

operation.
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Figure 90. Tafel slope values of CosFe3;Nis3SsxSex series normalized to ECSA for: a) powder samples before
chronoamperometry; b) ingot samples before chronoamperometry; c) pellet samples before chronoamperometry, d) powder
samples after chronoamperometry; e) ingot samples after chronoamperometry and f) pellet samples after
chronoamperometry.
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Figure 91. Ternary diagrams representing Tafel slope values of Coo.xyFexNiySs series normalized to ECSA for: a) powder
samples before chronoamperometry,; b) ingot samples before chronoamperometry, c) pellet samples before
chronoamperometry; d) powder samples after chronoamperometry, e) ingot samples after chronoamperometry and f) pellet
samples after chronoamperometry.
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Figure 92. Ternary diagrams representing Tafel slope values of Cog.x.yFexNiySsSeq series normalized to ECSA for: a) powder
samples before chronoamperometry; b) ingot samples before chronoamperometry; c) pellet samples before
chronoamperometry; d) powder samples after chronoamperometry, e) ingot samples after chronoamperometry and f) pellet
samples after chronoamperometry.

Overall, the main observation from the Co3;Fe3Ni3Ss.«Sex series is that HER kinetics tend to slow down
with increasing material consolidation, due to the reduced surface area and the lower amount of free
sulfur, whose vacancies form active sites preferable for proton adsorptions. This is particularly evident

in sintered pellets, though compositional effects on their performance remain speculative.

Studies on the CooxyFexNySs series highlight several key factors that influence HER kinetics
and performance. One of the key aspects is phase homogeneity — single-phase materials consistently
exhibit more favorable catalytic properties due to their clean surfaces and the absence of precipitates
that could block the active species. The presence of catalytically active phases on the surface, such
asiron and nickel sulfides, can enhance HER activity; however, excessive surface segregation
or formation of secondary phases may block active sites of pentlandite itself and thus reduce reaction

kinetics.

In the CogxyFexNySiSes series, the most effective compositions are those close to equimolar
CosFesN3S4Ses pentlandite, particularly with a higher Ni content. Increased Ni appears to raise
the density of active sites, thereby improving HER kinetics. This is probably due to the partial
dissolution of Ni into the electrolyte, although this effect has not been confirmed. Interestingly,
the typical HER mechanism associated with pentlandites does not fully account for the observed
behavior in this series. This suggests the involvement of alternative adsorption mechanisms, likely
driven by more complex atomic-level interactions. These may stem from selenium’s impact
on the material’s electronic structure and the nature of intermetallic active sites — in Se-rich pentlandites,
the primary active sites are those located at intermetallic positions (demonstrated by supporting DFT
calculations). While selenium can enhance hydrogen adsorption, it may also increase binding strength

excessively, thereby hindering hydrogen desorption and negatively impacting overall HER kinetics.
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The Tafel slope values obtained for the materials in this study are comparable to those reported
in the literature. For equimolar bimetallic Se-rich materials, the lowest Tafel slope was recorded
for Fe4 sNissSs at 76 mV/dec 2!°. However, for other selenium-containing samples (e.g., Fes sNissS7Se
and FessNissS4Ses), the values were less favorable, reaching 120 mV/dec. In the case of the trimetallic
materials presented in this work, the lowest Tafel slopes were obtained for bulk samples — 76 mV/dec
for the 1.S7 and 160 mV/dec for the S.S7 — further highlighting the superior performance of the ingot-
type materials. For materials with variable metal compositions in the cationic sublattice, the most
favorable Tafel slope reported in the literature was 92 mV/dec for FesCoNisSg . In comparison,
the present study achieved even lower values of 75 mV/dec and 87 mV/dec for 1.431.S8 and 1.611.S8,
respectively, and 113 mV/dec for S.116.S8 — again underscoring the improved performance of ingot
samples. As with the previous case, a comparison for the final selenium-containing trimetallic series

is not possible due to the lack of prior literature reports on such types of trimetallic pentlandites.
Summarizing the Tafel slope analysis across all series yields several key conclusions:

- Pellet samples, which have the lowest surface area development, consistently show the highest
Tafel slope values, likely due to the reduced number of accessible active sites.

- In compositions with equimolar metal content, modifications of the anionic sublattice
significantly influence reaction kinetics.

- Replacing sulfur with selenium generally increases the Tafel slopes, indicating slower kinetics,
particularly in powders. In bulk materials, however, selenium substitution tends to decrease
the Tafel slopes, suggesting an improvement in kinetics. The notable exception
is CosFesNi3S;Se, which consistently exhibits improved values regardless of the material form.

- Comparing the HER mechanisms across the different series reveals a clear distinction
in the dominant steps and controlling factors of the reaction. In the CooyFexN,Ss series, HER
appears to follow a more traditional mechanism, driven by hydrogen adsorption at sulfur
vacancies. Compositions with an excess of Co, Fe, or Ni perform the best here. In contrast,
the Coo.x.yFexNyS4Ses series exhibits more complex kinetic behavior, likely dominated
by selenium-induced modifications to the electronic structure, which in turn makes them more
susceptible to surface preparation, with reduced cation influence. These changes enhance
hydrogen adsorption but may also limit desorption, creating a bottleneck in HER kinetics.
As a result, compositions close to the equimolar pentlandite stoichiometry are most effective in

balancing adsorption and desorption steps.
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5.4. Summary

After reviewing all available materials, it is difficult to identify a single most favorable pentlandite
composition, however, several trends can help guide the selection of an optimal form and composition
for HER applications. Most importantly, only the equimolar cation series exhibits single-phase
compositions and long-term stability up to the CosFe3;NizS3Ses composition. This is a crucial property

for the potential widespread use of these materials in the future.

Within CosFe3NisSs.«Seyx series, additional insights can be drawn based on material density. For high-
density samples, such as ingots and pellets, the CosFe;NizS4Ses composition demonstrates the best HER
performance and reaction kinetics. This correlates with a low ECSA, a low Rcr, a position of the d-band
center close to the Fermi level, and the progressive elongation of TM—Ch bonds, which may lead
to the formation of new active site types. In contrast, for low-density materials such as powders,
the CosFesNizS;Se composition shows the highest performance. This is attributed to the strong tendency
of S-rich pentlandites to form sulfur vacancies, along with a stable arrangement of selenium additives
and the coexisting sulfur vacancies. These structural features significantly influence the electronic
properties and catalytic behavior of the material. Across the entire series, the CosFesNizS;Se
composition consistently stands out as the most promising and interesting candidate for HER

applications, regardless of the form of the material.

Interestingly, all non-equimolar compositions in the Cog_xyFexNiySs series outperform the CoszFe;NizSg
composition. A comparison of overpotentials, Tafel slopes, and RF values indicates that composition
deviating from the natural Fe4 sNis sSg, particularly those enriched in Fe or Co, tend to show better HER
performance. As shown in Figure 93, a general trend emerges: Ni-rich pentlandites exhibit the poorest
HER performance, while Fe-rich compositions perform the best. Notably, compositions close
to FessNissSs, regardless of Co content, show the weakest activity and stability. However, a key
drawback of the Fe-rich compositions is that they do not form single-phase structures, either before
or after high-temperature treatment. Considering phase purity, stability, and the performance-related
factors mentioned above, the CossFeisNizSs composition appears to be the best-performing material

within this series.
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Figure 93. Ternary diagram summarizing the most significant electrochemical parameters of the Co9...,FexNi,Ss series.

In the Coo.xyFexNiySsSey series, the situation is similar — but not identical — to that observed in the S-
rich materials. Once again, Ni-rich compositions demonstrate the poorest HER performance and,
notably, do not form single-phase structures even before high-temperature treatment. In contrast
to the Cog.x.yFexNiySg series, the Fe-rich compositions in the Coox.,FeNiyS4Ses series do not remain
single-phase before heat treatment and exhibit the best HER activity, particularly when the cobalt
content is above the minimum level. As shown in Figure 94, the best-performing compositions in this
series are found between the CoisFesNijsSsSes and CosFessNijsSsSes compositions. However,
it is important to note that none of the compositions in this series remain a single-phase structure prior
to high-temperature treatment. Despite this limitation, these findings highlight the potential of these
materials in the form of ingots. Ingot samples are stable and demonstrate better Tafel slopes and necsa
values compared to pellets, and do not require any further processing when constructing the working
electrode, making them particularly interesting for HER applications, especially in flow-cell systems

where a certain degree of porosity combined with surface development is advantageous.
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Figure 94. Ternary diagram summarizing the most significant electrochemical parameters of the Cog.x,FexNiySsSeq series.
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6. Conclusions

The research presented in this thesis offers a novel and innovative perspective on the application
of pentlandite materials in the hydrogen evolution reaction (HER). Among the forms studied — bulk
ingots, pellets, and powders — this work provides the first comprehensive evaluation of these five-
component materials for water splitting applications. Among the tested morphologies, ingots emerged
as particularly promising due to their simplicity and robustness, making them attractive for practical

applications such as conventional electrolyzers and flow-cell systems.

This study also explores the solubility of selenium in the anionic sublattice and various transition metals
(TMs) in the cationic sublattice in both S- and Se-rich pentlandites. It was demonstrated that selenium
can substitute sulfur to form CosFe;Ni3;S;Ses, which remains single-phase both after synthesis and high-
temperature treatments like sintering. Changes in the cationic sublattice typically reduce pentlandite
stability. Most compositions initially remain single-phase, excluding Fe-rich compositions in the Cog.x-

yFexNiySg series and Ni-rich compositions in the Coo.x.yFexNiySaSes series.

Sulfur depletion is a key factor influencing HER performance. While sulfur vacancies significantly
impact HER kinetics, they are not the sole determining factor. Variations in composition and material
form reveal additional critical factors. In the CosFesNiszSg«Sex series, the CosFesNizS;Se composition —
especially in powder form — shows optimal performance and stability due to the synergy between sulfur
vacancies and the extended TM-chalcogen (TM-Ch) bonds introduced by selenium. However, in denser
materials (ingots and pellets), CosFe3;NizS4Ses performs best, combining low electrochemically active
surface area (ECSA), excellent charge-transfer capabilities (Rcr), favorable d-band center position,

and elongated TM—Ch bonds that create new active sites for HER.

In non-equimolar compositions, single-phase materials generally outperform multi-phase ones.
In the Coo.x.yFexNiySg series, multi-phase materials rich in Fe and Ni sulfides demonstrate lower
overpotentials but suffer from slower HER kinetics. Conversely, all compositions in the Cog.x
yFexNiyS4Sey series decompose during HER, rendering them unsuitable for performance evaluation.
An intriguing exception is the CoisFeisNisSg pellet (P.116.S8), which starts as a multi-phase material
but transitions to a stable single-phase composition (Coi42Fe137Nis21Sg) during HER, leading

to excellent performance.

Another notable observation is the formation of high-performance subphases on material surfaces
following IHP treatment above 400 °C. Although the materials are multi-phase, these surface phases
could offer promising directions for future research if proven stable over time and under operational

conditions.
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6.1. Main conclusions

This thesis presents a comprehensive study of trimetallic pentlandite-type materials for the hydrogen
evolution reaction (HER), focusing on the relationships between composition, structure, morphology, and
electrochemical performance. Three material series with varying cationic and anionic sublattice compositions
were investigated in multiple physical forms (powders, pellets, and ingots), using a consistent and
comparative methodology. The results provide clear structure—activity relationships and mechanistic insights

that can guide further design of earth-abundant HER catalysts.
The key findings are as follows:

- Single-phase stability and sulfur substitution: Only the equimolar cationic series (CosFe3Ni3Sg.
xSex) retained phase purity after both synthesis and high-temperature treatments. Selenium can
substitute sulfur up to CosFesNizS;Ses without destabilizing the pentlandite structure. In contrast,
deviations from equimolarity (especially Fe- or Ni-rich compositions) led to secondary phases,

particularly in the CogxyFexNiySg and CooxyFexNiySaSes series.

- HER activity and material form: The physical form of the material strongly affects HER
performance depending on the normalization approach. Powders generally exhibit the best Tafel
slopes and highest ECSA but suffer from mechanical instability and limited long-term applicability.
Pellets demonstrate enhanced performance when normalized to geometric area, likely
due to improved interparticle connectivity and reduced resistance, yet they remain mechanically
fragile. Ingots offer a practical compromise by combining relatively high electrochemical activity
with superior mechanical robustness and long-term stability. Among all tested morphologies,
CosFes3NizS;Se emerged as the most promising candidate, showing high HER activity, stable
performance, and no requirement for mechanical processing or post-synthesis modifications. This
exceptional behavior can be attributed not only to the material's bulk and surface properties, but also
to its partially substituted anionic framework (S-Se), which should be regarded as a critical factor.
This exceptional behavior can be attributed to the unique synergy of selenium substitution and sulfur

vacancy retention, making Co3Fe3;Ni3S7Se the most promising non-noble HER catalyst in this family.

- S-rich vs. Se-rich performance: Se-rich compositions generally outperform sulfur-rich analogs
when tested in the form of solid electrodes (e.g., ingots and pellets), likely due to enhanced bulk
conductivity, structural ordering, and the aforementioned masking of cationic disorder. However,
this benefit becomes less pronounced — or even detrimental — for low-density samples (e.g.,
powders), where the HER performance is dominated by surface effects and sulfur vacancy-related

activation mechanisms.

- Stabilizing role of cobalt across all systems: Cobalt plays a key structural role across
all investigated compositions, including both sulfur- and selenium-rich systems. It remains fully
soluble across the entire tested compositional range, which is crucial for maintaining the pentlandite

framework despite variations in Fe and Ni content. Its presence stabilizes the structure and enables
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the formation of single-phase materials even at higher degrees of compositional complexity,
improving the long-term durability of the materials under HER conditions. However, cobalt does
not systematically enhance catalytic activity, indicating that its role is predominantly structural rather

than electronic or catalytic.

Surface effects and activation mechanisms: Sulfur-rich compositions undergo HER-driven surface
reconstruction involving sulfur depletion, vacancy formation, and d-band shifts. These effects
increase the real surface area and create new active sites, especially in low-density materials. The
presence of selenium further enhances HER performance by elongating TM—Ch bonds facilitating
sulfur detachment, and modifying the electronic structure, though excessive Se leads to stronger

hydrogen binding and limited desorption.

Composition—performance relationships: In non-equimolar series, Fe-rich materials consistently
outperform Ni-rich ones, despite the former often being multiphase. Ni-rich materials exhibit low
intrinsic activity and instability. Interestingly, some initially multiphase samples (e.g., P.116.S8) self-
reconstruct during HER into single-phase, high-performance compositions, suggesting that in situ

activation may be a viable strategy for performance enhancement.

Role of cations in S-rich and Se-rich systems: The catalytic performance of pentlandites is strongly
governed by the cationic sublattice configuration. In sulfur-rich systems, Co and Fe enhance HER
activity by promoting sulfur vacancy formation and balancing hydrogen adsorption/desorption
energetics. In Se-rich systems, the role of cations becomes more nuanced: Fe-rich compositions
remain catalytically superior, but the influence of Co is shifted toward structural stabilization. In
both cases, Ni-rich compositions tend to show the lowest HER activity and stability, likely due to

unfavorable electronic structure and surface speciation effects.

Mechanistic implications: Traditional HER models based on sulfur vacancy adsorption sites do not
fully explain the performance trends observed in Se-substituted pentlandites. The data suggest an
alternative adsorption mechanism influenced by cationic sublattice configuration and chalcogen
electronic effects. This highlights the need to revisit the mechanistic assumptions for TMsChs-type

materials in HER catalysis.

In summary, this work identifies a clear link between structural order, chalcogen substitution, cationic

distribution, and HER performance. It demonstrates that carefully balanced compositions offer a viable path

toward low-cost, durable, and efficient HER catalysts without relying on noble metals. The findings also

establish key design principles for further development of pentlandite-derived materials in electrochemical

water splitting.
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6.2. Fulfilment of research objectives

Objective 1: To synthesize single-phase four- and/or five-component materials

with the pentlandite (TMyChs) structure.

Multiple single-phase pentlandite-type compositions were successfully synthesized, including

quaternary materials in the Co—Fe—Ni—S system and quinary materials in the Co—Fe—Ni—S—Se system.

Objective 2: To determine the solubility limits of individual components (Co, Fe, Ni, S, Se) within

the pentlandite structure across different compositions.

Selenium substitution was shown to be limited to 5 out of 8 anionic sites in stable single-phase systems,
while cobalt demonstrated full solubility across all tested compositions, contributing significantly
to phase stability. In S-rich series, nickel is soluble up to 4.5 atoms per 9, similar to iron, although iron
only reaches this level when cobalt is present in small amounts (1.5 atoms). For the Coo.x.yFexNiySaSes
series, iron exhibits complete solubility only when all three metals (Co, Fe, Ni) are simultaneously
present, whereas nickel dissolves up to a maximum of 4.5 atoms, and only when the amount of iron

1S minimal.

Objective 3: To fabricate materials in three distinct forms: pellets, ingots, and powders deposited

on conductive substrates.

All target compositions were prepared in pellet, ingot, and powder form, enabling consistent,

comparative analysis of HER activity and stability as a function of material form.
Objective 4: To identify sustainable and stable material compositions and forms.

The most durable and phase-stable systems were found within the CosFe;NisSg.<Sex series, with ingots

showing superior mechanical robustness and long-term HER performance.

Objective 5: To evaluate the electrochemical performance of all synthesized materials

and determine the optimal composition and form for HER applications.

Among all tested variants, Co3FesNi3S;Se emerged as the optimal composition, especially in ingot form.
While Fe-rich and Ni-rich compositions exhibit favorable features (e.g., higher current densities or Rer),

they lack compositional predictability and long-term stability.
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6.3. Recommendations and design guidelines for future HER catalyst

development

Based on the results presented in this work, several general design principles can be formulated:

Equimolar CosFesNi3S;Seshould be considered a benchmark composition for future studies,

given its balance of stability, activity, and durability.

Slight compositional shifts toward Fe- and Co-enrichment, such as CosFesNiS;Se
or Cos sFes; sNixSsSe, may further improve HER performance by reinforcing the structural

framework while enhancing the activity associated with Fe—S and Co—S bonding environments.

The role of cobalt should be emphasized in future materials, as it enhances phase stability

without significantly interfering with catalytic properties.

The concept of ingots directly used after synthesis is particularly promising, combining

processing simplicity with mechanical robustness.

Given their compact form, conductivity, and mechanical stability, ingot-based pentlandites (and sintered

pellet) are suitable not only for classical electrolyzers but also for flow-cell architectures, where long-

term stability and integration with scalable hardware are critical.
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8. Supplementary materials

Figure S1. SEM images and EDS elemental maps of TMoSs.xSex series: a) PS8, b) P.S7; ¢) P.S6; d) P.S5; e) P.S4; f) P.S3.
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Figure §2. SEM images and EDS elemental maps of TMoSs.xSex series: a) 1.58; b) 1.57; ¢) 1.56, d) 1.55; e) 1.54, f) 1.S3.
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Figure S3. SEM images and EDS elemental maps of TMoSs.xSex series: a) S.S8; b) S.57; ¢) S.56; d) S.55; e) S.54, f) S.53.
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Figure S4. SEM images and EDS elemental maps of TMoSs.xSex series: a) 1.S8; b) 1.S7; c¢) 1.56,; d) 1.55; e) 1.54; f) 1.S3 after
chronoamperometry.
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Figure S5. SEM images and EDS elemental maps of TMsSs.«Sex series: a) S.S8; b) S.57; ¢) S.56; d) S.55; e) S.54; f) S.S3 afier
chronoamperometry.
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The surface area of the bulk electrodes studied on the Anko system was determined using the ImageJ
software. Figure S6 show the calculation process in example of [.S8 sample. In Figure S6a, the original
photograph is shown, while Figure S6b presents the marked and analyzed region. Based on the area of

this marked region and the known reference length of 1 cm (provided by the grid paper placed above

the electrode), the geometric surface area of the working electrode was calculated.

a) b)

Figure S6. a) original photography of 1.S8 sample; b) photography with marked surface area.
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Figure S13. SEM images and EDS elemental maps of Cog.xyFexN,Ss series: a) P314.S8; b) P.116.S8; c¢) P.134.88; d)
P413.88; e) P611.58; f) P431.88; g) P341.88; h) P.161.58; i) P.143.S8.
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Figure S14. SEM images and EDS elemental maps of Cog.xyFexN,Ss series: a) 1.314.88; b) 1.116.S8; c) 1.134.58; d) 1.413.S8;
e) 1.611.58; f) 1.431.88; g) 1.341.88; h) 1.161.58, i) 1.143.S8.
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Figure S15. SEM images and EDS elemental maps of CooxyFexN,Ss series: a) S.314.88; b) S.116.58; ¢) S.134.58; d)
S.413.88; ¢) S.611.88; f) S.431.88; g) S.341.58; h) S.161.58; i) S.143.S8.
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Figure S16. SEM images and EDS elemental maps of Cog.xyFexN,Ss series: a) 1.314.88; b) 1.116.S8; c) 1.134.58; d) 1.413.S8;
e) 1.611.88; f) 1.431.58; g) 1.341.58; h) 1.161.58; i) 1.143.58 after chronoamperometry.
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Figure S17. SEM images and EDS elemental maps of Cog.x.,FexN,Ss series: a) S.314.88, b) S.116.58; ¢) S.134.58; d)
S.413.88; ¢) S.611.88; f) S.431.88; g) S.341.88; h) S.161.88; i) S.143.58 chronoamperometry.
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Figure S24. SEM images and EDS elemental maps of Coy.x.yFexNySaSeq series: a) P.314.54, b) P.116.54; c) P.134.54; d)
P413.84,; ¢) P611.54; f) P431.84,; g) P341.54, h) P161.54; i) P.143.54.
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Figure S25. SEM images and EDS elemental maps of Cog.xyFexNySsSeq series: a) 1.314.84; b) 1.116.54; ¢) 1.134.54; d)
[413.54; ¢) 1.611.54; f) [431.54,; g) 1.341.54; h) 1.161.54; i) 1.143.54.
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Figure S26. SEM images and EDS elemental maps of Coo.xyFexN,SsSes series: a) S.314.84; b) S.116.54; ¢) S.134.54; d)
S.413.584; e) S.611.54; f) S.431.54; g) S.341.54,; h) S.161.84; i) S.143.54.
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Figure 827. SEM images and EDS elemental maps of Co9.xyFexNySaSeq series: a) 1.314.54; b) 1.116.54, c) 1.134.54; d)
1413.54; ¢) 1.611.54, f) 1.431.84, g) 1.341.54; h) 1.161.54, i) 1.143.54 after chronoamperometry.
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Figure S§28. SEM images and EDS elemental maps of Co9.xyFexNySaSeq series: a) 1.314.54; b) 1.116.54, c) 1.134.54; d)
1413.54; ¢) 1.611.54, f) 1.431.84, g) 1.341.54; h) 1.161.54, i) 1.143.54 after chronoamperometry.
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Residual charge distribution of atoms in samples from Cog.xyFexNiySs and Cog.xyFexNi,SsSes series derived from Bader
analysis.

208



209



Table S1. Summary of all samples from all three series and all three forms, with chemical compositions determined by EDS and ICP-OES, other phases in the material determined by XRD analysis,

elementary cell size, Goodness of Fit, Weighted R profile determined by Rietveld analysis and relative density for ingot and pellet samples.

Other phases in

Relative

Sample Nominal composition Chemical composition (EDS) Chemical composition (ICP-OES) a=b=c [A] GoF wRp
material density [%]
CosFe;Ni;Ss ,Se, series
P.S8 CosFe;sNizSg Cos.50Fe333Ni32,Ss Cos.14Fe; 0sNi3 7S5 - 10.01 1.46 3.14 -
P.S7 CosFe;NizS;Se Coj3.64Fe3.64Ni324S6.915€1 .09 Co;z 0sFe3.17Ni204S6.955€1 05 - 10.08 2.05 4.22 -
P.S6 CosFe;NizSeSe, Cos.04Fe;08Niz75S5005¢€2.10 Co3.07Fe3.19Ni204S5975¢€3.03 - 10.15 232 4.32 -
P.S5 CosFesNizSsSes Co351Fe;55Nis15S4785€3.22 Co;s.03Fes.16Ni2587S4915¢€3.00 - 10.22 2.50 4.63 -
P.S4 CosFe;NizSsSey Co3.65Fe3.53Ni330S3905¢€4.10 Co3.06Fe3.04Ni208S3995€4.01 - 10.24 3.98 5.19 -
P.S3 CosFesNizS;Ses Co3.67Fe3.590Ni337S2765€5 24 Co0,.97Fe307Ni281S299S¢€5 01 - 10.35 5.68 6.61 -
P.S2 CosFesNizS,Se6 - - 8.3% CoSe + 1.3% NiS - 4.74 5.71 -
P.S1 CosFe;Ni;SSe; - - A34% CoSe v 31% - 723 578 -
FeSe
P.SO CosFe;NizSeg - - 70-1% FeSe v 12.3% - 6.86 8.77 -
CoNiSe
1.S8 CosFesNi;Sg Cos 0sFe,.50Ni320Ss 92.9
1.87 CosFe;NizS;Se Co3.25Fe Ni 53S6425€1 55 82.1
1.S6 CosFe;NizSeSe, Co,.63Fe330Ni252S5.405¢€.60 84.2
Same as powders
LSS CosFesNisSsSes Co3.12Fe2.96Ni29654365€3 64 91.2
1.54 CosFe;NiSsSey C03.97Fe2 2Nz 5553355465 86.2
L.S3 CosFesNi;S;Ses Coz.65Fe2.60N122452248€5.76 79.6
S.S8 CosFesNizSg Co;s.12Fe;00Niz 01Ss Cos 09Fe; 04Niz 10Ss - 10.02 1.63 2.74 90.2
S.87 CosFe;NizS;Se Co3.Fe; 22Niz91Se405¢€1 60 Co;3,12Fe321Ni205S6.925€1 08 - 10.09 2.00 4.04 91.1
S.S6 CosFe;NizSeSe; Co3.12Fe347N12.05S5 515€2.49 Cos,10Fe321Ni2,97S5,055¢€2,05 - 10.15 3.48 4.24 92.6
S.S5 CosFesNizSsSe; Coz.s3Fes.68Niz60S4635€3 36 Cos,04Fe3 7Ni281S4925¢€3,08 - 10.21 4.66 4.90 92.6
S.S4 CosFe;NizS,Ses Co3.02Fe3,00N1205S3.435€4.57 Cos,08Fe3 23Nz 8583.035¢€4,07 - 10.27 3.58 4.84 90.9
S.S3 Co;FesNizS;Ses Co,.73Fe) 55Niz58S2445¢€5 56 Cos poFes 13128652 85S¢, 12 - 10.36 3.43 4.43 91.2
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Coy.yFe,N,Ss series

P.314.S8 CosFe, sNi4.5Sg C030Fe; 34Nig27Ss C03.11Fe; 46Nis 9355 - 10.00 1.26 2.61 -
P.116.S8 Coy sFe; sNigS Co.e2Fe; 47Nis 0S5 Coy72Fe; 66Nig94Ss 3.7% NiS 10.05 3.49 5.55 -
P.134.58 Coy sFe3Niy sSg Coy s0Fes 06Nis 36Ss Coy 76Fes 4Nis 16Ss - 10.05 1.37 3.08 -
P.413.S8 CoysFe; sNi3S C0451Fe; 46Nis03Ss Co465Fe; 29Nl 70Ss - 9.90 1.58 2.91 -
P.611.S8 CogFe, sNi sSg Cos 9oFe; s4Niy 47Ss Cos66Fer 16Nz 57Ss - 9.98 1.09 2.55 -
P.431.S8 CoysFesNi, 58 C0453F¢5.06Niy 51 S Co0s.15Fes 67Nis26Ss - 10.01 1.25 2.95 -
P.341.S8 CosFe,sNi; sSg Co03.15Feq 51Ni; 3455 Co37Fes 41Ni; 7S5 5.7% Pyrrhotite (FeS) 10.05 1.51 2.83 -
P.161.S8 Coy sFesNi; 58 Cor 66Feq03Ni1 31Ss Coy g9Fe727Ni; 5655 8% Fer 24.3% 10.09 1.60 2.64 -
Troilite (FeS)
P.143.58 Coy sFeq sNi3Sy Co1.67Feq 71Nz 2S5 Coy s1Fes sNis 7S5 - 10.08 2.12 3.63 -
1.314.88 CosFe, sNiy sSg Coz95Fe; 55Niy40Ss 90.77
1.116.88 Coy sFe; sNigSs Coy.5sFe1 5eNis g0Ss 91.43
1.134.88 Co sFesNiy sS Co.51Fe.03Niy 5655 91.68
1.413.88 CoysFe; sNiSy Coy41Fe; 5iNis ;S 95.02
1.611.S8 CogFe;sNi; 5Sg CososFe; 50Ny 55Sg Same as powders 90.08
1.431.88 Coy sFe;Ni, 5Sg Co4 6sFe 75Ni; 5755 88.69
1.341.88 CosFeqsNi, 5Sg €03 42Fes s5Ni; 75Ss 87.31
1.161.S8 Coy sFeNi, 5Ss Coy.46Fes 29Ni25Ss 85.24
1.143.88 Co, sFes sNi3Sy Coy soFes 0sNi3 33Ss 89.92
S.314.58 CosFe, sNiy sSs C03.07Fe; 46Niy47Ss Co3 37Fe; 7Nis 7S5 4% Fe 10.01 1.72 3.30 88.14
S.116.S8 Coy sFe; sNigS Coy 61Fe; s4Nis 5Ss Co1.47Fe; 45Nig 1S 12.1% NiS 10.04 6.33 7.06 92.87
S.134.58 Coy sFesNiy sS Coy.52Fes g7Niy 41 S €01 54Fe.97Niy 6355 3% Fe 10.04 1.77 3.54 86.38
S.413.58 CoysFe; sNiSy Coy.47Fe; 55Nis 1S C01.54F5.67Ni4 355 - 9.98 1.91 3.05 92.77
S.611.S8 CogFe, sNi; 5Sg Cosg3Fe; s6Niy 51 S Cos0sFer 3Ny 47Ss - 9.97 1.28 2.56 79.84
$.431.S8 Coy sFesNi, 5Sg Co415Fe 35Ni; 50Ss C04 45Fes 06Ni; 51 S 15.3% Pyrrhotite (FeS) 9.98 1.03 2.25 80.52
$.341.88 CosFeqsNi, 5Sg C0294Fes 4oNi) 355 €03 24Fes sNi 5555 22% Troilite (FeS) 10.02 1.07 2.46 84.56
S.161.58 Coy sFeNi, 58 Coy25Fes sgNiy 16Ss Co172Fe7 39Ni; 5Ss S RoRE R 10.07 1.62 2.64 91.08
11.3% Pyrrhotite (FeS)
S.143.58 Coy sFes sNi3Sy Co.33Fes 09Nin 355 Co 52Feq 57Ni3 00Ss 16.9% Pyrrhotite (FeS) 10.06 1.26 2.79 83.46

211



CoyyFe,NyS4Se, series

Co4.26Fer20Nis48845¢€s 79

P314.54 C03F€1_5Ni4,5S4s€4 . C03_05Fel_55Ni4_53S4S€3,97 - 10.24 5.71 8.02 -
Co95Fe;52Niy4882765¢€4
. C01_47FC]_54Ni5_74S4SCG_00 . 10.5% CON]S4 +6.3%
P.116.S4 CO]_5FC]_5N15$4S€4 X C01_54Fe1_53N1(,_ZOS4Se4,03 3 10.26 721 964 -
Coy.4sFe; 50Nis78S2865€4 CoNiSe,
) Co 93Fe; 8sNis ssSsSes 73 . .
P.134.54 C01_5F63N14_5S4Se4 . C01_52Fe3_01N14_63S4Se4_01 2.4% NiSe 10.32 428 5.93 -
Coy.34Fe;.69Ni38082 705¢€4
) Cog.soFe;34Nis44S4S8e6.10 )
P.413.54 C04,5F61‘5N13S4s€4 . C04,73Fe1,72N13,21S4Se3,93 - 10.27 3.61 5.32 -
Coya6Fer 53NizgiSa625€4
) Co731Fe; 83Niz10S4Se6.01 )
P.611.S4 C06F61_5N11>5S4Se4 . C06_09Fe1_53N11_46S4Seg,95 - 10.20 2.90 498 -
Cogs2Fei.55Ni1 738 665€4
) Co7.4Fes soNiz44S4Ses 37 .
P.431.54 C04_5FC3N11,5S4S€4 . C05_50F63_05N11_5()S4SC3,94 - 10.26 3.40 433 -
Cos.53Fe4.10N11 8282.985¢€4
. Cos 76Fe6.50N1276S4S€6.04 .
P.341.54 C03Fe4_5N11,5S4Se4 . C03,35Fe4,56N11,57S4Se4,15 - 10.32 3.40 5.00 -
Cos 81Fe437Ni1 8382655€4
) Co,.70Fes.53Nis31S48es.70 .
P.161.S4 C01_5F36N11_5S4Se4 . C01_(,1F€6_59N11_37S4Se4_07 - 10.31 7.48 9.96 -
Coi.23Fe;.45Ni36882.775¢€4
. Coy.Fe733Nis62S48es .67 .
P.143.54 CO]_5FC4_5N1354S€4 . CO]_45FC4_54N12_99$4S63,98 - 10.37 2.84 4.70 -
Coy.71Fes.18Ni3268255¢€4
. Cog.14Fe;.08Nig30S4S8€6 65
I.314.S4 CO3FC]_5NI4>584S€4 X 9009
Coa.45Fe1 24Ni3 8282 30S€4
. Coy 74Fe; 57Nig26S4Se6.08
1.116.54 Co,; sFe; sNigSsSes ) 87.41
Coy.00Fe0.90Nis3082205¢€4
X Co,.75Fe3.54Nis 1284S¢es 6
1.134.S4 C01,5F63Nl4,5S4s€4 . 83.46
Coy.25Fe.59Ni3 6482 855€4
Coy92Fe; 85Ni3 3584S€6.92 Same as powders
1.413.54 C04_5Fe1_5Ni384Se4 . 81.72
Coy.11Fe1.41Ni257S252Se4
. Cos.ssFe1.93Niz02S4Seq 67
1.611.54 CogFe;sNij sS4Ses . 89.13
Co7.17Fe165Ni173S5.425¢€4
. Cos g7Fes 76Nii 93S4Ses 55
1.431.S4 C04.5F63N11,5S4Se4 . 80.12
Coy3Fer 71N 3082 885€4
1.341.84 C03FC4_5Ni1,5S4S€4 CO3_76F64_23Ni1_9254565_97 88.16
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Coa.52Fe;.86Ni1 2882685€4

Coos1Fe7.46Nio41S4Ses. i

1.161.S4 Co, sFegNi; 5S4Seq 86.15
Coo3Fes83Nios1S;.138¢e4
i Coy77Fes2sNiz 56S4S8¢€s.73
I.143.S4 CO]_5FC4_5N1384S€4 86.63
Coi.24Fe;3.69Ni2.49S: 7084
. Cos33Fe) 61Ni53554S€6.44 . 1.1% Co;Fey + 8.8%
S.314.54 CO3FC]_5NI4_5S4SC4 Coz_ggFel_51N14_41$4Se3_90 10.19 4.39 4.10 88.86
Coz.10Fe1.00Ni332S2435€4 Nis;Sey
. Co, s7Fe;.52Nis0S4Se4 50 . .
S.116.S4 C01,5F61‘5N15S4s€4 C F Ni .S CO],53F61,53N16,1584Se4,(}0 8.0% NlSz +9.9% CoSe 10.25 3.61 9.37 93.52
01.40F€1.52IN14.7453335€4
. Coy 73Fe3.45Nis 09S4Ses s ) )
S.134.S4 CO]_5FC;N14,5S4S€4 . CO]_51Fez_96N14_62S4SC4>00 64% Ni 10.31 8.10 6.33 9486
Coy.18Fe234Ni3.4652725¢4
. Cos.osFes.06Ni1 51S4Ses.18 .
S.413.54 CossFe; sNizSsSes . CogasFe; 41N1285S4S€s 69 7.4% CoSe 10.26 4.99 4.31 90.22
Cos.91Fe237Ni) 3085 005¢€4
. CosssFer oNiz 0384S€s.57 .
S.611.84 CoﬁFe|_5N11,5$4Se4 C06,04Fe|,47N1|,4GS4Se3,95 12.3% CoSe 10.23 9.84 7.30 86.79
CogsisFer 11Ni; 2452435¢4
. Cos.34Fes.63Ni104S4S€6.33 .
S.431.84 C04_5Fe3N11_5S4Se4 . C04_4(,F62_93N11_47S4Se3_90 19% FeSe 10.23 3.77 3.69 83.80
Cos.38Fe230Ni12282535¢€4
. Cos.52Fes00Ni; 74S4S€s 24 .
S.341.54 CosFessNi; sS4Ses . Coa.98Fes41N1; 50S4S€5 90 23.7% FeSe 10.34 4.95 4.66 86.66
Coz.60Fe3.80Ni) 3385 055¢€4
i Coy.44Fe7.18Nig37S48es.47 )
S.161.S4 C01_5Fe5N11,5S4Se4 X CO]_51F€5_97N11_44S4SC3,90 7.9% FeSe 10.30 3.47 4.81 80.36
Coy 0sFes25Ni27S2935¢€4
. CoyesFes2sNiza3SsSes s .
S.143.84 C01_5Fe4_5N13S4Se4 C01_45FC4_50N12_95S4SC3_95 1.4% FC]]S]Z 10.29 5.03 7.78 95.33

Coy.16Fe3.68Ni23382505¢€4
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Table S2. Summary of geometric area of all tested samples assigned to test equipment.

Sample

Geometric

Sample

area [cm?]

Geometric

area [cm?]

Geometric

Sample

area [cm?|

CosFe;NisSs«Se, series

Coo.xyFexN,Ss series

CooxyFexNyS4Sey series

MTM Anko Gamry
P.S8 0.094 P.314.S8 0.067 P314.54 0.187
P.S7 0.058 P.116.S8 0.061 P.116.54 0.187
P.S6 0.070 P.134.S8 0.074 P.134.54 0.187
P.SS 0.066 P.413.S8 0.077 P.413.54 0.187
P.S4 0.095 P.611.S8 0.028 P.611.54 0.187
P.S3 0.056 P.431.S8 0.067 P.431.S4 0.187
P.341.S8 0.063 P.341.S4 0.187
P.161.S8 0.048 P.161.S4 0.187
P.143.S8 0.069 P.143.54 0.187
1.S8 0.094 1.314.S8 0.156 1.314.54 0.196
L.S7 0.105 1.116.S8 0.121 I.116.S54 0.196
L.S6 0.116 1.134.S8 0.217 1.134.54 0.196
LSS 0.115 1.413.S8 0.218 1.413.54 0.196
1.S4 0.111 1.611.S8 0.186 1.611.S4 0.196
L.S3 0.108 1.431.S8 0.127 1.431.54 0.196
1.341.S8 0.251 1.341.54 0.196
1.161.S8 0.114 1.161.54 0.196
1.143.S8 0.181 1.143.54 0.196
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S.S8 0.114 S.314.S8 0.188 S.314.54 0.196
S.S7 0.921 S.116.S8 0.144 S.116.54 0.196
S.S6 0.228 S.134.S8 0.051 S.134.54 0.196
S.S§ 0.174 S.413.S8 0.246 S.413.54 0.196
S.S54 0.228 S.611.S8 0.072 S.611.54 0.196
S.S3 0.324 S.431.S8 0.140 S.431.54 0.196
S.341.S8 0.153 S.341.54 0.196
S.161.S8 0.237 S.161.S4 0.196
S.143.S8 0.115 S.143.54 0.196
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Table S3. Summaries of Ca, ECSA and RF values of all tested samples with the A ECSA and noted activation process.

Before stability test After stability test
Sample AECSA Activation process
Ca ECSA RF Ca ECSA RF
CosFesNisSs«Sey series
P.S8 1.95-10° 5.58:10! 591 4.69-10° 1.34 1.42-10! -7.81-10! +
P.S7 2.25-10° 6.43-10! 1.10-10! 2.80-10° 7.99 1.35-10! -1.55-10! +
P.S6 1.98-10°  05.66-10" 8.06 3.02-107 8.63-107! 1.23-10! -2.97-10! +
P.S5 2.38:10° 6.81-10! 1.02-10! 3.90-107 1.11 1.67-10! -4.33-10! +
P.S4 5.49-10° 1.57 1.65-10! 7.01-107 2.00 2.11-10! -4.34-10! +
P.S3 1.81-10° 5.16:10°! 7.90 2.33-10° 6.65-10! 1.02-10! -1.49-10! +
L.S8 2.25-10* 6.44 6.79-10! 2.09-10° 5.96-10! 6.28-10% -5.31-10! +
L.S7 6.13-10° 1.75 1.66-10! 6.49-10° 1.85 1.76-10! -9.72-102 +
1.S6 426107 1.22 1.05-10! 3.51-10° 1.00 8.67 2.12-10! -
L.S5 4.66-10* 1.33 1.15-10% 9.04-10 2.58 2.24-10! 1.07-10! -
1.S4 1.19-10* 3.39 3.05-10! 2.81-10* 8.02 7.21-10! -4.62 +
L.S3 2.57-10* 7.35 6.78 2.37-10* 6.77 6.24-10! 5.77-10! -
S.S8 1.56-1073 4.46-10! 3.90-10? 2.92-10* 8.34 7.30-10! 3.62-10! -
S.S7 4.85-103 1.37-10% 1.49-10% 2.47-1073 7.06-10! 7.67-10! 6.65-10! -
S.S6 1.81-10° 3.00-10! 1.32-10% 2.21-10* 6.32 2.77-10! 2.37-10! -
S.S5 5.72-10* 1.66-10! 9.56-10! 6.53-107 1.86 1.07-10! 1.47-10! -
S.S4 8.50-10 2.45-10! 1.07-10? 6.04-10* 1.73-10! 7.56-10! 7.24 -
S.S3 4.86-10* 1.32-10! 4.08-10! 3.45-104 9.87-10! 3.05 1.22-10! -
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Coo.xyFe.NySg series

P.314.58 10
o 1.77-10% 5.06 7.59-10! 207107
.116.S8 5.57-10° : 5.92 8.89-10"
1.59 2.61-10' 910 8.63:10"
P.134 : 7.21:10° 0310
S8 143107 2.06 *
: 408 5.53-10' : 33710 RIS
PAl 53-10 1.90-10* 46910
.413.S8 3.80-10° 1.09 Ao 5.43 7.35-10 -
: 4110 10 : -135
P.611.S8 93310 S 5.33:10° 1.52 1.98 +
3 i 8.90-107 1.14-10° ' -4.35-10°!
.431.S8 4.6510° : 3.86-10' 13810° +
1.33 2.00-10! .38-10 1 l
pad : : 6.24-10° 13710
S8 1.40-10% 178 ‘ "
: 4.00 6.30-10! : 2.68-10 4 I
P16 -30-10 1.67-10% -4.54-10
161.58 5.67-10° 4.76 -
: 1.62 3.36°10' ' 7.51-10! PR
143 3610 7.19-10° 76810
S8 7.09-10° 2.05 ‘ -
, 02 NN : 42610 433107
1.314.58 103 : 7.02:10° :
33610 107 2.01 2.90-10' i
9.61-10 5.12 90°10 1.91-102
1.116.58 0% ’ 143107 4.09-10° :
8.91-10 . 09-10 )
2.54-10" 1.76 2.17 552-10°
1.134.58 107 : 6.87-10° 1.9610" :
1.75-10 : 9610 )
5.00-10" o7 : 1.36 5.80-10°
1.413.58 3.86-10° 10710 3.06:10° : -
1.10 448 SRS 397 1.94-10"
1.611.88 1.45-10° . 8410 8.11-10" -
4.14-10"! 5 3.30 1
4 78 9.66-10% 2.91-10
431.88 5.72:10° 2.76 i -
: 1.63 117-10' T : 3.86'10 533
1.341.58 513107 10 110 2.66 1.90-10' . -
1.47-10 9.56-10' oer 100 9010 -1.03
1.161.58 6.54-10° — 6210 2.75-10' 179-10° +
8.30-10 3.50-10° 7910 -1.28-10
1.143.58 0% : 1.95-107 102 :
1.21-10 . 1.65-10 102 +
Toi10 — : 6.96°10 8.23-10'
S.314.88 5.91-104 6910 9.70-10 2.77-10" 2.41 . *
si : 1.0810? 1.83-10% 6.92:10*
.116.58 6.01-10° 5.21 )
, = i : 33410 117-10"
$.134.58 103 : Lie-10% 7
1.30-10 i 3.32 2.75°10' -
3.72-10 1.71-10 . 7510 -1.60
S.413.88 2.94-10* 2.01-10 5.73-10! 2.64-10 : +
£5 oo 6410 2.01-10
S.611.58 10° ' 6.07:10° :
sa31 - 6.05-10? 503107 ) 6.84
431.58 186107 i ' 1.44-10° 7.7310° ;
53110 118107 7310 3.1310!
$.341.88 107 ' 5.03:107 10° :
41810 1.44-10 10° +
1.19-10° 27710 . 11310 -9.05-10'
S.161.58 3.6410° . 7.05:10 2.01-10° 804107 : +
11410 9.15-10° S IRIE 0410 -8.20°10'
$.143.58 1.28107 i 110 1.0610% 10 -
3.65:10 2.01-10° 0.93-10
: 2.48:10° 10 219
7.08-10 3.90-107 -
34310
+
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Coy.yFe,NyS,Se; series

P314.54 5.58:10° 5.68-102 3.04-10™ 107 8.76-102 4.68-10" -3.07-102 +
P.116.54 7.56:10° 7.63-10° 4.08-10" 107 8.62:107 4.61-10" -9.84-10° +
P.134.54 1.52:10% 1.55-107 8.28:107 107 2.75:10? 1.47-10" -1.20-10? +
P.413.54 1.12:10* 1.13-10 6.03-10™ 103 1.95-10" 1.04-10™ -8.23-102 +
P.611.54 7.21-10% 7.36:107 3.94-10™ 1073 1.19-10™ 6.36:10™ -4.53-107 +
P.431.54 4.89-10° 4.86-107 2.60-107! 1073 1.16-10™ 6.21-10" -6.76-102 +
P.341.54 1.47-10° 1.49-10° 7.96-10? 1073 2.62:10? 2.64-10™ -1.14-10? +
P.161.S4 3.26:10° 3.25:10? 1.74-10" 1073 6.37-10? 3.40-10™ -3.12:102 +
P.143.54 2.02:10° 1.99-102 1.07-10™ 1073 3.14-10? 1.68-10™ -1.14-10? +
1.314.54 4.20-10* 4.51-10" 2.30 107 1.73-10" 8.84-10" 2.78-10" -
1.116.54 8.49-10° 9.52-10° 4.85-10" 107 1.39-10" 7.09-10™ -4.37-102 +
1.134.54 2.08-10* 7.56:107 3.86:10™ 103 8.75:107 4.47-10" -1.19-102 +
1.413.54 9.27:10° 1.76:10™ 8.96-10"! 103 1.42 7.24 -1.24 +
1.611.54 4.69-10* 3.53-10™ 1.80 103 2.92:10™ 1.49 6.15:102 -
1.431.54 6.87:10% 7.89:107 4.02-10"! 103 1.36-10™ 6.92:10™ -5.68:107 +
1.341.54 3.51-10* 3.42:10" 1.75 1073 2.95 1.50-10" -2.61 +
1.161.54 1.48-10* 1.37-10" 6.98-10"! 1073 1.15-10™ 5.86-10"! 2.19:102 -
1.143.54 1.97-10* 1.89-10" 9.66-10™! 1073 8.04-10"! 4.10 -615-10" +
S.314.54 3.54-10° 3.50 1.79-10! ‘107 2.79 1.42-10! 7.19-10" -
S.116.54 2.61-10° 2.45 1.25-10! 107 1.40 7.15 1.05 -
S.134.54 3.63-10° 3.11-10" 1.59 ‘107 2.42-10" 1.24 6.91-102 -
S.413.54 9.61-10% 1.16-10! 5.91-10" 103 8.97 4.58-10" 2.61 -
S.611.54 3.08:10° 3.04 1.55-10! 103 4.04 2.06-10" -9.94-10"! +
S.431.54 4.24-103 5.58 2.85-10! 103 6.67 3.40-10' -1.09 +
S.341.54 4.59:103 5.05 2.58-10! 103 3.56 1.82-10! 1.49 -
S.161.54 6.31-103 6.91 3.52-10' 1073 1.83-10! 9.35-10' -1.14-10' +
S.143.54 2.80-10* 2.76:10"! 1.41 -1073 2.47 1.26-10" -2.20-10? +
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Table S4. Rcr and Ry, determined by means of EIS.

Powders Ingots Pellets (sinters)

Sample Rer [Q] R. [Q] Sample Rer [Q] R. [Q] Sample Rer [Q] R. [Q]

CosFe3NisSs<Sey series

P.S8 481.9 100.80 I.S8 23.51 5.01 S.S8 11.46 4.69
P.S7 4087 87.76 1.S7 25.78 5.65 S.S7 17.94 3.54
P.S6 1709 94.95 1.S6 19.60 4.65 S.S6 25.80 2.86
P.S5 857 90.74 I.S5 46.02 5.07 S.SS 66.50 4.45
P.S4 2148 88.62 1.54 161.60 5.35 S.S4 45.04 4.61
P.S3 3451 83.53 L.S3 26.94 6.15 S.S3 16.61 2.77

CogxyFeNiySs series

P.314.S8 451.22 86.72 1.314.S8 100.49 3.86 S.314.S8 14.87 2.94
P.116.S8 5.42 75.60 1.116.S8 274.61 4.42 S.116.S8 8.01 3.50
P.134.S8 343.98 84.96 1.134.S8 190.12 4.03 S.134.S8 13.23 3.77
P.413.S8 634.40 82.25 1.413.S8 101.29 3.73 S.413.S8 2791 3.54
P.611.S8 228.56 81.48 1.611.S8 109.10 4.81 S.611.S8 3.21 4.11
P.431.S8 733.92 81.57 1.431.S8 64.62 3.45 S.431.S8 7.79 4.59
P.341.S8 360.20 83.35 1.341.S8 70.28 3.34 S.341.S8 9.61 2.83
P.161.S8 284.12 84.05 1.161.S8 19.38 3.67 S.161.S8 18.38 2.76
P.143.S8 40.18 79.21 1.143.S8 56.57 2.22 S.143.S8 15.19 3.20
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Coo.xyFexNiyS4Ses series

P.314.54 1667.14 91.50 1.314.54 471.19 11.35 S.314.54 47.07 15.50
P.116.54 434.56 88.72 1.116.54 184.32 17.21 S.116.54 76.15 22.55
P.134.54 159.71 74.18 1.134.54 469.91 16.32 S.134.54 195.73 17.27
P.413.54 691.52 88.08 1.413.54 397.86 12.84 S.413.54 40.81 18.25
P.611.S4 380.61 87.99 1.611.54 203.25 15.63 S.611.54 47.20 19.48
P.431.54 185.20 81.83 1.431.54 140.90 16.82 S.431.54 42.25 12.06
P.341.54 183.83 76.20 1.341.54 108.95 43.14 S.341.54 41.32 19.20
P.161.54 270.68 81.12 1.161.S4 203.71 14.41 S.161.54 9.74 14.06
P.143.54 70.05 85.13 1.143.54 235.70 11.73 S.143.54 84.59 19.53
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Table S5. Summary of overpotentials for all samples from all series for “prior” and “post” stability test normalized to ECSA and geometric area with Tafel Slope values.

Sample N Electrochemical Active Area [MV] Tafel slope [mV/dec] N Geometric Area Tafel slope [mV/dec]

CosFesNisSs.<Sey series

Prior 0.2 [mA/cm?] Post 0.2 [mA/cm?] Prior Post Prior 10 [mA/cm?] Post 10 [mA/cm?] Prior Post
P.S8 505 n/a 73 79 n/a n/a 73 79
P.S7 431 481 80 93 463 505 80 93
P.S6 531 510 84 63 n/a n/a 84 63
P.S5 467 n/a 84 90 n/a n/a 84 112
P.S4 n/a n/a 84 91 n/a n/a 84 91
P.S3 n/a n/a 88 81 n/a n/a 88 81
1.58 347 341 84 103 360 357 79 104
1.57 286 318 76 98 327 377 75 154
1.56 365 352 191 235 509 n/a 190 235
1.S5 n/a 553 149 158 n/a n/a 148 153
1.54 337 383 187 218 371 422 187 219
1.53 408 410 262 278 373 387 268 277
S.58 369 n/a 210 185 295 295 211 182
S.57 387 n/a 160 162 322 374 152 156
S.56 290 481 221 165 310 351 232 160
S.S5 209 466 229 217 314 371 234 217
S.54 309 307 192 163 233 243 185 161
S.53 357 362 179 168 348 376 164 164
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Coq...yFexN,Ss series

Prior 0.2 Post 0.2 Prior 5 Post 5
Prior Post Prior Post

[mA/cm?] [mA/cm?] [mA/cm?] [mA/cm?]
P.314.S8 n/a 645 140 89 795 357 140 89
P.116.S8 n/a n/a 239 144 n/a n/a 230 140
P.134.S8 n/a n/a 184 125 n/a 771 185 124
P.413.S8 536 465 136 120 581 477 138 125
P.611.S8 n/a n/a 258 134 615 728 252 132
P.431.S8 n/a n/a 191 144 n/a n/a 194 140
P.341.58 658 771 143 116 567 595 143 118
P.161.S8 795 n/a 116 119 773 n/a 178 180
P.143.58 675 803 150 171 661 790 149 171

Prior 0.2 Post 0.2 ) Prior 10 Post 10 )

(mA/cm?] [mA/cm?] Prior Post (mA/em?] (mA/cm?] Prior Post
1.314.58 333 358 250 168 n/a n/a 257 167
1.116.58 331 380 131 129 587 n/a 131 131
1.134.58 356 398 142 303 557 n/a 135 289
1.413.58 338 374 133 134 547 n/a 134 142
1.611.58 323 550 87 145 528 n/a 84 148
1.431.S8 350 397 75 153 421 514 78 151
1.341.S8 n/a n/a 137 171 465 445 138 175
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1.161.58 n/a n/a 156 175 377 361 159 177
1.143.S8 542 n/a 404 450 n/a n/a 356 359
$.314.58 575 577 277 281 452 n/a 235 322
$.116.58 2911 356* 113 91 341 388 92 86
$.134.58 n/a n/a 211 274 467 423 214 263
$.413.58 492 464 200 204 520 n/a 196 198
$.611.58 n/a n/a 466 406 220 288 537 423
$.431.58 n/a n/a 204 205 318 276 214 210
$.341.58 n/a n/a 201 275 380 320 297 281
$.161.S8 n/a n/a 162 164 285 288 162 171
$.143.58 n/a n/a 239 258 391 385 237 258
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Coo...yFexN,SsSe, series

Prior 0.2 Post 0.2 Prior 2 Post 2
Prior Post Prior Post

[mA/cm?] [mA/cm?] [mA/cm?] [mA/cm?]
P314.54 n/a n/a 223 159 n/a n/a 221 158
P.116.54 494 490 131 128 481 467 115 128
P.134.54 307 403 103 112 399 460 102 110
P.413.54 n/a n/a 190 146 n/a n/a 196 157
P.611.54 477 n/a 172 114 462 447 170 112
P.431.54 265 383 86 100 285 341 93 100
P.341.54 297 423 164 126 417 481 161 125
P.161.54 390 476 112 113 443 478 111 113
P.143.54 282 379 104 97 340 421 102 95

Prior 0.2 Post 0.2 Prior 10 Post 10

Prior Post Prior Post

[mA/cm?] [mA/cm?] [mA/cm?] [mA/cm?]
1.314.54 n/a 468 202 142 n/a 533 203 143
1.116.54 334 347 91 91 414 405 95 92
1.134.54 346 344 90 89 423 431 94 90
1.413.54 316 455 81 75 357 288 81 64
1.611.54 446 425 131 133 444 441 131 128
1.431.54 306 311 88 74 400 384 97 74
1.341.54 501 n/a 130 141 502 314 131 150
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1.161.54 341 340 93 92 394 399 95 96
1.143.54 311 384 91 80 348 305 91 78
$.314.54 n/a n/a 203 200 306 303 284 200
S.116.54 n/a 567 209 196 354 354 226 203
$.134.54 435 383 175 146 451 416 116 139
$.413.54 n/a n/a 495 248 348 302 578 260
$.611.54 n/a n/a 299 305 313 302 309 331
$.431.54 n/a n/a 253 179 283 258 250 188
$.341.54 n/a n/a 415 263 359 289 474 255
S.161.54 n/a n/a 205 401 306 303 267 432
$.143.54 312 586 114 114 354 354 114 112

n/a — not achieved

! — see chapter 4.4.2
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