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1. Abstract

The key aim of research activities covered by this doctoral dissertation was to develop
cost effective and durable under long-term operation, advanced Ni foam-based electrocatalyst
materials, as highly effective cathode and anode electrodes for hydrogen evolution (HER) and
oxygen evolution (OER) reactions, respectively. In addition to their long-term durability, highly
efficient electrode materials should primarily be characterized by low overpotential values for
the corresponding electrochemical processes. It is commonly known that the process of water
splitting is driven above the thermodynamic requirement of 1.229 V. Moreover, the catalyst
substrates should not only be based on materials that are abundant in natural environment, but
they should also be characterized by high electrical conductivity and extended,

electrochemically active surface area.

Thus, in the first part of this work, a comprehensive study on the kinetics of the HER
cathodic process is presented. The HER was examined at innovative, composite catalyst
materials, such as: as received nickel foam (Ni foam) and Ni foam base material modified with
very small amounts of iridium nanoparticles. Two methods of metal deposition were
implemented here, i.e. spontaneous and electrochemical surface deposition. All electrochemical
examinations were performed in a three-compartment, pyrex glass-made electrochemical cell
in 0.1 M NaOH electrolyte solution, prepared by means of a Direct-Q3 UV ultra-pure water
purification system from Millipore (18.2 MQ cm water resistivity), at room temperature.
Electrochemical impedance spectroscopy and quasi steady-state polarization methods were
employed through the operation of the Solatron 12,608 W Full Electrochemical System,
consisting of 1260 Frequency Response Analyzer (FRA) and 1287 Electrochemical Interface
(EI). In addition, spectroscopic characterization of catalyst materials was performed by means
of SEM/EDX (Scanning Electron Microscopy/Energy-Dispersive X-Ray Spectroscopy)

analyses.



Based on the recorded charge-transfer resistance, exchange current-density, interfacial
capacitance and other parameters, it was reported that very low amounts of Ir deposit on the
surface of pre-treated Ni foam materials caused a radical enhancement of their HER catalytic
activity. The obtained results clearly indicated significant opportunities for the Ir nanoparticle-
modified Ni foam composites towards the HER process and their possible employment in
commercial, alkaline water electrolysers.

The effectiveness of complex water splitting process depends on the kinetics of both the
HER and OER electrode reactions. While the cathodic hydrogen evolution is characterized by
relatively low overpotential values, the OER remains a major factor that controls the overall
rate of water decomposition process. Therefore, the second part of this thesis is concerned with
the OER reaction’s kinetics. The latter was also examined on the catalytically modified Ni foam
materials. Hence, small amounts of platinum, freshly prepared transition metal-based
electrocatalysts (cobalt and molybdenum) and extensively electrooxidized Ni foam electrodes
were selected as anodes. Interestingly, the OER catalysts prepared based on non-noble metals
proved to be beneficial, when compared to both the Pt-modified and electrooxidized Ni foam
electrodes, which exhibited inferior OER electrochemical activity.

In the last part of this work, practical examinations of alkaline water electrolysis were
carried-out by means of an innovative, 500 W laboratory size AWE (Alkaline Water
Electrolyser) system, equipped with Pd-activated Ni foam or unmodified Ni foam cathodes, and
in situ electrooxidized Ni foam anodes. The total catalytic activity and stability tests (dc.
galvanostatic and ac. impedance measurements) of the proposed AWE system were carried-out
by means of the Solatron 12,608 W Full Electrochemical System and 30 V/30 A dc. power
supply unit (PeakTech®). On the other hand, during the H2O electrolysis process, samples of
O, and H> gases were collected and analyzed with the use of a gas chromatograph (GC)

Shimadzu GC2014 model, equipped with a chromatographic column and a helium detector with



pulse discharge (PD-HID-Pulsed Discharge Helium lonization Detector). It was reported that
the AWE system equipped with the unmodified Ni foam cathodes (in combination with surface-
electrooxidized Ni foam anodes) achieved a maximum power of about 500 W, whereas that of
the Pd-modified Ni foam cathodes reached 560 W. Moreover, both generated H, and O, gas
products were high purity (Hz: 99.99% and O2: 99.90%).

Finally, extended-time alkaline water electrolysis experiments were conducted on
a single cell electrolyser setup with two different anodes. The cell’s configurations comprised
Ir-modified Ni foam cathode, whereas anodes were based on either electrooxidized, or else on
Co-activated nickel foam electrode. Both electrode arrangements were characterized by similar
cell’s voltages to those previously reported for the Pd-activated Ni foam cathode/
electrooxidized Ni foam anode. Moreover, these new catalyst systems proved to be fairly

durable and stable over the 24-hour galvanostatic tests.

Keywords: HER, OER, AWE, hydrogen, oxygen, Electrocatalysts, Ni foam, Cobalt,

Molybdenum, Palladium, Electrolysis



2. Streszczenie

W niniejszej rozprawie doktorskiej zostaly podjete proby opracowania
zaawansowanych elektrokatalitycznych materiatow na bazie pianki niklowej, ktore
charakteryzowaly si¢ stosunkowo niska ceng produkcji oraz wysoka trwalos$cig podczas
dhlugotrwatej pracy. Wysoce efektywne materiaty elektrodowe w postaci katody oraz anody
zostaly wykorzystane odpowiednio w reakcjach wydzielania wodoru (Hydrogen Evolution
Reaction; HER) oraz tlenu (Oxygen Evolution Reaction; OER). Poza wysokg stabilno$cig oraz
efektywnoscig podczas dlugoterminowej pracy, materialy powinny charakteryzowac si¢ niska
warto$cig nadpotencjalu w stosunku do wyzej wymienionych reakcji. Proces rozktadu wody
wymaga znacznego przekroczenia termodynamicznego napigcia o wartosci 1.229 V.
Dodatkowo materialy wykorzystane w pracy doktorskiej powinny charakteryzowac si¢ wysoka
dostepnoscia w $rodowisku naturalnym, wysokim przewodnictwem elektrycznym oraz
znacznie rozbudowang elektrochemicznie czynng powierzchnia.

W zwigzku z tym pierwsza cz¢$¢ niniejszej rozprawy doktorskiej dotyczyla
kompleksowych badan nad kinetyka katodowego procesu wydzielania wodoru. Proces ten
badany byt przy uzyciu innowacyjnych, katalitycznych materialdéw kompozytowych w postaci:
niezmodyfikowanej pianki niklowej oraz pianki niklowej pokrytej niewielkg iloscig
nanoczasteczek irydu. W celu osadzenia czastek katalizatora na powierzchni materialu
bazowego wykorzystano dwie metody depozycji, tj. spontaniczng oraz elektrochemiczng
depozycje. Wszystkie badania elektrochemiczne przeprowadzono w trojkomorowej
elektrochemicznej celi pomiarowej wykonanej ze szkla pyreksowego w roztworze
0,1 mol dm® NaOH, ktéry byt przygotowany z wykorzystaniem ultra-czystej wody (przy
uzyciu systemu Millipore Direct-Q3 UV; rezystywno$¢ wody wynosita 18.2 MQ cm).

Elektrochemiczne pomiary, tj. spektroskopia impedancyjna oraz kwazi-stacjonarne

metody polaryzacyjne (krzywa Tafela) zostaty przeprowadzone przy wykorzystaniu urzadzenia



Solartron 12,608 W (Full Electrochemical System), sktadajgcego si¢ z analizatora
czestotliwosci (FRA 1260) oraz elektrochemicznego interfejsu (EI 1287). Ponadto, zostata
przeprowadzona analiza spektroskopowa badanych materialéw katalitycznych przy uzyciu:
skaningowej mikroskopii elektronowej (Scanning Electron Microscopy; SEM) oraz
spektroskopii rentgenowskiej z dyspersja energii (Energy-Dispersive X-Ray Spectroscopy;
EDX). W oparciu o wyznaczone parametry elektrochemiczne, tj.: rezystancj¢ przeniesienia
tadunku, gesto$¢ pragdu wymiany, pojemnos¢, itp. zaobserwowano, ze niewielkie ilosci Ir
osadzone na powierzchni uprzednio przygotowanego materialu bazowego w postaci pianki
niklowej spowodowaly znaczng poprawe ich aktywno$ci katalitycznej w reakcji HER.
Otrzymane podczas badan wyniki jasno ukazaly pozytywny wpltyw nanoczastek irydu na
efektywnos¢ reakcji HER, co wskazuje na mozliwo$§¢ wykorzystania badanych
kompozytowych materiatéw katodowych w przemystowych alkalicznych elektrolizerach
wody.

Proces elektrochemicznego rozktadu wody zalezy nie tylko od reakcji HER, ale rowniez
co wazniejsze od kinetyki reakcji OER. Podczas gdy katodowy proces wydzielania wodoru
charakteryzuje si¢ stosunkowo niska wartoscia nadpotencjatlu, proces OER uznawany jest za
etap determinujacy kinetyke i tempo catej reakcji elektrolizy wody. Druga czg$¢ niniejszej
pracy doktorskiej poswiecono badaniom kinetyki procesu OER, ktore przeprowadzono na
powierzchniowo zmodyfikowanej piance niklowej poprzez natozenie niewielkich ilosci
platyny, katalizatorow w postaci metali z grupy przejsciowej (kobalt i molibden) oraz na
intensywnie elektroutlenionej piance niklowej. Zaskakujaco, reakcja OER zachodzita znacznie
sprawniej na piance niklowej zmodyfikowanej metalami nieszlachetnymi w poréwnaniu do
pianki zmodyfikowanej Pt oraz elektroutlenionej in situ, ktore to materiaty wykazaty znacznie

pogorszong elektrochemiczng aktywnos¢.



Trzecia czg$¢ pracy dotyczyta wykonania praktycznych badan nad alkaliczng
elektroliza wody przy uzyciu innowacyjnego systemu AWE w skali laboratoryjnej o mocy ok.
500 W, ktory zaopatrzony byt w katody w postaci pianki niklowej zmodyfikowanej Pd lub
niezmodyfikowanym materiatem bazowym, oraz w anody w postaci elektroutlenionej pianki
niklowej. Zarowno katalityczna aktywno$¢ oraz stabilno$¢ proponowanych systeméw AWE
zostaly zbadane metodami galwanostatycznymi oraz impedancyjnymi przy uzyciu urzadzenia
Solartron 12,608 W Full Electrochemical System oraz zasilacza pradu statego 30 V/30 A
(PeakTech®). Dodatkowo, podczas pracy systemu AWE zostaly pobrane probki gazow O oraz
Ha, ktére powstaly podczas procesu elektrolizy wody. W kolejnym etapie zostata sprawdzona
ich czysto$¢ przy pomocy analizy chromatografii gazowej (GC), ktéra wykonano przy uzyciu
urzadzenia Shimadzu GC2014, ktéry dodatkowo byl zaopatrzony w kolumng
chromatograficzng oraz detektor helowy z wyladowaniem impulsowym (PD-HID-Pulse
Discharge Helium Ionization Detector). Na podstawie badan zaobserwowano, ze system AWE
sktadajacy si¢ z katody w postaci niezmodyfikowanej pianki niklowej w potaczeniu z anodg w
formie elektroutlenionej pianki, uzyskal maksymalng moc o wartosci 500 W, podczas gdy
system sktadajacy si¢ z katody w postaci pianki niklowej zmodyfikowanej Pd uzyskat
maksymalna moc 560 W. Na podstawie analizy chromatograficznej oznaczono czysto$¢ gazow
wyprodukowanych w procesie elektrolizy wody, ktora wyniosta 99,99% oraz 99,90%
odpowiednio dla Hz oraz Oa.

W ostatnim etapie pracy wykonano diugotrwate eksperymenty elektrolizy wody na
pojedynczych celach, ktore sktadaty si¢ z dwoch uktadow anod, tj. elektroutlenionej pianki
niklowej lub pianki zmodyfikowanej Co, oraz katody w postaci pianki zmodyfikowanej Ir. Oba
badane uktady uzyskaly porownywalne wartosci napiecia do uprzednio otrzymanych przez
system sktadajacy si¢ z katody w postaci pianki zaktywowanej Pd oraz anody w postaci

elektroutlenionej pianki niklowej. Oba badane innowacyjne uktady elektrodowe



charakteryzowaly si¢ wysoka trwalo$cig oraz stabilno$cig podczas 24 godzinnych

elektrochemicznych badan galwanostatycznych.

Stowa kluczowe: HER, OER, AWE, Elektrokatalizator, pianka niklowa, kobalt, molibden,

pallad, elektrokataliza
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3. Introduction

3.1. The importance of alkaline water electrolysis for the world’s energy sector

Progressively growing global population and urbanization observed in the past decades
have led to a radical increase in overall energy demand. The latter creates new economic and
environmental challenges. In particular, one of the most important problems is how to ensure
sufficient amount of electricity for all sectors of industry, public institutions, transportation and
household facilities, and infrastructure. The above is strictly correlated to the global
decarbonization demand [1-3]. Unfortunately, general world’s energy sector is still
predominantly based on non-renewable, traditional fossil fuels. The extraction and exceeding
use of primary energy resources entail serious ecological and economic consequences, namely:
severe environment degradation and gradual depletion of natural resources. The above results
in rapidly rising level of atmospheric carbon dioxide (significant contribution to global climate
change) and increasing electricity prices. Thus, establishing serious actions, aiming at solving
climate problems, is of superior importance. In fact, consistent decarbonization of the global
energy sector could be the quickest way to limit the emission of greenhouse gases (GHG) [3-
4]. Thus, increasing share of renewable energy sources in the electricity sector plays a pivotal
role in the near-to-zero carbon emission route. Incorporation of alternative and renewable
energy sources (RES), such as: solar, wind, tidal and biomass to common use holds the key
potential to mitigate climate changes [5-7]. Nevertheless, despite significant opportunities that
renewable energy sources bring, there are also some challenges that hinder their full
development. In fact, such important renewable energy devices as wind turbines or photovoltaic
cells suffer from considerable time intermittency, with seasonal or even daily power output
variations, as well as geographic limitations. Moreover, complex and confusing political
regulations in many countries significantly limit their common use. Climate-dependance of the

RES leads to the situations in which on some days the daily energy production is insufficient
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to cover the demand, while during more favourable conditions the amount of generated
electricity far exceeds its immediate use. Hence, the best solution for utilization of excess
energy amount produced at peak hours could be incorporation of energy storage systems or heat
magazines [8-11]. However, energy storage systems also suffer from some serious
disadvantages. For example, batteries are characterized by limited energy conversion rates, their
efficiency decreases over time and final disposal could potentially generate dangerous waste
[12-13]. The ongoing efforts to develop clean and sustainable energy sources have accelerated
with global need for electricity generation and its accumulation into different storage systems.

Recently, considerable attention by the energy market has been given to hydrogen. This
energy carrier could be a promising solution to the fluctuations encountered by the renewable
energy sources. In fact, coupling hydrogen with renewable energy sources may be the best way
to decarbonize entire energy sector. A key idea in energy transformation is to utilize the surplus
of electricity produced from the RES and to transform it into a chemical energy carrier in the
form of hydrogen [14-16]. Then, hydrogen could conveniently be stored in highly pressurized,
mobile tanks, or else it might be transported via hydrogen tailored gas pipelines.

Nowadays, hydrogen is predominantly generated via steam reforming of methane, coal
gasification and hydrocarbon cracking processes, which not only require large amounts of input
energy and expensive infrastructure, but also generate excess of carbon-based by-products.
In connection with the decarbonization of the energy industry, renewable energy-powered
alkaline water electrolysis (AWE) could be considered as an exceptional alternative, especially
in the framework of power-to-gas concept [17-18]. It should also be stressed that with respect
to the system’s capital investment and durability, AWE technology is still considered superior
to that of proton exchange membrane (PEM) design.

Moreover, the so-called green hydrogen (H produced via renewable energy sources) is

considered the only, completely eco-friendly energy carrier with unlimited resources.
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Combustion of hydrogen molecule in oxygen leads to the release of large amount of energy in
the form of heat (Q), where water molecule is the only product of this reaction (see Egn. 1
below). In addition, hydrogen is characterized by very high calorific value of energy density
(ca. 120 MJ kg or 33.6 kWh kg™), which is almost three times as high as that for diesel (45
MJ kg?) or gasoline (44 MJ kg™). Moreover, hydrogen is characterized by octane number of

130, as compared to 87 and 30 for basic gasoline and diesel fuel, respectively [19-27].

Hy +20; > Hy0 +Q (1)
3.2.The mechanisms of HER and OER half-reaction

The process of water electrolysis consists of two simultaneously proceeding half-cell
reactions, namely: cathodic hydrogen evolution reaction (HER) and anodic oxygen evolution
reaction (OER). Hydrogen evolution proceeds at electrode potentials negative to the reversible
H> potential. In alkaline environment, the HER mechanism at metal (M) electrode is based on
a two-step reaction, involving water molecule and adsorbed hydrogen radical intermediate
species (Eqns. 2 and 3 or 2 and 4) [28-34]:

H,0+e~™+ M — MHy;5 + OH™ (Volmer electrochemical discharge step) (2)
H,0 + MH,,;s + e~ = H, T +M + OH™ (Heyrovsky electrochemical desorption step)  (3)
2MHy4s = Hy T +2M (Tafel catalytic recombination step) (@)

On the other hand, the OER is a complex, four electron and four proton electrochemical
process (Eqn. 5), which involves several intermediate steps (Eqns. 6 through 8). Initially, partial
oxidation (deprotonation) of water molecule leads to the formation of surface-adsorbed OHads
species (Eqn. 6). Then, electron transfer and deprotonation of OHags in the second step result
in the formation of Oags (EQn. 7), being a prerequisite for chemical recombination of Oags in

the next step and generation of O, molecule in Eqgn. 8 [35-39].
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2H,0 —» 4H* 4+ 0, T +4e~ (5)

H,0 - OHyy + HY + e~ (6)
OHAdS _)OAdS+H++e_ (7)
2040s = 0,1 (8)

In order to make water electrolysis a cost-effective process, the effectiveness of both
half-reactions must be optimized. The above could conveniently be achieved through
modification of the baseline electrode materials with highly active and simultaneously

economical electrocatalyst materials [32-35, 37, 39].

14



. Work Objectives

Major objectives of this work involved:

. Preparation of innovative, highly catalytic and relatively inexpensive Ni foam-based
electrode materials for cathodic generation of hydrogen (HER): [Paper 1],

. Preparation of original, cost-effective Ni foam-based electrode materials for anodic
generation of oxygen (OER): [Papers I1-111],

. Construction of stack-innovative, laboratory-scale alkaline water electrolyser unit: [Paper

IV].

15



5. Materials and Methods

All details on the preparation of Ni foam-based electrodes, electrochemical cell,
electrolyte solutions and experimental techniques employed for the purpose of this doctorate
thesis were comprehensively described within the relevant publications that this thesis is based
on (Papers | through 1V). The purpose of this section is only to provide a reader with brief

information and general principles that have been employed in this work.

5.1.Employed Techniques

Ac. Electrochemical Impedance Spectroscopy (EIS): it is a powerful, sensitive and non-invasive

technique, which delivers important information (including resistance and capacitance
parameters), leading to e.g. determination of the rates and mechanisms of various electrode
processes, occurred at the electrode-electrolyte interface. The EIS measurements are commonly
used to characterization of such electrochemical systems as: corrosion phenomena, batteries,
supercapacitors and fuel cell devices. For a potentiostatic mode, the EIS measurement consists
of applying a small sinusoidal voltage of a certain amplitude (<10 mV), which produces
a current response in a sinusoidal form of the same frequency but shifted in phase. Examining
the current response over a range of frequencies allows separation of electrode processes, which

occur on different timescales [40-44].

Cyclic Voltammetry: it is a versatile electroanalytical technique employed to provide

information about the reduction and oxidation (charge-transfer and mass-transport) processes
occurring at the surface of working electrode. In this potentiodynamic technique, the potential
of the working electrode (with respect to the reference one) increases linearly (triangular pattern
is shown in schematic representation of Fig. 1 below) with time in a cyclic manner. Hence,
during the measurement, the electrode potential (E, see Eqn. 9) is swept (at a sweep-rate, s: mV

st in time, t) back and forth between the lower and upper potential limits (where Eo is an initial
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electrode potential) and the current passing between the working and counter electrodes is
recorded. Graphical relationship between the applied potential and recorded current is presented

on the chart so-called “cyclic voltammogram” (CV) [45-46].

E=E0+5Xt (9)

Potential / V A

V, [~ " AT

Time /s

V PR il

Figure 1 Triangular-shaped voltage sweep pattern in cyclic voltammetry technique.

Quasi Steady-State Tafel Polarization Plots: it is a commonly used technique for determination

of the Kkinetics and other features of various electrochemical processes, e.g. reaction rates,
exchange current-densities (jo), overpotential (n), passivity and pitting susceptibility
parameters, and cathodic/anodic Tafel slopes (bc and ba). The latter is considered a critical
parameter for obtaining insightful information on the HER/OER mechanisms and effectiveness
of electrode materials. Tafel tests are carried-out by recording current response to the electrode
potential change at a low scan-rate, of e.g. 0.5 mV s, whereas the Tafel plot is then presented

as E vs. log I (or log j) [47-48].
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Scanning Electron Microscopy (SEM): it is a versatile, non-invasive instrumental spectroscopy

technique, which produces images of samples by scanning their surfaces with a focused beam
of electrons. The electrons interact with atoms in the specimen, thus producing signals that
contain information about the composition of the examined sample and its surface topography.
Specimens could be examined by conventional SEM under high or low vacuum, or under

environmental conditions [49-52].

Energy-Dispersive X-Ray Spectroscopy (EDX): it is a non-invasive analytical spectroscopy

method (typically coupled with SEM) used for identifying and quantifying samples’ elemental
compositions. The atoms on the sample’s surface are excited by the electron beam, thus emitting
specific wavelengths of X-rays that are characteristic of the atomic structure of constituting
elements. An energy dispersive detector is employed to analyze these X-ray emissions.
Appropriate elements are allocated, yielding the composition of the atoms on the specimen’s

surface [53-55].

Gas Chromatography (GC): it belongs to a numerous group of chromatographic methods used
both in science and industry. This separation technique is commonly used to detection of
various components, residues or contaminants in a highly complex mixture, in this case in
gaseous state. In principle, this method is used to separate components that are distributed
between two phases, namely: stationary and mobile phases. The former is a liquid-based
(stationary) medium whereas the latter utilizes an inert gas as a mobile phase. In GC, the
separation phenomena are primarily based on differences of boiling points/vapor pressures and
polarity variation of the components. The GC measurements start by introducing an examined
sample via an injection port into injector. Then, gas carrier (mobile phase) passes through the
inlet and sweeps the sample onto the column (stationary phase), at strictly determined
temperature. Due to variation of chemical and physical properties of the components dissolved

in the examined mixture, they travel through the chromatographic column with different

18


https://www.sciencedirect.com/topics/engineering/elemental-composition
https://www.sciencedirect.com/topics/engineering/elemental-composition

retention times. Then, they enter a detector, which provides an electronic signal being

proportional to the amounts of eluting analytes [56-57].

5.2.Supporting Electrolytes, Base Catalytic Material and its Modifications

All supporting solutions were prepared by dissolving chemical reagents in ultra-pure
water generated by Direct-Q3® Ultraviolet (UV) water purification system from Millipore or
by Spring 30 s purification system from Hydrolab. Water processed through both systems was
purified to reach a final resistivity of 18.2 MQ cm at 25 °C. For electrochemical examinations
conducted for the purpose of this thesis, the following solutions were prepared:

e 0.1 M NaOH supporting solution from 99.996% sodium hydroxide pellets delivered
by AESAR (Haverhill, MA, USA);

e 0.5 M HSO4 supporting solution for periodic charging of auxiliary Pd/H> electrode
was made from ultra-high purity stock sulphuric acid (SEASTAR Chemicals, BC,
Canada) or 96% stock H2SO4 product from Merck (Darmstadt, Germany);

e 8 M KOH supporting solution was prepared from p.a. KOH pellets delivered by POCH

(Gliwice, Poland).

Nickel foam (Ni foam): EQ-bcnf-16m, delivered by MTI Corporation (Richmond, CA,
USA) was employed as a base electrode material to examine the kinetics of the HER and OER,
as well as the efficiency of the electrolyser stack. The baseline catalytic material was high
purity, 99.99% Ni material, having thickness of 1.6 mm, surface density of 346 g m? and
porosity approaching 95%. Then, the following metal catalysts (and corresponding chemical

reagents) were used for the modification of the base electrode material:

e Ir:iridium (I11) chloride hydrate of 99.9% grade from Sigma Aldrich (St. Louis, MO,

USA):
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e Pt: chloroplatinic acid hexahydrate of 99.9% purity from Sigma Aldrich (St. Louis,
MO, USA);

e Co: cobalt (I1) chloride hexahydrate of 99.0% purity from Sigma Aldrich (St. Louis,
MO, USA);

e Mo: ammonium heptamolybdate tetrahydrate (>99.3% purity) delivered by Merck
(Darmstadt, Germany);

e Pd: palladium (II) chloride (>99.0% purity) provided by POCH (Gliwice, Poland).

Electrochemical modifications of the base Ni foam material were realized by means
of catalyst (Ir, Co, Mo, Pt, Pd) electrodeposition (conducted in a galvanostatic mode at variable
current-densities) or via spontaneous metal deposition through the employment of metal
exchange processes under electrolytic conditions. On the other hand, an extensively
electrooxidized Ni foam anode was prepared through extended cyclic voltammetry sweeps (100
cycles, carried-out over the potential range: 0.5-2.0 V vs. RHE, at a sweep-rate of 100 mV s1).
Detailed information on the procedures for electrocatalysts preparation could be found within

the monothematic list of articles (Papers I through 1V).
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6. Results and Discussion

The purpose of original scientific articles employed to form the basis of this Ph.D. thesis
was to deliver innovative, electrocatalytically active and relatively cost-effective electrode
materials, such as nickel foam (Ni foam) towards hydrogen and oxygen evolution reactions,
with their potential application in a laboratory-scale alkaline water electrolyser system. Hence,
the Dbase material in the form of nickel foam was then modified through
electrochemical/chemical deposition by very low amounts of nano-structured noble (Ir and
comparatively: Pt, and Pd) or transition metals (Co, Mo), with the purpose of improving the
electrochemical (HER and OER) activities of the baseline nickel foam material. Moreover,
supplementary examinations were conducted to assess the durability of the employed electrode

materials, in order to provide industrially applicable electrode composites.

6.1.Hydrogen Evolution Reaction

With constantly increasing importance of the RES, significant attention is given to the
development of hydrogen technologies. Unfortunately, most of the commonly used
H production methods are still based on fossil fuels, e.g. reforming of hydrocarbon sources,
where methane is a worldwide key player. Although their widespread use and relatively
inexpensive technology (per mass of generated H), these methods are burdened with large
energy demand and excessive generation of CO2, and heat as reaction by-products. Therefore,
they are totally not in line with environmental zero emission line and regulations [14, 18].

On the other hand, electrochemical hydrogen evolution reaction is capable of producing
ultra-pure hydrogen gas. Such-generated hydrogen, when coupled with alternative energy
sources, e.g. solar or wind energy, could then be considered as an ideal (emission-free
manufactured) green energy carrier [14]. For the HER performed under alkaline conditions,

extremely desired are cathode materials that exhibit high corrosion resistance in alkaline media
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and superior electrical conductivity. At the same time, they should be characterized by
extensive, electrochemically active and catalytically modifiable surface area. The proposed
in this work Ni foam baseline catalyst material possesses an exceptional HER performance
in alkaline media. Furthermore, a highly porous nickel foam is characterized by large specific
surface area, which is very important when fabricating the HER-active catalysts [58-62].
Usually, Ni foam is manufactured through chemical vapour deposition (CVD), electrochemical
or electroless deposition technologies. In these methods, a molecular nickel is deposited on
a polyurethane foam frame; then, the artificial material is etched or fired with the final
formation of pure nickel foam porous structure [62]. For all alkaline water electrolysis tests,
carried-out for the purpose of this thesis, electrochemically produced Ni foam was used as
a baseline material to prepare both composite HER cathode and OER anode catalysts.

In this work, Paper | describes a.c. impedance characterization of the cathodic
hydrogen generation, performed on Ni foam and Ir-modified Ni foam (ca. 0.1-0.3 wt. % Ir)
electrodes immersed in 0.1 M NaOH as a supporting solution. Activation of the nickel foam
samples with Ir electrocatalyst was performed by either a spontaneous or an electrochemical
deposition method. The first approach was employed to produce two electrode samples,
namely: SD1 and SD2 specimens, prepared by immersion of the base Ni foam material in IrCls
salt solution at 298 K for 30 and 300 s, respectively. Secondly, Ni foam/Ir composite electrodes
were produced via electrodeposition of nanosized (ca. 10 nm) Ir particles onto Ni foam base
material. Likewise, two electrodeposited Ni foam/Ir electrodes were prepared under the
following experimental conditions: solution temperature was kept at 298 K, deposition current-
densities were set at about 0.08 mA cm for 600 s for ED1 and 5.25 mA cm for 1200 s for
ED2 electrode.

The recorded EIS results presented in Paper | clearly indicated that deposition of small

amounts of nanosized particles of iridium via spontaneous and electrochemical deposition
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methods, significantly improved the electrocatalytic activity of the baseline material towards
the HER. The Nyquist impedance plots recorded for all the examined samples exhibited single,
partial and somewhat depressed semicircles that were strictly related to a single-step Faradaic
process of the HER charge transfer, at all examined potentials in the investigated frequency
range. Hence, the improvement of the electrode kinetics towards the HER was revealed in
a radical reduction of the charge-transfer resistance, Rct parameter (see detailed results in Table
1 below). Thus, at the overpotential of 100 mV, both SD1 and SD2 samples exhibited
significantly reduced (by ca. 3-5 times) values of the Faradaic reaction resistance (219 and 269
Q cm? respectively), as compared to those of unmodified and chemically etched Ni foam
samples (1220 and 923 Q cm?, correspondingly). Similarly, modification of the Ni foam by
surface deposition of Ir nanoparticles via dc. driven method led to a substantial reduction of the
Rct parameter, namely by ca. 10x for both the ED1 (102 © cm?) and ED2 (87 Q cm?) samples,
at the corresponding overpotential of 100 mV. In general, deposition of the iridium catalyst’s
nanoparticles provides an overall decrease of the R¢t parameter values over the whole range of
examined overpotentials (from -100 to -400 mV) for all tested HER catalyst samples. Table 1
and Figs. 2a, and 2b below present detailed characteristics of the ac. impedance behaviour and
representative complex-plane impedance plots of the HER, studied at the Ir-modified Ni foam
electrodes in 0.1 M NaOH supporting solution, respectively. Moreover, a pre-treatment of the
Ni foam electrode samples with hot hydrochloric acid led to a significant growth of the double-
layer capacitance, Cq parameter, as compared to that for as received Ni foam electrode. The
above reflects considerably expanded electrochemically active surface area, which is strictly
associated with the removal of the passive oxide layer from the Ni foam surface, in addition to
the surface etching effect [60-62]. Consequently, the pre-treated electrode samples showed
significant increase of the Cq (capacitance variable T) parameter for the corresponding

overpotential values. For example, at n= 100 mV the Cq values increased by ca. 5.9 times
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(120.7 pF cm™2 %), 3.8x (77.5 uF cm™ s*1) and 10.8x (220.4 pF cm™ s?) for the etched Ni
foam, SD1 and ED2 samples, respectively, as compared to the unmodified Ni foam electrode
(20.4 uF cm™2s*1). It is clearly visible that upon overpotential augmentation (from -100 to -400

mV/RHE), significant reduction of the double-layer capacitance parameter is observed (see

Table 1). It is a result of partial blocking of electrochemically available surface area by freshly

generated hydrogen bubbles, which accelerates along with increased cathodic overpotentials.

Table 1 Electrochemical parameters (with their standard deviations) obtained for HER, recorded

on Ni foam (as received and etched) and Ir-modified (spontaneously deposited: SD 1 and SD 2,

and electrodeposited: ED 1 and ED 2) Ni foam electrodes in contact with 0.1 M NaOH.

E/mV Rct/Q em? Cai/uF em? 501 Rct/Q em? Cal/pF em2 ¢
As received Ni foam Etched Ni foam
-100 1220+ 3 20.4+0.2 923 +8 120.7 £2.3
-150 509+2 19.2+0.3 819+5 904+1.2
-200 273+ 13 17.8+£04 400+ 2 68.7+1.0
-250 156+ 10 159+ 0.8 179+ 1 52.6+1.1
-300 106 £ 1 153+£0.9 90+1 47.0+1.6
-350 79+ 1 174+1.3 58+1 478+ 1.8
-400 60+ 1 13.2+0.9 42 £1 46.5+2.0
Ir-activated Ni foam: SD 1 Ir-activated Ni foam: SD 2
-100 2192 77.5+2.7 269 + 1 75.7+0.9
-150 215+2 56.0+1.5 192+2 70.1+1.3
-200 150 £ 1 53.8+£1.6 1331 63.0+1.3
-250 99+ 1 522+3.1 93+2 53.0+2.6
-300 66+ 1 59.5+4.3 66+ 1 494+ 1.8
-350 48+ 1 494+33 48 + 1 48.8 £ 2.1
-400 37+ 1 45.0+2.1 37+1 455+1.8
Ir-activated Ni foam: ED 1 Ir-activated Ni foam: ED 2
-100 102+1 168.5+3.7 87 +1 220.4+4.2
-150 88+ 1 142.4+43 79«1 1443 +3.9
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-200 76 £1 132.2+4.3 70 £ 1 135.2+4.0
-250 61+1 1149 +£3.5 61+1 129.6 £5.0
-300 52+1 108.1 £ 4.0 52+1 123.3+4.7
-350 44 + 1 99.4+ 6.6 44 £ 1 104.3+3.1
-400 47+ 1 93.6+3.4 361 95.2+4.1

jo (as received Ni foam) = 5.9x10° A cm™
jo (etched Ni foam) = 3.9x10° A cm™
jo (SD1) = 1.3x10"° A cm™?
jo (ED1) = 4.6x10° A cm™
jo (ED2) = 5.6x10° A cm™

-5.0
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= Etched NiFoam
(=]
G-25
N
0.0 . . .
0.0 2.5 5.0
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G
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0.6

Zi0g
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Figure 2 Complex-plane impedance plots for HER, carried out on fresh (as received) and
etched Ni foam electrode surfaces (a) in contact with 0.1 M NaOH, recorded at 298 K for the
potential of —100 mV (vs. RHE); (b) As above, but recorded on Ir-activated Ni foam
electrodes via electrodeposition of iridium (ED 1 and ED 2 samples) and spontaneous
deposition of Ir (SD 1 electrode).

Similar electrochemical HER studies, which covered the employment of Ni foam base
material modified with noble and other types of electrocatalysts, were undertaken in other
works from this laboratory [63, 64] and by other authors [65, 66]. Hence, Table 2 below presents
values of the charge-transfer resistance and double-layer capacitance parameters recorded on
the Ir-modified Ni foam electrodes in this work, and comparatively those obtained on analogous
catalyst materials, reported earlier by Pierozynski et al. [63], Pierozynski and Mikolajczyk [64],
Liu et al. [65] and Gao et al. [66].

Thus, the Rctand Cai parameters obtained for the Ir-modified Ni foam catalysts in this
work fairly well compare (or in some cases even outperform) with different catalyst-modified
Ni foam composites, already reported in available literature. Here, the ED2 sample was chosen
as it provided the best catalytic activity among the examined Ir-activated Ni foam electrodes.
This sample exhibited significantly lower values of the Rc: parameter than the palladium-
activated electrode (~0.1 wt.% Pd), upon the corresponding overpotential magnitude [63].
Furthermore, the catalytic HER activity of the ED2 sample is comparable to that of Ni foam
activated with ruthenium (~0.1 wt.% Ru) [63]. However, it should also be noted that in-situ
facilitation of substrate activation process led to a significant HER activity enhancement of Pt-
supported Ni foam composite electrode [64] (Table 2).

Furthermore, recent works by Liu et al. [65] and by Gao et al. [66] provided interesting
HER results produced on analogous materials, namely: NiC02S4/NisS- and Ni-Se-Cu-modified

Ni foam composites. Nevertheless, unclear determination and employment of electrochemically

active surface area to carry-out calculations by the authors of these articles unable to make any
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reasonable comparisons to the results obtained on the iridium-activated nickel foam by the

author of this thesis (see Table 2 below and Refs. 65, and 66 for details).

Table 2 Comparison of the electrochemical parameters for HER derived from electrochemical

impedance spectroscopy technique at the surfaces of Ni foam baseline surface, modified with
different catalyst materials, examined under alkaline conditions.

Catalyst
m ater>i/ al Electrolyte Rct/Q em? Ca/pF em? s nimV | Refs.
Ir-modified 0.1 M NaOH 87 (0.285 Q ¢/5.83 Q) 220.4 (66,873 uF gt) 100 This
Ni foam ' 70 (0.229 Q g /4.682 Q) 135.2 200 | work
Pd-modified .
Nifoam | 01 M NaOH 0.67Q4g 117,414 uF g 100 | [63]
Ru-modified .
Nifoam | &1 M NaOH 0.25Q¢ 83,042 uF g 100 | [63]
Pt-modified .
Nifoam | &+ MNaOH 0.056 Q g 682,063 pF g 100 | [64]
NiCo02S4/Ni3
Sz2-modified | 1.0 M KOH 2Q 113,500 puF cm™ 200 [65]
Ni foam
Ni-Se-Cu-
modified Ni | 1.0 M KOH 11.05 Q 25,800 uF cm 200 [66]
foam

Moreover, the exchange-current density (jo) and Tafel slope (bc) parameters were
derived for the Ir-activated Ni foam electrodes from potentiostatic Tafel polarization plots
illustrated in Fig. 3. Thus, the jo parameter for the examined electrodes reached the following
values: 1.5x107°, 4.1x107° and 3.7x10® A cm™ for the SD1, ED1 and chemically etched Ni foam
samples, respectively. It is important to note that all Tafel-recorded jo values were very close to
those ac. impedance-derived exchange current-densities (see bottom of Table 1). Then, the
recorded cathodic Tafel slopes (bc) approached 154, 98 and 77 mV dec™ for the etched, ED1
and SD1 Ni foam samples, correspondingly. The lowest value of bc recorded for the SD1
electrode suggests the highest electrocatalytic effectiveness for the HER amongst the examined
Ni foam-based cathodes. These results suggest that the HER most likely undertakes the VVolmer-

Heyrovsky pathway on the examined Ni foam composite electrodes [34].
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Figure 3 Quasi-steady-state potentiostatic cathodic Tafel polarization curves (recorded at a scan-
rate of 0.5 mV s) for etched Ni foam, ED1 and SD1 electrodes, carried out in 0.1 M NaOH solution.

It has to be stated that the recorded jo and be parameters for the Ir-modified Ni foam

electrode samples are generally comparable to those previously recorded in this laboratory on

other nickel foam-based electrocatalysts, produced via Pd, Ru and Pt nanoparticle modifications

[63, 64]. Interestingly, other Ni foam-based HER composite catalysts (Ni-Cu dendrite, Ni-Mo-

P film and Ni-P nanorods deposits) exhibited analogous HER behaviour (most likely

a prevailing effect of radical expansion of electrochemically active surface area) in alkaline

media to that reported here for the iridium-modified nickel foam materials (see Refs. 67-69 and

Table 3 below).

Table 3 Comparison of the electrochemical parameters for HER, obtained through Tafel
polarization plots at the surfaces of different catalyst materials, under alkaline conditions.

Electrode material Electrolyte jo/ A cm= be/ mV dec? Reference
ED1 0.1 M NaOH 4.1x10° 98 This work
Ni-Cu dendrite-
modified Ni foam | -0 MKOH ] 82 [67]
Pd-modified Ni 0.1 M NaOH 1.1x10% 65 [63]
foam
R”'mfd'f'e" Ni 0.1 M NaOH 1.4x10% 84 [63]
oam
Pt'm?d'f'ed Ni 0.1 M NaOH 2.0x10° 73 [64]
oam
N|-M0-1I:D film on Ni 1.0 M KOH i 87 [68]
oam
Ni-P nanorods on 1.0 M KOH 2.04x10° 75 [69]
Ni foam
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6.2.0xygen Evolution Reaction

In contrast to the HER, the anodic-half-cell reaction of water decomposition, namely
Oxygen Evolution Reaction (OER) is more demanding and involves four sequential electron-
coupled charge transfer steps. Consequently, additional energy is required for the formation of
the O=0 bond, and the anodic oxygen generation in the-state-of-the-art is defined as a rate-
determining step for the process of alkaline water electrolysis [37, 39]. With respect to
facilitation of the OER, this doctoral dissertation thesis covers two published scientific articles
(Papers 11 and I11) on innovative anode materials towards improving the Kinetics of
electrochemical generation of oxygen. Similarly to the HER, the most desirable electrode and
catalyst materials should possess the following features: high electrical conductivity, extended
mechanical durability, exceptional anti-corrosive properties in concentrated alkaline media and
respectively minimized reaction overpotentials. Such catalyst materials should also be
relatively unexpensive, thus enabling their practical, commercial applications.

Hence, Paper Il covers examination of the efficiency of oxygen evolution reaction in
0.1 M NaOH solution on: as received Ni foam, surface electrooxidized and Pt-activated (~0.20
wt.%, prepared via spontaneous platinum deposition) nickel foam materials. On the other hand,
examination of Ni foam-based transition metal OER catalysts, namely: Co- (~1 wt.%) and Mo-
(~0.28 wt.%) is described in Paper I11. Here, modification of the base nickel foam material
with Co- and Mo- nanoparticles was carried-out by electrochemical deposition methods
performed at 298 K, at current-densities of ca. 0.5 and 5.0 mA cm, respectively. The kinetics
of oxygen formation were evaluated in 0.1 M NaOH supporting solution through the application
of ac. impedance spectroscopy, cyclic voltammetry and Tafel polarization techniques.

Electrochemically made Ni foam material was found to exhibit superior catalytic
properties towards oxygen evolution reaction in 0.1 M NaOH solution (Paper I1). The latter is

a combined effect of its highly-porous catalyst structure, as well as a natural tendency for nickel
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to develop intrinsic surface oxide layers. However, extended surface electrooxidation treatment

(carried-out by cyclic voltammetry: 100 CV sweeps carried-out at a sweep-rate of 100 mV s?,

over the potential range 0.5-2.0 V), as well as Pt-activation of fresh nickel foam electrode, both

resulted in significant deterioration of initial OER catalytic activity of the baseline foam

material (see Fig. 4a).
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Figure 4 (a) Cyclic voltammograms recorded for pure, electrochemically oxidized and Pt-
modified Ni foam electrodes in contact with 0.1 M NaOH (at 20 °C), carried-out at a sweep-
rate of 50 mV s!; (b) As in (a) above, but recorded for pure and electrochemically oxidized
(carried-out by potential hold at 1.8 V/RHE for 30 minutes) Ni foam electrodes.
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The former is most likely related to a gradual formation of poorly conductive nickel
oxide layer [excessive formation of Ni (IV) film] and the latter results from the fact that Pt itself
is much less catalytic towards the OER than nickel-based materials. However, it has to be stated
that under moderate oxidation conditions (i.e. for a potential hold procedure, carried-out at 1.8
V over the period of 30 minutes), the Ni foam electrode exhibited significant enhancement of
the OER activity, which could clearly be seen in Fig. 4b above. Nevertheless, the cyclic
voltammetry-deactivated Ni foam electrode could then become partly rejuvenated by means of
galvanostatic, electrochemical reduction treatment (see Fig. 2d in Paper I1). The idea behind
this procedure is to prevent from excessive formation of Ni (IV), at the expense of Ni (II)
species. In general, the latter complies with an anode rejuvenation practice described by
Mellsop et al. (Ref. 31 in Paper I1).

Furthermore, ac. impedance spectroscopy method proved to be an ideal tool for the
examination and periodical monitoring of the oxygen evolution kinetics. For the electrode
potentials positive or equal to 1.5 V vs. RHE, all impedance-examined Ni foam-based
electrodes exhibited two, “depressed” semicircles, in the explored frequency range (See
examples of Nyquist/Bode impedance plots in Figs. 4b through 4d of Paper I1). Here, a circuit
model containing two CPE-R elements (two time constants, see Fig. 4f in Paper Il) was
employed to characterize the recorded impedance behaviour, where the high-frequency
(CPE/Ca-R¢t) arc corresponds to the kinetics of the oxygen evolution reaction (interfacial
charge-transfer reaction step), whereas the intermediate/low-frequency semicircle (CPE/Cads-
Rads) is related to the surface adsorption of the reaction intermediates [i.e. NiO(OH), species,
see Paper Il for details]. The CPE element was used in the circuit in order to account for the
capacitance dispersion effect, represented by distorted semicircles in the Nyquist impedance
plots [70]. Also, no diffusion type impedance behaviour was observed within the impedance

diagrams down to the frequency of 50 mHz.
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Hence, for the fresh Ni foam electrode the recorded Rt parameter decreased from 1.11
Q g at 1.5 V/RHE (reaction overpotential 7 =270 mV) to 0.01 Q g at the potential of 1.9 V (n
= 670 mV). Simultaneously, the double-layer capacitance, Cq parameter diminished from
23,540 to 520 uF g s*! for the same potential range. The latter effect most likely results from
substantial blocking of the electrochemically active electrode surface by freshly formed O>
bubbles, which could easily be envisaged for a complex and porous Ni foam electrode structure,
especially at increased anodic overpotentials. Thus, as expected the oxygen evolution process
becomes significantly facilitated upon augmentation of the dc. electrode potential. However,
the reported in Table 4 Rags parameter values are fundamentally greater than those recorded for
the Rct. This implies that the OER process is governed by the adsorption kinetics of the reaction
intermediates. It should be acknowledged here that the impedance results obtained in this work
are generally in-line with those OER impedance studies presented by Costa et al. and by Franco
et al. on B-PbO- electrodes, by Doyle and Lyons on multi-cycled iron oxy-hydroxide films and
by Lyons, and Brandon on passive oxide-covered polycrystalline Ni electrodes
(see correspondingly Refs. 36, 37, 1 and 2 in Paper I1).

Furthermore, extended surface electrooxidation (100 CV cycles carried-out at a sweep-
rate of 100 mV s over the potential range 0.5-2.0 V/RHE) resulted in significant OER
deactivation of the nickel foam electrode. Hence, for the potential of 1.5 V, “deactivated” Rt
rose to 1.23 Q g from an initial value of 0.71 Q g (the potentials labelled as “1.5 ox.” and “1.5
in.” in Table 4). Simultaneously, the deactivated Ni foam electrode is characterized by radically
reduced values of double-layer capacitance parameter, which implies that expanded Ni foam
surface oxidation leads to a gradual development of thick and rather poorly conductive nickel
oxide layer. Then, for surface electrooxidized Ni foam performed via the 1.8 V/RHE potential

hold, the recorded R values were considerably smaller (facilitation of the OER process) than
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those obtained prior to the oxidation treatment, whereas the Cqi parameter exhibited only about
50 % reduction (compared with ca. 95 % Cq decrease in the former case).

Finally, platinum-activated nickel foam electrode catalyst is characterized by
significantly inferior OER Kinetic characteristics to those for the pure Ni foam material. The
latter is primarily evidenced through increased values of the Rct and Rags parameters (along with
nearly steady Cqi behaviour) over the entire examined overpotential range (Table 4). In fact, as
argued by van Drunen et al. in Ref. 71, Pt nanoparticles present on the surface of Ni foam could
“physically block regions of the underlying Ni, thus reducing the effective electrode’s surface
area”. The above is in good agreement with the fact that unlike for hydrogen evolution
phenomenon, for the oxygen evolution reaction platinum (including Pt nanodeposits) exhibits
considerably inferior catalytic properties to those of nickel and Ni-based materials [71].

Table 4 Electrochemical resistance and capacitance parameters for OER, obtained on fresh,

electrooxidized and Pt-activated Ni foam electrodes in contact with 0.1 M NaOH, at 20 °C
(reproducibility about 10-15 %, % = 7x10™ to 4x10* and 1x107 for the potential of 1.9 V).

E/V R/ Qg Cal/ nF gt sl Rads/ Q g Cads/ nF gt 5921
Pure Ni foam

15 1.11+0.11 23,540 £ 1,765 13.13 £0.55 8,980 + 651

1.6 0.30+0.03 55,055+ 6,175 0.98 £0.06 59,140 + 6,032

1.7 0.09 +£0.01 11,982 £ 1,074 0.27+0.02 112,678 + 7,775

1.8 0.04 +0.00 2,385+ 155 0.17 £0.01 117,412 £ 7,514

1.9 0.01 £ 0.00 520+ 35 0.15+0.01 93,895 + 5,394

Electrooxidized (Ox-cycled) Ni foam

1.5in. 0.71 £0.07 63,250 + 6,546 1.31 +£0.04 68,478 + 4,379

1.5 ox. 1.23 +£0.13 3,226 + 347 6.40 £0.24 6,286 £ 685

Electrooxidized (E= 1.8 V/30 min.) Ni foam

1.5in. 0.96 £ 0.08 116,540 £2,715 10.34 £ 0.07 20,158 + 3,003

1.5 ox. 0.10+0.01 56,162 + 6,178 341+0.14 101,240 = 11,642
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Pt-modified Ni foam
1.5 1.98 £0.15 5,676 +£496 15.98 +0.37 4,336 £412
1.6 1.50+0.11 4,040 £ 373 6.90 +0.35 3,158+ 316
1.7 0.41+0.04 8,336 £ 500 2.27+0.16 20,612 + 1,288
1.8 0.10+0.01 5,677 £ 125 2.34+0.13 35,240 + 2,824
1.9 0.06 £ 0.00 550 +40 1.35+0.03 10,374 + 633

Moreover, Fig. 5 below presents —log Ret vs. T Arrhenius-type plot, constructed based

on the Re= f(T) impedance results. Such-estimated, experimental electrochemical activation

energy, Ea for the potential just positive to the OER’s onset potential approached 31.6 and 54.5

kJ mol* for the unmodified and the Pt-activated nickel foam electrodes, respectively. These

results correspond fairly-well to those Ea values reported for NiFe oxide, 1rO>-Ta,Os and

Ti/Pt/SnO-Sh anode materials (see Refs. 40-42 in Paper I1).
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Figure 5 Linear plots of —log Rct vs. T for OER on pure and Pt-activated Ni foam electrode

surfaces in 0.1 M NaOH solution, carried-out at the potential of 1.5 V.
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On the other hand, cyclic voltammetry (CV) characterization of the surface oxidation
process on fresh, Co- and Mo-modified Ni foam electrodes in 0.1 M NaOH solution during 50
CV sweeps, carried-out over the potential span 1.2-1.9 V/RHE with a scan rate of 50 mV s
(only three last sweeps are presented) is illustrated in Fig. 6 below (Paper I11). Thus, for pure
and Co-modified nickel foam samples, the CV profiles displayed an oxidation peak (centred at
ca. 1.49 and 1.45 V, correspondingly) along with a cathodic reduction peak (starting around 1.3
V). The Mo modification caused a shift of the oxidation peak to more positive potentials than
that for pure Ni foam. In contrast, the reduction peak was no longer visible, as it was most likely
moved outside the measured potential range. These features refer to the electrochemical
formation of the surface B-NiOOH phase and its later reduction to -Ni(OH)2 layer, respectively
(Eqn. 10).

B — Ni(OH), + OH™ < B — NiOOH + H,0 + e~ (10)
It should be noticed however in Fig. 6 that for both the Co and Mo-activated Ni foam electrodes,
the recorded current-densities were significantly higher than those derived for the unmodified

nickel foam anode.
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Figure 6 Cyclic voltammogram curves of oxidized, pure Ni, Co- and Mo-activated Ni foam
electrodes, in contact with 0.1 M NaOH medium (at 20 °C), carried-out at a scan-rate of 50
mV s~! for the potential span 1.2-1.9 V.

Furthermore, Tafel polarization plots were recorded over low overpotential range at
room temperature for electrochemically oxidized pure Ni foam, Mo- and Co-modified Ni foam
electrodes (see Fig. 3 in Paper I11). Hence, the Tafel-derived exchange current-densities, jo
values for the OER came to 7.1x10!!, 7.0x10® and 9.6x10® A cm™, correspondingly, for the
electrochemically oxidized Ni foam, Co- and Mo-modified nickel foam composites. Pre-
electrooxidation of Ni foam surfaces proved to be necessary in order to increase an initial value
of the jo parameter by 3.7 times, in contrast to an analogous, but unmodified nickel foam-based
electrode (Paper 11, also compare with the jo= 5.5x10® A cm recorded for the platinum-
activated nickel foam there).

In addition, the OER exchange current-densities were also derived for high
overpotential range (7 = 270-620 mV with 50 mV potential increments) based on the linear
dependence of -log Rct vs. overpotential (see Refs. 43-44 in Paper 11). Hence, the impedance-
based jo values for the studied overpotential range came to about 6.1x10° A cm™ for the

as received Ni foam sample. However, significantly higher exchange current-densities were
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recorded for both Co- and the Mo-modified Ni foam samples, i.e., 2.9x10* and 1.0x10* A cm’
2, correspondingly (see Figure 6 in Paper I11).

Finally, the electrochemical impedance spectroscopy was applied, in order to further
characterize the electrocatalytic properties of Co/Mo-activated nickel foam electrodes towards
the OER. Analogously to the impedance results presented in Paper I, all Ni foam-based
electrodes exhibited two depressed semicircles, where the high-frequency arc could be
associated with the kinetics of the oxygen evolution reaction (interfacial charge-transfer
reaction step). In contrast, the intermediate/low-frequency semicircle corresponds to the surface
adsorption of the reaction intermediates (see Nyquist impedance plots in Fig. 7 below). The
electrochemical parameters (Faradic reaction resistance: Ret, adsorption resistance for reaction
intermediates: Rads, double-layer capacitance: Cq and pseudo-capacitance: Cads) were obtained
by means of two constant phase element (CPE)-modified Randles equivalent circuit model
(Figure 5 in Paper I11), and their values are presented in Table 2 there. Again, the CPE element

was used within the circuit to account for the capacitance dispersion effect.
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Figure 7 Electrochemical impedance Nyquist plots for OER on oxidized Ni foam, Co- and Mo-
modified Ni foam electrode surfaces in contact with 0.1 M NaOH, at 20 °C for the potential of
1.6 V vs. RHE.
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Thus, for the oxidized Ni foam electrode, the recorded R¢t parameter diminished from
0.187 Q g (at n = 270 mV) to 0.047 Q g at n = 620 mV, respectively. Similarly, the Cq
parameter decreased from the value of 120,933 to reach 8720 uF g* s*! for the same
overpotential span (see Table 2 of Paper Ill for details). The above effect could again be
associated with substantial blocking of the electrode surface by freshly formed O bubbles,
which could easily be visually noticed, especially at increased anodic overpotentials.
Simultaneously, the value of the Rags parameter reduced from 41.756 to 0.123 Q g for the
corresponding overpotential range, while the Cags parameter oscillated between an initial value
of 144,293 (at n=270 mV) and a minimum value of 67,867 uF g s**1, recorded at 420 mV.
The latter understandably implies that the kinetics of the OER become facilitated upon the rise
of the dc. electrode potential. However, as the Rags values are essentially larger than those
recorded for the Rct parameter, the OER process is most likely limited by the reaction
intermediates” adsorption kinetics (Refs. 23,34 in Paper I11).

Then, the recorded values of the Rt parameter for the Co- and Mo-modified Ni foam
electrodes were radically reduced (as compared to the catalyst-unmodified Ni foam) and ranged
from 0.052 to 0.022 Q g and from 0.081 to 0.023 Q g for the overpotential range: 270-620 mV,
correspondingly (i.e. the Ret reduction by 3.6x and 2.3x at 270 mV, and by 2.1x at 620 mV for
the Co- and Mo-modified catalyst materials, respectively). Similarly, changing radius of the
low-frequency semicircle (adsorption of reaction intermediates response) also resulted in
a relatively constant decrease of the Ragds parameter value by ca. 8 and 3 times for the cobalt-
based, and by 18 and 1.4 times for the Mo-modified Ni foam electrodes, for the overpotentials
of 270 and 620 mV.

It has also to be stated that deposition of catalytic Co, and Mo nanostructures (see Fig.
1 in Paper I11) resulted in a considerable enhancement of the electrochemically accessible

surface area. The latter could be easily observed in the cyclic voltammetry plot presented for
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the baseline and the Co- and Mo-modified Ni foam materials in Fig. 6 above. Consequently,
significant surface modification for the Co- and Mo-modified Ni foams is demonstrated by
considerably increased current-density within the corresponding CV profiles. Also, the reported
values of the Cq parameter (Table 2 in Paper I11) at 7 =270 mV came to 541,047 pF g se!
(Co-modified Ni foam) and 822,987 uF g* s¢*! for the Mo-based Ni foam catalyst material,
which translates to about 4.5 and 6.8 times augmentation of the electrochemically active surface
area values for both catalyst-modified electrodes, in contrast to the baseline, electrooxidized Ni
foam anode. Once these surface coefficients are referred to the previously calculated ratios of
the Rct parameter, it becomes evident that the cobalt-activated nickel foam anode exhibited
superior OER performance.

Table 5 below presents comparison of experimentally recorded here OER parameters
for Co-modified Ni foam, derived from electrochemical impedance spectroscopy, with those
produced by other authors, at the surfaces of Ni foam baseline material, modified with different
catalysts, under analogous experimental conditions. Hence, all the Ret values recorded for the
following electrodes: Co-modified Ni foam (Paper Ill), Ni-NisSz- [72], NizMosN- [73],
NiO@Ru- [74] and CoFe.0Os-modified Ni foam materials [75], were comparable at the
corresponding overpotentials. However, it should be noticed that these electrochemical
examinations [72-75] were carried-out in alkaline solution of much higher concentration (1.0
M KOH vs. 0.1 M NaOH). Interestingly, Co-modified Ni foam anode exhibits radically lower
values of the double-layer capacitance parameter, contrary to electrodes presented in other
relevant articles (Table 5). Nevertheless, employed procedure (e.g. electrode potential at which
the Cai was derived) or unclear determination and employment of electrochemically active

surface area to perform calculations by the authors of these works unable to make any
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reasonable comparisons to the results obtained on the cobalt-modified nickel foam by the author

of this thesis (see Table 5 below and Refs. 72-75 for details).

Table 5 Comparison of the electrochemical parameters for OER derived from electrochemical
impedance spectroscopy at the surfaces of Ni foam baseline material modified with different

catalysts, under alkaline conditions.

ri?cilr)i/;tl Electrolyte Rct/Q Ca/mF cm?s®t | »/mV | Reference
Co-modified 1.865 1.075 273 .
Nifoam | 01 MNaOH 1.004 0.282 370 | |liswork
Ni-Ni3S>
modified Ni | 1.0 M KOH 1.30 3.0 400 [72]
foam
NizMosN/NF | 1.0 M KOH 1.861 347.24 400 [73]
NiO@Ru
supported Ni | 1.0 M KOH 0.66 21.30 400 [74]
foam
CoFe204/NF | 1.0 M KOH 2.08 23.29 273 [75]

40



6.3.Alkaline Water Electrolyser Unit

Additionally, a laboratory scale ca. 500 W alkaline water electrolyser unit (see details
in Paper 1V), based on innovative electrode materials and optimized arrangement was
fabricated for the purpose of generating hydrogen and oxygen gases of high purity. In the scope
of this work, the former gas is commercially important, as:

a) Hz could be re-electrified in PEM fuel cells,

b) It might be employed as a fuel to produce heat in hydrogen furnaces and

c) It could be further processed to derive industrially important products, such as methane or
ammonia.

All electrochemical examinations were performed for both a single-cell unit and
electrolyser stack, which combined nine electrochemical cells connected in series, filled with
constantly recirculating 8.0 M KOH working electrolyte at ca. 45 °C. Each cell contained two
electrodes, placed on the opposite sides, namely: cathode (base Ni foam or Pd-modified Ni
foam — ca. 0.05-0.10 wt.% of Pd element content) and anode (extensively electrooxidized Ni
foam electrode). The distance between the electrodes was practically equal to the thickness of
Zirfon Perl UTP 500 membrane (0.5 mm thick), which resulted in significant reduction of the
cell’s/stack’s resistance. Moreover, catalytic performance and durability of the proposed AWE
setup were validated, parametrized with experimental data and examined along with purity
assessment of the electrolysis products.

Hence, Fig. 8 below presents initial examinations performed on a single-cell in
a galvanostatic mode, at current-intensities of 0.5 and 1.0 A. From the dependance of voltage
in function of electrolysis time recorded at 0.5 A, it may be concluded that mean values of the
cell’s voltage oscillated around 1.780 + 0.005 and 1.647 + 0.003 V for the base Ni foam and
the Pd-activated Ni foam cathodes, correspondingly. When the applied current intensity was

raised to 1.0 A, it resulted in elevation of the recorded single-cell electrolyser’s voltages to
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1.867 + 0.001 and 1.794 + 0.009 V, respectively. Moreover, application of surface electro-
oxidized Ni foam anode did not lead to any significant improvement of the cell’s voltage
(compare with similar cell voltages recorded by Zayat et al. in Ref. 76 under analogous

experimental conditions, but on low carbon steel-based composite electrodes).
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Figure 8 Initial single-cell’s voltages as a function of electrolysis time, examined on various
electrode setups at 45 °C in 8.0 M KOH for the employed current-intensities of 0.5 and 1.0 A.

Electrochemical impedance spectroscopy tests (Paper 1V) were performed on the
single-cell electrolyser unit in 8.0 M KOH solution at 45 °C, over the frequency range of 100
kHz to 1 Hz. The recorded Nyquist impedance plots (Figs. 9a and 9b) exhibited somewhat
distorted single semi-circles, which electrochemically could be translated into a charge-transfer
reaction (R resistance in parallel with electrical double-layer capacitance, Cqi parameter).

As expected, the increase of the electrolyser’s voltage from 1.50 to 1.80 V resulted in
radically reduced total value of the recorded charge-transfer resistance within the cell. Hence,
the corresponding Rct parameter diminished from 0.94 to 0.09 Q and from 0.12 to reach 0.06
Q, for the cathode made of unmodified and the Pd-activated Ni foam, correspondingly. At the
same time, the use of Pd nanoparticle catalyst modification resulted in the total Ret reduction by
approximately 30% (from 0.09 to 0.06 Q) for the maximum value of the cell’s voltage (U= 1.80
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V). The above corresponds to a ca. 4-fold increase (from 96 to 399 mF) of the measured
electrical double-layer capacitance parameter. This result could primarily be interpreted as
a significant increase in the catalytically active surface of nickel foam cathode, due to the
deposition of palladium nanoparticles. Thus, facilitation of the water electrolysis process on Pd-
activated Ni foam cathode is a combined effect of: (a) an increase in the electrochemically
active electrode surface (measurement of the Cq parameter) and (b) the catalytic properties of
Pd nanoparticles in the process of hydrogen evolution. The detailed results on the impedance
characteristics of examined in Paper IV systems are presented in Table 6 below.

Table 6 Total, average values of charge-transfer resistance and double-layer capacitance

parameters, obtained for a single-cell electrolyser unit (anode: Ni foam; cathode: unmodified and
Pd-supported Ni foam), recorded in 8.0 M KOH solution at 45 °C.

uv | Rc/Q | CalmF
Cathode: Ni foam
1.50 0.94 140
1.60 0.58 121
1.65 0.38 113
1.70 0.18 103
1.80 0.09 96
Cathode: Pd-modified Ni foam
1.50 0.12 669
1.60 0.12 654
1.65 0.11 486
1.70 0.08 450
1.80 0.06 399
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Figure 9 Electrochemical complex-plane impedance Nyquist plots for alkaline water electrolysis
process (total impedance measured for a single-cell electrolyser unit), obtained for specified cell
voltages, on unmodified (a) and palladium-activated Ni foam cathode material (b), in contact
with 8.0 M KOH at 45 °C.

Furthermore, this work presents the results of unpublished, single-cell electrochemical

tests, performed for two additional electrode sets, namely Ir-modified Ni foam as a cathode and

two anodes, i.e. extensively electroodixized and Co-activated nickel foam electrodes. Hence,

Fig. 10 below shows the recorded, average cell voltages obtained at current-intensities of 0.5

and 1.0 A for the electrooxidized and cobalt-modified Ni foam anodes. For the current set at

0.5 A, average cell voltages recorded for the oxidized Ni foam and the Co-modified nickel foam

anodes reached about 1.690 + 0.001 V and 1.682 + 0.003 V, respectively. Furthermore, when

the applied current was raised to 1.0 A, the electrolyser’s voltages increased to 1.748 + 0.003

V and 1.760 V + 0.002 V, correspondingly.
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Figure 10 Initial, single-cell’s voltages as a function of electrolysis time, examined on indicated
electrode configurations in 8.0 M KOH solution, at 45 °C for the employed current-intensities of
0.5and 1.0 A.

Additionally, the recorded Nyquist impedance plots are presented in Figs. 11a and 11b
(distorted single semi-circles), which could be translated to a total charge-transfer reaction (Rct
resistance in parallel with electrical double-layer capacitance, Ca). When the single-cell’s
voltage was raised from 1.50 to 1.80 V, the recorded total R¢t value within the cell became
reduced from 0.132 to 0.027 Q and from 0.182 to reach 0.045 Q for the cell composed of Ir-
modified Ni foam cathode and Co-modified, and electrochemically oxidized Ni foam anode,
respectively (Table 7). The above-described R¢t behaviour compares fairly-well with the results
presented in Paper IV. Furthermore, the recorded Cq parameter exhibited (in both cases)
significant reduction along with the increase of the applied cell voltage (see Table 7 again).
As already discussed, the latter effect results from gradually increased blocking of

electrochemically available electrode surface area by freshly generated gas bubbles.
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Table 7 Total, average values of the reaction resistance and double-layer capacitance parameters,
obtained for a single-cell electrolyser unit (anode: electrooxidized or Co-modified Ni foam;
cathode: Ir-activated Ni foam), recorded in 8.0 M KOH solution at 45 °C.

W Re/Q | Ca/mF
Anode: Oxidized Ni foam
1.50 0.182 757
1.60 0.095 630
1.65 0.062 630
1.70 0.066 555
1.80 0.045 545
Anode: Co-modified Ni foam

1.50 0.132 1450
1.60 0.120 320
1.65 0.065 232
1.70 0.049 212
1.80 0.027 173
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Figure 11 Electrochemical complex-plane impedance Nyquist plots for alkaline water electrolysis
process (total impedance measured for a single-cell electrolyser unit), obtained for specified cell
voltages, on Ir-modified Ni foam cathode with electrooxidized Ni foam (a) and cobalt-activated
Ni foam anode materials (b), in contact with 8.0 M KOH at 45 °C.

Then, operational stability of the proposed, single-cell electrolyser arrangements was
examined during continuous, 24-hour galvanostatic mode (applied current was set at 1.0 A)
experiments. Hence, from the dependance of the recorded voltage in function of electrolysis

time, it may be concluded that mean values of the cell’s voltage reached ca. 1.791 + 0.008 and
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1.775 +0.006 V, correspondingly for the electrooxidized and the Co-modified Ni foam anodes.

The cell’s voltage parameter remained stable over the 24-hour period (see Fig. 12).
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Figure 12 Single-cell’s electrolyser voltage in function of electrolysis time during long-time, 24-
hour examination, recorded for two anode arrangements. The electrolysis process was carried-out
at 45 °C in 8.0 M KOH supporting solution for the set current of 1.0 A, for electrooxidized and Co-
supported Ni foam anodes. The solution was constantly recirculated at the rate of 50 cm? min™.

Finally, a technical scale, multi-cell electrolyser stack with a nominal power of ca. 500
W was also assembled and tested under operating laboratory fume-hood (see Fig. 2 in Paper
IV), where two silica gel-filled columns were employed for drying hydrogen and oxygen gas
products.

Hence, for the galvanostatic AWE experiments (see Fig. 13 below) carried out at the
current intensity of 1.0 A and the duration of 24 hours, the recorded average, steady voltages
of the electrolyser stack came respectively to 16.22 + 0.02 and 15.86 + 0.04 V for unmodified
and the Pd-activated Ni foam cathodes. In the latter case, there was a tendency of voltage
increase from 15.60 + 0.03 to 15.93 + 0.08 V (over the period of 24 hours), which could be
caused by slow deactivation of Pd catalytic sites (see Fig. 13a). Then, the increase of the current
intensity to 3.5 A caused elevation of the average voltage of the electrolyser to 17.73 and 17.40
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V, respectively. In this case, a small voltage rise (from 17.26 to 17.52 V) was also observed for
the Pd-modified nickel foam cathodes. Furthermore, for the current set at 16.0 A, average
recorded voltages of the electrolyser came to 22.21 + 0.03 V (for unmodified cathodes) and

22.03 = 0.04 V for the Pd-modified Ni foam electrodes (Fig. 13b).
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Figure 13 Electrolyser stack’s voltage in function of electrolysis time over a 24-hour period,
examined at 45 °C in 8.0 M KOH for the applied current intensities of 1.0 and 3.5 A (a) and 16.0
A (b), for Ni foam anode, pure Ni foam and Pd-activated Ni foam cathodes.

Finally, in order to confirm the stability and the assumed device’s power of

approximately 500 W, extended (7-day long) water electrolysis tests were also carried out for
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both cathode arrangements. Initially, the current was set at 23.6 A (Pd-activated Ni foam) and
21.0 A for the unmodified nickel foam electrode systems. Hence, after approximately 130 hours
of continuous electrolyser operation, the voltages for both tested cathode systems (ca. 23.83 V-
Ni foam/Pd and 23.86 V: Ni foam or 2.65 V/cell) became practically equilibrated. At this point,
the tested AWE unit stacks reached the power of 501 and 562 W for the unmodified and the
Pd-activated Ni foam electrodes, correspondingly. Simultaneously, the obtained results
indicated minor, but visible, deactivation effect for the palladium-modified cathodes. The latter
effect most likely results from deposition/electrosorption of electrolyte trace pollutants on the
Pd-modified cathode surface (for the unmodified cathode system, the voltage changes are even
less significant, Fig. 14).

During a long-time continuous operation of the AWE system, freshly generated H and
O2 gases were collected in four different time intervals. Then, samples of both gases were
analyzed by means of a GC technique (see detailed description in Paper 1V). Their
compositions are illustrated in Table 8 below. Thus, an average purity of four oxygen samples
came to 99.59%, whereas that of hydrogen (also calculated as an average of four samples)
approached 99.88%. The former gas was mainly polluted with trace amounts of H20 and Ha,

whereas the latter one was contaminated with very trace amounts of H20.
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Figure 14 Electrolyser stack’s voltage in function of electrolysis time during long-term (7 days)
examinations recorded for two cathode arrangements. The electrolysis process was executed at
45 °C in 8.0 M KOH supporting solution for the set current intensities of 21.0 and 23.6 A for pure
Ni foam and Pd-activated Ni foam cathodes, correspondingly. The solution was constantly
recirculated at the rate of 50 cm® min.

Table 8 Chromatograhpic analysis of H2 and Oz gas samples generated during the continuous
operation of 500 W AWE stack.

Sample Constituents Content [%0]
Oxygen 1 07) 99.83
H20 0.17
02 98.71
Oxygen 2 H> 1.11
H>O 0.18
Oxygen 3 02 99.96
H20 0.04
Oxygen 4 02 99.87
H20 0.13
Hydrogen 1 H2 99.86
H20 0.14
Hydrogen 2 H2 99.85
H20 0.15
Hydrogen 3 H2 99.94
H20 0.06
Hydrogen 4 H2 99.89
H20 0.11
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. Conclusions

Employed surface chemical/electrochemical pre-treatments of Ni foam base electrode
resulted in a radical expansion (by ca. 6 times vs. unmodified Ni foam material at the
cathodic overpotential of 100 mV) of electrochemically accessible surface area of the Ni
foam baseline material. Such surface then becomes catalytic for its further modification by
highly homogeneous, nanoparticle, noble metal deposits.

Modification of the baseline Ni foam material via electrodeposition or spontaneous
deposition of iridium nanoparticles at sub percent Ir levels resulted in a radically improved
catalytic activity (with jo values increased by ca. 3.3 to 14.4 times vs. etched Ni foam
material) of such-produced nickel composites towards cathodic hydrogen generation
(HER).

Laboratory produced Ni foam-based materials allowed successful fabrication of a sub-
technical scale alkaline ~500 W water electrolyser unit, which then indicated substantial
opportunities for this type of cathode (also anode) materials in industrial AWE systems.

. Catalytic modification of Ni foam by means of electrochemical deposition of transition
metals nanoparticles (namely cobalt and molybdenum) at very low surface loadings allowed
for significant activity improvement (with jo values increased by ca. 986 and 1352 times for
Co- and Mo-activated Ni foam, respectively vs. baseline Ni foam electrode, measured at
the anodic overpotential of 370 mV) of the base Ni foam material towards anodic evolution
of oxygen (OER).

Extended electrooxidation of the Ni foam base material provided relatively low
electrochemical OER performance, being most likely a result of gradual development of
thick and poorly conductive nickel oxide layer.

Laboratory size alkaline water electrolysis (AWE) experiments, performed on Pd-modified

Ni foam cathodes, revealed a well-suited, ca. 500 W electrolyser unit with enhanced
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electrochemical performance (examined AWE unit stacks reached the power of 501 and
562 W for the unmodified and the Pd-supported Ni foam electrodes, respectively, when the
current was set at 21.0 A and 23.6 A for the corresponding electrode systems), high-purity
H> and O gas products, and high electrode stability during its 7-day long operation.

7. Single-cell electrolyser unit comprising Ir-modified Ni foam cathode and Co-activated
nickel foam anode, revealed enhanced electrochemical performance vs. Ni foam/Ir cathode
and electrooxidized Ni foam anode (total, average value of the reaction resistance, recorded
for the cell voltage of 1.5 V, was reduced by 1.4 times, when the capacitance parameter was
simultaneously diminished by ca. 1.9 times). Moreover, both single-cell systems exhibited
high electrode stability during their 24-hour continuous operation.

8. Further laboratory work is required in order to optimize the electrolyser’s operational
parameters (including: electrolyte composition, recirculation rate and temperature, and

maximum operational voltage) along with the stack’s engineering.

Future Perspectives

My future research plans aim at continuation of research activities related to applied
electrochemistry, especially to electrochemical generation of hydrogen and oxygen gases
(AWE systems), utilizing innovative baseline materials (e.g. carbon fibre or graphene foam)

along with novel HER, and OER catalytic nanoparticle combinations and electrolyser designs.
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