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Abstract

This thesis provides an in-depth exploration of hydrogen production processes. It
begins by addressing the energy challenges faced by the world and subsequently delves
into a range of hydrogen production methods, with a particular emphasis on
electrochemical water splitting. The thesis offers a comprehensive explanation of the
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), as well as the
catalysts commonly employed in these processes. The experimental section of the thesis
focuses on the synthesis and functionalization of aluminium-based metal-organic
frameworks (Al-MOF) for electrochemical water splitting, with specific attention given
to OER and HER. The research encompasses the synthesis and modification of AI-MOF
structures, carbonization processes for catalyst development, and the introduction of
cobalt and phosphorus for functionalization. Furthermore, the role of aluminium in
enhancing the electrochemical performance of the catalysts is thoroughly explored. The
thesis begins by optimizing the carbonization process of AI-MOF, identifying the
temperature of 750°C as the optimal condition for obtaining a highly active and
structurally defective carbon platform. Cobalt (Co) is then deposited on the carbonized
Al-MOF (CMOF), resulting in the formation of a Co-functionalized CMOF (Co-CMOF).
The electrochemical characterization of Co-CMOF reveals an overpotential of 380 mV
and a Tafel slope of 75 mV/dec, demonstrating its remarkable electrochemical properties
and its ability to compete with the commercial catalyst ruthenium oxide (RuO2) in OER.
In addition to cobalt functionalization, the thesis explores the introduction of phosphorus
(P) into the AI-MOF structure. The P-doped CMOF (P-CMOF) exhibits significant
improvements in electrochemical performance compared to RuO2, with an overpotential
of 390 mV and a Tafel slope of 103 mV/dec. Phosphorus doping not only enhances the
electrochemical properties but also contributes to the healing of the carbon matrix, further
improving the catalyst's stability. Mechanistic investigations shed light on the active
species formed during polarization at OER potential. TEM analysis reveals the formation
of crystalline structures with a d-spacing of 0.24 nm on the surface of Co-CMOF,
attributed to the reaction of cobalt from the Co-Al alloy, resulting in the formation of
CoOOH species. XPS analysis confirms the disappearance of Co-Al bonds and CoOOH
species. Similarly, TEM and XPS analysis of P-CMOF(AI) shows the formation of
metallic structures, aluminium oxide (Al203), and PHs gas. Aluminium oxide stabilizes

the structure and lowers the catalyst resistance. Although the thesis explores nickel (Ni)



functionalization for HER, the results indicate that further advancements are required to
surpass platinum (Pt) catalysts, which currently demonstrate superior performance in
HER. This research includes process optimization, mechanistic elucidation, catalyst
engineering, scalability, device integration, and the exploration of broader applications
beyond water splitting. These studies aim to enhance the efficiency and stability of
functionalized Al-MOF catalysts and expand their potential in various electrochemical
applications. Overall, this thesis demonstrates the successful functionalization of Al-
MOF for electrochemical water splitting, highlighting the excellent electrochemical
properties of Co-CMOF(AI) and P-CMOF(AI). The presence of aluminium plays a
crucial role in both functionalization and OER, leading to the formation of active species
and improving catalyst performance. These findings contribute to the advancement of
sustainable energy technologies and offer promising opportunities for the development

of efficient and durable electrocatalysts.

Keywords: aluminium-based metal-organic frameworks, electrochemical water splitting,

functionalization, oxygen evolution reaction, hydrogen evolution reaction



Streszczenie

Niniejsza praca doktorska przedstawia wprowadzenie do procesu produkcji
wodoru roznymi metody. Na poczatku skupia si¢ na energetycznych wyzwaniach, przed
ktorymi stoi $wiat. Nastepnie opisuje szereg metod produkcji wodoru, z naciskiem na
elektrochemiczne rozszczepianie wody. Szczegdtowo omawia reakcj¢ tworzenia tlenu
(OER) i reakcje tworzenia wodoru (HER), a takze powszechnie stosowane katalizatory
w tych procesach. Sekcja eksperymentalna skupia si¢ na syntezie i funkcjonalizacji
struktur metaloorganicznych na bazie glinu (AI-MOF) do elektrochemicznego
rozszczepiania wody, ze szczegdlnym uwzglednieniem OER i HER. Badania obejmuja
syntez¢ i modyfikacje struktur AI-MOF, proces karbonizacji w celu rozwoju
katalizatorow oraz wprowadzenie kobaltu i fosforu do struktury poprzez jej
funkcjonalizacje. Ponadto, w pracy szczegoétowo przeanalizowano role glinu w poprawie
wilasciwosci elektrochemicznych badanych katalizatorow. Praca w pierwszej czgsci
skupia si¢ na optymalizacji procesu karbonizacji AI-MOF, w wyniku czego ustalono, ze
temperatura 750°C jest optymalng do uzyskania wysoko aktywnej i 0 najwigkszej liczbie
defektow platformy weglowej. Nastepna cze$¢ badan skupiona byta na karbonizowanym
Al-MOF (CMOF), na ktory naniesiono kobalt (Co), co doprowadzito do powstania Co-
sfunkcjonalizowanego CMOF (Co-CMOF). Charakterystyka elektrochemiczna Co-
CMOF wykazuje nadpotencjat wynoszacy 380 mV i nachylenie Tafela wynoszace 75
mV/dec, co $wiadczy o znakomitych wlasciwosciach elektrochemicznych i zdolnosci do
rywalizacji z komercyjnym katalizatorem, tlenkiem rutenu (RuO2), w procesie OER.
Kolejna cze$¢ badan skupiona byta na wprowadzeniu fosforu (P) do struktury Al-MOF.
P-domieszkowany CMOF (P-CMOF) wykazuje istotne polepszenie wlasciwosci
elektrochemicznych w poréwnaniu z RuO», z nadpotencjatem wynoszacym 390 mV i
nachyleniem Tafela wynoszacym 103 mV/dec. Dodatek fosforu nie tylko poprawia
wlasciwosci elektrochemiczne, ale takze przyczynia si¢ do naprawy macierzy weglowej,
CO w nastepstwie poprawia stabilno$¢ katalizatora. Ostatecznie badania mechanizmow
reakcji pozwalajg zrozumie¢ powstawanie czynnych sktadnikow podczas polaryzacji w
warunkach OER. Analiza TEM ujawnia powstawanie nowych struktur na powierzchni
Co-CMOF o odstgpach migdzywarstwowych wynoszacych 0,24 nm, co wynika z reakcji
kobaltu ze stopu Co-Al, prowadzacej do powstania CoOOH. Analiza XPS potwierdza
zanikanie wigzan Co-Al i obecno$¢ form CoOOH. Podobnie, analiza TEM i XPS dla P-
CMOF(AIl) wykazuje powstawanie struktur metalicznych, tlenku glinu (Al>03). Tlenek



glinu stabilizuje strukture i obniza rezystancje katalizatora. Mimo ze w pracy doktorskiej
badano takze funkcjonalizacje niklem (Ni) struktur CMOF w reakcji HER, wyniki
wskazuja, ze konieczne sg dalsze badania, aby przewyzszy¢ wydajnos¢ katalizatorow
platynowych (Pt), ktore obecnie wykazujg znacznie lepszg wydajnos¢ w HER. Przyszie
perspektywy tej pracy skupiajg si¢ na optymalizacji procesu, wyjasnianiu mechanizméw
reakcji, inzynierii katalizatorow 1 ich skalowalnosci i badaniach nad szerszym
zastosowaniem poza rozszczepianiem wody. Wysitki te majg na celu poprawe
wydajnosci i stabilnosci funkcjonalizowanych katalizatoréw Al-MOF oraz poszerzenie
ich potencjatu w r6znych zastosowaniach elektrochemicznych. Podsumowujac, niniejsza
praca doktorska udowadnia skuteczng funkcjonalizacje A1-MOF do elektrochemicznego
rozszczepiania wody, podkreslajac doskonale wiasciwosci elektrochemiczne Co-
CMOF(AI) i P-CMOF(Al). Obecnos¢ glinu odgrywa kluczows role zarowno w procesie
funkcjonalizacji, jak i w OER, prowadzac do powstania elektroaktywnych substancji i
poprawy wydajnosci katalizatora. Wyniki przyczyniajg si¢ do rozwoju zrownowazonych
technologii energetycznych i otwieraja obiecujace mozliwosci rozwoju wydajnych i
trwatych elektrokatalizatorow.

Stlowa kluczowe: sieci metalicznoorganiczne na bazie glinu, elektrochemiczne

rozszczepianie wody, funkcjonalizacja, reakcja wydzielania tlenu, reakcja wydzielania
wodoru
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Chapter I: Introduction

1. Background and motivation

We live in a world that is developing extremely rapidly across a wide range of
platforms, and this pace is increasing. The computer era has made many things dependent
on computers and electronic devices. We usually realize this when there is a shortage of
electricity. As a result, it becomes evident that there is a need for new power sources and
better energy storage. The goal is to achieve a state of mind in which we are no longer
concerned with electricity. In order to attain such a state, however, there is still a lot to be
done. Furthermore, we must take into account the condition of our planet. Therefore, we
should work harder to protect our world from waste by designing recyclable materials.
At the moment, the geopolitical situation reveals how critical energy sources are. New,
renewable energy sources that are easily accessible throughout the world should receive
all of the attention.

Therefore, the most popular eco-friendly fuel is hydrogen. As the lightest element,
hydrogen is ideal as a fuel, since it produces only water molecules when electricity is
generated. To make it efficient and accessible, many obstacles need to be overcome.
Firstly, the hydrogen production process consumes a lot of electricity and time. Next,
hydrogen must be stored, which requires advanced materials. Finally, it must be
transformed into water in an electrochemical process in a hydrogen fuel cell. Therefore,
the most efficient process of hydrogen evolution is electrochemical water splitting. This
is where current is applied to the electrocatalyst and hydrogen is generated. Usually, the
catalysts are critical raw materials (CRM) like platinum, ruthenium or iridium [1].
Commercially, platinum is deposited on a carbon platform with a mass loading of at least
20%. All of them are expensive and access is limited. In order to replace CRM, some new
electrocatalysts should be proposed.

It is ideal for carbon to serve as an electrocatalyst when enriched with other atoms:
non-metallic (e.g. boron - B, nitrogen - N, phosphorus - P), metallic (e.g. cobalt - Co, iron
- Fe, nickel - Ni) or a combination of both. In terms of functional materials, carbon
materials represent a broad range of structures with unique architectures that provide a
wide variety of design opportunities. As compared to metal-based electrocatalysts,

carbon-based materials show critical disadvantages arising from poor activity and low



durability under harsh conditions. Although carbon composites are relatively
inexpensive, they are easily accessible, and they have a wide range of tuning capabilities.

Among the materials that combine metals and carbon are metal-organic
frameworks (MOF), which can be transformed into carbon-metal composites through
high-temperature treatments. Furthermore, the materials exhibit high porosity, unique
structure and are readily synthesized by self-assembly. MOF can serve a wide range of
applications due to their high porosity (sorption, catalysis), tuneable structure (energy
storage) or composite nature (electrocatalysis and energy storage). However, MOF
synthesis is strongly temperature- and time-dependent. Therefore, its synthesis is
susceptible to several factors that have a direct impact on its final structure.

Taking into consideration the myriad challenges delineated above, encompassing
the substantial global energy demand, hydrogen fuel production, inherent drawbacks
associated with electrocatalysts, and the burgeoning prospects for MOF utilization, the
principal motivation behind this thesis resides in the pursuit of rigorous research
concerning MOF and carbonized MOF for the domain of electrochemical water splitting.
The crux of this research centres on the careful examination of MOF structure design,
processing methodologies, and their targeted implementation within one of the paramount
electrochemical water splitting reactions, namely, the oxygen evolution reaction (OER).
Within this thesis, a comprehensive evaluation of distinct MOF structures and MOF-
based composites will be presented, unveiling a detailed comparison of their
electrochemical performance in conjunction with accurate physicochemical analyses. It
is noteworthy to emphasize that water splitting comprises two indispensable half-
reactions, and the OER component specifically poses a considerably more arduous

challenge due to its slower kinetics and more complex reaction pathway.

2. Energy needs and challenges

Electric energy consumption has risen over the years so significantly, that when
we compare its usage in the USA in 1950 and 2021, it has grown over 13 times [2]. For
the European Union, electricity production grew from 2132 TWh (terawatt-hours) in
1990 to 2785 TWh in 2021 [3]. Population directly influences electricity consumption,
therefore, in Asia, consumption is the highest. The analyses show that just for Southeast
Asia consumption increased from 500 TWh in 1990 to 1500 TWh in 2020 and in 2050
will reach over 4000 TWh [4]. The data indicate that the demand for electrical energy is
extremely high and is expected to increase exponentially soon. Nevertheless, a greater



need for energy (production and consumption) is not the only challenge that will emerge
in the future. According to the current trend for the decarbonization of the energy sector
[5], coal and methane will no longer be burned for electricity generation. It is due to two
main reasons 1) the limitations of coal and natural gas resources and 2) concern for the
environment. Therefore, more capacity for energy storage will be required and other
energy sources such as renewable energy or hydrogen production will be intensively
developed [5].

The environment is intensively impacted by fossil fuels mining and energy
generation. The main source of energy is still based on carbon/natural gas burning,
causing the greenhouse effect due to CO, emission and global warming [6]. However, the
trend is changing [7], where renewable energy sources (solar, wind, geothermal,
hydropower, and bioenergy) play a key role in big countries’ electricity sources.
Renewable energy sources are the most intensively developed energy sources nowadays.
It also led to the development of energy infrastructure. Fossil fuels cannot be stopped
instantly from use. That is why one of the main research areas is carbon capture, where
CO: is collected and not released into the atmosphere. Captured carbon dioxide can be
utilized in industrial processes or stored underground [5]. The biggest problem, however,
remains that not all developed countries are still relying on fossil fuels or the import of
fossil fuels.

The current policy for the energy sector is in correlation with worldwide energy
trends and the main goals are to reduce carbon emissions as much as possible and to
mainly produce energy from renewable sources [8-11]. Almost all the biggest energy
producers (the USA, China, Japan and the EU) presented their long-term plans to reduce
the greenhouse effect and produce green electricity. Therefore, a lot of money and effort
IS put into our planet’s well-being. However, electricity needs to be stored and easily used
e.g. in transportation. Especially important is the transportation sector, which is a hot
topic in the European Union due to the ban on the sale of new petrol and diesel cars from
2035 [12]. This will focus all attention on electrical vehicles and electric energy storage,
therefore the industry will force the development of cutting-edge technologies and
materials. Additionally, environmental protection is pushed forward even further. While
renewable energy sources are being developed, hydrogen is also being developed as a
clean fuel. For this reason, industry, science and government are emerging into regional
groups for hydrogen production, development and distribution called “hydrogen valleys”.

Nowadays, there are more than 37 hydrogen valleys in over 20 countries, mainly located



in the European Union [13,14]. Therefore, world policy focuses on the green production
of electricity from renewable energy sources and the development of hydrogen as a green

fuel.

3. Objective and scope of the thesis

The thesis presenting the fundamentals of electrochemical water splitting and the
challenges that has to be overcome for efficient hydrogen production. The main objective
Is to design and synthesis efficient electrocatalyst that overcomes the challenges and show
appropriate properties towards efficient water splitting. The thesis explores the
electrochemical response tuned by structural properties in carbonized metal-organic
frameworks (CMOF) materials. AI-MOF structures are modified in two different
approaches 1) in-situ, when during synthesis to reaction mixture the electrocatalytic
metals are added and 2) ex-situ, where to the CMOF electrocatalytically active metals are
added. Then both routes of modifications are investigated in two half-reactions that
describe water splitting — HER and OER. Therefore, the initial modification involves
metal doping (cobalt/nickel/platinum) into AlI-MOF followed by carbonization and
directly into nitrogen-rich carbon (CMOF), exposing aluminium nanoparticles. In this
investigation, considerable attention is devoted to scrutinizing the impact of the
carbonization process on the ultimate structure of the materials, followed by further
functionalization through OER/HER electrocatalysts. The subsequent modification
enhances electrical properties via nitrogen-rich carbon doped with phosphorus. Both
strategies present distinct methodologies for enhancing OER/HER electrocatalysts and
scrutinizing the transformations that emerge during the electrochemical processes.

The thesis also includes detailed ex-situ analysis techniques such as X-ray
diffraction (XRD), transmission electron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS). These techniques are employed to investigate structural and
chemical changes in carbonized MOF structures. The results obtained from the ex-situ
analysis inform the proposal of mechanisms to explain the observed improvements in
electrochemical properties.

In summary, this thesis provides a comprehensive understanding of AI-MOF and
carbonized MOF structures based on aluminium. It encompasses the modification of
carbon with nitrogen and phosphorus, the modification of AI-MOF with

cobalt/nickel/platinum and CMOF with cobalt, the impact of aluminium on



electrochemical properties and stability, detailed ex-situ analysis, and the proposal of

mechanisms underlying the observed enhancements in electrochemical properties.



Chapter I1: Water Splitting

1. Different methods and technologies for hydrogen generation

New green fuel — hydrogen, has recently brought a lot of attention due to climate
changes and the geopolitical situation. High demand for energy and energy policies in
many countries focused on the development of renewable energies. Cheaper and more
accessible electrical energy from those sources makes hydrogen generation extremely
attractive. Hydrogen can be produced through various methods and technologies (Figure

1), from which the electrolysis of water is most efficient.
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Figure 1. Different types of hydrogen based on the process and source of its production.

1.1 Natural gas reforming

The fossil fuel transformation into hydrogen is a well-known process. Therefore,
instead of gas, coal can be used instead. It is a fossil fuel-based hydrogen generation,
where CO2, CO, CH4 and H: are involved. It is however not the ecological way to produce
hydrogen, whereas for every ton of hydrogen, about 5 tons of CO; is produced and 2.5
tons are released into the atmosphere [15]. The reforming is managed at a high

temperature of at least 500°C with nickel as a catalyst in reactions:



CH, + H,0 - CO + 3H,,
CO + H,0 - CO, + H,.

Natural gas is mostly composted from methane (CHs4) due to organic matter
decomposition. Therefore, it can be collected from biomass. However, the majority of
natural gas is still mined from natural gas wells located near coal or oil mines. Another
obstacle to reforming fossil fuels is sulphur contamination. To produce hydrogen,
desulfurization is required. This process can be conducted in two routes: 1) high
temperature (350-400°C), for large-scale production, where the catalysts are lead oxide,
cobalt oxide or molybdenum oxide, 2) low-temperature process (<300°C), where the
process is based on adsorption of sulphide by-products rather than a chemical reaction in
the first process [16-19].

1.2 Biomass gasification

As a result of thermochemical reactions involving gasification, biomass, a widely
investigated material group, can be transformed into hydrogen. It is a process which
includes pyrolysis, oxidation and reduction in an atmosphere of air, water vapours and
other gasification agents under high-temperature conditions. Gasification produces: CO,
H> and CH4. Biomass gasification shows an advantage over coal gasification, where a
lower temperature (600-800°C) is required (coal above 1000°C). Biomass gasification
can be classified as pyrolysis gasification (lowest H> generation rate), oxygen-rich
gasification, steam gasification and supercritical water gasification (most efficient

gasification) [16]. Pyrolysis gasification is as follows:

heat
biomass — CH, + CO + H, + other products,

while oxygen-rich/steam gasification is as follows:

0,0TH,0
biomass 2 H,0 + CO + CO, + CHy + H, + other CHs + char + tar + ash.

1.3 Supercritical water gasification

Under a temperature and pressure above its critical point temperature, supercritical
water has unique properties. It presents strong solubility in solving organic compounds

from biomass and forming liquids with high density and low wage. Such mixtures, when



rapidly vaporized under high pressure and high temperatures, produce a mixture of gases
with hydrogen. The advantage of supercritical water gasification is that it not requires a
drying process. It is also more efficient than steam gasification due to not forming a tar
above 600°C. The chemical process of supercritical water gasification is composed of

three reaction paths that take place simultaneously [16]:

biomass + H,0 —» CO + H,
CO + H,0 - CO, + H,
CO + H, » CH, + H,0
1.4 Water photolysis

It has been known for more than 50 years that photocatalytic reactions are possible,
starting with a published paper by Fujishima and Honda [20], where light irradiation was
used to photolyze water on titanium dioxide (TiO). During heterogeneous reactions, light
(visible or UV) is used to irritate the semiconductor. In the case of higher energy than the
bandgap, electrons are excited from the valence band (VB) to the conduction band (CB),
and positively charged holes are formed in their place in the VB. However, the process
shows low efficiency and sacrificial reagents are added, forming not only hydrogen but

also organic side products. Moreover, the reaction:

light
H,0 =5 H, + 1/, 0,

is challenging due to 1) water oxidation to oxygen, 2) protons reduction to hydrogen and
3) inhibiting the reverse reaction (which is more favourable) of oxygen and hydrogen
back to the water. For this process to be applied in mass production, many obstacles need
to be overcome, such as boosting the quantum efficiency of visible light and scaling up

the photocatalytic process [21].

1.5 Water electrolysis

At first, water electrolysis was noneconomic due to the high costs of electric energy.
However, recent development in renewable energies and progress in catalysts advance
made it more accessible for broader application and use. Water splitting is an endothermic
reaction, so energy has to be delivered. It consists of two reactions on the cathode—
hydrogen evolution reaction (HER) and anode — oxygen evolution reaction (OER), both
separated by a membrane. Both reactions have different pathways depending on the pH

of the electrolyte as follows:



in acidic electrolytes:

HER 4H* + 4e™ — 2H,,

OER 2H,0 - 4H* + 0, + 4e™,

in alkaline electrolytes:

HER 2H,0 + 4e~ — 2H, + 40H™,
OER 40H™ - 0, + H,0 + 4e”.

The thermodynamic potential for water splitting is 1.23 V with the addition of
potential called overpotential () due to energy barriers related to Kinetics and mass
transportation. Moreover, the additional potential is required to overcome the resistances
of electrolyte, contact, and membrane followed by the resistance of side reactions like
electrode corrosion and dioxygen reduction. The contact resistance can be further driven
by the diffusion of the reactants and gas products. Overall potential can be presented as

follows:

E =123V + Nugr + Noer + Nother
where E is applied potential, nyzr IS HER overpotential, nozr i1s OER overpotential

and 7n,ner 1S @ SUM of system voltage drops [22].

2. Principles of water splitting

As a general rule, water splitting is the process of splitting a water molecule into
hydrogen and oxygen molecules. However, the process is not spontaneous and must be
driven by an external force, which in this instance is electric current. The current depends
on the pH of the electrolyte when voltage is applied. The total reaction where hydrogen
and oxygen are generated can be divided into two half-reactions: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). For both reactions, plenty of
obstacles are present: 1) system resistances — between catalyst and electrode, between a
catalyst and the electrolyte, 2) overpotential of electrocatalytic process induced the
catalyst, any departure from theoretical voltage values for half-reactions (0 V for HER
and 1.23 V for OER), 3) kinetics of the reaction [16].

The hydrogen evolution reaction is a two-electron migration process. It can be divided

by the adsorption-desorption process into [23]:

Acidic electrolyte Alkaline electrolyte

2H++Ze_—>H2 2H20+Ze_—>H2+0H_



H* +e™ - Hyys Volmer step 2H,0 + 2e~ > 2H,45 + 20H™
2H,4s = H, Tafel step 2H,4s —» H,
H*+H,;,+e~ > H, Heyrovsky step H,0 + Hyys + e~ - H, + OH™

However, the oxygen evolution reaction depending on pH shows much-

complicated reaction paths [24]:

Acidic electrolyte Alkaline electrolyte
2H,0 - 0, + 4H* + 4e” 40H™ - 0, +4H,0 + 4e”
OH* & 0*+H* + e~ OH  +0OH" & 0"+ H,0 + e~
H,0+ 0" & O0H*+ H" + e~ 0*"+0H < O0H"+ e~
OOH* &x+0,+ H" + e~ OOH* + OH™ &x+H,0+ 0, + e~
H,0 +x& OH*+ H" + e~ OH™ +xo OH" + e~

Comparing those two half-reactions, it is clear that OER has more complexity and
steps to start water splitting, OER also requires a higher potential - 1.23 V. However,
some energetic barrier occurs when voltage is applied, therefore overpotential (n) is
inevitable. The overpotential is the excess of potential that has to be applied for the
splitting of water to begin, e.g. graphene shows 540 mV of overpotential, which drops to
330 mV after phosphorus doping[25]. It indicates that pristine materials must be
modified/functionalized to lower the overpotential as a critical parameter of water
splitting. Through linear sweep voltammetry (LSV), polarization curves can be
determined to estimate overpotentials. In electrolytic cells driven by photoelectric,
overpotential equals current density (10 mA-cm™) required for water splitting by
electrolytic cells to produce 10% efficiency of solar water decomposition and conversion
[16]. The efficiency of water splitting is tidily bonded with reaction kinetics. To determine
it, the Tafel slope is calculated, where overpotential (n) vs. logarithm of current density
(j) is linearly fitted:

1 = a+ blogj 1)

In equation (1) the b refers to the Tafel slope, however, it can be calculated as
presented in Figure 2. Usually, the lower the slope value the faster the current density
rises with an increase of external potential. The exchange current density (jo) can be
calculated from the same equation (1) forn = 0. As a result of material intrinsic properties,



=

< E

= Current desnity [mA/cm?] T

© =

=} c

= 2 10 % e

“6 5 a - -

o 2 = -

1 8 é’_ﬁﬁ.‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o ; - mV
slope = tga [
Time [min] log,g(current denisty) [log,,(mA/cm2)] or [dec]

Figure 2. Chronopotentiometry measurement of system response to applied current over time (left)
and Tafel slope calculated from this measurement (right).

it is a current signal formed under the equilibrium potential, which describes the material's
intrinsic ion adsorption and desorption activities.

Additionally, it is possible to measure the electrochemical active surface area
(ECSA) by integrating the current response from the double-layer capacitance (Cqi) via
cyclic voltammetry (CV) measurement. The CV curves in a non-faradaic region
(capacitive process, the charge is progressively stored) are plotted as a function of various
scan rates (e.g. 20 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s). Then, the double layer
capacitance (Cai) is assessed from the slope of the linear regression between the current
density differences (Aj/2 = (janodic-jcathodic)/2) in the middle of the potential window of CV
curves versus scan rates. Cs stands for the specific capacitance of standard electrode
materials on a unit surface area (Figure 3). In the literature, Cs values for carbon electrode
materials were usually calculated based on 0.02 mF/cm?. The ECSA can be converted
from cm? to m?/g by dividing the ECSA area by the mass loading of catalysts [26].
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Figure 3. CV measurements for different scan rates (left) and current difference vs scan rate (right).
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Another parameter that describes the water splitting is the turnover frequency (TOF),
called also conversion frequency. TOF refers to the number of reactions occurring per
unit of time and unit active site under certain conditions of temperature, pressure, reactant
ratio, and reaction degree [16]. TOF directly indicates the speed of the reaction and can
be calculated from equation (2):

JjA

TOF = 2= 2

ZFN'

where j is current density, A is an electrochemically active area, Z is the number of
transferring electrons generated by each molecule, F is Faraday’s constant F=
96 485.3321 A-s-moltand N is the amount of matter (mol).

The reaction is not always carried out by all sites, as should be noted. Furthermore,
it is very common for some active sites to become "hidden" as the reaction proceeds.
When this occurs, the calculated TOF value is often low, even though the material is
highly active. For comparing catalysts' activities with those reported in the literature, the
TOF value is nevertheless a very high reference value [16]. The stability of
electrocatalysts for water splitting is one of the most important parameters despite their
electrochemical performance. Under the condition of continuous current, the
electrocatalyst can maintain a constant voltage. Generally, chronopotentiometry and
chronopotentiometry are used to observe changes in potential under constant current and
constant potential, respectively. A wide range of currents can be tested with multistep
chronopotentiometry, in particular. Stability tests can also be conducted by comparing
the LSV curves before and after electrochemical reactions [16]. Faraday efficiency refers
to the proportion of moles of real products produced compared to theoretical products.
Factors such as temperature, electrolyte concentration, applied voltage, solution acidity,
and electrode material purity can influence this efficiency. The formula to calculate

Faraday efficiency (FE) is:

FE = ———, 3)

where M represents the actual number of moles of products, n is the number of reactive
electrons, F is the Faraday constant that denotes the charge contained in a mole of

electrons, | is current, and t is the time.



Electrocatalytic water splitting is measured by comparing the measured hydrogen/oxygen
production to the calculated hydrogen/oxygen production for a constant current catalytic
reaction. In practical applications, the actual number of electrons used in REDOX
reactions can be determined by collecting the volume of gas generated per unit time [16].

When two half-reactions (HER and OER) are combined in one electric device, we
talk about electrolyzer. However, when two opposite processes — hydrogen oxidation
reaction (HOR) and oxygen reduction reaction (ORR) are combined in the device, it is
called a hydrogen fuel cell. The schematic representation of all four processes in the form

of polarization curves is presented in Figure 4.
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Figure 4. Schematic representation of polarization curves for HER, HOR, ORR and OER.

2.1 Electrolyzers

Electrolyzers can process water splitting by electric potential, where water
molecules are dissociated by an electric field (HER and OER). Hydrogen is evolved on
the cathode (-) and oxygen on the anode (+). Between electrodes lies an electrolyte, which
is an electrical insulator, an ionic conductor and the source of water molecules. The ions
in the electrolyte are mostly H*, OH" or O and are transferred between electrodes. The
electrolyzers can be divided into four main groups (Figure 5): 1) proton exchange
membrane (PEM), 2) anion exchange membrane (AEM), 3) alkaline electrolysis (AEL)
and 4) solid oxide electrolysis cell (SOEC). The first two are based on the membrane
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between the electrodes where H* (PEM) is transferred from anode to cathode or OH" from
anode to cathode (AEM). In alkaline electrolyzers, alkaline electrolytes are used between
electrodes, which provide excess OH" ions. The SOEC is based on the transfer of O%
anions through solid electrolytes. Furthermore, four of the processes require different
temperatures to operate: <80°C (PEM,AEM), <220°C (AEL) and above 600°C (SOEC)
[27-29].

PEM AEM AEL SOEC

Electralyte acidic alkaline 0, - conducting
Type solid (polymer) liguid solid [ceramic)
Working

50-80°C 40-80°C 85-220"C 700 - 1000 ‘C
temperatures

Figure 5. Schematic representation of different types of electrolyzers and their working
parameters.

2.1.1 Proton Exchange Membrane (PEM) electrolysis

Proton exchange membrane (PEM) electrolysis was first conducted in the early
fifties by Grubb and General Electric Co. The polysulfonated membrane (Nafion®,
fumapem®) plays a crucial role in water electrolysis as a proton conductor [30]. PEM
water electrolysis involves the electrochemical separation of water into its constituent
elements, hydrogen and oxygen, at the cathode and anode respectively. In the process,
water is pumped to the anode, where it splits into oxygen (O-), protons (H*), and electrons
(€7). The protons then pass through a proton-conducting membrane to the cathode side,
while the electrons exit from the anode through an external power circuit that provides
the driving force or cell voltage for the reaction. The first generation of PEM electrolyzers
was similar to the first generation of AEL electrolyzers, where the electrolyte was
between the electrodes and membrane. The next generation of PEM electrolyzers (from
1970) was based on zero-gap systems, where the cathode and anode were separated by
membrane without electrolyte between them; each electrode has contact with an
electrolyte. PEM electrolyzers use the same system as zero-gap electrolyzers, but there is
no contact with the electrolyte at the cathode side. A proton can only be transferred from
the anode through contact with the electrolyte to the cathode, where hydrogen is

generated. Capillary-fed electrolysis (CFE) has been recently developed to minimize
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contact between the electrolyte and electrodes, thereby preventing oxygen and hydrogen
bubbles [29]. The reactions on the electrodes are as follows:

2H,0 - 4H" 4+ 0, + 4e~ anode
A4H* + 4e~ > H, cathode
2H,0 - 2H, + 0, total reaction

The advantages of PEM electrolyzers are low gas permeability, high proton
conductivity (~0.1 Sxcm™) lower thickness than AEL and high-pressure operation.
Furthermore, PEM is highly durable for up to 10 years of continuous use. Moreover, the
PEM is capable of high current density (above 2 Axcm), high efficiency with fast
response and producing ultrapure hydrogen [27]. Nevertheless, some disadvantages are
still present. The biggest challenge to overcome is to reducing PEM cost production. 40%
of the cost is the catalysts (HER: Pt/Pd; OER: IrO2/Ru0>). Bipolar plates (BP), which act
as heat and electric conductors, as well as channels for gas and electrolytes, are also
expensive parts. The most expensive component is still electricity, which can be reduced
by designing better electrocatalysts with lower overpotentials and improved kinetics or

by harvesting renewable sources of energy.

2.1.2 Anion Exchange Membrane (AEM) electrolysis

Anion exchange membrane (AEM) electrolysis is a type of water electrolysis that
uses an anion exchange membrane to facilitate the electrolytic process. In AEM
electrolysis, the anode and cathode are separated by a membrane that selectively conducts
anions, while preventing cations from passing through. When an electric current is
applied, water molecules are split into hydrogen ions (H") and hydroxide ions (OH") at
the anode and cathode respectively. The hydrogen ions migrate through the anion
exchange membrane to the cathode, where they combine with electrons from the external
circuit to produce hydrogen gas (Hz). The hydroxide ions migrate through the membrane
to the anode, where they combine with electrons to produce oxygen gas (O2). AEM is a
third generation of electrolyzers - it utilizes the advantages of both PEM — solid polymer
electrolyte architecture and high performance and selectivity and AEL — low-cost
electrocatalytic materials and alkaline electrolysis. Similarly to PEM, the AEM system is
also based on zero-gap architecture, whereas the polymer membrane is composed of
quaternary ammonium salts [28]. The reactions on the cathode and anode are as follows:



40H™ - 2H,0 + 0, + 4e™ anode
2H,0 + 4e~ —» 2H, + 40H~ cathode

2H,0 - 2H, + 0, total reaction

The advantages of AEM electrolyzers are mostly low costs of production due to
reduced capital costs and cheaper electrode materials. AEM systems are also less
sensitive to impurities of the electrolyte, which allows broader electrolytes to be used.
Finally, AEM electrolyzers show higher durability than PEM systems, which directly
impacts the long-term performance of the electrolyzers. However, AEM systems present
some drawbacks: they show poorer energy conversion than PEM systems, present slower

response time and have lower hydrogen purity than PEM electrolyzers.

2.1.3 Alkaline electrolyzer (AEL)

An alkaline electrolyzer (AEL) is a technology the first commercial technology
used to produce hydrogen and oxygen from water using an alkaline solution as an
electrolyte. The process involves applying electric current to water, which splits water
molecules into hydrogen and oxygen gases at the cathode and anode, respectively. The
AEL electrolysis cell consists of two electrodes (anode and cathode) separated by a
porous membrane, commonly composed of a polymer material, that allows the passage
of hydroxide ions (OH-) between the electrodes. The anode is made of a material that
resists corrosion in the highly alkaline electrolyte, typically nickel or a nickel alloy. The
cathode is made of a material that is highly conductive and catalytic to the hydrogen
evolution reaction. This is typically a metal such as platinum or a nickel-based alloy.
During AEL electrolysis, an alkaline solution, such as potassium hydroxide (KOH), is
used as the electrolyte, which provides hydroxide ions for the electrochemical reaction.
Electrolyte concentration must be carefully controlled to maintain high conductivity
while avoiding side reactions and membrane degradation [27]. The reactions on the
cathode and anode are the same as for AEM electrolysis:

40H™ - 2H,0 + 0, + 4e™ anode
2H,0 + 4e™ - 2H, + 40H~ cathode

2H,0 - 2H, + 0, total reaction
The advantage of AEL is that the technology is developed for more than 100 years.
Moreover, it presents the highest nominal output of >200 MW and lowest investment



costs of 1000 €/kW followed by a long lifetime. The total costs and accessibility strongly
impact the fact that this type of electrolyzer does not require the CRM for electrodes.
However, the AEL technology also has some limitations, such as the requirement for a
highly alkaline electrolyte, which can be corrosive and hazardous. Additionally, AEL
electrolyzers are typically less efficient than PEM electrolyzers. Moreover, AEL presents
a vulnerability to impurities in the product gases and a relatively long cold start time (~50
min; for PEM it is ~15 min) [27,30].

2.1.4 Solid oxide electrolysis cell (SOEC)

Solid electrolyte electrolysis cell (SOEC) of water is a type of water electrolysis in
which a solid-state electrolyte is used instead of a liquid or polymer electrolyte. In this
process, water is split into hydrogen and oxygen at the anode and cathode, respectively,
under the influence of an electric current. The solid-state electrolyte is typically a ceramic
material that is ionically conducting at high temperatures, usually above 600°C. Briefly,
the process is as follows: water vapour is introduced into an oxide electrolysis cell, then
a solid electrolyte (e.g. ceramic material such as yttria-stabilized zirconia - YSZ) transfers
oxygen ions from the cathode to the anode. Next, at the anode, oxygen ions react with
water to form oxygen gas and electrons. The electrons are conducted through an external
circuit to the cathode where they react with hydrogen ions to form hydrogen gas [27].

Reaction in SOEC at the cathode and the anode are as follow:

20% - 0, + 4e” anode
2H,0 + 4e~ - 2H, + 20%~ cathode

2H,0 - 2H, + 0, total reaction
What is more interesting, is that SOEC can be used for CO> reduction in a similar

system [31], where instead of water COz is a source. The reactions are as follows:

20% - 0, + 4e” anode
2C0, + 4e~ > 2C0 + 20?" cathode

2C0, - 2C0 + 0, total reaction
Therefore, both processes can be conducted simultaneously, which is more common
for SOEC systems [32]. The advantages of SOEC are efficiency, which is up to 100%,
thermoneutral voltage, non-noble catalysts and high-pressure operations. Nevertheless,

SOEC has its drawbacks, bulky system design and poor durability [33].



2.1 Hydrogen fuel cells (HFC)

The low amount of energy that can be obtained from burning hydrogen with oxygen
into water molecules prevents it from being burned directly with oxygen. Therefore, in a
similar process to electrochemical water splitting, hydrogen electrochemically must be
reacted into water. In this way, energy production is higher. A hydrogen fuel cell (HFC)
converts chemical energy stored in hydrogen into electrical energy, without harmful
emissions. Fundamentally, HFC are composed of an anode, a cathode, and an electrolyte
membrane. When hydrogen is supplied to the anode, it is split into positively charged
hydrogen ions (protons) and negatively charged electrons. The protons are conducted
through the electrolyte membrane to the cathode. The electrons travel through an external

g Load

Nitrogen
Steam 900-1000°C Oxygen
Sorc Steam
oz
60-120°C
AFC
OH-
20-120°C
PEMFC
H* Nitrogen
Fuel
Electrolyte Oxygen
Anode Cathode

Figure 6. Hydrogen Fuel Cells (HFC) presenting three different types: proton exchange
membrane fuel cells (PEMFC), alkaline fuel cells (AFC) and solid oxide fuel cells (SOFC).

circuit to the cathode, creating an electrical current that can power a device or charge a
battery. At the cathode, protons and electrons combine with oxygen to produce water and
heat as by-products. HFC have several advantages over conventional batteries and
internal combustion engines, including higher efficiency, longer operating times, and zero
harmful emissions. Hydrogen fuel cells can be divided into many types, which include
proton exchange membrane fuel cells (PEMFC), solid oxide fuel cells (SOFC) and

alkaline fuel cells (AFC). The principles of how they work are presented in Figure 6.

2.2.1 Proton exchange membrane fuel cells (PEMFC)

A proton exchange membrane fuel cell (PEMFC) is a type of fuel cell that uses

hydrogen and oxygen from the air to produce electrical energy through an electrochemical
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reaction. PEMFC have several advantages over other types of fuel cells, including high
power density, low operating temperature, and quick start-up time. Hydrogen is supplied
to the anode side of the fuel cell while air is supplied to the cathode. A proton exchange
membrane, also called an electrolyte, is separating the two sides of a fuel cell. Hydrogen
molecules split into protons and electrons on the anode. The protons travel through the
electrolyte to the cathode, while electrons travel through an external circuit and produce
electrical energy. On the cathode, protons and electrons combine with oxygen to form
water, which is then released into the environment. PEMFC consists of several
components, including a fuel cell stack, a proton exchange membrane, electrodes, and
bipolar plates. The fuel cell stack consists of several individual fuel cells, each consisting
of an anode and a cathode. The bipolar plates (BP) distribute the reactants to the
electrodes and collect the fuel cell current. However, PEMFC faces several challenges,
including the high cost of materials and the susceptibility of the catalysts to poisoning.
Efforts are underway to address these challenges through the development of novel

materials and catalysts [34]. The reactions on the anode and cathode are as follows:

2H, —» 4H* + 4e” anode
0, +4e” +4H" - 2H,0 cathode

2H, + 0, - 2H,0 total reaction

2.2.1 Alkaline fuel cells (AFC)

An alkaline fuel cell (AFC) is a type of fuel cell that uses alkaline electrolytes such
as potassium hydroxide (KOH) or sodium hydroxide (NaOH) as the electrolyte. AFC has
been in use for over half a century and is known for its high efficiency and long lifespan.
AFC work on the same principle as other types of fuel cells, with hydrogen gas supplied
to the anode and oxygen from the air supplied to the cathode. The alkaline electrolyte
allows the flow of negatively charged hydroxide ions (OH) from the cathode to the anode.
At the anode, hydrogen is oxidized, releasing electrons and protons. The electrons flow
through an external circuit, producing electrical energy, while the protons combine with
the hydroxide ions from the electrolyte to form water. AFC consists of several
components, including an anode, a cathode and an alkaline electrolyte. The electrodes are
coated with catalysts, such as platinum, which facilitate the electrochemical reaction.

AFC faces several challenges, including materials cost and reliability of hydrogen source.



Efforts are underway to address these challenges through the development of new
materials and the implementation of innovative solutions for hydrogen storage and
distribution. Another challenge is the susceptibility of the electrodes to contamination and
poisoning, which can reduce the fuel cell's efficiency over time [35]. The reactions on the

electrodes are as follows:

2H, + 40H™ - 4H,0 + 4e™~ anode
0, + 2H,0 + 4e~ - 40H™ cathode
2H, + 0, - 2H,0 total reaction

2.2.3 Solid oxide fuel cells (SOFC)

Solid oxide fuel cells (SOFC) are a type of fuel cell that uses a solid oxide electrolyte
to conduct ions between the anode and the cathode. They operate at high temperatures,
typically between 700 and 1000°C, which allows them to use a range of fuels including
hydrogen, methane, and biogas. SOFC are known for their high efficiency and potential
and co-generation of electricity and heat. SOFC work on the principle of electrochemical
reaction, similar to other types of fuel cells. The fuel, typically hydrogen or a
hydrocarbon, is supplied to the anode side of the fuel cell, while oxygen is supplied to the
cathode. The electrolyte in SOFC is a solid oxide material, which conducts oxygen ions
(0%) from the cathode to the anode. At the anode, the fuel is oxidized, releasing electrons
and protons. The electrons flow through an external circuit, producing electrical energy,
while the protons travel through the electrolyte to the cathode, where they react with
oxygen to form water. The electrodes are coated with catalysts, such as nickel or platinum,
which facilitate the electrochemical reaction. SOFC face several challenges, including the
high operating temperature, which can lead to thermal stress and mechanical failure. They
also require expensive materials, such as rare metals, and can be sensitive to impurities
in the fuel. However, research is ongoing to address these challenges, including the
development of new materials and the optimization of the fuel cell design [36]. Reactions

occurring on the electrodes are as follows:

2H, + 20%™ - 2H,0 + 4e~ anode
0, +4e™ - 20% cathode

2H, + 0, - 2H,0 total reaction



3. Hydrogen Evolution Reaction (HER)

Hydrogen evolution reaction (HER) as one of the half-reactions for overall water
splitting is one of the most interesting due to the production of hydrogen. The most
efficient electrocatalyst generates hydrogen by electrolysis. In a matter of just hydrogen
evolution, we can use any conductive material as a cathode for HER. However, the excess
electricity we will have to use (also called overpotential) will be enormous. Furthermore,
the electrocatalyst will corrode to collapse and fail to produce hydrogen. Therefore, the
challenge is to design and manufacture a catalyst which will allow long and cheap
hydrogen production. The electrocatalyst as the name indicates affects the activation

energy in an electrochemical reaction — a function of voltage at which the reaction occurs

Tafel reaction Tafel reaction

AR § . S
Yfvadvia T ”z
e ([ e
@)\ ®\K 8)\@\\/@ .

Volmer reaction Volméction

Figure 7. Graphical representation of HER mechanism in acidic and alkaline conditions.

leads to the electrocatalyst changing REDOX potential at the electrode-electrolyte
interface. According to their properties, HER catalysts are selected by three criteria:
activity, stability and selectivity [37]. Moreover, the electrocatalyst utilised for HER can
be divided into three main categories: 1) noble-metal based, 2) non-noble metal based
and 3) non-metal based. The process of hydrogen evolution in an alkaline medium can be
explained by many theories, i) water dissociation theory, ii) hydrogen biding energy
(HBE) theory, iii) interface water and/or anion transfer theory, where water dissociation
or hydrogen adsorption are the key elements of HER kinetics [38]. Figure 7 represents

the adsorption of hydrogen on the catalyst surface in acidic and alkaline conditions.

The first step in acidic conditions is a process of proton (H") adsorption on the active
site of the catalyst surface (M), by binding to the electron and forming intermediate

species on the surface (MHags). Volmer step:

H*+ M+ e~ > MH,;,.
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Therefore, Hags attaches to an additional proton and acquires an electron to form a
hydrogen molecule, which is also called the Heyrovsky reaction. Additionally, Hags reacts
with adjacent Hags to form hydrogen molecules, a mechanism known as the Tafel reaction.

The chemical equations for these steps are presented below:

MHus + H + e~ > M + H,, Heyrovsky step;
2MH,; — 2M + H,, Tafel step.
Moreover, the adsorption-free energy for hydrogen in Volmer-Heyrovsky and Volmer-
Tafel is a useful indicator of hydrogen evolution and matches nearly zero. As a result,
HER has a very high catalytic activity. Nevertheless, the alkaline process is also possible,
despite no free protons in the electrolyte and two to three orders of magnitude slower than
that in acid environments. Therefore, the process starts with the dissociation of water

molecules on the catalyst's active surface.

H,0+M+e~ - MH,4, + OH™
Consequently, the formation of hydrogen molecules can occur through the merging of
Hags With water molecules or by combining Hags With other Hags (Tafel reaction). This
implies that the rate of the hydrogen evolution reaction is sluggish in alkaline

environments. Thus, it is crucial to maintain a balance between desirable energy for the
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dissociation of water and reasonable energy for the adsorption of hydrogen. The
Heyrovsky reaction is as follows:

MHg4s + H,0 + e~ > M + OH™ + H,
In summary, electrocatalyst improvement can be achieved by improving the bonding
energy between catalytic electricity and reaction intermediates [16,38]. Therefore,
connecting the kinetics of the HER with its thermodynamics, which is well described on
the volcano plot (Figure 8) presents the electrocatalyst on the current density vs. free
energy Gibbs for hydrogen adsorption (AGrags). Catalysts inside the "volcano" are
thermodynamically promising materials, whereas the energy of the catalyst is neither too
high nor too low to bind hydrogen. Thus, the best way to predict HER's excellent

electrocatalyst is to use its kinetics and thermodynamics.

3.1 HER catalysts based on noble metals
3.1.1 Platinum-based catalysts

Platinum (Pt) exhibits the highest HER activity due to its thermodynamic properties
towards hydrogen as can be seen on the volcano plot. The Pt-based catalyst, however,
does not show good stability in corrosive electrolytes. Additionally, platinum is an
expensive CRM material. The main route to reduce Pt catalyst costs catalyst is to reduce
its loading without losing efficiency. Platinum nanoparticles (NP) combined with carbon
support are one of the most promising approaches to HER. Additionally, carbon-Pt
composites enhance the electrical conductivity allowing fast electron transfer, thus
improving HER kinetics [39]. The other way to improve Pt electrocatalytic performance
is alloying, where Pt is added to other metals or other metals are added to Pt-NP [38].

Platinum NP can be combined with sophisticated carbon structures, such as single-
walled carbon nanotubes (SWCNT). Hu et al. [40] have presented a facile way to
introduce platinum into SWCNT doped with cobalt (Co) by adding acetylacetonate salts
— Pt(acac). and Co(acac)s and treating it with acid. A variety of ratios of the Pt-Co
electrocatalyst have been investigated by the group. As a result, the most optimal
composition of 90% Pt and 10% of Co inside SWCNT was similar to commercial Pt/C
with significantly lower mass loading. This resulted in reduced costs.

As the other way to reduce the costs of Pt-based catalysts is alloying, Zhou et al. [41]
have presented the silver-nanowire-based support which was modified with nickel (Ni) —

NiO/Ni. Nickel then was used as a platform to introduce single atoms of Pt to synthesis



the single-atom catalyst (SAC). Such structure allowed for efficient HER in an alkaline
medium. In their studies, they show that NiO/Ni interface presented a preferred affinity
towards both OHags and Hags. It led to barrier-free water dissociation on the catalyst

surface. The platinum thus effectively promoted Hads conversion and Hz desorption.

3.1.2 Ruthenium-based catalysts

Ruthenium (Ru) as a cheaper alternative for Pt with similar metal-hydrogen bond
strength (~65 kcalxmol™) show an interesting alternative for platinum as a catalyst in
HER [39].

Yang at al. [42] have overcome the challenges of transition metal phosphides
(TMP) by introducing to Cu@CusP interface Ru-SAC. It was reported that a new type of
HER catalyst was synthesized, consisting of Ru-single-atomic sites (SA) with CuszP
nanoparticles supported on chemically converted graphene (Cu@Cu3P-Ru/CCG).
Investigated structures shoved an average diameter of the Cu@Cu3P-Ru/CCG-500
nanoparticles equal to 2 nm. Density functional theory (DFT) calculations revealed that
the Ru-SA on CusP facilitated H-O dissociation, while the Ru-SA on CCG promoted the
formation of hydrogen from Hags.

Zhu et al. [43] have demonstrated that the well-dispersed ruthenium-based clusters
with adjacent Ru-SA on layered sodium cobalt oxide (Ru/NC) are an excellent
electrocatalyst for alkaline HER. According to the study, the Ru/NC catalyst showed a
two-fold increase in activity compared to the commercial Pt/C. The researchers utilized
operando characterizations in conjunction with DFT simulations to establish a structure-
performance relationship and uncover the origin of the superior activity. They found that
under HER conditions, the real active species are Ru-SA and metallic Ru clusters
supported on the NC substrate. The study revealed that the excellent alkaline HER activity
of the Ru/NC catalyst can be attributed to a spatially decoupled water dissociation and
hydrogen desorption mechanism. The NC substrate accelerates the water dissociation
rate, and the generated H intermediates migrate to the Ru-SA or clusters and recombine
to form Hp, resulting in high catalytic activity. Moreover, the researchers discovered that
the Ru cluster plays a dominant role in the HER activity when compared to the Ru-SA.

3.1.3 Iridium-based catalyst

Iridium (Ir) has emerged as a promising catalyst for the hydrogen evolution reaction

due to its weak hydrogen binding energy, which allows hydrogen atoms to readily bind



and unbind to the Ir surface, a crucial aspect of the HER mechanism. In addition, Ir has
demonstrated remarkably high thermal stability and a balanced capacity for hydrogen
adsorption and desorption. Moreover, Ir's position near the top of the HER volcano plot,
which represents the catalytic activity of various materials for HER, suggests its excellent
potential as a viable alternative to Pt for HER. Therefore, there is increasing interest in
exploring Ir-based catalysts for HER and understanding their catalytic mechanisms to
develop highly efficient and sustainable energy conversion technologies [39,44].

The novel 10 %wt Ir/W13O49 nanowire catalyst for enhancing the performance of
HER under a neutral medium was developed by Peng et al. [45]. The W18O49 support
enhances electron transfer capability and promotes the dissociation of water molecules,
leading to improved performance. The catalyst exhibits low overpotential and low Tafel
slope under neutral conditions. The use of tungsten oxide as a support material is shown
to have significant effects on the performance of neutral HER. In addition, the tungsten
oxide support showed a unique property of serving as a "proton container" by releasing
protons at the start of the reaction. This property facilitates the hydrogen evolution
reaction through an acidic pathway and leads to enhanced performance.

In their study, Geng et al. [46] grew hexagonal close-packed (hcp) Ir onto Ni using
spherical aberration electron microscopy. The resulting hcp Ir had high activity for the
alkaline HER, with a low overpotential, high specific activity and a high turnover
frequency. The epitaxially grown structure of the hcp Ir also made it highly stable.
Theoretical calculations showed that the hcp Ir promoted fast water adsorption and
dissociation, contributing to its remarkable HER activity. These findings can inform the
development of noble metal nanomaterials with specific crystal phases for catalytic

applications.

3.2 HER catalysts based on non-noble metals

Noble metal-based electrocatalysts offer high performance for HER, but are also
expensive and require advanced composites and structures. Therefore, non-noble metals
are an attractive alternative due to their low costs, accessibility and excellent
electrocatalysis performance [47]. Non-noble transition metals like iron (Fe), cobalt (Co),
nickel (Ni), copper (Cu), molybdenum (Mo), and tungsten (W) have been used to create
catalysts for HER. According to voltammetric techniques, Ni had superior performance,
followed by Mo, Co, W, Fe, and Cu accordingly. Metallic nickel is considered the most

effective electrocatalyst for HER in alkaline conditions, similar to metallic Co-based



catalysts, which have also been explored for HER electrolysis. Non-noble metal
electrocatalysts made from earth-abundant metals offer promising alternatives to noble-
metal-based ones. However, these electrocatalysts can corrode in strongly acidic or

alkaline environments and can form larger particles during catalytic cycling [48].

3.2.1 Nickel-based catalyst

The use of Pt-based electrocatalysts for the hydrogen evolution reaction is still
necessary, despite their high cost and limited availability. As a result, nickel-based
materials are being explored as alternative - earth-abundant HER electrocatalysts.
Advanced nickel-based catalysts have been developed through various synthesis
strategies, such as controlling their shape, modifying their structure, and engineering their
interfaces, resulting in significantly improved HER performance [49].

During the process of hydrogen evolution reaction, low-cost catalysts such as
dichalcogenides and their single-atom modified analogues have great potential for
electrocatalyst application. Pattengale et al. [50] synthesized the Ni-based SAC on
molybdenum disulphide (MoS;) and through in situ X-ray absorption spectroscopy
(XAS), have been able to observe the intermediate structure of the Ni active site during
catalytic conditions. During catalysis in an acidic electrolyte, the active site structure of
the Ni centre remains the same intrinsically but undergoes a net reduction in its oxidation
state. On the other hand, in an alkaline electrolyte, coordination changes occur as a result
of immersion in the electrolyte, forming NiSxOy species. Upon applying a catalytic
potential, a metallic Ni species is reversibly formed as the active site. Therefore, Ni-SA

shows a high-performance rate in HER.

3.2.2 Cobalt-based catalyst

Cobalt (Co) is attractive as HER catalyst for several reasons. It is an earth-abundant
metal, which makes it a low-cost alternative to expensive noble metals like platinum.
Secondly, cobalt has good stability and durability under harsh reaction conditions, such
as high temperatures and acidic or alkaline environments, making it a reliable choice for
practical applications. New electrocatalysts are mostly based on advanced architecture
like single-atom-based (SA).

Liu et al. [51] presented their work on Co-SA electrocatalysts for HER. As a support
for a catalyst their synthesized graphitic carbon nitride (g-C3sNa4) on graphene oxide. Such

structure presented electrochemical properties similar to Pt/C with much higher



durability. Co-N plays a role of a catalyst while GO supported the electrical conductivity.
Therefore, advanced architecture allowed for high performance and durable HER,

especially showing that non-noble catalysts can compete with platinum.

3.3. HER catalyst based on non-metallic catalysts

Non-metallic catalysts play a crucial role in the hydrogen evolution reaction (HER)
by providing an alternative to precious metal catalysts such as platinum. Non-metallic
catalysts are typically low-cost, abundant, and exhibit high catalytic activity and stability
under certain conditions. Examples of non-metallic HER catalysts include metal-free
carbon materials, metal-free nitride materials, metal-free sulphide materials, and metal-
free phosphide materials. These catalysts often have unique surface chemistry and
electronic properties that make them attractive alternatives to traditional metal-based
catalysts. Non-metallic catalysts can also be modified with different functional groups to
further enhance their HER activity and selectivity. Overall, the development of non-
metal-based HER catalysts has the potential to significantly reduce hydrogen production

costs and make hydrogen a more accessible energy carrier [52-54].

4. Oxygen Evolution Reaction (OER) as a critical step in water splitting

Oxygen evolution reaction (OER) is the second half-reaction of electrochemical water
splitting. In this reaction, multiple intermediates are produced by the four-step electron

transfer.

4.1 Adsorbate evolution mechanism

Adsorbate evolution mechanism (dcp) in acid medium:

2H,0 + M - MOH 33 + H + H,0 + e~
Firstly, the water molecule is adsorbed on the active site of the catalyst (M). Then it breaks
down into hydroxide groups adsorbed on the catalysts (MOHags) and hydrogen ion (H*)
and electron (e).

MOH ;5 + H,0 - MOg4s + HY + H,0 + e~
Then, the adsorbed hydroxyl group react with a water molecule to form an adsorbed

oxygen on the catalyst surface (MOags) and H* with an electron.

MO,4s + H,O0 > MOOH 43 + HY + e~



Adsorbed oxygen combines further with water molecules to form MOOH.g, H* and
electrons.

MOOH 433 > M+ 0,4+ H* + e~
Finally, it generates oxygen by OOHags decomposition. In basic/neutral electrolytes, the

OH- ions are the starting reactants and the reaction is as follows [16]:

40H™ + M - MOH 45+ 30H™ + e~
MOH 45 +30H™ = MOy4s + 20H™ + H,0 + e~
MOg4s + 20H™ + H,0 = MOOHpqs + OH™ + H,0 + e~

MOOH 45 + OH™ + H,0 > M + 0, + H,0 + e~
The OER process involves four uphill reactions that produce intermediates of
MOHags, MOags, and MOOHags at each step. The highest energy step is the speed-limiting
step and determines electrode materials' catalytic activity. The energy barriers of each
reaction are related and follow a proportional relationship. The energy required for the
MOHags — MOags and MOags — MOOHags Steps is approximately the same at 3.2 eV. The
total free energy change for OER is 4.92 eV. It can be evenly distributed among the four
basic steps with different adsorbents. Metal oxide catalysts have a fixed adsorption-free
energy of 3.2 eV between MOHags and MOOHags. The ideal position for MOggs is in the

middle of the volcano map to reduce the variation of free energy as much as possible
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according to the Sabatier principle [16,55]. The volcano plot showing this relation [56] is

presented in Figure 9.

4.2 Lattice oxygen mechanism

Progress in OER mechanism studies indicates that not all processes can be
explained via AJEM. It seems that some of the recently discovered novel materials do
not fit the volcano theory. It was found that lattice oxygen (OL) present in catalysts can
directly participate in OER. As an example, the activation process of IrNiOx catalysts
involves the leaching of Ni. This leads to the formation of vacancies in the Ir lattice.
Moreover, this leaching process results in the shortening of Ir-O bonds and the creation
of numerous d-band voids within the IrOx shell. These structural changes contribute to an
increase in oxygen ligand electrophilicity [57]. This mechanism, known as the lattice
oxygen mechanism (LOM), differs from the AJEM. Density Functional Theory (DFT)
calculations indicate that surface oxygen ligands (Or) can participate in the OER by
generating reversible oxygen vacancies (Vo) [55]. This pathway can be described using

the following reactions:

M + H,0 » MOH,4s + H" + e~
MOH 43 » MOy + H* + €~
MOy4s+ 0, = 0, + M +V,
Vo + H,0 > MHyys + HY + e~
MHg s > M + H" + e~
In contrast to the ADJEM, the LOM proposes that a portion of the O> molecules originate
from surface oxygen ligands (Or), and direct coupling of oxygen atoms without the
formation of MOOHa,gs intermediates is a crucial step. The initial two steps resemble those
in the AJEM mechanism. In the third step, the adsorbed MOags species react with O,
resulting in the release of an O2 molecule and the formation of surface oxygen vacancies
(Vo). A neighbouring oxygen atom from a water molecule replaces the Vo site, generating
an adsorbed MHags species. Finally, the adsorbed MHaqs Species are removed, creating

new active sites [55].

4.3 Catalysts in oxygen evolution reaction

In general, the catalyst for OER can be similarly distributed into three main

categories: 1) noble metals, 2) transition metals and 3) non-metallic catalysts.



4.3.1 OER catalysts based on noble metals

Currently, noble metals, including rare earth metals, their oxides, alloys, and
composites, have gained significant attention as highly effective catalysts for OER due to
their remarkable activity. Among these noble metals, ruthenium (Ru) and iridium (Ir)
exhibit great potential as candidates for OER, surpassing the reactivity of palladium (Pd),
rhodium (Rh), and platinum (Pt) in the order Pt < Rh < Pd < Ir < Ru. This reactivity trend
is also reflected in the overpotential required for these materials. However, the stability
of noble metals in acidic media demonstrates the opposite trend. Extensive comparative
studies have been conducted to evaluate the intrinsic catalytic response and durability of
Pt, Ru, and Ir nanoparticles, as well as their corresponding bulk materials. Experimental
data reveal that the intrinsic OER activity of metal nanoparticles follows the order: Ru >
Ir > Pt. Noble metal oxides are highly regarded as advanced materials due to their
exceptional catalytic activity and stability in both acidic and basic environments. Both
RuOz and IrO; exhibit a rutile structure, with the metal positioned at the centre of an

octahedron and oxygen at the corners [58].

4.3.2 OER catalysts based on non-noble metals

The non-noble metals are attractive due to their low costs and accessibility.
Among them, two show the highest potential for OER electrocatalysts: nickel (Ni) and
cobalt (Co).

Nickel is widely used in various applications due to its corrosion resistance and
malleability. In the context of water oxidation, the utilization of Ni-based compounds was
initially explored by Bode et al. [59], and since then, nickel-based oxides, hydroxides,
perovskites, and mixed metal oxides have been frequently employed for water splitting.
Ni higher oxidation state (Ni®*) is more efficient towards OER, which can be promoted
via metal doping with titan (Ti), iron (Fe) or Co. Recent years of research have revealed
the reactivity order of transition metal oxides/hydroxides in alkaline conditions, with
nickel exhibiting higher activity compared to cobalt, iron, and manganese [58].

Cobalt has gained significant attention as a remarkable non-noble metal catalyst
for OER in alkaline conditions. This is attributed to its outstanding catalytic activity,
excellent stability, distinctive 3d electronic configuration, and ability to adopt multiple
oxidation states. Furthermore, the phase transformation of cobalt-containing materials,
such as the transition from M—O to M—OH or M—OOQOH, during the OER process is widely



acknowledged to play a crucial role in its catalytic performance. To improve the activity
of Co-based catalysts, in cobalt oxides oxygen vacancies can be developed. Moreover,
the most active cobalt ion is Co?*, which can be transformed into CoOOH during OER.
Another way to boost the catalytic performance is atom doping, where onset overpotential
can be significantly lowered [58].

However, for both elements, durability is still challenging, however, some efforts
have been made through design and advanced architecture to overcome these obstacles
[58].

4.3.3 OER catalyst based on non-metallic catalysts

In terms of their tuneability, low costs, and high surface area, carbon (C) based
materials are the most promising electrocatalysts for oxygen evolution reactions. To
increase carbon electrochemical properties, the common practice is elemental doping.
Nitrogen (N) is the most commonly used dopant in carbon lattices, as it improves their
electronic and electric properties. Nitrogen position in carbon, depending primarily on
pyridinic or quaternary sites, is critical and responsible for the electrochemical activity.
It is possible to do multielement doping to further develop the C-based electrocatalyst.
The most popular and efficient dual-element dopants are nitrogen-phosphorus (N/P) and
nitrogen-sulfur (N/S) [60,61].



Chapter Ill: Metal-Organic Framework  Structures,

Modifications and Application in OER

1. Introduction to MOF

Metal-organic frameworks (MOF) are a class of porous materials composed of metal
ions or clusters coordinated with organic ligands. They are crystalline structures with a
highly ordered network of metal nodes interconnected by organic linkers. MOF have an
intricate structure that combines the properties of both metals and organic compounds,
resulting in a wide range of applications. MOF have attracted significant attention in
various fields due to their tuneable porosity, high surface area, and diverse chemical
functionalities. Their porous nature allows gas storage and separation, including hydrogen
and carbon dioxide. Additionally, MOF has applications in catalysis, drug delivery,
sensing, and environmental remediation. Precise control over MOF composition and
structure enables tailored materials design. By selecting specific metal ions and ligands,
MOF’s pore size, surface chemistry, and functionality can be customized for targeted
applications. This versatility makes MOF promising candidates for addressing challenges

in energy storage, gas purification, and sustainable chemistry [62].

MOF-5 ZIF-67 In-MOF
(cubes) (rhombic dodecahedrons) (hexagonal rods)

Figure 10. Three different MOF structures: cubes (MOF-5), rhombic dodecahedrons (ZIF-67)
and hexagon rods (In-MOF).

There are various types of MOF based on different metal ions, organic ligands, and
structural features. Three different MOF structures are presented in Figure 10. Some

commonly recognized types of MOF include:

= Zirconium-based MOF: Zirconium is a commonly used metal in MOF, known for its
stability and high connectivity. Zirconium-based MOF, such as UiO-66 and MOF-
808, have been widely studied for gas storage, catalysis, and drug delivery

applications [63].
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Copper-based MOF: Copper ions form stable coordination bonds with organic
ligands, leading to robust MOF structures. Examples include HKUST-1 (Cuz(BTC)z2)
and Cu-BTC (Cuz(BTC)2(H20)3), which have shown potential for gas storage,
catalysis, and sensing [64].

Iron-based MOF: Iron-based MOF, such as MIL-88 (Fe), MIL-100 (Fe), and Fe-BTC
(MOF-235), exhibit high stability and tuneable porosity. They have been explored for
applications in gas separation, catalysis, and drug delivery [65,66].
Aluminium-based MOF: Aluminium-based MOF, such as Al-MIL-53, MIL-125 (Al),
MIL-100(Al) and MIL-101(Al) are known for their flexibility and structural
transitions. These MOF have been studied for gas adsorption, sensing, and drug
delivery applications [67,68].

Lanthanide-based MOF: Lanthanide ions, such as cerium (Ce), terbium (Tb), and
europium (Eu), have been incorporated into MOF to achieve luminescent properties.
Lanthanide-based MOF have potential applications in sensing, imaging, and
optoelectronics [69].

Mixed-metal MOF: These MOF contain more than one type of metal ion in their
structure. Mixing different metal ions allows for different properties and enhanced
functionalities. Examples include mixed Zr/Al-MIL-53 and combined Cu/Zn-MOF
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Figure 11. Examples of organic linkers commonly used in MOF synthesis. Two organic
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MOF synthesis typically involves the reaction of metal-containing precursors with
organic ligands in a solvent under specific conditions of temperature, pressure, and time.
The metal-containing precursors can be inorganic salts or metal-organic compounds, and
the organic ligands can be a variety of organic molecules such as carboxylic acids,
amines, and pyridines (Figure 11). The solvent used can be polar or nonpolar, depending
on the specific MOF being synthesized. The reaction conditions control the size, shape,
and composition of the resulting MOF crystals. For example, temperature and pressure
can affect the nucleation and growth of crystals. In addition, the choice of solvent can
influence the solubility and reactivity of precursors and ligands [62]. Various synthesis
methods have been developed (Figure 12):

solvothermal/hydrothermal ultrasound-assisted
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Figure 12. Scheme of MOF synthesis methods.

e Solvothermal or hydrothermal synthesis: This method involves the reaction of metal
precursors and organic ligands in a solvent under high temperature and high-pressure
conditions. The choice of solvent and reaction conditions can influence the size,
shape, and properties of the resulting MOF [72,73].

e Microwave-assisted synthesis: In this approach, the reaction mixture containing metal
precursors and organic ligands is subjected to microwave irradiation. Microwaves can
accelerate synthesis and promote MOF formation [74].

e Ultrasound-assisted synthesis: Ultrasonic waves are applied to the reaction mixture to
facilitate the mixing of metal precursors and ligands, leading to faster and more
uniform MOF formation [75].

e Mechanochemical synthesis: This method involves the grinding or milling of solid
metal precursors with organic ligands without or in the presence of a solvent. The

mechanical force applied during grinding promotes MOF formation [76].
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e Layer-by-layer (LbL) assembly: In this approach, alternating layers of metal
precursors and organic ligands are sequentially deposited on a substrate. The layers
react to form a crystalline MOF film [77].

e Template-directed synthesis: Templates such as nanoparticles or micelles guide MOF
formation and growth. The templates can be removed after MOF synthesis, leaving

behind the desired porous structure [78].

2. Synthesis of aluminium-based MOF

Aluminium (Al) based metal-organic frameworks (MOF) are a unique category of
MOF due to their excellent thermal stability and chemical resistance. Moreover, like other
MOF they exhibit large surface area and high pore volume. This allows for efficient
adsorption in various applications, such as gas sorption or electrochemical processes, like
energy storage or electrocatalysis. AI-MOF presents high tunability properties, making
them suitable for different metal incorporation (catalysts) or modifying organic linkers,
e.g. to provide other atoms like nitrogen by pyridine-based organic linkers. Additionally,
Al-MOF is sustainable and eco-friendly due to the presence of aluminium in the earth's
crust. Therefore, many aluminium-based MOF have been developed, such as MIL-
100(Al) or MIL-101(Al). Typical MOF structures were presented in Figure 13.

MIL-100(Al) MIL-101(Al)

AN %

Figure 13. Scheme representation of MIL-100(Al) and MIL-101(Al) [101,102].

Depending on the type of organic linker and synthesis methods, the possible MOF
structures that can be synthesised are almost limitless. Nevertheless, the most popular
method for MOF synthesis is solvothermal. In this method, instead of water
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(hydrothermal) other mediums are used, such as dimethylformamide (DMF). The method
Is based on the self-assembling of metal ions and organic linkers at high temperatures.
Therefore, when using an organic linker with 2 carboxylic groups (H.BDC) we can
synthesise MIL-101(Al) and when using an organic linker with 3 carboxylic groups
(H2BTC) it is possible to synthesise MIL-100(Al) [67,79]. In the synthesis stage we can
introduce some other atoms into the structure in two ways: 1) use the organic linker with
nitrogen or phosphorus or 2) add other metal ions to the reaction mixture. However, MOF
structure is easy to modify by synthesis parameters and substrates. Therefore, changing
pH, changing solvent, changing temperature, changing the time of the process, adding
other metals or changing the organic linkers significantly impacts the final structure
(Figure 14).

Altering the pH during the synthesis or post-synthetic modification of aluminium-based
MOF can influence the nucleation, crystal growth, and stability of the frameworks.
Varying pH can affect the coordination environment around the aluminium nodes, leading
to changes in the MOF's structure, pore size, and surface area. PH-dependent protonation
or deprotonation reactions may also impact the charge distribution within the MOF,

altering its electrochemical and catalytic properties [67,80,81].
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Figure 14. Schematic representation of synthesis parameters that impact MOF structure.

The choice of solvent or solvent mixture can significantly impact aluminium-based MOF
formation, crystallinity, and morphology. Different solvents interact differently with

metal ions and organic linkers, affecting their coordination and self-assembly processes.
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Solvent polarity and coordination ability influence MOF surface area, pore size, and guest
molecule uptake capacity. Additionally, solvent selection can impact the reaction kinetics
and the removal of residual solvents during the synthesis, thereby affecting the final
properties of the MOF [81,82]. Temperature plays a critical role in MOF synthesis and
post-synthesis processes. Varying temperatures can influence the kinetics of crystal
growth, nucleation, and framework stability. Temperature changes can impact MOF
porosity, crystal size, surface area, and thermal stability. It can also affect the
adsorption/desorption behaviour of guest molecules and MOF ability to accommodate
functional groups or additional metals within its structure [81]. The reaction time during
MOF synthesis or post-synthetic modification can directly impact the degree of
crystallinity, phase purity, and morphological characteristics of aluminium-based MOF.
Longer reaction times generally lead to larger crystals with enhanced crystallinity.
However, excessively prolonged reaction times can also result in impurities or unwanted
secondary phases. Optimizing reaction time is crucial to well-defined MOF structures
with desirable properties [83]. Introducing other metals into aluminium-based MOF or
altering the organic linkers can significantly impact their structural, electronic, and
catalytic properties. The addition of different metal nodes can lead to a mixed-metal
MOF, influencing framework stability, redox properties, and catalytic activity [84].
Changing the organic linkers can affect the connectivity, topology, and porosity of the
MOF structure. This can lead to modified adsorption capacities, selectivity, or guest-host

interactions [67].

3. MOF-based structures as catalysts for oxygen evolution reaction

MOF-based structures which are designed for specific applications, such as
electrocatalysts for OER can be divided into two categories: 1) MOF, as a metal-organic
structure and 2) carbonized MOF (CMOF) as a carbon structure with metal residues from
MOF.

3.1 MOF for OER

There are several strategies for utilizing MOF in oxygen evolution reactions The use
of a co-catalyst in MOF structures is one of the strategies. Li et al. [85] synthesized an
electronic structure by building up Co-BDC and Fe-BDC, two MOF structures that were
built simultaneously in one reactor. Next, the structure was treated with ultrasounds to

maximize charge transfer possibility. This approach allowed for an increase in



electrochemical performance compared to the mechanical mixing of both MOF
structures. The overpotential of such a structure was advantageous to ruthenium oxide
(RuO2) and reached n= 295 mV. Moreover, the electrocatalyst show good stability and
started increasing the required potential for OER after 7 h of polarization. However, after
long cycling, the structure of the MOF remains. Another example of a co-catalyst is
presented by Wang et al. [86]. They synthesized bimetallic FeNi-MOF nanoarrays which
show self-optimizing properties during OER via gradual valance increments of iron ions
in MOF. Such improvement resulted in low overpotential n= 239 mV and excellent
durability for more than 43 days of polarization at 100 mA/cm?.

In general, the primary issue associated with structures based on MOF pertains to their
limited durability during cycling, particularly under OER conditions, which often leads
to structural collapse. To address this concern, Shi et al. [87] have introduced a strategy
aimed at mitigating this problem for Co-MOF-74 by employing a protective
polydopamine (PDA) coating. The resultant PDA-MOF composite exhibits enhanced
structural stability under harsh OER conditions and, concurrently, demonstrates improved
electrochemical performance. An additional avenue to enhance MOF durability involves
the synthesis of meticulously engineered MOF-electrolyte interfaces [67,77]. Du et al.
[88] have proposed a novel structure consisting of a CuOy support with a RuO> layer
deposited on its surface. The judiciously designed interface successfully addresses RuO-'s
stability and activity limitations. Notably, the interfacial atoms, specifically the Ru-O-Co
species, play a crucial role in enhancing the system's durability. The presence of
ruthenium combined with nearby cobalt atoms significantly improves both the stability

and activity of the interface, leading to improved overall performance.

3.2 Carbonized MOF for OER

The primary and most effective approach to addressing the issue of poor stability
in metal-organic frameworks (MOF) during the oxygen evolution reaction (OER) process
is carbonization. Carbonization involves subjecting organic materials to higher
temperatures in a non-reactive atmosphere, such as nitrogen or argon, leading to structural
transformation into carbon-based materials. The extent of graphitization achieved is
directly influenced by the carbonization temperature, with higher temperatures promoting
a higher degree of graphitization [89,90]. Notably, MOF structures consist of organic
linkers and possess high surface areas. However, during carbonization, MOF porous

structures tend to lose porosity due to structural collapse resulting in a lower surface area



[79,89,91,92]. Furthermore, the presence of certain metals within the MOF framework
can lead to their migration [89,93] or sublimation [91,93] during carbonization. This
migration often results in the formation of metal agglomerates and the creation of core-
shell structures [89], where the metal acts as the core, encapsulated by a carbon shell —
making it difficult to contact with electrolyte. Moreover, the migration of metals during
the carbonization process can also contribute to the generation of pores by acting as a
drilling agent [94]. Therefore, it introduces an additional dimension to the carbonization
process and makes it more challenging for MOF-based materials. By understanding and
optimizing carbonization conditions, it is possible to enhance MOF stability during the
OER process [89]. In addition, it is possible to tailor the resulting carbon material's
porosity and surface area for improved performance in various applications.

An effective strategy to enhance the structural integrity of carbonized Metal-
Organic Frameworks (CMOF) is by incorporating guest compounds within the MOF
structure before carbonization. This approach serves to mitigate structural collapse at high
temperatures and prevent metal agglomeration. Wang et al. [90] have successfully
implemented this technique by introducing guest structures into HKUST-1(Cu), thereby
increasing the specific surface area of the resulting CMOF. By integrating guest
compounds, the CMOF undergoes efficient morphological changes, resulting in the
creation of more active sites suitable for various catalytic applications. This approach
demonstrates promise in bolstering the stability and catalytic performance of carbonized
MOF, thereby expanding their potential in diverse fields. Jiao et al. [95] introduced an
advanced approach that involved nanocasting SiOz into the MOF-PNC-222(Fe) structure.
This innovative technique demonstrated significant advancements in preventing iron
atom agglomeration during carbonization by establishing a physical barrier through SiO2
incorporation. Consequently, the synthesis of single-atom catalysts (SAC) became
feasible. Additionally, this design enabled the formation of a SiO2-FeNs interface,
effectively enhancing the electrocatalyst's catalytic efficiency. The outcome of this
approach yielded an efficient electrocatalyst with high iron loading and the absence of
iron particle agglomeration. This breakthrough in catalyst design and synthesis holds
substantial promise for superior electrocatalytic performance.

An alternative approach involves the modulation and fine-tuning of carbonization
process parameters, such as temperature and time, to synthesize advanced structures
[89,93]. Cendrowski et al. [93] demonstrated that precise control of the carbonization

temperature in the case of MOF-5 allows for the manipulation of zinc (Zn) migration and



the synthesis of distinct structures based on this phenomenon. Carbonization at a
temperature of 600°C resulted in the formation of Zn-core structures, with carbonized
MOF-5 featuring agglomerates of Zn particles on the surface. Upon raising the
temperature to the range of 700-900°C, Zn migration led to the formation of Zn-based
rods intertwined with the CMOF structure. Finally, at a temperature of 1000°C, the Zn
underwent sublimation from the CMOF, leaving behind a structure composed solely of
carbon. By precisely controlling the carbonization temperature, it becomes possible to
achieve diverse structures and morphologies, as well as exercise control over the
migration behaviour of metal species at high temperatures. This ability to manipulate the
carbonization conditions offers a promising avenue for tailoring the properties and
functionalities of carbonized MOF, opening up new possibilities for their application in

various fields.



Chapter IV: Experimental Methods

1. Synthesis methods

In this work, one type of metal-organic frameworks (MOF) was synthesised, modified

and investigated -aluminium (Al)-based MOF.

1.1 AI-MOF synthesis

Aluminium metal-organic framework (Al-MOF) was synthesized via self-assembly
in a round-bottom flask under reflux and heated and mixed with a magnetic stirrer (IKA
Plate - RCT digital). A total of 7.5 grams of aluminium nitrate nonahydrate
(AI(NO3)3-9H20), 2.44 grams of 2,5-pyridinedicarboxylic acid (PDC), and 160 millilitres
of N,N-dimethylformamide (DMF) were combined and stirred until a clear solution was
obtained. The resulting solution was heated to 135°C for 72 hours. Following the heating
process, the mixture was subjected to a vacuum evaporator until only a powder residue
remained in the flask as presented in a scheme in Figure 15 [89]. The resulting powder
was ground in a mortar and transferred to a vacuum dryer. The powder was left in the
vacuum dryer overnight, maintaining a temperature of 100°C and a pressure of 30

millibars.

AI(NO3)3'9H20 ' PDC

-

DMF

heat

Figure 15. Scheme of Al-MOF synthesis.
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1.1.1 AI-MOF modifications

During the synthesis of the AI-MOF, the first modification was introduced by
incorporating varying amounts of platinum (Pt), nickel (Ni) and cobalt (Co) or a
combination of Ni and Pt, into the synthesis mixture. These metals were added in different
proportions relative to aluminium, with ratios of 1:1, 1:9, and 1:99. The reaction mixture,
once all the ingredients were dissolved, underwent the same heating and treatment
process as the basic Al-MOF synthesis method described earlier.

The third modification included the application of different Ni salts and investigating
the impact of N-doping with cyanamide (CA) in ratio to Ni(100)-CMOF 1:1 and 0.5:1
conducted in standard optimized parameters. Both materials were ground in a mortar and
placed in a crucible to conduct the carbonization. Therefore nitrogen enriched catalysts
were synthesized.

The fourth modification included the carbonization of Ni+Pt(1:1) in a ratio of 1:99 to
Al-MOF in a 10% NH3/90% N2 gas atmosphere with the same parameters as the standard
carbonization method in the N2 atmosphere presented in this work.

The fifth modification involved a post-synthesis step, where the Al-MOF structure
was modified. In this step, AI-MOF was combined with a solution of ethanol and diphenyl
chlorophosphate (DCP) to introduce a phosphorus compound into the structure. A total
of 200 milligrams of AI-MOF were mixed with ethanol-DCP mixtures of varying
concentrations, specifically 1 mM, 10 mM, 100 mM, and 1 M. The mixture was
thoroughly mixed until complete drying was achieved. Subsequently, the AI-MOF-DCP

composite obtained from the mixture was carbonized.

1.1.2 Thermal Treatment of AI-MOF and its Functionalization

The AI-MOF underwent a series of temperature treatments ranging from 150°C to
950°C, with an increment of 100°C and a heating rate of 10°C/min. This treatment was
conducted in a nitrogen atmosphere for 2 hours. Temperature-treated AI-MOF samples
and structural changes were characterized using Raman spectroscopy, thermogravimetric
analysis, and transmission electron microscopy.

Following thermal treatment, the AI-MOF was functionalized using cobalt(ll) nitrate
(Co(NOg)») at various concentrations (1 mM, 10 mM, 100 mM, and 1 M). In this process,
20 milligrams of thermally-treated Al-MOF were immersed in 2 millilitres of cobalt

solution in ethanol. The mixture was sonicated for 15 minutes and dried. The resulting



powder was then transferred to a crucible and subjected to a reduction in a hydrogen
atmosphere (5% H2/95% N>). The reduction process involved increasing the temperature
from room temperature (RT) to 300°C, with an increment of 100°C and a heating rate of
10°C/min. No additional treatments were performed on the materials before the
investigation [89].

In the case of DCP-functionalized AI-MOF, the composite was carbonized at 750°C

for 2 hours in a nitrogen atmosphere.

2. Characterization of MOF and CMOF structures

MOF and CMOF structures of both AI-MOF and Zr-MOF were studied and
monitored via an array of physicochemical methods. The FEI Tecnai F20 microscope
operating at 200 kV acceleration voltage was utilized for high-resolution transmission
electron microscopy (HR-TEM) imaging. Moreover, for elemental mapping, energy
dispersive spectroscopy (EDS) combined with TEM was utilized. X-ray photoelectron
spectroscopy (XPS) was employed to investigate the chemical composition and relative
atomic percentages on the surface of the samples. The XPS measurements were carried
out using MgKa (hv =1253.6 eV) radiation in a PREVAC system from Poland, equipped
with a Scienta SES 2002 electron energy analyser from Sweden. The electron energy
analyser operated with constant transmission energy (Ep = 50 eV), and the analysis
chamber was evacuated to a pressure below 5-10~° mbar. For determining the specific
surface area, the Micrometrics ASAP 2460 apparatus collected N. adsorption/desorption
isotherms at liquid nitrogen temperatures. The chemical composition of the materials
under study was determined through X-ray powder diffraction - XRD (Aeris, Malvern
Panalytical) with CuKa radiation. Raman spectra were obtained using an InVia Raman
microscope from Renishaw, employing an excitation wavelength of 785 nm.
Additionally, the SDT Q600 Simultaneous TGA/DSC instrument was used to perform
thermogravimetric analysis in the oxygen atmosphere. The analysis was carried out at a

heating rate of 10°C/min within the temperature range of 20—800°C.

3. Electrochemical testing of MOF-based materials

The electrochemical properties of structures based on metal-organic frameworks
(MOF) or carbonized metal-organic frameworks (CMOF) were investigated concerning

the processes of hydrogen evolution reaction (HER) and oxygen evolution reaction



(OER). To perform these investigations, all measurements were conducted using the EC-
LAB VMP multichannel potentiostat manufactured by BioLogic Science Instruments in
France. Electrodes for both processes were prepared in the same manner: 10 mg of the
electrocatalyst was mixed with 1 mL of Nafion® 0.05% solution in 20%
isopropanol/water. Such mixture was sonicated for 30 minutes with ultrasound cup-horn
sonotrode. The suspension of the catalyst was dropcasted on a working electrode
(graphite foil 1 cm x 1 cm; 99.8%, GoodFellow) in an amount of 30 puL on each side of
the electrode. Then all of the measurements were conducted in a three-electrode system
(Figure 16), where the working electrode (WE) was attached to a platinum/PTFE
electrode, the auxiliary electrode (CE) was a platinum spring (ALS Co. Japan) and the
reference electrode (RE) was mercury oxide electrode (MOE) filled with 1M KOH (ALS
Co. Japan). All experiments were conducted at a stable temperature of 25°C under a
thermostat (Hubner KISS 6, Germany) in a glass reactor, where the electrolyte for alkaline
measurements was 1 M KOH (pH~13.5). All the potentials were calculated to a reversible

hydrogen electrode (RHE) according to the equation:

ERHE == EMOE + 0128 + pH - 0059

where 0.128 V is an electromotive force of MOE, 0.059 is the coefficient factor from the

Nerst equation, pH is the pH value of the electrolyte.
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Figure 16. Schematic representation of electrocatalyst measurement cell.
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3.1 HER/OER measurements and techniques
3.1.1 Open circuit voltage

Open circuit voltage (OCV) measurement is a technique used to determine the
thermodynamic potential of an electrochemical reaction. The OCV is measured by
connecting the working electrode and reference electrode in an electrochemical cell
without external current flow. The voltage difference between the working electrode and
the reference electrode is OCV. Notably, after immersing the electrodes in electrolyte and
purging them for 30 minutes with nitrogen, OCV measurements were conducted for 15
minutes. Next all further measurement potentials were set according to OCV value (e.g.
OCV was set as a 0 V state during measurement — Eocv). A typical measurement is
presented in Figure 17.
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Figure 17. Typical plot of OCV measurement.

3.1.2 Ohmic drop compensation — potentiostatic electrochemical impedance spectroscopy

The ohmic drop is a fundamental component defined by the resistance within the

solution between the working electrode and the reference electrode. This parameter holds



significant importance as it can cause substantial distortion in the voltammetric response.
To accurately determine the uncompensated resistance (Ru), it is recommended to
measure at high frequencies. The potentiostatic electrochemical impedance spectroscopy
(PEIS) technique provides an effective means to determine solution resistance at a single

high-frequency value.
PEIS measurements were conducted using the following parameters:

= A fixed frequency of 100 kHz was selected for the measurements. This frequency is
conducive to accurate impedance data.

= Asinusoidal voltage signal with an amplitude (Va) of 20 mV was recorded during the
measurements. This voltage amplitude ensures appropriate excitation of the system
while avoiding potential adverse effects.

= The measurements were compensated at 85%. This compensation level helps to
minimize errors and enhances the accuracy of acquired impedance data.

= The measurements were performed within an electrochemical potential (E) range
from -2.5 V to 2.5 V. This potential range provides sufficient coverage to capture the
relevant electrochemical behaviour and obtain comprehensive impedance

information.

By employing these parameters in the PEIS technique, it is possible to effectively
determine the solution resistance (Ry) at a high-frequency value. This allows for a
comprehensive understanding of the ohmic drop and facilitates an accurate interpretation

of the voltametric response.

3.1.3 Cyclic voltammetry

Cyclic voltammetry (CV) is a highly prevalent and extensively employed
technique in electrochemistry for obtaining qualitative insights into electrochemical
reactions. This versatile method furnishes valuable information of various aspects such
as redox processes, heterogeneous electron-transfer reactions, and adsorption
phenomena. Furthermore, CV facilitates the accurate determination of electroactive
species' redox potential. The cyclic voltammogram, generated through CV, represents the
current response as a function of the applied potential. This graphical representation
encapsulates crucial electrochemical behaviour and aids in the comprehensive

characterization and analysis of the system under investigation.



As previously indicated, the potential was established based on the open circuit
potential (Eocv). The experimental procedure began by allowing the system to stabilize,
which entailed a waiting period of 1 minute. Subsequently, the potential scan was
executed with a step size of 10 mV/s, relative to the vertex potential E; of 0.1 V (versus
Eocv). The resulting data were recorded at intervals of 0.1 seconds to ensure
comprehensive temporal resolution. To investigate the impact of different scan speeds on
electrochemical behaviour, the measurement procedure was repeated at multiple scan
speeds: specifically, 20 mV/s, 50 mV/ and 100 mV/s. This systematic approach enabled
the acquisition of a range of data points, facilitating a comprehensive analysis of
electrochemical processes under varying experimental conditions. A typical plot is
presented in Figure 18.

Current Density (j) [mA/cm?]

Potential [V]

Figure 18. Typical plot of cyclovoltammetry measurement.

3.1.4 Linear sweep voltammetry

Potentiodynamic measurement refers to an electrochemical measurement
technique known as linear sweep voltammetry (LSV). LSV is employed to investigate
the electrochemical behaviour of a system by varying the potential linearly with time.

This technique offers valuable insights into redox processes, electrode kinetics, and other
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electrochemical phenomena. In LSV, the potential is continuously swept over a specified
range at a constant scan rate. The scan rate determines the speed at which the potential is
changed per unit of time. By monitoring the resulting current response as a function of
the applied potential, detailed information regarding the electrochemical reactions taking
place at the working electrode can be obtained. During a potentiodynamic LSV
measurement, several key steps are typically followed. Throughout the potential sweep,
the resulting current is recorded as a function of time or potential. This current response,
known as the voltammogram, provides valuable information about electrochemical
reactions occurring at the electrode surface. This includes oxidation and reduction
processes. By analysing the shape, peak positions, and magnitudes of the voltammogram,
significant electrochemical parameters such as redox potentials, reaction rates, and
electrode surface properties can be determined. This information contributes to a deeper
understanding of the system under investigation and aids in the development of
electrochemical applications and technologies. To perform measurements related to the
HER and OER, specific parameters were employed. The scan rate was set at a constant
value of 5 mV/s, ensuring a controlled rate of voltage change during the experiment. The
scan was initiated from a voltage of 0 V (versus Eocv) and continued up to 2.4 V (versus
Ere) for the OER measurements or -2.4 V (versus Ere) for the HER measurements.
Subsequently, the scan direction was reversed, returning the potential back to 0 V. For
these measurements, the potential range was set more broadly, spanning from -10 V to
10 V. This extended range allowed for the exploration of a wider electrochemical space,
enabling a comprehensive investigation of the electrochemical behaviour and providing
valuable insights into the kinetics and mechanisms of the HER and OER processes. By
carefully selecting these parameters and conducting the measurements within the defined
potential range, it becomes possible to evaluate the electrochemical characteristics of
HER and OER reactions with enhanced precision and understanding. Typical polarization
plots are presented in Figure 19.
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Figure 19. Linear sweep voltammetry plots of OER (A) and HER (B).

3.1.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a versatile technique with wide-
ranging applications in corrosion studies, battery development, fuel cells, sensor
technology, and physical electrochemistry. It serves as a valuable tool for obtaining
information about various reaction parameters, corrosion rates, electrode surface porosity,
coating properties, mass transport characteristics, and interfacial capacitance
measurements. In the context of the HER and OER, galvanostatic electrochemical
impedance spectroscopy (GEIS) was employed. GEIS allows impedance measurements
while operating in galvanostatic mode, where sinusoidal perturbations are applied on
direct current (DC). This technique enables electrochemical impedance evaluation under
controlled current conditions. The parameters employed for both HER and OER
measurements were similar, with one key difference: the applied current. For the OER
measurements, a current of 1=10 mA was used, while for the HER measurements, a
current of 1=-10 mA was applied. These current values facilitated the investigation of
impedance behaviour specific to each reaction. The impedance scan was performed over
a frequency range from 200 kHz to 100 mHz. A sinusoidal perturbation with an amplitude
of V.=10 mV was applied to the system. The potential range for these measurements
extended from -10 V to 10 V, encompassing a wide electrochemical window to capture a
comprehensive range of impedance data. By employing these parameters and techniques,
GEIS enabled the detailed characterization of HER and OER processes. This provided

valuable insights into the electrochemical behaviour, reaction kinetics, and impedance



properties associated with these reactions. A typical measurement is presented in Figure
20.
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Figure 20. Electrochemical impedance spectroscopy (EIS) measurement.

3.1.6 Tafel slope measurement

The Tafel slope is a critical parameter used for electrochemical reactions
characterization and analysis. It offers valuable insights into the relationship between the
current density (j) and the overpotential (1), which is the deviation of the electrode
potential from its thermodynamic equilibrium value. The Tafel slope is typically
expressed in units of volts per decade (V/dec) indicating the change in overpotential
required to produce a tenfold change in current density. It quantifies the rate at which
current density varies in response to overpotential changes. The Tafel slope plays a crucial
role in understanding the reaction mechanism, determining the reaction rate, and
assessing the efficiency of electrochemical processes. In the measurements of OER and
HER, the Tafel slope was determined under potentiostatic conditions, where a constant
current was applied for 5 minutes. Specifically, for the OER measurements, a series of
currents ranging from 0.1 mA to 40 mA were utilized. For the HER measurements, the
same current values were employed with negative polarity. During these potentiostatic

measurements, the electrode potential was controlled by applying a constant current for



the specified period. This approach allows the determination of the Tafel slope by
analysing the resulting overpotential-current relationship. For the OER, a range of
positive currents (0.1 mA, 0.3 mA, 0.5 mA, 1 mA, 2 mA, 5 mA, 10 mA, 20 mA, 30 mA,
and 40 mA) was employed to systematically explore electrochemical behaviour and
obtain a comprehensive understanding of reaction kinetics. Similarly, for the HER, the
same currents as used in the OER measurements were applied, but with negative polarity.
This facilitated the investigation of the electrochemical behaviour associated with

hydrogen evolution. A typical plot for this method is presented in Figure 21.
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Figure 21. Typical measurement for chronopotentiometry used for Tafel slope calculation.

3.1.7 Stability measurement

Stability measurement for HER and OER involves assessing the long-term
performance and durability of the electrochemical system under study. This measurement
aims to determine the system's ability to sustain the desired electrochemical reaction over
an extended period without significant degradation or loss of performance. In stability
measurements for HER and OER, a constant current is applied to the system for a

prolonged time. For HER, currents of -10 mA and -20 mA are utilized, while for OER,



currents of 10 mA and 20 mA are employed. These current values are selected to represent
the relevant operating conditions and to explore the system's response to a constant
current input over an extended time frame. By subjecting the system to this long-term
current application, stability measurement allows for observation of system behaviour
and performance over an extended duration. During stability measurement, it is critical
to monitor the system's response to constant current input. If the electrocatalyst exhibits
an increasing potential response over time, it may indicate the weakening or degradation
of the material. These measurements are crucial for advancing the field of electrocatalysis
and facilitating the design of efficient and robust electrochemical systems for sustainable
energy conversion. A typical plot of stability measurement is presented in Figure 22.
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Figure 22. Typical stability measurement plot.



Chapter V: Results and Discussion
1. Physicochemical characterization

1.1 AI-MOF

Synthesis via solvothermal method Al-MOF structure was investigated by an array of

methods to fully understand the morphological changes in the structure in further
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Figure 23] Physicochemical analysis of AI-MOF: (A) Raman spectroscopy, (B) XRD, (C) N
adsorption/desorption, (D) TGA.

processes of carbonization and functionalization. The most important objective for
electrocatalyst design is to assess the structural properties and if they follow the synthesis

route and predictions.

Figure 23 illustrates the physicochemical analysis conducted on the AlI-MOF. In
Figure 23A, the Raman spectrum of Al-MOF displays significant peaks at 256, 673, 829,
889, 1047, 1157, 1406, 1450, 1612, and 1695 cm™*, which can be ascribed to MIL-53(Al)
and other aluminium-containing materials. On the contrary, Figure 23B reveals an XRD
pattern significantly different from the previous spectrum, with only two broad peaks

instead of sharp ones. The first peak, observed between 20° and 30°, is attributed to
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amorphous carbon. The second peak, ranging from 35° to 50°, corresponds to the
amorphous form of aluminium oxide. Moving on to Figure 23C, presents the N:
adsorption and desorption measurement, exhibiting a type IV isotherm with noticeable
hysteresis. The specific surface area calculated using the BET method (SSAgeT) is 35
m?/g. In Figure 23D, the thermal gravimetric analysis (TGA) of Al-MOF is depicted. The
structure exhibits limited thermal stability and undergoes decomposition as the
temperature rises. It reaches 550 C, beyond which no further decomposition or oxidation
occurs. The ash content observed amounts to 25% of the sample mass, indicating

aluminium presence [89].

The morphological analysis of the AI-MOF was performed using SEM, as depicted

>

Figure 24. SEM image (A) and TEM images (B,C) of AI-MF.
in Figure 24A, which confirms the presence of a porous structure within the MOF.
Furthermore, the analysis reveals that the structure is composed of small MOF flakes.
Subsequently, TEM was employed to delve deeper into the AI-MOF structural
characteristics. TEM analysis, as illustrated in Figures 24B and C, provides compelling
evidence that the AI-MOF exhibits a distinct flake structure with discernible pores.
Notably, the TEM images also indicate that the 2D flakes deviate from flatness,
displaying a distinctly wriggled morphology.

1.2 Carbonization of AI-MOF

To enhance the structural stability of the AI-MOF and render it suitable for
electrochemical experiments, a carbonization process was employed. The Al-MOF was
subjected to a range of high temperatures, ranging from 350°C to 950°C, with incremental

temperature increments of 100°C. Following this thermal treatment, the resultant
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materials were accurately examined to evaluate any structural modifications that may

have occurred. Based on that optimized structure was selected.
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Figure 25. Raman spectra (A), N2 adsorption/desorption (B), DFT calculation of pores size
distribution (C) and XRD patterns (D) of thermal treated AI-MOF in 350°C, 450°C, 550°C, 650°C,
750°C, 850°C and 950°C.

In Figure 25 physicochemical analysis of examined structures is presented. The Raman
spectra (Figure 25A) were utilized to determine carbon-structure formation and its
defectiveness. For most of the investigated material, two peaks can be distinguished D
and G. The G peak, which manifests at approximately 1580 cm™, is associated with the
in-plane vibrational motion of carbon atoms bonded in the sp? configuration within the
material. This peak originates from the doubly degenerate zone-centered phonon Exg
mode, which corresponds to carbon-carbon (C-C) bond stretching. The presence and
intensity of the G peak provide valuable insights into the graphitic nature and crystalline
quality of the material. A strong and well-defined G peak signifies a high level of
graphitic ordering and structural integrity. On the other hand, the D peak is typically
observed near 1340 cm™ and can be attributed to the breathing modes of carbon atoms
bonded in the sp? configuration. It arises from the transverse optical (TO) phonon mode

near the K points in the Brillouin zone. The D peak is highly sensitive to defects,
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disorders, and structural modifications in the material. In pristine graphene, the D peak is
generally weak or even undetectable due to significant defects. However, in materials
with structural imperfections such as lattice vacancies, edges, or grain boundaries, the D
peak becomes more pronounced. Its activation necessitates a second-order Raman
scattering process involving intermittent double resonance, making it a reliable indicator
of the presence and density of defects within the material [96]. In contrast, Al-MOF
samples subjected to treatment temperatures of 350°C and 450°C exhibit no
distinguishable peaks. This can be attributed to the incomplete formation of a carbon
structure at these temperatures, resulting in the absence of characteristic carbon-related
peaks. Furthermore, the absence of all AI-MOF peaks can be attributed to structural
transformations and thermal decomposition induced by the treatment process. The defects
ratio, represented by the Ip/lg intensity ratio, can be utilized to calculate the extent of
defects present in the material. As the temperature is elevated from 550°C to 750°C, an
observable increase in the Ip/lg ratio is noted, indicating the formation of a higher
proportion of defective structures. In contrast, at higher temperatures such as 850°C and
950°C, an enhanced degree of graphitization takes place, leading to a more ordered carbon
structure. Consequently, the Ip/lg ratio decreases, reflecting the reduction in the presence
of defects within the material. Figure 25B illustrates the adsorption/desorption isotherms
of temperature-treated AI-MOF. Notably, all isotherms exhibit type 1V behaviour with
visible hysteresis. Interestingly, as the specific surface area (SSA) of Al-MOF fluctuates
around its base structure, a significant increase in SSA is observed for samples treated at
850°C and 950°C. This intriguing phenomenon can be elucidated by the pore size
distribution, as calculated using the density functional theory (DFT) mathematical model,
as shown in Figure 25C. Up to 850 C, a substantial proportion of pores are localized in
the micropore region. However, a substantial morphological transformation occurs in the
materials treated at 850°C and 950°C, leading to the collapse of micropores and the
formation of mesopores. This structural rearrangement results in a notable increase in the
SSA. The observed changes can be attributed to aluminium migration within the material.
Aluminium can act as a "drill" during structural evolution, facilitating micropore collapse
and mesopore emergence. Figure 25D presents the XRD reflectograms of the materials
under investigation. Similar to the AI-MOF, the reflectograms do not exhibit significant
crystallinity in the structure, leading to broad peaks characteristic of amorphous carbon

and aluminium oxide.
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Figure 26. TEM images of thermal-treated AI-MOF at: 350°C (A,A'\A"), 450°C (B,B',B"), 550°C
(C,C',C") and 650°C (D,D',D").

The TEM images presented in Figures 26 and 27 depict thermal-treated AlI-MOF
samples. It is evident that, despite the temperature, the MOF structure generally maintains
its integrity. However, up to 650°C, the structure remains composed of individual flakes
agglomerated into larger bundles. At higher temperatures, an interconnected structure

becomes apparent. Figure 27 shows more graphitized carbon is observed. Nevertheless,
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elevated temperatures promote the formation of core-shell structures, characterized by
highly graphitized shells, which are difficult to remove. These structures significantly

200 nm

4 F : .:;,:‘-‘. ‘ﬁ v
Figure 27. TEM images of thermal-treated AI-MOF at: 750°C (A,A',A"), 850°C (B,B',B") and
950°C (C,C.,C").

reduce the metal-electrolyte interface in electrochemical processes [89].

In summary, the low-temperature treatment of Al-MOF results in individual MOF
structures with low-graphitized carbons and a relatively low surface area concentrated
mainly in the microporous region. However, these carbons are less stable under harsh
conditions, particularly in oxidizing environments. On the other hand, high-temperature
treated AI-MOF exhibits a more ordered structure with highly graphitized carbon.
Nevertheless, this can lead to significant catalyst deactivation due to core-shell structures.
The AI-MOF treated at 750°C offers the advantages of both low- and high-temperature

treatments, combining mesoporous porosity, a high defect ratio, and an interconnected
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structure without core shells. As a result, these parameters have been identified as optimal
for AI-MOF carbonization.

1.3 Functionalization of AI-MOF with nickel and cobalt

Al-MOF or AlI-MOF temperature-treated (CMOF) were functionalized with nickel
(Ni) in cobalt (Co) in two ways: 1) in-situ where Ni/Co was added to the reaction mixture
of AI-MOF in different ratios of Ni/Co:Al —1:1, 1:10, 1:100 and then temperature-treated,

2) ex-situ, where CMOF was immersed in Ni/Co salt.

1.3.1 In-situ functionalization

To incorporate catalytically active species into AI-MOF structures, partial
aluminium substitution with nickel or cobalt salts was performed. The resulting MOF
were carbonized at 750°C. This process led to the formation of two distinct groups: Ni(1)-
CMOF, Ni(10)-CMOF, Ni(100)-CMOF, and Co(1)-CMOF, Co(10)-CMOF, Co(100)-
CMOF, where the numbers represent the aluminium content in the respective samples
(Figure 28).

Ni/Co:Al ' Ni/Co(10)-
1:10 CMOF

Ni/Co:Al Ni/Co(100)-
1:100 CMOF

Figure 28. Schematic representation of AI-MOF in-situ functionalization with Ni/Co.

The morphology and functionalization effects were investigated using TEM.
Figure 29 illustrates the in-situ functionalization of AI-MOF with nickel. It is observed
that nanoparticles (NP) of nickel/nickel oxide are present in Ni(1)-CMOF and Ni(10)-
CMOF, with a decreasing trend in their abundance. Notably, in Ni(10)-CMOF, the Ni-
NPs are primarily concentrated at the edges where most defects are located, in contrast to
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Figure 29. TEM images of carbonized in-situ Ni-funcionalized AI-MOF: Ni(1)-CMOF (A,A"A"),
Ni(10)-CMOF (B,B',B") and Ni(100)-CMOF (C,C',C").

Ni(1)-CMOF. However, Ni(100)-CMOF does not exhibit the presence of Ni-NP,
indicating that the nickel content did not allow for agglomeration and resulted in excellent
dispersion of nickel on the CMOF surface. In Figure 30, a similar pattern is observed for
the Co-functionalized CMOF samples. Co:Al ratios of 1:1 and 1:10 show the presence of
Co-NP, while the ratio of 1:100 does not. Consequently, it can be concluded that the
optimal surface-to-volume ratio of electrocatalytic species is achieved in Co(100)-CMOF
and Ni(100)-CMOF. Furthermore, it should be noted that in the case of Ni-functionalized
Al-MOF, the porosity of the structures does not exhibit the same characteristics for all Ni
ratios. However, in Co-functionalized Al-MOF, porosity is retained in Co(100)-CMOF.
In Co(1)-CMOF, numerous empty core-shell structures are observed, indicating porosity.
In contrast to cobalt, nickel exhibits a "healing™ effect on the carbon matrix, catalyzing
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its reconstruction. This observation leads to the conclusion that nickel plays a significant

role in facilitating carbon matrix regeneration.

Figure 30. TEM images of carbonized in-situ Co-funcionalized AI-MOF: Co(1)-CMOF
(AA'A"), Co(10)-CMOF (B,B',B") and Co(100)-CMOF (C,C',C").

1.3.2 Ex-situ functionalization

An alternative method for incorporating electrocatalytic species into the Al-MOF
structure involves their embedding into a carbonized AI-MOF through impregnation - ex-
situ functionalization (refer to Figure 31). Nevertheless, during the carbonization process,
ultrasmall Al-nanoparticles are formed. Consequently, two approaches were investigated:
1) the elimination of aluminium post-carbonization, followed by the introduction of Co
into the resulting structure, and 2) the introduction of Co into the carbonized AlI-MOF

structure directly.
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Figure 31. Schematic representation of ex-situ functionalization of carbonized Al-MOF (CMOF).

Firstly, the synthesized structures were examined using TEM, as shown in Figure
32. The analysis reveals the presence of Al nanoparticles (Al-NP) in the CMOF(AI)-Co
materials, predominantly concentrated along the carbon edges. In contrast, no Al
nanoparticles can be observed in the CMOF-Co material, providing compelling evidence
that the HCI treatment effectively eliminated residual aluminium. However, cobalt

presence cannot be proved via TEM imaging.

100 nm : 20 _nm nm
Figure 32. TEM images of CMOF(AI)-Co (A,A",A") and CMOF-Co (B,B',B").

Secondly, to confirm the presence of Co within the functionalized AI-MOF-based
structure, energy-dispersive X-ray (EDS) mapping was performed, as illustrated in Figure
33. The elemental analysis reveals carbon (C), oxygen (O), nitrogen (N), and cobalt (Co)
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in both materials. Additionally, aluminium (Al) was detected in the CMOF(AI)-Co
sample. The analysis provides conclusive evidence of cobalt presence in the materials.

Figure 33. STEM images and EDS elemental mapping of CMOF(AI)-Co (A) and CMOF-Co (B).

To further quantify the cobalt content in the investigated materials, thermal
gravimetric analysis (TGA) and X-ray photoelectron spectroscopy (XPS) measurements
were performed, as depicted in Figure 34. TGA results indicate that CMOF(AI)
aluminium content accounts for approximately 50% of the sample mass. The analysis
reveals that cobalt functionalization occurs through different processes, depending on
aluminium presence. In the presence of aluminium, cobalt constituted approximately 10%
of the sample mass, while in the absence of aluminium (CMOF-Co), it was approximately
6.5% of the sample mass. Although the measurement's precision is limited, it provides a
general understanding that aluminium enhances cobalt functionalization. XPS analysis
offers valuable insights into atomic interactions within the CMOF(AI)-Co structure. The
analysis reveals that aluminium enhances cobalt functionalization through the formation

of an Al-Co alloy, leading to increased cobalt content within the material.
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Figure 34. TGA analysis of CMOF(AI)-Co, CMOF(AI), CMOF-Co and CMOF (A) and XPS
spectra of CMOF(AI)-Co (B).

1.4 Functionalization of AI-MOF with phosphorus

Al-MOF can be modified through the introduction of metallic species but also non-
metallic elements, such as phosphorus. Consequently, after carbonization, a highly
efficient structure enriched with nitrogen and phosphorus can be synthesized. Studies
have demonstrated that electrochemically active species within the carbon matrix are
predominantly non-metals, specifically nitrogen and phosphorus [97—100]. This presents
an excellent opportunity to enhance the electrochemical properties of Al-MOF-based
structures, highlighting their significant potential for improved performance.

The AI-MOF was immersed in an ethanol solution containing diphenyl
chlorophosphate (DPC) at various concentrations, namely 1 mM, 10 mM, 100 mM, and
1000 mM. Following this, Al-MOF was carbonized to obtain phosphorus-doped nitrogen-
rich carbon structures, denoted as P-CMOF: 1-P-CMOF, 10-P-CMOF, 100-P-CMOF,
and 1000-P-CMOF (Figure 35).

-AL-MOF X-P-CMOF

(X=1, 10, 100, 1000)
O
. c ization
\» carbonizal

Figure 35. Schematic representation of 1,10,100,1000-P-CMOF synthesis.

TEM analysis (refer to Figure 36) of 1-P-CMOF demonstrated that the incorporation

of DPC led to the reconstruction of the porous structure, resulting in a carbon matrix
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Figure 36. EM images of 1-P-CMOF.
devoid of AI-MOF pores. The analysis revealed a complete transformation of the original
Al-MOF framework, indicating that the DPC treatment effectively modified the material's
morphology.

Furthermore, the 1-P-CMOF was treated with HCI to remove aluminium residues —
1-P-CMOF(HCI). Other DPC concentrations were excluded via electrochemical results.
Raman spectra (Figure 37A) show that DPC treatment lowered defects in AI-MOF-based
structure by lowering the Ip/lg ratio to 1.29 (CMOF — 1.38). HCI treatment raised this

value to 1.48. FTIR analysis (Figure 37B) shows that the P-functionalization of AI-MOF
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Figure 37. Raman spectra (A) and FTIR (B) of CMOF, 1-P-CMOF and 1-P-CMOF(HCI).

reduces the -OH groups on the surface of the material. XPS analysis provides conclusive
evidence regarding the elemental composition and surface bonding characteristics of the
investigated materials, as depicted in Figure 38. The obtained spectra for carbon, nitrogen,
and aluminium indicate the presence of phosphorus. This phosphorus is embedded within
the carbon matrix directly with carbon and nitrogen atoms. Additionally, phosphorus is
observed on aluminium surfaces, forming AIP compounds. Furthermore, the oxygen

spectrum reveals phosphorus atoms bonded to oxygen. This indicates the formation of
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phosphorus-oxygen compounds on the material's surface. These findings are consistently
supported by the phosphorus spectrum, confirming the aforementioned observations.
Overall, the XPS analysis serves as a valuable tool for elucidating the elemental
composition and surface bonding characteristics of the investigated materials. It sheds

light on the precise distribution and chemical interactions involving phosphorus within
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Figure 38. XPS spectra of CMOF (A), 1-P-CMOF (B) and 1-P-CMOF(HCI) (C).
the studied system.

2. Electrochemistry
2.1 HER

2.1.1 Ni-funcionalized CMOF
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Figure 39. LSV (A) and Tafel slope (B) of Ni(1)-CMOF, Ni(10)-CMOF, NI(100)-CMOF and
Pt/C.

Ni-functionalized Al-MOF-based structures were investigated for their electrochemical

properties in the hydrogen evolution reaction (HER). Figure 39 presents the results of
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linear sweep voltammetry (LSV) and Tafel slope analysis for three different
concentrations of Ni in the CMOF framework, namely Ni(1)-CMOF, Ni(10)-CMOF, and
Ni(100)-CMOF, compared to a commercial catalyst, platinum deposited on carbon
(Pt/C). The LSV plots indicate that Ni(1)-CMOF exhibits the smoothest performance,
suggesting that a higher nickel concentration contributes to a smoother electrochemical
response. As the amount of electrocatalyst decreases, the overpotential (the difference
between the measured potential and the thermodynamic HER value) at -10 mA/cm? also
decreases. However, even the highest value observed for Ni(100)-CMOF, which is 1000
mV, does not approach the values obtained for Pt-based catalysts (approximately 100
mV). Figure 39B - Tafel slope analysis reflects the Kkinetics of investigated
electrocatalysts. A slope value close to 0 indicates the most efficient electrochemical
kinetics. Similar to the LSV results, the relationship between Ni concentration and Tafel
slope demonstrates that as nickel concentration decreases, the kinetics improve.
Nevertheless, the slope values obtained for the Ni-functionalized Al-MOF-based
structures, even the lowest value of 315 mV/dec for Ni(100)-CMOF, are significantly
higher than that of Pt/C, which is 115 mV/dec. Therefore, based on the presented form
and composites, nickel-functionalized AI-MOF-based structures are not suitable for HER.
These structures require further enhancement and development to be viable for HER

applications in the future.

2.1.2 Optimization of Ni-based catalyst

To optimize the Ni-based catalyst for HER, an enrichment process involving a
nitrogen-rich source was implemented before carbonization. The influence of increased
nitrogen content on the catalyst composition was evaluated through LSV measurements,
as depicted in Figure 40A. Furthermore, the impact of electrode material was investigated
to assess catalyst performance on different surfaces, as illustrated in Figure 40B.
Specifically, the conventional graphite film electrode was substituted for a more

innovative carbon foam electrode.
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Figure 40. HER measurement via LSV of N-doped Ni(100)-CMOF with a ratio of Ni(100)-
CMOF:CA - 1:1 and 1:0.5 (A) and measurement for same materials on carbon foam (B).

The introduction of N-doping in Ni(100)-CMOF resulted in a noticeable reduction
in overpotential, with values of 500 mV (for a 1:0.5 ratio) and 480 mV (for a 1:1 ratio),
in contrast to the overpotential of 2000 mV observed in Ni(100)-CMOF. This indicates
that a higher nitrogen content enhances HER performance. However, increasing the
cyanamide (CA) ratio to 1:1 slightly affects performance. Additionally, substituting
graphite foil with carbon foam further enhances the HER performance of the catalyst.
This leads to lower overpotential values of 360 mV and 340 mV for 1:0.5 and 1:1 ratios,
respectively. It is imperative to note that despite the reduction in overpotential, the
durability and kinetics of the catalyst suffer, resulting in the detachment of the
electrocatalyst. These modifications have demonstrated improvements in HER
overpotential performance. However, further advancements are necessary to enhance the
durability of the materials involved.

To optimize the catalyst, the focus was placed on the Ni-source used in the
catalyst. Various Ni-salts were tested following the same procedure as the Ni(NOz3)o-
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Figure 41. HER performance investigated through LSV for different nickel sources (A) and time
of Ni(100)-CMOF surface oxidation (B).
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based catalyst. The performance of these catalysts in HER was evaluated using the same
methodology. Their performance was estimated through LSV, as depicted in Figure 41A.
Additionally, another optimization approach involved surface oxidation. The Ni(100)-
CMOF electrocatalyst was subjected to an oxygen atmosphere at elevated temperatures
for a specified duration, as illustrated in Figure 41B. This oxidation process was aimed at
improving catalyst performance and is presented for analysis.

To investigate the impact of different nickel salts on HER performance, various
salts were employed, namely nickel(ll) acetoacetate (Ni(acac)z), nickel(ll) sulfate(\V1)
(NiSOg), and nickel(1l) acetate (Ni(ac)2). These salts were processed like Ni(100)-CMOF.
The measured overpotential values were 650 mV for Ni(acac)2 and 530 mV for both
NiSOs; and Ni(ac). functionalized CMOF. While these overpotential values were
successfully reduced compared to Ni(100)-CMOF, they were still considerably higher
than those observed for Pt/C catalysts. Additionally, the Ni(acac)2(100)-CMOF catalyst
exhibited extremely sluggish reaction kinetics, indicating significant retardation in the
system. Furthermore, the Ni(100)-CMOF catalyst underwent surface oxidation at
elevated temperatures, resulting in oxidized Ni(100)-CMOF variants denoted as
NiOy(15%)(100)-CMOF, NiOy(30’)(100)-CMOF, and NiOy(60’)(100)-CMOF. These
variants exhibited overpotential values of 570 mV, 520 mV, and 530 mV, respectively.
These results indicate that surface oxidation improves Ni(100)-CMOF HER performance,
leading to a more effective electrocatalyst. However, even with these improvements, the
electrocatalyst still falls short of Pt/C in HER performance. In summary, the utilization
of different nickel salts and the surface oxidation of Ni(100)-CMOF demonstrated
enhancements in HER performance. Nevertheless, the catalysts studied in this
investigation remain insufficient to surpass Pt/C catalysts in the hydrogen evolution

reaction.



2.1.3 Co-funcionalized CMOF
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Figure 42. LSV (A) and Tafel slope (B) of Ni(1)-CMOF, Ni(10)-CMOF, NI(100)-CMOF and
Pt/C.

The electrochemical properties of AI-MOF-derived structures functionalized with
cobalt (Co) were examined for their efficacy in the HER. Figure 42 presents the results
of LSV and Tafel slope analysis for Co(1)-CMOF, Co(10)-CMOF, and Co(100)-CMOF,
in comparison to the commercial catalyst Pt/C. Interestingly, cobalt-based composites
exhibited lower overpotential values than their nickel-containing counterparts. All
composites show smooth LSV curves (Figure 42A) As the amount of electrocatalyst
decreased, the overpotential at -10 mA/cm? also decreased. However, the overpotential
values for Co(100)-CMOF, even at their highest performance of 470 mV, did not reach
the levels achieved by Pt-based catalysts (~100 mV). On the other hand, the
electrocatalyst kinetics followed a different pattern. The Tafel slope analysis in Figure
42B revealed that nickel-based structures exhibited better kinetics than cobalt-based
composites. The Tafel slope, which reflects electrochemical kinetics, was lower for
nickel-based structures. A lower slope value indicates improved electrochemical
properties. Despite higher overpotentials, nickel-based structures demonstrated superior
kinetics compared to cobalt-based composites. In conclusion, the cobalt-functionalized
Al-MOF-based structures displayed lower overpotentials than their nickel-based
counterparts. However, the nickel-based structures exhibited better Kinetics. These
findings underscore the need for further optimization and development of both cobalt and
nickel-based composites to enhance their suitability for applications in the HER. Both
functionalized AI-MOF-based composites show that decreasing the amount of catalyst is

a good direction for optimizing the electrochemical properties of functionalization.
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2.1.4 Pt-funcionalized CMOF

To investigate low-content platinum-based electrocatalyst, two different Pt
sources - chloroplatinic acid (H2PtCls) and platinum(ll) acetylacetonate (Pt(acac).) were
synthesized in the same manner as Ni(100)-CMOF. LSV measurement is presented in

Figure 43A while in Figure 43B Tafel slope is presented.
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Figure 43. LSV (A) and Tafel slope (B) of Pt-funcionalized CMOF with 2 different platinum
sources.

The LSV plots of both platinum sources demonstrate an identical overpotential of
527 mV in the HER reaction, which is five times higher than that observed with
commercial Pt/C. However, when considering the Tafel slope for both Pt sources, it
becomes apparent that the Kkinetics of these materials are smoother compared to
commercial Pt/C. Specifically, Pt(acac).-CMOF exhibits the lowest Tafel slope of 66
mV/dec, followed by H2PtCle-CMOF with a Tafel slope of 70 mV/dec, while commercial
Pt/C demonstrates a higher Tafel slope of 115 mV/dec. This indicates that CMOF has a
potential for smooth kinetics of HER, however, some further improvements for the
materials are required to lower the overpotential.

Two distinct strategies were investigated to enhance the overpotential in the
present study. The first approach involved the synthesis of a Pt-Ni co-catalyst, following
the same procedure as the Ni(100)-CMOF, with a Pt:Ni ratio of 1:1. Two different
platinum sources were employed in this synthetic process. The obtained LSV plot for this
investigation is depicted in Figure 44A. The second approach focused on introducing a
different gas mixture (10% NHz: 90% N2) during the carbonization process for the
aforementioned materials. The resulting LSV plot for this particular investigation is

presented in Figure 44B.
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Figure 44. LSV plot of Pt-Ni-CMOF carbonized in nitrogen (A) and nitrogen+ammonium (B).

The LSV plots of Pt-Ni-CMOF carbonized under a nitrogen atmosphere, reveal
an identical overpotential of 527 mV, which is five times higher than that of commercial
Pt/C. However, when the carbonization process is conducted in a nitrogen and ammonium
atmosphere (as shown in Figure 44B), (H2PtCle+Ni)[NH3]-CMOF exhibits a slight
increase in overpotential to 536 mV, whereas (Pt(acac),+Ni)[NH3]-CMOF demonstrates
a significant improvement in HER performance, achieving an overpotential of 300 mV.
Nevertheless, these improvements are still not comparable to Pt/C, a commercially
available electrocatalyst.

In summary, the PT-functionalized CMOF electrocatalyst materials presented
herein exhibit potential for application in the HER process. However, there are several
obstacles to overcome, especially the high overpotential. Although the Pt-CMOF catalyst
utilizing expensive platinum has achieved a certain level of performance, the Ni-CMOF
catalyst has the potential to reach a similar level, offering a more cost-effective

alternative.

2.2 OER

2.1.1 In-situ funcionalized CMOF

The electrochemical performance of in-situ functionalized Al-MOF-based
structures, incorporating both cobalt and nickel, was investigated for the oxygen
evolution reaction (OER), as illustrated in Figure 45. The results revealed overpotential
values for each material. Among the nickel-functionalized composites, Ni(1)-CMOF
exhibited the highest overpotential of 500 mV, while Ni(100)-CMOF showed a slightly

lower overpotential of 470 mV. Similarly, for the cobalt-functionalized composites,
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Figure 45. LSV (A) and Tafel slope (B) of Ni(1)-CMOF, Ni(100)-CMOF, Co(1)-CMOF,
Co(100)-CMOF and RuO:..

06 Ni(100)-CMOF B Ni(1)-CMOF Ce RuO,
s 20 MV = 50 MY/ === 100 MV/5 : j: 20 MV/fg === 50 m//g === 100 mV/s 20 MV/g === 50 mV//s ==== 100 mV//s
124
0.4+
E T 10 < 24
z 206 2
0z 084
E E g2 E 14
= =2 =
& 904 £ 00 z
2 2 .02 2 0
@ =1 g
a o 04 a
=02 E 06 E
g 2 ns] R
s 5 E
(&) (SRl o
04 121
1.4+ 2
08 ‘ ‘ ‘ ‘ R ‘ . ‘ . ‘ . ‘ ‘ ‘
0.80 085 0.90 095 1.00 1.08 075 .80 08s 0.90 095 0.80 0.85 050 085 1.00
E ve. RAE V] Evs. RHE[V] N(lm)CMOFEVS ﬁ'[-!ll)EMDF Cai1)-CMOF
@ Ni(100) @ Ni(1)- @ Cal1)-
D Co(100)-CMOF E Co(1)-CMOF F @ Co(100}-CMOF @ Ru02
5 20 MY/ =50 mVis =100 mV/s 307 20 mVs —— B0 mVis —— 100 mVis Electrocatalyst ECSA[m2/g] 2
5 25 4.0 4 |mirooycuor gz -
20 Ni{1)-CUOE s
,E- 4 AE‘ s 3.5 | |Col10aFCMCF 033
5 L
53 Colf}-GMar a7
= = 10 5.0 [Ru02 a7
E? Eys -
=1 = T ,5 |
004 25 .
Zo Z s E ¢
& B o .
§'1 é.mf %77 QQb“_‘\-' .::3
5] O Lt ¥
5 5 104 @
25 -
G4 5} i Ga®
5 =99 054 31"
8 35 i
T T T T T 40 T T T T 0o T T T T T
0.80 0.85 0.90 0.95 1.00 0.80 085 0.90 095 1.00 108 20 40 &0 80 100
E vs. RHE [V] E vs. RHE [V] Scan Rate [mVis]

Figure 46. CV measurements of Ni(100)-CMOF (A), Ni(1)-CMOF (B), RuO- (C), Co(100)-
CMOF (D), Co(1)-CMOF (E) and linear regression between the current density differences in the
middle of the potential window of CV vs. scan rates (F) with calculated ECSA (inset).

Co(1)-CMOF demonstrated an overpotential of 470 mV, while Co(100)-CMOF
demonstrated a slightly reduced overpotential of 450 mV. It is significant to note that both
the nickel and cobalt-functionalized materials displayed significantly higher
overpotential values than the reference material, ruthenium oxide (RuO2), which showed
an overpotential of 350 mV. Overall, the investigation of in-situ functionalized Al-MOF-
based structures incorporating both cobalt and nickel for the OER demonstrated that the
nickel-functionalized composites exhibited higher overpotentials than the cobalt-
functionalized ones. Furthermore, all functionalized materials displayed considerably
higher overpotential values compared to the reference material, ruthenium oxide.
Additionally, it was observed that both Co(1)-CMOF and Ni(1)-CMOF exhibited
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prominent oxidation peaks during the linear sweep voltammetry (LSV) analysis. The
Tafel slope analysis provided insights into these materials' electrochemical kinetics.
Co(1)-CMOF demonstrated the most favourable kinetics, with a Tafel slope value of 418
mV/dec. However, it is worth noting that achieving the kinetics level of ruthenium oxide
(120 mV/dec) remains a challenging task. In contrast, the Ni-functionalized CMOF
displayed a higher Tafel slope, which combined with its elevated overpotential, renders
it unsuitable for the OER. Like the HER results, the in-situ functionalization approach
still has room for improvement in terms of improving electrocatalytic performance.

The cyclic voltammetry (CV) plots depicted in Figure 46 were utilized to calculate
the double-layer capacitance (Ca) employing a linear fitting slope (Figure 46F). The
determined Cq values enabled the assessment of the electrochemically active surface area
(ECSA) for Ni(100)-CMOF, Ni(1)-CMOF, Co(100)-CMOF, Co(1)-CMOF, and RuOx.
The analysis revealed that Co(100)-CMOF exhibits the largest ECSA of 0.33 m?/g, which
is twice as large as that of RuO2 (0.17 m?/g). On the other hand, Ni(100)-CMOF displayed
the lowest ECSA — 0.02 m?/g, indicating that the limited amount of nickel is not suitable
for the oxygen evolution reaction, resulting in a minimal contribution of the surface area
to the reaction.

Overall, the study highlights that although Co(1)-CMOF exhibited promising
Kinetics, surpassing ruthenium oxide performance remains a challenge. Furthermore, the
Ni-functionalized CMOF exhibited unfavourable kinetics and high overpotential
followed by low ECSA value, underscoring the need for further development and
optimization of the in-situ functionalization technique to enhance the electrocatalyst's
performance in both HER and OER applications.

2.1.2 Ex-situ Co-funcionalized CMOF

The functionalization of Al-MOF-based structures after carbonization offers
significant advantages as it avoids any interaction with the support structure, which is
formed during the carbonization process. Therefore, the key step for ex-situ
functionalization is thermal treatment and Co concentration. Initially, the impact of
carbonization on thermal treatment, as shown in Figure 47A, was investigated. Initially,
as the temperature increases, the overpotential decreases. However, upon reaching 450°C,
the structure collapses and undergoes thermally induced decomposition, resulting in a
significant increase in overpotential. Additionally, the carbon structure undergoes

structural changes. Subsequently, as the temperature rises, the overpotential decreases
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Figure 47. LSV result of Co-funcionalized AI-MOF-based structures treated with different
temperatures (A) and different reduction temperatures of Co-salt in CMOF(750) (B).

again, reaching its minimum value of 380 mV for Co-CMOF(750). Following this, the
overpotential increases again. This behaviour can be attributed to the formation of a core-
shell structure consisting of aluminium and carbon, as well as a higher degree of
graphitization.

Another crucial parameter associated with the temperature regime is the
temperature at which cobalt salt reduction/decommissioning occurs in a hydrogen
atmosphere, as depicted in Figure 47B. Four different temperatures ranging from 150°C
to 300°C were examined for CMOF(750). Notably, the lowest overpotential value of 380
mV was achieved at 200°C. This parameter highlights the significance of the reduction in
temperature on the electrochemical performance of the system. By carefully selecting the
appropriate temperature, the overpotential can be effectively minimized. This leads to
improved efficiency and performance of the cobalt salt reduction process in the hydrogen
atmosphere. The experimental findings emphasize the importance of optimizing the
reduction temperature for achieving desirable electrochemical properties in the context

of functionalizing AI-MOF-based structures after carbonization.
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Cobalt concentration from 1 mM to 100 mM was investigated via LSV to estimate
the optimal concentration of Co in Co-CMOF composite (see Figure 48). As illustrated
in Figure 48, the composites with cobalt salt concentrations of 1 mM and 1 M exhibit the
lowest overpotentials, measuring 380 mV and 390 mV, respectively. Following closely,
the composite with a cobalt salt concentration of 100 mM demonstrates an overpotential
of 410 mV, while the highest overpotential of 500 mV is observed for the composite with
a concentration of 10 mM. Hence, the optimal cobalt salt concentrations, in terms of
minimizing overpotential, lie at the highest and lowest levels. However, it should be noted
that the lowest concentration of 1 mM does not involve an excess of cobalt concerning
the surface-to-volume ratio. Therefore, the most efficient material, considering both the

lowest overpotential and optimal cobalt concentration, is composite with a cobalt salt
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Figure 48. LSV measurement for different cobalt concentrations (1 mM, 10 mM, 100 mM and
1 M) in ex-situ funcionalized Co-CMOF.

concentration of 1 mM.

The optimized structure of Co-CMOF(750), reduced at 200°C in a hydrogen
atmosphere with a cobalt concentration of 1 mM, was further investigated to elucidate its
low overpotential of 380 mV. A comparative analysis was conducted by considering two
variations: one with aluminium (CMOF-Co(Al)) and another without aluminium
(CMOF-Co). The cobalt-functionalized structures were prepared using optimized
parameters and subjected to various characterization techniques, including LSV, Tafel
slope analysis, electrochemical impedance spectroscopy (EIS), and stability
measurements. These results were compared with those obtained for ruthenium oxide.
Figure 49 illustrates the LSV measurement and Tafel slope analysis. The LSV curves
demonstrate that CMOF-Co(Al) achieved an overpotential level comparable to ruthenium
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Figure 49. LSV (A) and Tafel slope results of CMOF-Co(Al), CMOF-Co and RuO..

oxide, at 380 mV and 350 mV, respectively. In contrast, CMOF-Co exhibited a
significantly higher overpotential of 450 mV. These findings strongly suggest that
aluminium is crucial to maintaining a low overpotential during OER. Furthermore, the
Tafel slope results corroborate the LSV findings, revealing that RuO; exhibited the lowest
slope of 67 mV/dec. CMOF-Co(Al) displayed a slightly higher slope of 75 mV/dec, while
CMOF-Co displayed a higher slope of 89 mV/dec. This indicates that the presence of
aluminium not only contributes to the reduction of overpotential but also enhances the
kinetics of the OER. This boosts the cobalt-based catalyst's overall performance. These
results collectively demonstrate the superior electrochemical performance and stability of
the optimized Co-CMOF(750) structure, especially when aluminium is present. The
incorporation of aluminium not only enables a low overpotential but also improves
catalytic Kinetics, making it a promising candidate for applications requiring an efficient
cobalt-based electrocatalyst.

Figure 50 illustrates the CV plots for CMOF-Co(Al) and CMOF-Co. In Figure
50C, the slope of the linearly fitted Aj/2 versus scan rate is presented, along with the
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Figure 50. CV plots of CMOF-Co(Al) (A), CMOF-Co (B) and linear regression between the
current density differences in the middle of the potential window of CV vs. scan rates (C) with
calculated ECSA (inset).
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calculated double-layer capacitance. These parameters were utilized to determine the
electrochemically active surface area of the investigated materials. CMOF-Co(Al)
exhibited a significantly lower ECSA value of 0.05 m?/g, which is three times smaller
than that of CMOF-Co and RuO2, both measuring 0.17 m?/g. This observation suggests
that efficient utilization of the CMOF-Co(Al) material occurs only on a small portion of
the total surface. It is noteworthy that treatment with hydrochloric acid increased the
ECSA value; however, this process also resulted in the removal of aluminium, leading to
an increase in overpotential.

To gain further insights into the remarkable electrochemical performance and
better comprehend the oxygen evolution reaction mechanism for the electrocatalyst,
additional measurements including EIS and durability tests were conducted and are
presented in Figure 51. The EIS measurements revealed that aluminium significantly
reduced the system resistance for CMOF-Co(Al) to R1 = 0.89, compared to CMOF-Co
with R1 = 1.97 Q and RuO with R1 = 0.95 Q. The resistance corresponding to the
reaction kinetics, R2, was measured at 2.82 Q, 2.62 Q. and 3.7 Q for CMOF-Co(Al),
CMOF-Co, and RuO., respectively. These results indicate that low resistances indicate a
strong potential for the cobalt-functionalized AI-MOF-based catalyst to overcome
electrochemical obstacles encountered by ruthenium oxide. Furthermore, the durability
test demonstrated that CMOF-Co(Al) exhibited the highest resistance to the constant
current applied to the material, without a significant increase in the measured potential.
On the other hand, the material without aluminium, CMOF-Co, showed a slight increase
in potential at 20 mA/cm?, indicating degradation. Both composites demonstrated
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Figure 51. EIS results (A) with electric circuit equivalent (inset) and durability results (B) for
CMOF-Co(Al), CMOF-Co and RuO:..



superior stability compared to RuO.. RuO. displayed a significant increase in potential
response to the applied current, highlighting the high instability of the ruthenium oxide
electrocatalyst.

In summary, the electrochemical results suggest that AI-MOF carbonized at
750°C, functionalized with cobalt afterwards, and reduced at 200°C under a hydrogen
atmosphere, without removing the aluminium, serves as an efficient and durable catalyst
for the oxygen evolution reaction. This catalyst can compete with ruthenium oxide. The
combination of excellent electrochemical performance, low resistance, and superior
stability positions the cobalt-functionalized AI-MOF-based catalyst as a promising

alternative to conventional ruthenium oxide catalysts for OER applications.

2.1.3 P-doped CMOF

An alternative approach to enhancing Al-MOF-based electrocatalysts is through the
introduction of non-metallic atoms, such as phosphorus, into the carbon structure.
Phosphorus' attraction to nitrogen-carbon sites within the carbon matrix further
contributes to its advantageous use. Previous studies estimated optimized Al-MOF
carbonization parameters, which were applied to phosphorus doping of Al-MOF-based
structures. Figure 52A depicts the results of LSV for phosphorus-doped CMOF with
aluminium (P-CMOF(AI)), phosphorus-doped CMOF without aluminium (P-CMOF),
and RuO: as the reference material. Among these, P-CMOF(AI) exhibited the lowest
overpotential of 390 mV, while P-CMOF showed an overpotential of 510 mV.
Consequently, the aluminium material displayed a significantly lower overpotential,
similar to RuO2 (350 mV). Figure 52B provides insights into the kinetics of the
investigated electrocatalysts. The reference material showed a slope of 67 mV/dec,
whereas P-CMOF(AI) demonstrated a slope of 103 mV/dec, and P-CMOF demonstrated
a higher slope of 222 mV/dec. This indicates that despite similar overpotential values to
those presented by Co-functionalized CMOF, phosphorus-doped materials have more
challenging kinetics. The durability test in Figure 52C reveals that both P-CMOF(AI) and
P-CMOF demonstrate a decrease in potential over time when subjected to a current
density of 10 mA/cm?, suggesting activation of the material. In contrast, RuO, remained
stable. Upon increasing the current density to 20 mA/cm?, both phosphorus-doped
materials displayed an increase in voltage that continued to rise steadily, while RuO>
remained stable. These findings indicate that P-doped materials lack substantial resistance

to current density changes. The EIS measurement results in Figure 52D demonstrate that
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Figure 52. LSV results (A), Tafel slope (B), stability measurement (C) and EIS (D) with a scheme
of an electrical circuit for P-CMOF(AI), P-CMOF and RuO..

is P-CMOF(AI) a5 P-CMOF P-CMOF(Al] @ P-CMOF
30] =20 mV/s =50 mV/s =100 mvis 20 MV/§ =50 MV/§ == 100 mvis 2.0 Electrocatalyst ECSA [m2/g]
20 1 CMOF{AI) a4
254 1.8 P-CMOF o.ce
< 20 154 Rug2 1T
‘5 15 5 164
z Z 10
E 104 E 144
S o5 50 %
«%‘o.u— %uo =12 e
2 s ] 2 o o
8-10— &8s <104 ;0‘“\,-"
E E Ca .
S5 8101 08 a
3 o0 3 4
0—25 one 0.6
20 -
=30 0.4
-35 T T T T T 25 T T T T T T T T T
0485 0.90 095 1.00 105 0.80 085 0.80 095 1.00 1.08 20 40 50 80 100
E vs. RHE [V] E vs. RHE [V] Scan Rate [mV/s]

Figure 53. CV plots of P-CMOF(AI) (A), P-CMOF (B) and linear regression between the current
density differences in the middle of the potential window of CV vs. scan rates (C) with calculated
ECSA (inset).

both P-CMOF(AI) and P-CMOF display higher system resistance (R1) compared to the
reference material, with values of 1.75 Q, 1.51 Q, and 0.95 Q, respectively. However, the
resistances associated with the reaction kinetics (R2) reveal that P-CMOF(AI) has the
lowest resistance, while P-CMOF exhibits the highest, with values of 2.56 Q and 6.14 Q,
respectively.

Figure 53 exhibits the cyclic voltammetry plots for P-CMOF(AI) and P-CMOF. The
obtained data was employed to calculate the Cq, as depicted in Figure 53C. Subsequently,
the calculated Cq values were utilized to determine the ECSA. For P-CMOF(AI), the
ECSA was determined to be 0.14 m?/g, which closely resembles the ECSA of RuO at
0.17 m?/g. However, upon removing the aluminium component, the ECSA decreased to
0.08 m?/g for P-CMOF.
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In summary, phosphorus doping shows excellent OER results; however, aluminium
IS necessary to improve electrochemical properties. P-CMOF(AI) demonstrates excellent

OER performance with high ECSA value, approaching that of the reference material.
3. Insights into the mechanism of OER catalysis by MOF

To elucidate the underlying processes responsible for the favourable electrocatalytic
performance in the oxygen evolution reaction (OER), the electrocatalysts were examined
using transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS) after the polarization process. Specifically, the CMOF-Co(Al) material was
analyzed after polarization at the OER potential, as shown in Figure 54. TEM analysis
revealed the formation of newly formed structures on the electrocatalyst surface,
exhibiting a d-spacing of 0.24 nm. It was confirmed that these structures were formed as
a result of the reaction of cobalt from the Co-Al alloy, leading to the formation of reactive
CoOOH species through oxidation. This finding is supported by the XPS analysis
presented in Figure 54B, where Co-Al bonding disappeared from the aluminium
spectrum. Thus, it can be concluded that during polarization, distinct active species are
generated on the electrocatalyst surface. No other significant changes were observed,
indicating the excellent stability of CMOF-Co(Al) as structural integrity remained intact.
These observations further support the durability and reliability of the CMOF-Co(Al)
material as an efficient electrocatalyst for the OER. These TEM and XPS analyses
provide valuable insights into the structural changes and chemical transformations
occurring on the electrocatalyst surface during OER. The formation of reactive species
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Figure 54. TEM images (A,A’) and XPS analysis (B) of CMOF-Co(Al).
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and the preservation of the catalyst's structural integrity contribute to its superior
electrochemical performance. This reinforces its potential as a highly stable and effective
catalyst for the OER process.

To gain a deeper understanding of the individual components and the underlying
mechanism behind the excellent electrochemical performance observed in the oxygen
evolution reaction (OER) for P-doped AI-MOF-based structures, TEM and XPS analyses
were conducted on P-CMOF(AI). TEM analysis, presented in Figures 55A and 55A,
revealed the formation of metallic structures on the surface of P-CMOF(AI). This
observation was further confirmed by XPS analysis, as shown in Figure 55B, where AIP
bonds disappeared in the aluminium spectrum. These findings indicate that the AIP
component reacts with water molecules, resulting in the formation of aluminium oxide
structures (as confirmed by TEM) and the release of gaseous PH3. Consequently, during
polarization at the OER potential, a portion of the phosphorus is expelled from the
electrocatalyst, while the formed aluminium oxide (Al.Oz) stabilizes the structure and
reduces resistance. These results shed light on the role played by each component. They
provide insights into the mechanism underlying P-CMOF(AI)'s enhanced electrochemical
performance in the OER. The formation of metallic structures on the surface,
accompanied by the transformation of AIP (after carbonization) to AI(OH)s and after the
polarization to Al2Os, contributes to the stabilization of the catalyst structure and
resistance reduction. This, in turn, improves the overall electrochemical performance and
highlights the potential of P-doped Al-MOF-based structures as efficient and stable

electrocatalysts for OER applications.
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Figure 55. TEM images (A,A") and XPS spectra (B) of P-CMOF(ALI).
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In summary, despite the different approaches taken for functionalization and
morphological changes of the structures, a key element that unifies the underlying
mechanisms is the crucial role of aluminium’s presence as summarised in Figure 56.
Aluminium plays a dual role in both functionalization processes involving phosphorus
and cobalt, as well as in the oxygen evolution reaction (OER) mechanism for P-
CMOF(AI) and Co-CMOF(AI) electrocatalysts, leading to the formation of Al.O3z and
CoOOH on the catalyst surface. Furthermore, the presence of aluminium serves to
stabilize the structure, enhancing its durability even under harsh conditions encountered
during the OER. Additionally, aluminium reduces resistances during the OER, improving
electrocatalytic kinetics. Taken together, these findings highlight the significance of

aluminium in the functionalization and electrochemical performance of catalysts.
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Figure 56. Schematic representation of two functionalization approaches and their mechanisms
followed by importance of aluminium's presence.

Aluminium’s dual role in facilitating functionalization and contributing to the OER
mechanism, along with its ability to stabilize the structure and improve Kinetics,
underscores its crucial importance in the design and development of efficient and durable

electrocatalysts.
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Chapter VI: Conclusion and Future Work

1. Summary of the thesis

The PhD thesis focuses on the utilization of AI-MOF (aluminium-based metal-organic
framework) for electrochemical water splitting, specifically the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER) - both crucial steps in water electrolysis.
The research investigates various aspects of the synthesis and modification processes
involved in transforming Al-MOF into a carbon platform for functionalization with
phosphorus and cobalt.

Significant emphasis is placed on the carbonization step. This is identified as a critical
stage in the design and utilization of a carbonized AI-MOF (CMOF) structure. The
optimal structure is achieved through pyrolysis of AI-MOF at 750°C, which results in a
highly defective and thus highly active carbon platform. The thesis extensively examines
the deposition of cobalt (Co) on CMOF and its integration into the carbon matrix,
employing various analysis methods to optimize the process by identifying key
parameters and species. The polarization process is also studied, revealing structural
transformations in detail.

Co-functionalized CMOF electrochemical properties exhibit excellent performance,
successfully challenging the commercial catalyst RuO,. Furthermore, the
functionalization of CMOF with phosphorus (P) is shown to not only promote healing of
the carbon matrix but also significantly enhance the electrochemical properties, rivalling
the performance of RuO,. Mechanism analysis and studies underscore the importance of
aluminium’s presence throughout functionalization and OER processes.

In addition, the thesis investigates CMOF functionalization with nickel (Ni) and its
performance in HER. However, achieving performance comparable to platinum (Pt),
which is known for its superior performance in HER, remains a challenge for the materials
studied in this research.

Overall, the thesis provides a comprehensive exploration of Al-MOF-based
electrocatalysts for OER and HER, highlighting the critical role of carbonization,
demonstrating the success of Co and P functionalization, and revealing the significance
of aluminium’s presence. While the materials studied show promising electrochemical
properties, further advancements are needed to overcome platinum's performance levels
in HER.



2.

Implications of the findings

The thesis findings have several profound implications for the field of electrochemical

water splitting and the development of efficient catalysts in carbon-based materials. These

implications can be further elaborated as follows:

1.

Utilization of AI-MOF: The research highlights the potential of utilizing AI-MOF as
a versatile platform for electrocatalysis. By carbonizing AlI-MOF, a highly active and
structurally tuneable carbon matrix is obtained, providing a promising foundation for
functionalization with various elements and subsequent electrochemical applications.
Cobalt (Co) Functionalization: The successful functionalization of CMOF with cobalt
and its integration into the carbon matrix offers an alternative to the commonly used
commercial catalyst, ruthenium oxide (RuO.), for the oxygen evolution reaction
(OER). The excellent electrochemical properties exhibited by Co-functionalized
CMOF indicate its potential as an effective and sustainable catalyst for OER, which
is a crucial step in water splitting processes.

Phosphorus (P) Functionalization: The introduction of phosphorus into the carbon
matrix improves the electrochemical properties of the catalyst. In addition to
enhancing catalytic performance, P-functionalization promotes carbon structure
healing, which further contributes to the catalyst's stability and durability. This
finding opens up new possibilities for enhancing carbon-based electrocatalyst
performance, positioning them as viable alternatives to conventional catalysts such as
RuO:a.

Role of Aluminium (Al): The research emphasizes the crucial role of aluminium
throughout the functionalization process and OER mechanism. Aluminium plays a
dual role by facilitating the functionalization of the carbon matrix through binding
with other elements such as cobalt and phosphorus. Additionally, aluminium
stabilizes the catalyst structure, leading to improved durability during OER harsh
conditions. Moreover, the presence of aluminium contributes to decreased resistances,
thereby enhancing the kinetics of the OER process.

Nickel (Ni) Functionalization: Although Ni-functionalized CMOF in the hydrogen
evolution reaction (HER) is yet to match platinum (Pt), the research provides valuable
insights into alternative HER catalyst design and development. Further advancements
in Ni-functionalization hold the potential to bridge the performance gap and offer

cost-effective alternatives to Pt, which is a precious and expensive catalyst.



In summary, the findings suggest that Al-MOF-based catalysts, functionalized with
elements such as cobalt and phosphorus, demonstrate promising prospects for achieving
efficient electrocatalysis in water-splitting processes. The understanding of aluminium’s
role and the insights gained from this research can inform the development of novel and
effective electrocatalysts for renewable energy generation through water electrolysis.
These findings pave the way for further investigations and advancements in the field,
driving the development of sustainable and economical catalysts for future energy

applications.

3. Future directions for research

The research conducted on Al-MOF-based electrocatalysts and their functionalization
opens up several exciting avenues for future investigations and applications. The findings
provide a solid foundation for further research and offer valuable insights into advancing

electrochemical water splitting. Future perspective for those studies:

1. Optimization of Functionalization: while research has demonstrated successful Al-
MOF functionalization with cobalt, phosphorus, and nickel, further optimization of
these processes is warranted. Future studies can focus on fine-tuning functionalization
parameters, such as precursor concentrations, reaction conditions, and deposition
techniques, to enhance the catalytic activity and stability of the materials. This
optimization will contribute to the development of more efficient and cost-effective
electrocatalysts.

2. Mechanistic Understanding: deeper insights into the mechanistic aspects of the
functionalization processes and the subsequent OER and HER mechanisms are
essential for further improvement of the catalysts. Advanced characterization
techniques, such as in situ spectroscopy and operando measurements, can provide
real-time information about active sites, reaction intermediates, and electron transfer
processes. This understanding will enable the rational design of enhanced
performance catalysts.

3. Catalyst Engineering: the research opens up opportunities for catalyst engineering
through the controlled synthesis of AI-MOF with tailored structures and porosities.
By manipulating AI-MOF composition and morphology, it is possible to optimize
their catalytic properties and tailor them to specific electrochemical reactions. Future

work can focus on exploring various synthesis strategies, such as template-assisted



synthesis, doping with additional elements, or hybridization with other materials, to
further enhance catalytic performance.

4. Scalability and Cost-Effectiveness: as electrochemical water splitting technologies
move towards commercialization, scalability and cost-effectiveness become critical
factors. Future research can focus on developing scalable synthesis methods for Al-
MOF-based catalysts while maintaining their catalytic activity and stability.
Additionally, efforts can be directed towards utilizing abundant and low-cost
materials as precursors for functionalization, reducing the reliance on expensive or
scarce elements, such as ruthenium or platinum.

5. Integration into Device Architectures: to realize the practical implementation of Al-
MOF-based electrocatalysts, their integration into device architectures, such as
electrolyzers or fuel cells, is crucial. Future research can explore the fabrication of
functionalized AI-MOF catalysts as electrodes and their integration into complete
electrochemical devices. This will involve understanding the interactions between the
catalysts, electrolytes, and supporting materials. In addition, it will involve optimizing
the device design for efficient mass transport and charge transfer.

6. Beyond Water Splitting: while the research focuses on water splitting, the insights
gained from AI-MOF-based electrocatalysts can potentially be extended to other
energy conversion and storage processes. Future studies can explore the applicability
of these catalysts to other electrochemical reactions, such as carbon dioxide reduction,
nitrogen fixation, or rechargeable metal-air batteries. This broad scope of applications
will contribute to sustainable energy technology development.

In conclusion, the research on AI-MOF-based electrocatalysts offers a solid
foundation for future investigations and opens up exciting possibilities for advancing
electrochemical water splitting. By addressing the outlined future perspectives,
researchers can further optimize these catalysts. This will deepen our understanding of
their mechanisms, and drive their practical application in sustainable energy conversion
and storage systems. Moreover, development of hydrogen generation through water
electrolysis can significantly challenge energetic sector and replace other hydrogen

generation methods such as “grey hydrogen”.
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