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Electrocatalysis has an important role in the future of clean energy. Many of the integral
reactions, however, suffer from sluggish reaction kinetics, meaning an effective
electrocatalyst is needed to lower the energy barrier. Metal-organic frameworks (MOFs)
have gained a lot of interest in the last decade due to their many desirable traits, such as large
specific surface area, high porosity, and easy modification. Additionally, some 2D MOFs
have shown decent conductivity, making them a viable option for electrocatalysts.

In this thesis 2D Ni3(HITP)> MOF coatings were functionalised with additional metals, with
the goal of enhancing the MOFs activity towards electrocatalytic reactions. Drop-casting and
non-sacrificial anodic electrodeposition were tested and compared as coating methods. This
thesis consists of a literary review into MOFs, electrocatalysis and electrochemical
measurement techniques, and an experimental part optimising the coating and modification
methods and investigating the chemical and electrochemical properties of the coatings.

The electrodeposition method created more uniform coatings than the drop-casting method
and showed better repeatability. The additional metal, palladium, did not replace the nickel
in the MOF structure, but stayed as nanoparticles on the MOF. The modified coatings
showed enhanced activity towards oxygen reduction reaction and hydrogen evolution
reaction in the electroanalytical measurements. The results showed that the thinner MOF
coatings with deposition current density goal of 0.02 mC/cm? resulted in higher double-layer
capacitance, better Tafel slopes, and smaller overpotentials than the thicker coatings. The
results provided good prospects for further investigations on this novel coating material and
modification method.



TIIVISTELMA

Lappeenrannan—Lahden teknillinen yliopisto LUT
LUTin insindoritieteiden tiedekunta
Kemiantekniikka

Aino Linne

2D metalliorgaanisen runkorakennepinnoitteiden sihkosaostus ja funktionalisointi
palladiumilla elektrokatalyytiksi

Kemiantekniikan diplomityo

2026

80 sivua, 31 kuvaa, 11 taulukkoa ja 3 liitetta

Tarkastajat: Professori Eveliina Repo ja Mikko Vepsildinen, TkT

Avainsanat: Metalliorgaaninen runkorakenne, elektrokatalyysi, Niz(HITP);,
sdahkokemialliset analyysimenetelmat, sahkdsaostus

Elektrolyysilld on tulevaisuudessa tdrked rooli puhtaan energian tuotossa. Monilla
keskeisilla reaktioilla on kuitenkin hitaat reaktiokinetiikat, minka vuoksi tarvitaan tehokkaita
elektrokatalyyttejd, joilla reaktioiden aktivoitumisenergiaa voidaan pienentia.
Metalliorgaaniset runkorakenteet ovat kerdnneet paljon huomiota viime vuosikymmenelld
niiden hyvien ominaisuuksien, kuten korkean ominaispinta-alan, korkean huokoisuuden ja
helpon muokattavuuden ansiosta. Osalla 2D metalliorgaanisista runkorakenteista on myos
hyva sdhkonjohtokyky, mika tekee niistd mahdollisen vaihtoehdon elektrokatalyyteiksi.

Téssd diplomitydssd 2D Niz(HITP): pinnoitteita on funktionalisoitu lisdmetalleilla
tavoitteena parantaa materiaalin aktiivisuutta elektrolyysireaktioita kohtaan. Ty0ssd
tutkittiin kahta elektrodien pinnoitusmenetelméé: drop-casting menetelmai ja ei-uhrautuvaa
anodista sdhkdsaostusta. Tdmé tyd koostuu kirjallisuuskatsauksesta, jossa tarkastellaan
metalliorgaanisia runkorakenteita, elektrokatalyysid ja sdhkokemiallisia
analyysimenetelmid, sekd kokeellisesta osasta, jossa optimoitiin pinnoitus- ja
funktionalisoimismenetelméd sekd tutkittiin pintojen kemiallisia ja sdhkokemiallisia
ominaisuuksia.

Sdhkosaostusmenetelmalld pinnoittaminen loi tasaisempia ja paremmin toistettavia pintoja
kuin drop-casting menetelma. Palladium, jota kéytettiin pinnoitteiden funktionalisoinnissa
ei asettunut nikkelin tilalle rakenteissa, kuten tyon alussa suunniteltiin, vaan jii
nanopartikkeleiksi rakenteeseen. Funktionalisoidut pinnoitteet osoittivat tehostunutta
aktiivisuutta vedynkehitysreaktiota ja hapen pelkistysreaktiota kohtaan sdhkdkemiallisissa
analyyseissd. Ohuemmilla pinnoitteilla, joiden pinnoituksessa kéytetty varaustiheyssaldo oli
0.02 mC/cm?, saavutettiin korkeammat kaksoiskerroskapasitanssiarvot, paremmat Tafelin
kulmakertoimet ja pienemmét ylijdnnitteet kuin paksummilla pinnoitteilla. Tyon tulokset
osoittivat tdmén uuden materiaalin ja funktionalisointimetodin olevan lupaava kohde
jatkotutkimuksia varten.
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Roman characters

a Tafel constant

b Tafel slope

Ca double-layer capacitance
E Potential

Iy response current amplitude
i current

j current density

n deviation from ideal capacitance
R resistance

T temperature

Xo signal amplitude

Z impedance

Greek characters

0 phase shift
n overpotential
0} frequency

Dimensionless quantities

Re Reynolds number
Abbreviations

AC Alternating Current

BET Brunauer-Emmet-Teller
BSD Back Scattering Detector
CA Chronoamperometry

CE Counter Electrode

c-MOF Conductive Metal Organic Framework

mV/dec
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v

v
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°C
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CcvV
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ECSA
EDS
EIS

FE
FTIR
GC
HER
HITP
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MOF
NP
OCP
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RDE
RE
RHE
SEM
TOF
WE
XRD

Carbon Dioxide Reduction Reaction
Constant Phase Element

Cyclic Voltammetry
Dimethylformamide

Dimethyl sulphoxide

Elec Active Surface Area

Energy Dispersive Spectroscopy
Electrochemical Impedance Spectroscopy
Faradaic Efficiency

Fourier Transform Infrared Spectroscopy
Glassy Carbon

Hydrogen Evolution Reaction
2,3,6,7,10,11-hexaiminotriphenylene
Koutech-Levich

Linear Sweep Voltammetry
Metal-organic-framework
Nanoparticle

Open Circuit Potential

Oxygen Evolution Reaction

Oxygen Reduction Reaction
Rotating Disc Electrode

Reference Electrode

Reversible Hydrogen Electrode
Scanning Electron Microscopy

Turn Over Frequency

Working Electrode

X-Ray Diffraction
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1 Introduction

Shift into sustainable and economical energy production is one of the most pressing global
challenges. Electrocatalysis plays a major role in studies on clean energy generation and
storage, as it is a way to convert abundant molecules, such as H>O and N, into widely used
products like ammonia and H». Especially water splitting is believed to help move towards
hydrogen economy. Reactions such as HER and ORR are fundamental in energy related
processes and devices, but their sluggish kinetics require an effective electrocatalyst to lower

the energy barrier and speed up the kinetics. (Liao et al. 2018.)

Metal-organic-frameworks (MOFs) are porous crystalline materials, consisting of small
metal nodes connected by organic ligands. They have gained a lot of interest in the last
decade due to their many desirable traits, such as large specific surface area and tunability.
With wide selection of metals, organic linkers and synthesis methods, MOFs can be used to
meet a wide array of needs. 2D MOFs have been considered towards electrochemical uses
since they have better conductivity compared to 3D MOFs. (Liao et. al. 2018.) Additionally,
these MOF structures can be further modified to fit specific applications (Kushwaha &
Kumar, 2025). In this thesis work the use of modified 2D Ni3(HITP), MOF with added
metals, is studied towards electrocatalysis. The created coatings are compared to the pristine
Ni3(HITP); and other electrocatalysts. Two different additional metals are tested: palladium

and ruthenium.

The synthesis methods of MOFs vary largely, even with one specific MOF type, and the
method used can have a large impact on the final properties of the product. Niz(HITP); has
one of the highest recorded conductivities in MOFs. It is relatively easy and quick to
synthesise into powder form with the solvothermal method first introduced by Sheberla et
al. (2014). Most applications however require MOFs as thin films. Electrochemical
deposition is a promising synthesis method for Ni3(HITP); to create thin, uniform coatings.
(Zhang et al. 2020.) Both the solvothermal and electrochemical deposition methods are
studied and compared in this in this thesis work, to see which one is more suitable to create

catalyst coatings.
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Electrochemical deposition as synthesis method for Niz(HITP), has not been studied much
despite its many advantages. The deposition method used in this work is non-sacrificial
anodic deposition onto a glassy carbon electrode. The goal of this study is to create a
modified Ni3(HITP); catalyst coating with good activity towards electrocatalytic reactions,
the focus being on HER and ORR. The starting hypothesis of this master’s thesis was that
the additional metal should replace some of the nickel in the MOF structure, creating a bi-

metallic MOF. The key research questions of this work are:

1. How does the synthesis method of the MOF and the construction of the catalyst
coating affect the performance of the electrocatalyst?

2. How do the additional metals attach to the MOF structure?

3. Can Niz(HITP)2 MOFs catalytic activity be enhanced with additional metals, and by

how much?

This thesis consists of a literary review and an experimental section. The literary review
gives an overview of MOFs, electrochemical measuring techniques and electrocatalysis. In
the experimental part different synthesis and coating methods are tested and optimised. The
synthesised powders and coatings were characterised using XRD, FTIR, BET and SEM-
EDS techniques. The electrocatalysis measurements included HER and ORR measurements

in KOH, and overall electroactivity measurements around OCP in KCI.
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Theoretical Part

2 Metal-organic frameworks (MOFs)

MOFs are crystalline porous materials, in which small metal nodes are connected by organic
ligands (Yusuf et al. 2022). The metal nodes can be metal ions or metal-oxo clusters, and
they are connected to the ligands via strong coordination bonds. (Xiao et al. 2022.) MOFs
offer high porosity and large specific surface area due to the highly ordered periodic
arrangement. MOFs are formed by self-assembly of the metals and the linkers. They can be
prepared via various synthesis methods including solvothermal, electrochemical,

mechanochemical, sonication and microwave-assisted synthesis methods. (Yusuf et al.

2022.)

Combining different metal centres and organic ligands can create wide variety of framework
topologies. This flexible design offers customisable properties and has made MOFs a topic
of interest in many fields of science. MOFs have many potential use cases across many
different fields, including energy storage, catalysts, biomedicine, gas storage and separation,
and sensing. (Xiao et al. 2022.) The large pore volume and internal surface area gives the
structures good permeability, large area for storage, and a large number of adsorption places
(Yusuf et al. 2022). The catalytic activity of MOFs is attributed to the densely distributed

metal nodes, which generally work as the active sites in pristine MOFs (Xiao, et al. 2022).

MOFs can be 1D, 2D and 3D structures. These different spatial dimensions have their own
advantages and applications. One of the main reasons for the vast interest in MOFs is their
easy modifiability. MOFs can be very easily tailored to meet specific needs via the choice
of metals and ligands, and with modification of the structure. MOFs can, for example, work

as composited with other materials. (Xiao et al. 2022.)
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2.1 2D MOFs

2D materials have gained a large amount of interest over all for their particular structures
and distinctive electronic properties. (Priyadarshini & Parida, 2024) They usually consist of
single or multiple layers (Wang et al. 2022b). The use of 3D MOFs in electrocatalysis is
mainly limited due to their lack of conductivity (Ghosh et al. 2023). The winding pores in
bulk MOF can prevent the exposure of active sites and lessen the contact between the
reactants and active centres (Xiao et al. 2022). Hmadeh et al. (2012) were the first to
synthesize a 2D MOF structure, Cu-CAT, which showed better conductivity than bulk
MOFs.

When compared with other MOF classes, 2D MOFs have many unique advantages. The
ultra-thin structure shortens the diffusion distance, which improves the ion and electron
transfer rate in electrocatalysis. 2D MOFs have a well-defined surface area, good redox
nature, and better mechanical strength and flexibility compared to 3D structures. Though
these traits are on the lower side when compared to other 2D materials, they should be
enough to form a stable structure that can be used in various applications. (Ghosh et al. 2023)
They also have better chemical stability but can degrade under extreme pH conditions.

(Priyadarshini & Parida, 2024)

2.1.1 Synthesis methods

One reason for the popularity of MOFs is the versatility in their synthesis methods. The
synthesis methods for 2D MOFs can be divided into top-down and bottom-up methods. In
top-down methods the 2D structures are achieved by exfoliating layers from a bulk MOF.
The forces between the layers of bulk MOF are usually weak interactions, such as Van der
Waals forces, hydrogen bonds, and n-r interactions, and they can be broken by external
forces. The top-down methods can be separated into physical and chemical stripping. The
most common physical methods include sonication exfoliation, mechanical exfoliation, like
wet ball milling, and shear exfoliation. Chemical stripping methods are suitable for MOFs
with reactive ligands. This method destroys the ligand structure through chemical reactions.

These methods include the intercalation method and electrochemical exfoliation. Top-down
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methods are easy to operate, but the yield is usually quite low and there is very little control

over the structure. (Zhao et al. 2018.)

The bottom-up method means that the growth of the MOF is restricted to just two directions.
This method is preferable when it comes to electrochemical uses, since the morphological
structures can be more easily controllable, but the operation is more complex when
compared to the top-down method. Most common bottom-up methods include two or three
phase interfacial methods, surfactant methods, and template-assisted methods. 2D MOFs
synthesised with the bottom-up method also have better stability. Overall, the synthesis
method depends on the raw materials and the intended use of the 2D MOF. (Zhao et al.
2018.)

Conductive 2D MOFs are often synthesised through hydrothermal or solvothermal methods
where the crystalline structure is controlled by temperature, pressure and solvents. These
methods are low-cost and easily adjustable, but these synthesis methods usually result in
bulk powders, which weakens some of the conductive properties. Therefore, more preferable
methods for conductivity, that maximise the utilisation of active sites, are for example top-

down exfoliation and interfacial methods. (Zhong et al. 2022.)

Electrochemical deposition

Though many synthesis methods are based on making MOF into a powdered form, many
applications, like sensors and electrocatalysts, require MOFs as films. Many methods to
create MOFs as thin films or layers require complex and high-cost techniques, and the
simpler ones, such as drop-casting, lead to hard-to-reproduce results. Electrochemical
deposition is a promising synthesis method, which can be used to both create powders and
thin uniform films and coatings. (Zhang et al. 2020.) It is a synthesis method where the
MOF structure is built on electrode surface (Liu et al. 2024). The advantages of this method
are its easy controllability and monitoring, shorter synthesis time, operation under milder
conditions, and that there is no need for pretreatment outside of cleaning the substrate. The
parameters of this method are easy to control to achieve the most desirable characteristics
for specific uses. This synthesis method can be used to create porous coatings with precise

thickness, high homogeneity and good purity. (Zhang et al. 2020.) This method is also more
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eco-friendly than most others and electrodeposition as a technique is already used on an

industrial scale (Babu & Varghese, 2023).

Electrochemical deposition can be divided into anodic electrodeposition, cathodic
electrodeposition and electrophoretic deposition. The first two are in-situ approaches where
MOF is synthesised directly onto the electrode surface. In electrophoretic deposition an
already synthesised MOF is transferred onto the directed surface due to an electric field.

(Babu & Varghese, 2023.)

In sacrificial anodic deposition anodic voltage is applied to the working electrode immersed
in solvent with organic ligands and electrolytes. The voltage generates metal ions by
corrosion from the working electrode which can then interact with organic ligands close to
the electrode, leading to a thin layer of MOF being deposited onto the electrode surface.
(Babu & Varghese, 2023.) This is a commonly used method that was first introduced by
Muller et al. in 2005 while developing HKUST-1. In non-sacrificial anodic deposition the
metal ions are in the solution, and the positive potential provided by the anode causes the
ligands to oxidise (Behboudikhiavi et al. 2024). Both amperometric and potentiometric
modes can be used to supply the charge. In cathodic deposition the working and counter
electrodes are not direct participants in the MOF formation but work only as the source of
electrons in the reactions. The ligands in the solution go through deprotonation and react
with the metal ions in the same solution. This technique is relatively new, with the first
recorded use by Dinca and Li in 2011 with MOF-5 grown onto FTO electrode. The
advantage of this method is that any conductive substrate can work as the cathode and there

is no corrosion of the working electrode. (Babu & Varghese, 2023.)

Though the choice of substrate is one of the most crucial differences between anodic and
cathodic deposition methods, Campagnol et al. (2016) listed other advantages and
disadvantages between the two in their study comparing the methods. Cathodic deposition
uses metal 1ons which are cheaper and easier to source than the metal substrate needed in
anodic deposition. This however means cathodic deposition requires more expensive
stabilisation agents such as DMF, and the solution does not last long. In anodic deposition
the electrolytic bath can last for weeks without degradation. Anodic deposition also does not
require any salt in the bath and cathodic deposition has been mostly applied in non-

conductive MOF synthesis.
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During sacrificial anodic deposition of conductive MOFs, the natural ability of the MOF to
conduct electrons is no longer directly involved in the charge transfer process of the
electrodeposition. The charge transfer takes place at the metal-electrode-electrolyte
interface, while the growth of the MOF occurs at the MOF-electrolyte interface, which
would make the entire process counterintuitive. For this reason, Behboudikhiavi et al. (2024)
used non-sacrificial anodic deposition to synthesise Niz(HITP), MOF coatings. Where the
conventional solvothermal synthesis method uses oxygen from air to oxidise the ligand, here
it is replaced by controlled electrochemical oxidation. (Behboudikhiavi et al. 2024.) The
method they used in their article is also used in this thesis work as the other synthesis method.
With non-sacrificial anodic deposition there is no need for separate step for coating the
electrodes used in the electrocatalysis experiments and the parameters of the deposition

process can be easily optimised to fit the intended application.

2.1.2 Conductivity

Most MOF structures have low conductivity despite their high porosity and large surface
area. C-MOFs (conductive metal-organic frameworks) are a class of MOFs that exhibit high
conductivity, either through modifications to the structure, or by using more conductive
ligands and metals. Though not all 2D MOFs have a good conductivity, a large part of the
reported c-MOFs are 2D MOFs, since the electron transfer kinetics are generally faster in
2D structures rather than in bulk material (Zhong et al. 2022). Bulk MOFs are traditionally
insulators and have a restricted number of active sites, which also restricts their use in
electrocatalysis, besides their poor conductivity. 2D c-MOFs have a narrow band gap, which

overrides the insulating properties of the traditional MOFs (Zhong et al. 2022).

The studied 2D c-MOFs have used ligands based on trinaphthylene, triphenylene, benzene,
phthalocyanine, and coronene structures with different functional groups (Zhong et al.
2022). The ligands prefer transitional metals such as Cu and Ni. These 2D MOFs have strong
in-plane conjugation and weak interlayer n-m stacking along the z-axis, where the aromatic
rings are stacked parallel to each other. C-MOFs have graphene-like delocalized electrons
which lead to great electrical conductivity. The conduction mechanisms of these MOFs are
generally the through-bond transport and through-space transport. Through-bond means that
the charge transport happens through the energetic overlap between the ligand and metal

orbitals in their covalent bonds. For this reason, these c-MOFs have been designed using
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organic ligands with conjugated structures and transitional metals with loosely bound
electrons to increase the charge mobility and decrease the bandgap. Through-space transport
relies on the non-covalent interactions, namely the n-m interactions. (Sang et al. 2023; Wang

et al. 2022b.)

2.2 Ni3(HITP), MOF

The Niz(HITP), (HITP = 2,3,6,7,10,11-hexaiminotriphenylene) MOF structure is used in
this thesis work. It was first created by Sheberla et al. (2014) and it is one of the most
conductive MOF structures to date. Since then, it has been studied e. g. for oxygen reduction
reaction by Miner et al. (2016), oxygen evolution reaction by Liu et al. (2020),
supercapacitors by Zhao et al. (2020), and Li" storage by Zhang et al. (2021). Most studies
have used some variation of the original solvothermal synthesis method with constant
mixing of the synthesis solution at 65 °C for 2 h. Another synthesis method used for this
type of MOF is the interface method used by for example Zhao et al. (2020) and Liu et al.
(2020). During the synthesis the Ni ions coordinate with the ligand through a strong bond
with the nitrogen, creating a 2D honeycomb lattice (Figure 1) (Duan et al. 2022).

NH

’ NH,OH
6HCI + NiCly, =

NH

Z
O )

Figure 1. Synthesis of Niz(HITP),. described by Sheberla et al. (2014).

This structure is anisotropic, meaning it has strong in-plane n-d conjugation and weak

interlayer n-n stacking (Borysiewicz et al. 2021). In electrocatalysis, Ni3(HITP) does not
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suffer from any visible morphological degradation during long electrochemical cycling and
retains almost 88 % of its current density according to Miner et al. (2016). This MOF
structure also has a large and uniform pore size. Its good conductivity is credited to the
orbital overlap of the Ni metal nodes and the n-conjugated HITP ligands (Duan et al. 2022).
The conjugated and aromatic structures allow charge delocalisation, which results in
through-bond charge transport. The strong orbital interactions between the layers in turn

allow through-space charge transport. (Zhou et al. 2024.)

The HITP ligand is a triphenylene-derived linker, that has NHx-groups attached to it. It
belongs in the same family as HHTP (OH-group) and HTTP (SH-group). This ligand family
is recorded to have high conductivity, since they create planar conjugated structures. (Wang
et al.2024.) It creates a hexagon structure with metal nodes in MOFs. The ligands are bound
to the Ni centres by imine linkages in the Niz(HITP), structure. The ligand can promote
direct charge transfer between a substrate and reactants. (Borysiewicz et al. 2021.) Miner et
al. (2018) studied the differences between HHTP and HITP-based MOFs with Ni, Cu and
Co metal centres. According to their studies Niz(HITP), has the highest electrical
conductivity, lowest onset potential, and second-highest electroactive surface area (ESA) of
the studied structures. It also showed good stability, which the authors attributed to the better
overlap of the ligand and Ni orbitals, than that of the HHTP ligand and metal orbitals. Longer
bond between the metal and ligand results in easier decomposition. (Miner et al. 2018.)
Ni3(HITP), was chosen as the studied material in this thesis work due to the positive
attributes listed in this chapter, including high conductivity, large number of available Ni-
metal sites, and good stability. These properties give a good base to study how the

electrocatalytic activity of the material could be improved.

2.3 Modification of MOFs

Since MOFs have an abundance of desirable traits, their modification has also gained a lot
of interest. MOFs can be modified by many different strategies including modifying the
MOF structure with ligand or metal node engineering, creating MOF composites, and using
MOFs as a base material for MOF derivatives (Zhang et al. 2023). The modifications can
be done either during or post synthesis. The goals of these modifications are to maintain the
positive characteristics of MOFs while enhancing or adding properties. Modifications are

usually done for specific applications.
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MOFs have been integrated with various materials to create MOF composites. A variety of
functional groups can be incorporated into the different segments of the MOF’s framework,
including the metal nodes, the ligands and the void volumes (Kushwaha & Kumar, 2025).
For example, nanoparticles, oxides, and other MOFs have been used to create MOF
composites. Introducing a second metal element into monometallic MOFs modifies
electronic structure, adjusts redox properties and enhances catalytic activity (Xiao et al.
2022). Additional metals can be added to the framework of MOFs to create bimetallic MOFs.
Bimetallic MOFs can be created by replacing some of the metal with other metal during the
synthesis or post synthesis with metal ion exchange process. (Chen et al. 2020a.) As an
example, Song et al. (2021) studied bimetallic CoxNiz.x(HITP), structure for biosensing

application.

With their high porosity, MOFs are good hosts for other functional materials. (Xue et al.
2019.) Nanoparticles (NPs) have a high surface area and usually very good chemical activity,
but their instability has limited their utilisation. Many different porous materials have been
used to stabilise NPs, and MOFs are one promising option. The main preparation methods
for NP/MOF composites are to use MOFs as templates to form NPs within the pores and to
encapsulate pre-synthesised NPs into MOFs. (Yu et al. 2017.) For example, Li et al. (2020)
confined Mo nanoparticles into Zr-based MOF-808. Mo was added to the synthesised MOF
structure by just dissolving MoOz(acac), in DMF with the MOF and leaving it at room
temperature for 24 h. Electrodeposition of NPs is another synthesis method that is
inexpensive and versatile (Mohanti, 2010). Sheng et al. (2025) functionalized M3(HITP)

MOF structures with Au NPs for electrochemiluminescence using electrodeposition.

3 Electroanalytical techniques

using electrical properties such as current and voltage. An electrochemical cell consists of
two or more electrodes in an electrolyte solution, and the electronic circuit required to control
and measure potential and current. The potential of the cell is the measured difference in
electron energy between the electrodes, and current is a measure of the rate of the chemical
species’ oxidation or reduction. The usual designation of the electrodes used in a cell are the

working electrode (WE), reference electrode (RE), and counter electrode (CE). WE is where
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the studied redox reactions take place. CE is used to complete the circuit, as the electrons
flow between the CE and WE. Platinum is a common material used as CE. The RE is the
reference point for the measured potential. It should hold a constant and known potential
during the measurements. Negligible current passes through it during measurements. In two-
electrode system one electrode works as both the CE and RE but using a separate reference
electrode isolates potential control from current flow, ensuring accurate measurement.

(Harvey, 2000.)

As potential and current cannot be controlled concurrently, there exists three basic
experimental designs for electroanalytical techniques: a) Potential is measured when current
is zero, b) potential is measured while current is controlled, and c) current is measured while
potential is controlled. Each of these experimental designs relies on Ohm’s law, but each
requires a different instrumentation. Potentiometers are based on the first experimental
design and are used to determine the difference in potential between two electrodes.
Galvanostats are used to control the current and potentiostats are used to control the WE’s
potential relative to RE. These instruments are used to conduct electroanalytical methods.
Electroanalytical methods can be divided into dynamic and static techniques based on
whether current passes through the cell. The former consists of mainly potentiometric
methods, and the latter consists of coulometry, voltammetry and amperometry. (Harvey,

2000.)

Potentiometric methods are used to find analyte concentrations by measuring the potential
under static conditions. The system most commonly consists of two half cells connected by
a salt bridge. Coulometry is rooted on exhaustive electrolysis, where the analyte reduced or
oxidized entirely at the WE, or reacts entirely with a reagent produced at the WE. There is
both controlled-potential coulometry and controlled-current coulometry. This method is
used for example to find the number of electrons involved in redox reactions using Faraday’s
law, which describes that the total charge passed relates quantitatively to analyte amount.

(Harvey, 2000.)
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3.1 Voltammetry

In voltammetry, a potential is applied to the cell to measure the resulting current, providing
both qualitative (mechanistic) information and quantitative information about concentrations
and kinetics. The plots created during these measurements are called voltammograms, and
they can give both quantitative and qualitative information on the species in the redox
reactions. A three-electrode cell with a potentiostat is a typical setup for voltammetric
measurement, where the WE’s potential is changed relative to the RE, with current flowing
between the CE and WE. The current, generated by oxidation or reduction reactions at the
WE and CE, is called Faradaic current. The Faradaic current depends on both the rate of the
electron transfer and the mass transport of reagents to the electrode’s surface. The mass
transport can happen by diffusion, migration and convection. In voltammograms the current
increases to a steady-state or limiting current, when there is mixing. This is due to the
diffusion layer at the electrode surface remaining constant. Without mixing the diffusion
layer increases over time, resulting in a peak current in the voltammogram instead. Without
convection, the surface concentration depletes during a potential sweep and replenishes

during reverse sweep. (Harvey, 2000; Elgrishi et al. 2018.)

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are the two essential
techniques used in this thesis. Other voltametric techniques include polarography,
hydrodynamic voltammetry and stripping voltammetry. Techniques such as square wave
voltammetry and differential pulse voltammetry can be used to eliminate the capacitive
current from Faraday’s current, enabling high sensitivity for detecting small concentrations.
Both in LSV and CV the voltage is linearly scanned at fixed potential range. The difference
is that LSV is scanned in one direction from one potential end to the other, and in CV the
potential is first increased linearly and then decreased linearly at the same scan rate, giving
information on how the reaction behaves in the other direction. (Harvey, 2000.) CV
voltammograms usually have a “duck-shape” with separate peaks in both the forward and
backward scans for the oxidation and reduction reactions. This means there is no mixing
used during CV measurements. The peak currents should be equal in the case of reversible
reactions, and in an ideal situation the separation between the peaks should be 0.059 V/n.
(Elgrishi et al. 2018.) LSV measurements can be used to determine the onset potential where

the reaction starts (Harvey, 2000).
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Scan rate has an important role in CV and LSV. The total current should rise as the scan rate
is raised. This is due to the size of the diffusion layer. With a slow scan rate the diffusion
layer will have time to grow and therefore slow down the flux to the electrode. Randles-
Sevcik equation describes, that for diffusion-controlled redox processes, the peak current
scales with the square root of the scan rate, whereas for capacitive processes it scales linearly.
These relationships are often used to distinguish Faradaic from non-Faradaic contributions
(Elgrishi et al. 2018.) CV is used for studying the mechanisms and rates of redox reactions,
but it can also be used to obtain double-layer capacitance (Cqi). This can be done by recording
CVs at different scan rates using a narrow potential range where no redox reactions take
place. The precise method for this is later discussed in the experimental portion of this thesis.
Ca is used to calculate or estimate the electrochemically active surface area (ECSA) of
electrodes. Using geometric area is often inadequate metric when it comes to electrode

materials, due to high porosity or roughness of the surface. (Morales & Risch, 2021.)

Another voltammetric technique is amperometry, where a constant potential is applied to the
WE. As the potential does not change during the measurement, it does not result in a
voltammogram, but a plot with current as a function of time. Amperometry is mainly used
to study chemical sensors, as according to Cottrell equation derived from Fick’s law of

diffusion, the current is directly proportional to the analyte concentration. (Harvey, 2000.)

3.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical characterisation
method that measures system’s impedance by applying an alternating current (AC) voltage
over a wide frequency range. The impedance represents the frequency-dependent opposition
of the electrochemical system to an AC. A sinusoidal potential is applied to a system which
produces a sinusoidal current at identical frequency but shifted in phase. EIS is dependent
on the application of a low-amplitude stimulus to guarantee a linear relationship between the
applied and response signal. It gives information on the many processes that take place in an
electrochemical system that are too complex to be described with just Ohm’s law. The
system’s impedance can be calculated with a parallel expression to the Ohm’s law (1).

(Lvovich, 2012.)
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where Z Impedance
Xo Amplitude of the signal
Iy Response current’s amplitude
Frequency
) Phase shift

Using Euler’s relationship, the impedance can be presented as complex function (2), with j

describing the imaginary unit.
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As the impedance Z is expressed as a complex number, it can be divided into a real and an
imaginary part, with the real part representing the in-phase and the imaginary part
representing the out-of-phase. For the modelled circuit the real part describes the resistive

segment, and the imaginary part describes the capacitive segment. (Lvovich, 2012.)

A popular way to depict EIS data is with a Nyquist plot, in which the real part and imaginary
part are plotted on the x-axis and y-axis respectively. Each point on this plot represents the
impedance at one frequency, where the high frequencies are closest to the origin. Another
way to depict the data is with a Bode plot where the logarithm of the frequency is on the x-
axis and both the phase angle and magnitude of the impedance are on the y-axis. This plot
can be used to show frequency information that does not appear on a Nyquist plot. (Lvovich,

2012.) Figure 2 shows examples of these two plots.
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Figure 2. Visual representation of the Nyquist and Bode plots (Modified from Riedlsberg, 2023).

The EIS data is analysed by fitting the data to an equivalent electrical circuit model
consisting of circuit elements including capacitors, resistors and inductors. As capacitators
in EIS experiments rarely behave ideally, constant phase elements (CPE) are often used in
their stead. A Warburg impedance element describes the difficulty of the mass transport of
the redox species. Parameters that can be extracted from the fittings include double-layer
capacitance, electrolyte resistance, and charge transfer resistance. (Lazanas & Prodromidis,
2023.) Some of the common circuit elements, their symbols, impedance equations and
appearance on the Nyquist plot are presented in Appendix A. Figure 3 presents some

common circuit models and the corresponding Nyquist plots.
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Figure 3. Nyquist plots of some common circuit models.

Figure 3A shows a circuit with a capacitor and a resistor in parallel and the shape is a
semicircle. In 3B a resistor is added in series with the circuit in 3A. This resistor usually
models electrochemical cell’s solution resistance (Rs) (Lazanas & Prodromidis, 2023).
Figure 3C has CPE in place of a capacitor. The shape of the Nyquist plot is a depressed
semicircle. Using this element in fitting gives a constant n, which is between 0 and 1, and
which describes the divergence from the ideal capacitor (Lazanas & Prodromidis, 2023).
Figure 3D has Warburg impedance element added and the shape of the Nyquist plot has a
45° tail attached to the semicircle at smaller frequencies. These example circuit models will

come up in the experimental section of this thesis work.

4 Electrocatalysis

Electrocatalysis plays a major role in the global effort to move away from carbon-based non-
renewable energy sources. This group of next-generation of energy devices include fuel

cells, water splitting devices and metal-air batteries. The operations of these devices are
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largely based on redox reactions. In batteries the spontaneous reactions create electrical
energy from chemical energy and in electrolytic cells externally supplied current is used to
drive a non-spontaneous reaction. Some of the most fundamental reactions in the energy-
related processes and devices are hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), oxygen reduction reaction (ORR), and carbon dioxide reduction reaction
(CO2RR). A common issue with many of these reactions is their sluggish kinetics. Therefore,
effective electrocatalysts are needed to lower the energy barrier and speed up the kinetics.
Common electrocatalysts consist of precious metal-based materials, which suffer from their

high cost and scarcity. (Liao et al. 2018.)

The performance of electrocatalysts can be measured with many parameters, of which the
most common are the overpotential, onset potential (Eonset), Tafel slope, turnover frequency
(TOF), and electrochemically active surface area (ECSA). Overpotential is the difference
between the observed electrode potential and the thermodynamic equilibrium potential of
the reaction, and the onset potential is the minimum voltage needed to start the reaction. A
common practice is to report the overpotential at 10 mA/ cm?. TOF is the number of product
molecules created per active site per unit of time. (Zhao & Sun, 2022.) Tafel slope represents
how much the overpotential changes to increase the current density by factor of ten (Heijden
et al. 2024). These parameters can be collected from electrochemical measurements such as

CV, LSV and chronoamperometric (CA) measurements. (Liao et al. 2018.)

4.1 Hydrogen evolution reaction (HER)

Hydrogen is seen as a possible solution for a green and cost-effective energy source, and
electrocatalytic water splitting can be a sustainable method to produce hydrogen effectively.
Compared to other fuels, hydrogen has an exceptionally high gravimetric energy density.
Hydrogen-based fuel cells produce only water and heat, and excess electricity from
renewable electricity production could be used in the process. (Kushwaha & Kumar, 2025.)
Still, the high cost of the process has limited the electrochemical water splitting so that only
4 % of the world’s Ha supply is produced with it. The high cost is in large part due to the
need for expensive electrocatalysts and the inefficient energy conversion efficiency. (Zhao

& Sun, 2022.)
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HER is the cathodic part of electrocatalytic water splitting, where OER is the anodic reaction.
HER has two stages; First the Volmer reaction, where a hydrogen atom adsorbs onto the
active site, and second, the formation and evolution of the H, molecule. The second stage
can happen either via the Heyrovsky reaction where hydrogen is formed from
electrochemical desorption or via the Tafel reaction where hydrogen is formed after the
chemical desorption. The reaction path depends on the electrolyte content and the nature of
the catalyst. HER can occur both in acidic and alkaline conditions (Equations (4) and (5)).
The challenge that catalysts should solve is overcoming the high overpotential and speeding

up the kinetics. (Zhao & Sun, 2022.)
2H* + 2e™ - H, (acidic conditions) 4)
2H,0 + 2e~ - H, + 20H~ (alkaline conditions) (5)

The reaction kinetics are more sluggish in an alkaline medium. The additional step of water
adsorption and the water dissociation process slows the reaction down in alkaline conditions.
Still, HER in alkaline conditions has an important role in the future of electrochemical water
splitting, for example in anion exchange membrane water electrolysis. (Zhao & Sun, 2022.)

The HER mechanism is presented in Figure 4.
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Figure 4. HER mechanism and reaction stages on the surface of an electrocatalyst. (Modified from Zhao

& Sun, 2022).
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Pt and other noble metals are the most efficient electrocatalysts for this reaction, but due to
their scarcity and high price there has been considerable interest in finding other catalyst
materials (Eftekhari, 2017). The standard reduction potential for HER is 0 V vs. RHE. The
onset potential for commercially used Pt/C catalysts is around -30 mV at 10 mA/ cm? in
alkaline media, where other catalysts have had onset potentials between -100 and -200 mV
vs. RHE. (Krishnan et al. 2023.) Other inorganic catalysts with high activity include Co, Mo
and Ni-based materials. For example, metal chalcogenides (e.g. metal sulphides) have been
considered as promising catalyst candidates. MoS;-based electrocatalysts are widely
researched. (Eftekhari, 2017.) For instance, Benson et al. (2015) synthesised MoS> nanodots,
which had Tafel slope of 61 mV/dec and good durability. Carbon-based catalysts have also
been actively researched, as materials based on graphene and graphitic nitride have shown
promising results, but their use as metal-free alternative is still not practical. (Eftekhari,
2017.) Pd has gained a large amount of interest as catalyst material for HER due to its good
selectivity for hydrogen adsorption and fast adsorption kinetics. Another member of Pt group
is Ni, which has been deemed as one of the most appropriate catalyst materials for HER. It
is cheaper than most of the other metals considered for HER and has good stability even at
higher pH values. Its use is restricted by the slow kinetics of the reversible hydride formation.
For this reason, there is an ongoing effort to improve the HER activity of Ni-based catalysts.

(Krishnan et al. 2023.)

4.2 Oxygen reduction reaction (ORR)

ORR has a major role in electrochemical fuel cells and metal-air batteries. In this
electrocatalysis reaction O is reduced to water or hydroxyl ions. ORR has slow kinetics,
with multistep electron transfer, and so becomes the limiting step in electrochemical
systems. For this reason, a large amount of research has been done to improve the ORR
activity. The reaction can take either a 2- or a 4-electron transfer pathway. The 2¢” pathway
yields HO;™ in alkaline environment and H>O: in an acidic environment. The 4e¢” pathway,
with higher energy efficiency, yields OH™ in an alkaline environment and H>O in an acidic
environment. The 4e” pathway is often preferred since the 2¢” pathway often stops at the first
step, since HO>™ and H>O» are relatively stable in their respective mediums. (Liao et al.

2018.) Equations (6) and (7) are the direct 4¢” ORR in alkaline and acidic media.

0, + 2H,0 + 4e~ —> 40H~ (6)
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0, +4H* + 4e~ - 2H,0 (7)

The two-step 2e” pathway in an alkaline medium are presented in equations (8) and (9).
0, +2H,0 +2e~ - HO, + OH™ (8)
HO; + H,0 +2e~ - 30H™ 9)

And in acidic medium, the steps of the 2e” pathway are presented in equations (10) and (11).
0, + 2H* + 2e~ - H,0, (10)
H,0, + 2H* + 2e~ - 2H,0 (11)

In comparison to HER and other electrocatalytic reactions, ORR is evaluated with
parameters such as diffusion-limiting current density, kinetic current density and the electron
transfer number. The measurements are usually done with rotating disk electrodes since the
solubility of O is extremely low which limits the mass transfer. The LSV curve for ORR is
S-shaped which can be divided into three regions. At high potentials when the overpotential
is still insufficient to cross the energy barrier for the reaction, the reaction kinetics are the
limiting factor. In low potentials mass transfer becomes the limiting factor as the reaction
rate at the electrode is fast. Between these two areas ORR is controlled by both the kinetics

and the mass transfer. (Wang et al. 2021.)
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Figure 5. Typical ORR LSV polarisation curve with different potential regions marked (Modified from

Wang et al. 2021).
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The relationship between the kinetic current and the diffusion-limited current in ORR can

be described with the Kouteck-Levich (K-L) equation (12).

11,1
i + i (12)
where Jj Measured current density
JK Kinetic current density
Jd Diffusion-limiting current density

Similar to HER, Pt and Pt-group metals have been shown to be the best catalysts for the
reaction, with Pt/C (platinum on carbon) being the main catalyst material used (Peng &
Zhang, 2022). Pure Pt has an onset potential of 1.0 V vs. RHE and Pt/C has an onset potential
around 0.956 V vs. RHE. As Pt has a high price, ways to reduce the amount needed in
electrocatalysts have been studied widely. Pt alloys are one way to alleviate the amount of
Pt needed. Adding transitional metals with Pt can also improve the catalytic activity.
Reducing Pt NPs to single-atom catalysts also lowers the amount needed. (Peng & Zhang,
2022.) Pd is a popular alternative for Pt, as it is more abundant and it has had lower price,
but has similar chemical and physical properties (Li & Li, 2023). For example, Bampos et
al. (2020) studied a series of Pd-based bimetallic electrocatalysts for ORR with Pd-Cu and
Pd-Ni alloys showing better activity than pure Pd and Pt catalysts. Noble-metal free ORR
catalysts include M-N and M-O structures (M=non-Pt group transitional metal) especially in
MOFs. Oxygen can chemisorb onto these sites without degradation of the catalyst material.
Most of these materials require high-temperature treatment to get a stable material. (Peng &
Zhang, 2022.) Co NPs in nanocarbon has also been widely researched for ORR. For
example, Zhou et al. (2016) prepared Co NPs encapsulated in N-doped graphene that showed
high ORR activity. They achieved an onset potential of 0.928 V vs. RHE. A popular metal-
free option is N-doped carbon nanotubes (Peng & Zhang, 2022).

4.3 MOFs in electrocatalysis

MOFs in electrocatalysis has gained a lot of interest as they have many advantages over
other catalyst types such as high porosity, densely arranged metal nodes, and tuneability.
Especially 2D MOFs have great potential as electrocatalysts because of their large specific
surface area, and larger number of bare edge positions. High surface area means more

reactive surface for the redox reactions. (Xiao et al. 2022.)
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Pore size has an important role in electrocatalysis. Smaller pores are often preferable in the
case of durability. As the pore size rises, so does the risk of structural collapse. (Kushwaha
& Kumar, 2025.) Larger pore size is however generally preferable for mass transport (Xiao
et al. 2022). The tenable pore size means they can be optimised to selectively adsorb the
desired component enhancing the efficiency of the process. MOFs can work as molecular
sieves that can increase the concentration of specific molecules and since the structure has
well-defined active sites, they simplify the deliberation of reaction mechanisms (Nakatani et
al. 2024). The biggest issues with the use of MOFs as electrocatalysts are their low
conductivity. Though the conductivity is better in the 2D structure, since they have larger
number of active sites, and the diffusion distance is reduced, the conductivity is still
relatively low. Especially 2D MOF nanosheets are promising candidates for electrocatalysis.
The ultrathin quality of these nanosheets facilitates fast mass transport of products and
reactants. It also enables the formation of vacancies and defects in the structure that can
increase the carrier concentration, which in turn improves the conductivity. (Xiao et al.

2022.)

Using pristine MOFs as electrocatalysts in HER is still quite rare. According to Zhu et al.
(2019), who did a review article on the matter, MOFs have shown excellent results for
alkaline OER, their performance in other electrochemical reactions has been lacking. Most
studies have been done on modified MOFs and MOF derivatives. For HER, Guo et al. (2019)
experimented with adding Pt nanocrystals on carbon black into the Ni-MOF structure. They
achieved Tafel slope of 42.1 mV/dec in an alkaline environment which was significantly less
than that of the Pt-based electrocatalysts they were testing against. Though Pt is considered
a standard for acidic HER, it has sluggish kinetics in alkaline environment due to its poor
OH" adsorption ability (Zhu et al. 2020). When incorporated with the Ni-MOF Guo et al.
(2019) constructed a heterostructure with Ni-O-Pt bonds that enhanced the OH™ adsorption.
Deng et al. (2021) added Ru NPs into Ni-MOF and achieved 22 mV overpotential at 10
mA/cm? in alkaline and 40 mV/dec Tafel slope. They concluded that the formed Ni-O-Ru

bonds accelerated the interfacial electron transport.

For ORR, 2D MOF nanosheets with transition metals such as Ni, Fe, Cu and Co have shown
promising results. Miner et al. (2016) achieved an onset potential of 0.82 V and Tafel slope
of -128 mV/dec in 0.1 M KOH with the Niz(HITP), MOF. Xia et al. (2017) prepared Ni/Co-
2-MOF which had an onset potential of 0.76 V in 0.1 M KOH. Still most studies have been
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done with MOF derivatives such as MOF-derived N-doped porous carbon by Zhu et al.
(2019) and MOF-derived porous Fe-N-C materials (Wang et al. 2020; Liu et al. 2021; Wang
et al. 2022c).

As one of the most conductive 2D MOF structures to date, the Niz(HITP), structures
performance as electrocatalyst has been studied for many electrochemical applications. For
electrocatalysis OER and ORR have been the main reactions of interest. Miner et al. (2016)
were the first to use Niz(HITP), for ORR. They achieved promising results and concluded
that this particular MOF could work well as a platform structure for further studies and
design of other ORR catalysts. Ni3(HITP) has yet to be used as a catalyst for HER, though
as Ni and Pd both have been widely exploited for HER as catalyst materials, and Niz(HITP),
has shown to work well as an electrocatalyst, the composite material of could work well for
this reaction. Pd has been added to the Niz(HITP), MOF for different applications and by
different methods. He et al. (2023) added PdCl, nanocrystals into the MOF structure for the
electrochemical detection of chloramphenicol. They concluded that Niz(HITP), structure
both promotes the catalytic activity of the composite material and works as a carrier that

improves the stability of the catalyst (He et al. 2023).
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Experimental part

5 Materials and methods

This chapter details the materials and methods used during the preparation of the coatings.
This chapter also describes the characterisation techniques and methods used to assess the
chemical and physical properties of the of the pristine and modified Niz(HITP),, and the

electrocatalytic behaviour of the coatings.

5.1 Materials

Chemicals used for the solvothermal synthesis of Niz(HITP), MOF included anhydrous
nickel(I) chloride (NiClz, 99.9 %) from Sigma Aldrich, 2,3,6,7,10,11-triphenylene
hexamine hexahydro chloride (HATP-6 HCI, 99 %) from Toronto Research Chemicals,
aqueous ammonia solution (NH4OH, 25 %), ethanol (Etax Aa) from Anora Industrial, and
Milli Q grade water. For the modification, ruthenium(III) chloride (RuCls) purchased from
Sigma Aldrich was added and for the preparation of the drop-casted coatings, 5 % Nafion

solution was used as the binding agent.

Chemicals used in the electrochemical deposition of the MOF included nickel(Il) acetate
tetrahydrate (Ni(OAc),-4H20, 98 %), sodium acetate (NaOAc), methanol (MeOH) and
dimethyl sulfoxide (DMSO) all purchased from Sigma Aldrich. For the electrochemical
reduction of Pd palladium(II) acetate (Pd(OAc)2, 99.9 %), tetrabutylammonium perchlorate
(TBAP, 99 %), and glacial acetic acid (CH3COOH).

For the electrochemical measurements potassium hydroxide (KOH, 85 %) and potassium
chloride (KCI, 99 %) were used as the electrolytes. Glassy carbon electrodes (GC) with 3.0
mm diameter and 0.071 cm? surface area from BASi were used as the WEs and an Ag/AgCl

electrode was used as the RE.
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5.2 Synthesis methods

Two synthesis methods for the Ni3(HITP), MOF were used in this thesis. The first was the
solvothermal method to create MOF powder. The second synthesis method was the non-

sacrificial anodic electrodeposition of the MOF directly onto the electrode surface.

5.2.1 Solvothermal synthesis

The Ni3(HITP), was prepared by scaling up the instructions given by Sheberla et. al. (2014).
The synthesis is done on a heating plate with constant mixing. 72 mg of NiCl, was dissolved
in 50 ml of water and 200 mg of HATP-6 HCI dissolved in 50 ml of water. To aid the
dissolution, both solutions were kept for 15 min in an ultrasonic bath. The Ni-solution was
first heated to 65 C°. 3.5 mL of 12 M NH4OH solution was added to the Ni-solution and
finally the HATP solution was added to the rest. The mixture was kept at 65 C° for two

hours. The synthesis uses oxygen from air for the oxidation of the ligand (Chen et al. 2020).

With the modification experiments, 5, 15 or 25 % of the Ni was replaced with either Ru or
Pd. The RuClz and Pd(OAc), were added with the NiCl; in these experiments. The goal was
for the metal atoms to replace some of the Ni in the structure, instead of remaining as larger
particles on top of or in the Ni3(HITP), MOF. The samples were named Ru05, Rul5, Ru25,
Pd05, Pd15 and Pd25, based on the theoretical amount of replaced Ni.

5.2.2 FElectrochemical deposition

The second synthesis method was direct electrodeposition of the MOF onto a glassy carbon
electrode surface. Where the conventional synthesis method uses oxygen from air for the
oxidation of the ligand, in this method it is replaced by controlled electrochemical oxidation
under an inert atmosphere. This method for this type of MOF was first reported by
Behdoudikhiavi et al. (2024). In their paper they discovered that pulsed deposition in MeOH-
DMSO solution yielded the most uniform films. The electrochemical depositions were

controlled by a PalmSens4 potentiostat.

For this method 5.0 mg of the HATP-6 HCI, 3.5 mg of Ni(OAc)2-4 H>0, and 686.6 mg of
NaOAc were dissolved in 10 mL of 3:1 MeOH:DMSO solution under argon atmosphere in
a glove box. Both MeOH and DMSO were degassed with Ar. The reduction set-up had a
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pseudo-Ag wire as the RE and a Pt wire as the CE. The deposition was performed with
pulsed potential, where the voltage was kept at +6 V vs. pseudo-Ag for a certain amount of
time and then in open circuit potential (OCP). Three different charge density goals were
tested: 0.12, 0.06 and 0.02 C/cm?. The pulse lengths were 0.2, 10 and 60 s, and the OFF
times between pulses were 10 and 60 s. After the deposition the electrodes were washed with

ethanol and were left to dry in the glove box.
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Figure 6. Set-up used for the anodic electrodeposition of Nis(HITP),: 1) GC-electrode as WE, 2) pseudo-
Ag wire as RE and 3) Pt wire as CE.

The addition of Pd was done after the Ni3(HITP), synthesis. The set-up had the same CE and
RE as in the MOF synthesis. A 4:1 MeOH:DMSO solution with 0.1 M of TBAP, 50 mM of
AcOH and 0.25 mM of Pd(OAc), was made under argon atmosphere. The MOF-coated
electrode was first pre-conditioned in Pd-free solution with three CV scans from -0.1 to 0.8
V vs. pseudo-reference Ag with a 50 mV/s scan rate. The solution was then changed to the
Pd-containing solution. The electrode was left to sit in OCP for ten minutes before the
pulsing was started. The pulses were 0.2 s long with OFF-times of 10 s. Cathodic current
was used and the charge density goals tested were -2 to -10 mC/cm?. Unlike the anodic
deposition of Niz(HITP),, the current was controlled instead of the potential. The tested

currents were -0.1 mA/cm? and -1 mA/cm?. The reduction was done in 100 cycle sets and
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after each set the electrode was washed with MeOH. The solution volumes were 10 mL.
After the current density goals were reached, the electrodes were washed with MeOH and

were left to dry in the glove box.

5.3 General characterisation

Brunauer-Emmett-Teller (BET) analysis was done to measure the surface area of the created
MOFs. This was done first to see whether it was sensible to continue with a certain sample
to other characterisation methods. The measuring process consisted of degassing the samples
under vacuum to remove any remaining moisture from the MOF powder at 150 °C for 12 h.
After this the analysis could be started using liquid nitrogen as a coolant. Anton Paar Nova

800 BET and Micromeritics’ 3Flex were used as the analysis instruments.

PANalytical Aeris XRD (X-ray Diffraction) with a Co source and a zero-background sample
holder was used to find out the crystallinity characteristics of the created MOFs. The samples
were scanned over a diffraction angle range from 4 to 50 degrees. Fourier Transform Infrared
Spectroscopy (FTIR) was used to get information about the different groups in the structure,
using attenuated total reflection (ATR) technique with Thermo Scientific Nicolet iS50 FTIR

Spectrometer.

A Zeiss Crossbeam 540 scanning electron microscope (SEM) was used to get an image of
the surface structure of the samples. For the surface images a secondary electron detector
and back scattering detector (BSD) at 15 kV were used. EDAX Octane Plus energy
dispersive X-ray spectroscopy (EDS) was used for elemental analysis of the samples. The
MOF powder was attached to carbon tape and for the electrodeposited MOF a larger 2.5 x
2.5 cm glassy carbon plates were coated with the same procedure as the electrodes. Samples
were attached with carbon tape onto the stubs. Since the MOF powder is highly static and
therefore difficult to handle, the excess powder was removed with another piece of carbon

tape. Particle sizes were measured from the SEM images using Fiji ImageJ software.

5.4 Electrochemical characterisation

Electrochemical experiments were done to evaluate the suitability of the created MOFs for

electrocatalysis. The WE’s in the measurements were the MOF coated GC-electrodes.
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5.4.1 Electrode preparation and measuring set-up

Two electrode coating methods were used and compared in this thesis: drop-casting and
electrochemical deposition. The latter was described in section 5.2.2. The drop-casted
coatings were prepared from the MOF powder created with solvothermal synthesis. For this
coating method a catalyst ink was prepared by measuring 20 mg of the MOF powder and
dissolving it in 4.9 mL of water and 4.9 mL of ethanol and adding 200 pL of the 5 m-%
PFSA solution. PFSA was used as a dispersion and binding agent for the MOF particles. The
mixture was put into an ultrasonic bath for 30 minutes to achieve a homogeneous ink. Before
every drop-casting, the ink was further mixed in a vortex. The drop sizes were 10 uL. To
examine how the coating thickness affects the electrochemical characteristics, 1 to 3 drops
were added onto the electrode surface. After each drop, the coating was allowed to dry first
for 10 minutes at room temperature and then for 30 minutes at 60 °C. Before drop-casting
the glassy-carbon electrodes were polished with 0.05 pm aqueous alumina slurry for 5

minutes.

Experiments were done in an open beaker with similar set-up as visualised in Figure 5.
PalmSens Nexus potentiostat was used to control the potential. A Pt wire was used as the
CE and a saturated Ag/AgCl electrode was used as the RE. The overpotential is often
reported against the reversible hydrogen electrode (RHE). The conversion from Ag/AgCl
RE to RHE is based on the simplified Nernst equation (Equation (13)). (Niu et al. 2020.)

Erng = E ag +E% +2.303+ (5) « pH
AgcCl AgCl F
=FE ag +0.198V + 0.059 * pH (13)
AgcCl
where Erue Potential versus RHE
E a9 Measured potential against Ag/AgCl
AgcCl
qu_g Potential of Ag/AgCl vs. normal hydrogen electrode (0.198 V)
AgcCl
Re Reynalds number
T Temperature (25 C°)

Faraday constant
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Since there is hydrogen involved in the reaction, the potential is dependent on pH. In 1 M

KOH itis 14 and in 0.1 M KOH it is 13.

5.4.2 Method parameters

The electrochemical characterisation included measurements around the OCP, to get some
general information about the coatings, and HER and ORR measurements to test the
electrocatalysis behaviour of the coatings. The measuring techniques used for each of these

are listed in Table 1.

Table 1. Electrochemical measurement parameters.
Technique Parameter oG HER (Q):1:¢
(0.1 KCI) (1 M KOH) (02 sat 0.1 M KOH)
EIS Frequency 50kHz to 0.01 Hz 100 kHz to 0,1 Hz 100 kHz-0,1 Hz
Amplitude 10 mV 10 mV 10 mV
DC 0.0V 0.1V -04V
CvV Scan rate 10, 20, 50, 100, 200 10, 20, 50 mV/s
mV/s
Initial Potential 0.3 Vvs. RHE 0.2 Vvs. RHE
Vertex 0.25 Vvs. RHE -0.6 V vs. RHE
End Potential 0.20 V vs. RHE 0.2 Vvs. RHE
LSV Scan rate 2 mV/s 5mV/s
Initial Potential 0.2 V vs. RHE 0.04 V vs. RHE
End Potential -0.6 V vs. RHE 1.8 V vs. RHE

The ORR measurement method described in Table 1 was done as an initial test for ORR
activity. Further ORR measurements were done using mixing, which is required for ORR
measurements. Since a rotating disk electrode (RDE), which is commonly used in ORR
measurements, was not available for this thesis work, the mixing was achieved with a
standard magnet stir bar, with mixing speeds of 300, 600 and 900 rpm. The measurements
in the kinetic ORR region included a chronoamperometric (CA) staircase series from 1 to
0.75 V vs. RHE with 0.05 V difference between the steps and a 120 s hold on each step. A
similar CA measurement was done in 0.65 V vs. RHE to get the info on the diffusion region.
The measurements were done in O;-saturated 0.1 M KOH. Additionally, the CA staircase
measurements were also done in Ar-saturated 0.1 M KOH to get the background. This

background was subtracted from the measurements done in the O»-saturated KOH.
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5.4.3 Data processing

Cai can be used to get insight into the efficiency of electrocatalysts, and it is used to compare
catalysts with analogous chemical and physical properties (Krishnan et al. 2023). It is
calculated from the short CV measurements, taken £50 mV around the OCP, by taking the
current density from the centre of the voltage range and plotting it against the corresponding
scan rates. Cq is the slope of the fitted line. (Yu et al. 2024.) Cqi can also be used to calculate
ECSA by dividing Caqi with the material’s specific capacitance Cs (Krishnan et al. 2023). As
the specific capacitance value is often unknown for novel materials, Cq is used to estimate

the ECSA of electrocatalysts in many studies.

Another parameter to assess the catalytic activity of the coatings is the Tafel slope. The slope
can give insight into the reaction pathway and the rate-determining step. It can be derived
from LSV data, and it is a plot of log(j) versus the overpotential. The slope is taken from the
linear part of the plot. Lower Tafel slope indicates faster reaction kinetics. (Anantharaj et al.

2016.) The linear equation (14) was used to extract the Tafel slope.

n =a+ b *log|j| (14)
where n Overpotential

a Tafel constant

b Tafel slope

The EIS data was fitted using the PSTrace Equivalent Circuit Analysis-tool. As stated in the
theory section, ORR has unique parameters to assess the activity. From the CA data the mean
values of the last 20 s of the measurements were used as the current value for each potential
step. The K-L equation (12) presented in section 4.2 was used to calculate the kinetic current

(Equation (15)).

. i(E)id

e = i) (15)
where ik Kinetic current

ld Diffusion-limiting current

i(E) Measured background-corrected current
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Although the Koutecky—Levich equation is traditionally applied to RDE systems, here a
simplified form was used to separate kinetic and mass-transfer contributions. The diffusion-
limiting current (i) was taken from the steady-state plateau of the chronoamperometric
curves collected under magnetic stirring at 0.65 V vs. RHE. As the hydrodynamics of
magnetic stirring do not follow Levich behaviour, the resulting values represent pseudo-
kinetic currents rather than absolute K—L parameter. The kinetic currents were normalised
with the geometric area of the GC-electrodes to get the kinetic current densities. Tafel slopes

were obtained from the jk values that were > 10 % of the jq.

6 Results

The studies were started with the solvothermal synthesis method presented by Sheberla et
al. (2014). Though the synthesis method for Niz(HITP), MOF is relatively easy and
straightforward, the process is still quite delicate when it comes to parameter and
environmental changes. Borysiewicz et al. (2021) did a study on how the differences in
physical properties between batches of Ni3(HITP), affect their performance in
supercapacitors. For example, only scaling down the synthesis from 250 mL to 50 mL
lowered the BET surface area from 825 m*/g to 585 m?/g. They noted that the batch-to-batch

variations can be drastic but still not often reported.

The original goal of this thesis was to try and replace some of the Ni in the MOF structure,
without structural degradation of the MOF. Ru*" has different coordination preferences and
ionic radius compared to Ni**, making isostructural substitution unlikely, while Pd** is closer
to Ni*" in size and geometry. BET analysis was used with the powder samples prepared using
the solvothermal synthesis method. The expected surface area of Ni3(HITP)2, MOF is around
300 to 650 m?/g. This analysis was used to check the success of the synthesis products, since
visually there was very little difference between the samples. The BET surface area could
also be used to give some insight into how the additional metals had been incorporated into
the structure. Lawrence et al. (2022) stated, that decrease in the surface area indicates good
loading of additional metal ions or nanoparticles in their paper on Pd-based MOFs. A lower
surface area may suggest that the Ru or Pd is attached to the active sites or pores in the MOF
structure, instead of replacing some of the Ni nodes. However, BET alone cannot confirm

metal substitution into the framework.
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For the Ni3(HITP), powder the surface area was 554 m%/g, which was in line with other
reports with this type of MOF. The Ru05 sample had a surface area of 178 m?/g and the
Ru25 sample had a surface area of 193 m2/g. The Pd05 sample had a surface area of 369
m?/g and the Pd25 sample had a surface area of 159 m?/g. Based on these results the
additional metals did not replace the Ni in the structure as was the goal. Using these Ru and
Pd containing powders in the electrochemical measurements did not result in noticeably
better results than the pristine Ni3(HITP), powder, and the reproducibility was poor. For this
reason, the synthesis method was changed to direct electrochemical deposition, since it is
seen as a more precise synthesis and coating method. The focus was also changed to reducing
Pd NPs into the pre-synthesised Ni3(HITP)> coating (Pd/Ni-HITP). The reproducibility

improved considerably, and the electrocatalytic activity was also enhanced.

This section first goes through the comparison of the two synthesis/coating methods, and
then the optimisation of the MOF deposition and Pd reduction. The characterisation methods
have been divided into general characterisation, including results from XRD, FTIR and
SEM-EDS, and electroanalytical characterisation, including OCP, HER and ORR

measurements.

6.1 Drop-casting vs. anodic deposition

The electrochemical experiments were started using drop-casting as the coating method for
the glassy carbon electrodes, since it is a commonly used and relatively easy technique. The
issues started to arise when trying to repeat the same type of coating. The results from initial
OCP and HER measurements varied widely between coatings that theoretically should have
been the same. Drop-casting resulted in poor reproducibility between nominally identical
coatings, due to uneven particle distribution and drying patterns. Drop-casting as a coating
method can suffer from the so-called “coffee ring” effect, in which the dispersed material
moves to the edge of the drop as the liquid evaporates. This can lead to uneven thickness of
the coating and low reliability. (Kumar et al. 2020.) Tests involving lower binder
concentration did not improve the reproducibility and only resulted in very uneven coating
(Figure 7). Figure 8 shows the comparison of HER LSV results of three repeats using the

same ink, drop size, and coating method.
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Figure 7. Comparison of a drop-casted coating (left) vs. an electrodeposited coating (right).
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Figure 8. LSV figures of repeated experiments with coatings done by (a) drop-casting and (b) anodic
deposition.

Anodic deposition forms the film directly on the electrode, yielding a more uniform and
adherent coating. The first measurements using these electrodes showed that the variation

between repeated coatings was much smaller in both the Cq measurements and the HER
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LSVs. This also meant that no binders were needed, and therefore only the MOFs own

catalytic abilities could be assessed.

The drop-casted coatings do have higher capacitance than the electrodeposited ones likely
due to the higher loading of material compared to electrochemical deposition. Figure 9
shows the linear fits of capacitances obtained from the short CV scans in KCl at different
scanning rates. The drop-casted coating has a clearly higher slope, which corresponds to the
Ca value. Both coatings had better Ca value than the clean GC-electrode, but this does not
necessarily mean they are better catalysts. The Cqi, and in relation ECSA, are not considered
as direct activity parameters but can be used to get supplementary information about the
efficiency of electrocatalysts (Krishnan et al. 2023). When increasing the thickness of the
coatings, either by increasing the layers or the charge density goals, the linear fit gets worse
for both coating methods (Figure 10). Zhao et al. (2020) showed in their study on Niz(HITP)
films, that to a certain point the capacitance rises, as the thickness of the electrocatalyst films
grows. At some point though the thickness leads to enhanced internal resistance which
impairs the capacitive activity and hinders the electron transport, especially at high scan
rates. The drop-casted coatings are thicker and more porous. This leads to higher capacitance
but does not mean there are more active sites available. Electrodeposited MOF-coatings are

more tightly packed and smoother, which can explain the lower capacitance.
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thicker, with (a) drop-casted coatings and (b) and electrodeposited coatings.
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6.2 Synthesis optimization

This section includes both the optimisation of the anodic deposition of Niz(HITP), and
cathodic reduction of Pd into the MOF coating. The coating parameters are compared based

on initial electrochemical measurements for HER and ORR.

6.2.1 Optimisation of the anodic electrodeposition

The non-sacrificial anodic deposition of Niz(HITP), was first optimised in relation to the
results of the electroanalytical measurements, using the article by Behboudikhiavi et al.
(2024) as a baseline. The parameters that were studied were the pulse length, the OFF-time
length and the charge density goal. The pulse lengths studied were 0.2, 10 and 60 seconds,
the lengths of the OFF time were 10 and 60 seconds, and the charge density goals were 0.12,
0.06, and 0.02 C/cm?. Lower charge density goal creates thinner coating, and it only took
two 60 s pulses to fulfil the 0.02 C/cm2 charge budget. According to Behboudikhiavi et al.

shorter pulses result in a smaller crystal size.

As for the Cai measurements, pulse length had a positive impact on the capacitance, which
would mean larger crystal size is preferable for the Cqi. The best results were achieved with
the smaller charge density goals. They had the highest capacitances as well as the best linear
fit. The length of the OFF-time did not seem to have influence on this value. Figure 10 in
the previous chapter shows how the lines start to curve as the charge density budget
increases. Table 2 has the Cqi values and their R2 values of the different coatings, as well as

the Tafel slopes from HER measurements.
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Table 2. Experiment matrix of the optimisation of electrodeposition and the corresponding Cq and HER

Tafel values.

Coating parameters Results

Name Pulse, s OFF, s Cl(l;gfle’ (I?/ecrilsl;ty Ca, pF/em? | R2 (Ca) gl?)fsé
El 60 60 0.12 18.02 0.9763 -271
E2 60 10 0.12 172.45 0.5859 -170
E3 0.2 10 0.12 68.52 0.9983 -300
E4 10 10 0.12 17.65 0.9872 -129
ES 60 60 0.06 98.38 0.9648 -111
E6 60 60 0.02 1328.36 0.9819 -92

With the ORR measurement, charge density had very little impact on the LSV figures, and
again the longer pulses were favourable. In the HER measurements the best Tafel slopes
were achieved with the lower charge densities. Interestingly the 10-second pulse length had
the best results when comparing pulse lengths (Figure 11). The OFF times seemed to once
again have little to no impact on the LSV figures or the Tafel slopes. The difference between
the preferable deposition parameters for ORR and HER could be due to HER having gas
phase product and ORR products in liquid phase. With thicker coatings the produced
hydrogen bubbles can get stuck into the coating, which can block active sites and cause

higher overpotentials in HER (Zhang et al. 2022).
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Figure 11. HER LSV figures of coatings done with varying (a) pulse lengths and (b) charge densities.
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Based on these results the Pd reductions were done with coatings E1 and E6. It seems that a
smaller crystal size is not preferable towards these electrochemical reactions. Though the
thinnest Niz(HITP), coating seemed to have the best HER and capacitance results, there are
fewer places for the Pd to attach to in the reduction. For this reason, the thickest coating was

also used in the Pd/Ni-HITP coatings.

6.2.2 Optimisation of the Pd reduction

The parameters compared in the Pd cathodic reduction method were the thickness of the
Ni3(HITP); coating, the reduction current and the charge density budget. The experiment
matrix is presented in Table 3. As for the Cqi measurements, the Pd particles did not have a
major effect on the capacitance with the thinner Ni3(HITP), coating. The Pd particles did
improve the Cq; of the thicker MOF coating with the value rising from 0.023 mF/cm? to 0.33
mF/cm?. The values were a little less reliable with the thicker electrodes as a replicate coating

had a Cq1 of 1.59 mF/cm?.

Table 3. Experiment matrix for the optimisation of Pd reduction onto the Ni3(HITP), coatings.
Name Ni-HITP, Reduction Current, Charge Density Goal,
mC/cm? mA/cm2 mC/cm?
Pdl1 0.12 -1 -2
Pd2 0.12 -1 -10
Pd3 0.12 -0.1 -2
Pd4 0.12 -0.1 -10
Pd5 0.02 -0.1 2
Pdo6 0.02 -0.1 -10
Pd7 0.02 -1 2
Pd8 0.02 -1 -10

The HER properties also improved with the addition of Pd, especially with the thicker
Niz(HITP) coatings, which could be due to Pd having much better activity towards HER
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than Ni3(HITP). The best current densities at -0.6 V vs. RHE were achieved with electrode
Pd8 and Pd4, with the former reaching -11 mA/cm? and the latter -3 mA/cm?. The weakest
HER activities were with Pd1 and Pd7. Based on these results the higher charge density goal
is preferable, meaning a larger amount of Pd is preferable. The largest improvement was
noticed in the ORR measurements (Figure 12). These measurements were done without
mixing and were used as just an initial check for ORR activity. With electrode Pd4 the
reaction started earlier, and it also had the lowest reduction peak in the LSV figure. PdS8 also
performed well in these measurements. Besides Pd1, all electrodes with Pd showed better

activity towards ORR.
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Figure 12. ORR LSV figures of thicker and thinner Pd/Ni-HITP coatings and the Pd-free Ni-HITP
coatings. This figure shows three replications of both Pd/Ni-HITP coatings. Measurements

were done without mixing.

Based on all the electrochemical measurements the highest charge density goal for Pd

reduction of 10 mC/cm? was preferable compared to 2 mC/cm?. The two best electrodes
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seemed to be Pd4 and Pd8, which would mean that higher reduction current is preferable
with thinner coatings and lower reduction current is preferable for thicker coatings. From
the upcoming SEM results it was noticed that with thin coatings with high reduction current,
some of the Pd attached to the GC-electrode’s surface rather that to the MOF, but the Pd
attached to the MOF were in a very small form. With thicker MOF coating it is possible that
the Pd particles attached to the MOF structure were much larger since there exists less room
for it to grow on the GC-electrodes surface. For this reason, the smaller reduction current
could be preferable with thicker coatings. As Pd4 and Pd8 had good performances across

the board, they were chosen for the electroanalytical characterisation.

6.3 General characterisation

The characterisation results include results from both the powdered MOF and the anodic
electrodeposition Ni3(HITP), coatings. The FTIR could only be used with the powdered
MOF, but analyses with XRD and SEM-EDS were done with both the powder samples and

the electrodeposited coatings.

6.3.1 XRD

XRD results for the pristine Niz(HITP). without modifications showed the same peaks as
the reference material and was consistent with literature (Figure 13) (Zhang et al. 2021). The
first peaks at 5.4°, 10.8°, 14.4° and 19.1° suggest a long-range order in the ab-plane. The last
prominent peak at 32° is weaker and wider. This indicates a weaker order along the c
direction, which is normal for covalently linked layered material. (Sheberla et al. 2014.) The
first two peaks correspond to the (100) and (200) planes, and the wider peak at 32°
corresponds to the (001) plane, in this type of stacked honeycomb crystals.
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Figure 13. XRD spectra of the powder Niz(HITP),.

The structures with incorporated Ru and Pd showed similar peaks, but the peak intensity
lowered as the Ru and Pd amount rose, meaning the material lost some of its crystallinity
(Figure 14). Especially with the added Pd, the spectra lost almost all the typical peaks. The
loss of crystallinity likely reflects disruption of MOF formation rather than true metal
substitution. Powder XRD alone cannot confirm metal incorporation, and complementary

techniques such as XPS, ICP-OES, TEM or EXAFS would be needed.
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Figure 14. XRD spectra of the powder Ni-HITP samples with added Ru (left) and added Pd (right)
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6.3.2 SEM-EDS

Figure 15 shows SEM imaging of the Ni2(HITP)3 in powder form and of the electrodeposited
coating on GC. Both powder and electrodeposited films show well-defined particle
morphology. The electrodeposited MOF grew more spherical crystalline depositions, which
are similar to those reported by Behdoudikhiavi et al. (2024) who also used
electrodeposition. This type of crystallinity is also reported with Ni3(HITP), thin films grown
on liquid-gas interface such as with Zhao et al. (2020) and Cao et al. (2024). This MOF type
has also been shown to grow as rod- or needle-like crystals in reports such as Cai et al. (2019)
and Borysiewicz et al. (2021). These examples used hydrothermal and solvothermal

synthesis methods respectively.

Figure 15. SEM images of (a) the Nio(HITP); powder and (b) the electrodeposited Niz(HITP),.

The SEM images of the thin electrodeposited films did show that the MOF did not cover the
entire surface of the GC (Figure 16A). The Pd particles show in the SEM images as brighter
compared to the rest of the material as Pd is a heavier element (Ul-Hamid, 2018). The
particles were easily detectable in the SEM images of the anodic coatings with both the
higher (-1 mA/cm?) and lower (-0.1 mA/cm?) currents. The difference on how Pd attached
and grew onto the MOF structure with the different reduction currents can be seen in Figure

16.
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Figure 16. SEM images of the electrodeposited MOF with Pd NPs. (a) High reduction current at 2.5 k
magnification, (b) high reduction current at 50 k magnification. and (c) low reduction current

sample.

With the higher constant current, some of the Pd had attached to the Niz(HITP),, but large
part of it had grown directly onto the GC substrate as larger splotches (Figure 16A). The Pd
that was attached to the MOF was however in very small form. With lower current the Pd
particles were mostly only on the Niz(HITP),, but those particles were larger than the ones
attached with the higher current (Figures 16B and 16C). According to these results, lower
reaction speed resulted in more uniform, but slightly larger Pd NPs. The mean size of the
small particles in the high current sample was around 10 nm in diameter, where the particles
in the low current samples were around 39 nm. These small Pd particles in the high current
sample are more visible in the BSD image, that shows the higher mass atoms as darker

(Figure 17).
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Figure 17. SEM image using BSC of the high reduction current Pd/Ni-HITP sample, with visible Pd NPs.

In powder form, the EDS spectrum showed that a large amount of CI was still in the samples
after washing (Figure 18 and Table 4). Some chlorine could still be trapped in the pores of
the MOF, or it could even be partly coordinated to the metal or defect sites. This made
quantifying the amount of Ru in the samples hard, since they it has a prominent peak in the
same area as Cl. The existence of Ru in the structure was confirmed by extending the X-ray
energy to 30 KeV, since the K, peak of Ru is around 19.2 KeV (Liao, 2006). The tables
presented in this chapter contain only the most relevant elemental data. The whole atom
percentage data and the error percentages are presented in Appendix B. Some of the values

have large error percentages and these results should be approached with caution.
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Figure 18 EDS figures with anysed areas marked. A) Pristine Niz(HITP), B) Ru 5% sample C) Ru 25%
sample.
Table 4. EDS atom percent (%) data for the Ru containing powder samples.
Pristine Niz(HITP), Ru05 Ru25
Element Al A2 Bl B2 B3 Cl C2 C3

C 59 64.99 56.48 59.79 71.8 61.79 50.32 75.56
N 22.21 15.43 6.53 22.96 9.81 9.43 1.94 15.14
0] 8.98 17.79 1 11.23 17.1 1.37 0.56 6.59
Cl 3.76 0.42 7.65 2.12 0.3 5.93 28.15 0.19
Ni 5.83 0.76 27.5 2.81 0.41 19.50 4.7 0.31
Ru 0.09 0.06 0.41 0.52 0.03 1.54 11.4 1.13

The elements present in the Niz(HITP), structure were distributed evenly in the powders.

The atomic presentage of C, N and Ni in the pristine Niz(HITP), sample is 10.1:3.8:1

(59:22.21:5.83), which is close to the theoretical values of 12:4:1. The larger particle (C2)

seems to be mostly Cl and Ru, meaning not all of the RuCl, dissolved. The Ru25 sample

does have more Ru than the Ru05 sample. The atomic percent of Ru in the Ru05 is only

about 1.5 % and in the Ru25 7.3 %. This supports the interpretation that Ru did not settle

into the structure. Though as mentioned earlier, Cl can be an issue when measuring the Ru

content, and therefore these results should be approached with caution. Table 5 has the

atomic percentages listed for the high current Pd reduction samples, and Figure 19 has the

corresponding SEM images.



54

Field of View

Field of View

Figure 19. EDS measuring points of the high Pd reduction current sample at different magnifications: A)
2500x B) 25000x C) 50000x.
Table 5. EDS atom percent (%) data for the high Pd reduction current sample.
2500x 25000x 50000x
Element D1 D2 El E2 E3 E4 F1 F2
C 96.77 98.37 88.46 90.99 82.29 99.35 88.190 99.56
N 2.10 0.56 8.54 4.89 10.61 0.00 8.960 0.00
0] 0.30 0.77 2.18 2.03 2.87 0.17 1.920 0.00
S 0.16 0.07 0.17 0.18 0.39 0.09 0.200 0.11
Ni 0.07 0.00 0.10 0.05 0.17 0.03 0.120 0.02
Pd 0.34 0.05 0.21 1.62 3.23 0.08 0.250 0.08

The high carbon content in this sample is due to the GC, since the coating did not cover the

entire surface. The Pd content is much higher than Ni in the lighter spots (E3) which was

expected, but the Pd content is also two times higher in F1. Table 6 and Figure 20 show the

atomic percentages in the low current Pd sample and the corresponding measuring spots.

Figure 20.

EDS measuring points of the low Pd reduction current sample at different magnifications.
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Table 6. EDS atom percent (%) data for the low Pd reduction current sample.
Element Gl G2 G3

C 91.21 87.24 99.6
N 7.73 10.04 0

Al 0.38 0.46 0.15
S 0.21 0.35 0.08
Ni 0.17 0.27 0.02
Pd 0.15 1.57 0.05

The reduced Pd is not as agglomerated as in the high current sample, but there are still some
larger clusters. Based on these results the Pd did not reduce homogeneously onto the
Niz(HITP),. Pd deposition was heterogeneous at higher currents, forming both small
nanoparticles on Nis(HITP). and large agglomerates on exposed GC. This indicates that the
Ni3(HITP), coverage and local conductivity strongly influence Pd nucleation. Things that
could be done to mend this would be to use even smaller current density or reduce the Pd
concentration in the reduction mixture. The limitations of EDS are the possibility of
overlapping of the energy peaks, such as in the case of Cl and Ru, and that EDS cannot detect
the lightest elements (Goodge, 2018).

6.3.3 FTIR

FTIR was used to confirm the structure of the Pd and Ru-free MOF powders. The three main
peaks that should show up around 1500 to 1300 cm™ which correspond to the typical
aromatic ring stretching modes of triphenylene derivatives. In both the basic MOF and the
samples with additional metals, these peaks are around 1510, 1420, and 1320 cm™ (Figure
21). In the HATP-6 HCI these peaks should be between 1620 and 1400 cm™ (Smith, 2016).
The shift to lower wavenumbers reflects delocalization of electron density due to
coordination to Ni**, consistent with formation of the conjugated Niz(HITP), framework,
according to Chen et al. (2020b). A peak around 830 cm™! can also be found in all the spectra
and it may correspond to the N-H wagging of the secondary amines in the structure. This
peak is not that pronounced which Chen et al. 2020b believed to be due to the high free
carrier concentration of the Niz(HITP), MOF.
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Figure 21. FTIR spectra of the powder Niz(HITP), sample.

Metal-N stretching does not show up in the spectra on the wavenumber interval since they
are below 600 cm™ (Chen et al. 2020b). When the Pd content is higher the intensity of the
peaks gets smaller as can be seen from Figure 23. Peak intensity decreases are likely caused
by reduced sample crystallinity and signal dilution due to amorphous Pd-containing
domains, not by Pd substituting into the framework. The same is not seen with the Ru
samples (Figure 22). This could be due to the Ru still being in RuCl, form or as amorphic
RuO; which do not show up in the FTIR spectra.
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Figure 22. FTIR spectra of the powder Ru/Ni-HITP samples.
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Figure 23. FTIR spectra of the powder Pd/Ni-HITP samples.

6.4 Electroanalytical characterisation

This chapter takes a closer and more detailed look into the electrocatalytic performance of
the Niz(HITP), and Pd/Ni-HITP coatings done with anodic electrodeposition, specifically
the thicker 0.12 C/cm? Niz(HITP), coating, the thin 0.02 C/cm? Ni3(HITP), coating and the
two Pd/Ni-HITP coatings chosen in Chapter 7.2.2. Some general studies around the open
circuit potential (OCP), and the main reactions studied were HER and ORR.

6.4.1 OCP

The electrochemical performance experiments were started with general measurements in
the OCP of the electrodes. This included the determination of the Cg4 values of the coatings
and EIS measurements around the OCP of the electrodes. Table 7 lists the Cq values of the
clean GC electrode, and the four MOF coatings. The Cqi is often used to assess the ECSA

and the corresponding intrinsic activity. It represents the charge transfer reaction taking place
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on the surface of the electrode and describes the capacitance formed from the formation of
an electric double layer preceding the charge transfer through the interface (Kim & Jang,

2025).

Table 7. Ca values of the different coatings normalized to the geometric surface area.
Electrode Ca, mF/cm?
GC 0.00021
Ni-HITP (0.12 C/cm?) 0.023
Ni-HITP (0.02 C/cm?) 1.66
Pd/Ni-HITP (0.12 C/cm?) 0.33
Pd/Ni-HITP (0.02 C/cm?) 1.28

The Cqi value did get noticeably better with the addition of Pd nanoparticles with the thicker
Ni3(HITP); base. The issue mentioned earlier of the straight line starting to curve at the
highest scan rates was noticeable with the thick Pd/Ni-HITP coating. Previous studies on the
capacitance value of Ni3(HITP), have reported a specific areal capacitance of 18 uF/cm? by
Sheberla et al. (2017), 15.69 mF/cm? when deposited onto nickel foam (Ngyuen et al. 2019),
and 0.27 mF/cm? for electrodeposited Niz(HITP), (Behboudikhiavi et al. 2024). The values
do vary greatly, and the values achieved in this work are closest to the one reported by
Behboudikhiavi et al. (2024). Based on these results Pd does increase the capacitance, but
as the thin Ni3(HITP), coating already has such a high capacitance, the addition of Pd NPs
does not have as much of an impact. The higher capacity of the thinner coating could be due
to it being less tightly packed than the thicker coating, as seen from the SEM images. Few
repeat coatings of the thin Ni3(HITP), coating, and the two Pd/Ni-HITP coatings were done
to check the repeatability. The repeatability with the thinner coatings was good when
measuring the Cqi values, but the value varied widely with the thicker coating. The Cq values
of three seemingly identical coatings were 0.1, 0.3 and 1.6 mF/cm?. In this case calculating

Ca from EIS measurements could give a more accurate value.

The Nyqvist plots and the corresponding circuit model are presented in Figure 24, and the

Ret values extracted from the circuit model fitting are listed in Table 8. The fitted circuit



59

model has R; in series with parallel R¢; and CPE, and a Warberg impedance element in series
with the R¢.. The plot contains a straight line at the lower frequencies originating from
Warburg impedance and a semicircle at the higher frequencies originating from the R and
Cal. R represents the solution resistance which was around 16 Q. The impedance of the Cai,

is represented by the CPE.
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Figure 24. a) Nyquist plots of the coatings done in KCI and the corresponding circuit model, and b)
closeup of the same figure.
Table 8. EIS element values from the circuit model fittings and their errors.
Coating R, Q Error, % Q, uT Error, % n Error, %
Ni-HITP (0.12 C/cm?) 1763 4.775 2.208E-06 8.828 0.827 1.121
Ni-HITP (0.02 C/cm?) 216.5 7.295 4.769E-06 13.46 0.922 1.559
Pd/Ni-HITP (0.12 C/cm?) 395.7 4.262 3.03E-06 8.603 0.903 1
Pd/Ni-HITP (0.02 C/cm?) 650.8 3.485 5.72E-06 6.49 0.869 0.839

The R value, which reflects the ease of electron transfer and corresponds to the radius of
the semicircle, is the largest on the thick Ni-HITP coating and lowest with the thin Ni-HITP
coating. A larger semicircle implicates a slower reactions and higher resistance. The Pd NPs
lowers the resistance of the thick coating but increases it in the thin coating The increasing
electrical resistance as the thickness of the MOF layer grows indicates that the ion-diffusion

slows down. The Cqa value can also be estimated from the CPE parameters of Q and n. In
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literature the equations for calculations vary, and therefor in this work only the fitted
parameters are compared. The parameter Q does have positive correlation with Cai (Jovié,
2022). As table 9 shows, the value of Q is higher with the thinner coatings, and the addition
of Pd has a positive impact on the value. The Warburg impedance element originates from
the limitations in the ion diffusion process. The nearly vertical line at the low frequency
region signifies a good capacitive performance (Zhao et al. 2020). The fitted circuit model
presented in this work does correspond to similar EIS measurements done for Niz(HITP)

MOFs by Zhang et al. (2021).

6.4.2 HER

Figure 25 shows the LSV curves of the thin and thick Ni3(HITP); coatings, the two Pd/Ni-
HITP coatings chosen in the optimization chapter and a pure GC-electrode. The thick
Niz(HITP)2 coating shows less activity towards HER than the pure GC electrode, likely due
to limited ion diffusion through the dense MOF layer. This indicates that film thickness can
obstruct electron and proton transport within the porous framework. The Pd NPs do improve
the HER activity of the coatings. Pd is a Pt-group metal, and like Pt, it has high HER activity
due to a high hydrogen adsorption energy. (Sarkar & Peter, 2018.)
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Figure 25. HER LSV figures for the GC electrode, two Niz(HITP), coatings and two corresponding

Pd/Ni-HITP coatings.
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The Tafel slopes from the HER measurements were taken around overpotential in 1 mA/cm?.,
The slopes are presented in Figure 26. As was stated earlier, lower Tafel slope value indicates
good catalyst. The thinner MOF coating has lower Tafel slopes both with and without Pd
particles, with Tafel slopes of 98.8 and 102.9 mV/dec respectively. The LSV figure does
show that with the Pd particles the onset potential is earlier, and it does improve the HER

activity with the thicker MOF coating.
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Figure 26. Tafel slopes for two Niz(HITP), coatings and two corresponding Pd/Ni-HITP coatings.

The EIS measurement for HER did not work entirely as H> bubbles started to form rapidly
on the coated WEs. The bubbles add resistance as they replace the electrolyte in the MOF
pores, and they can cause the coating to detach from the GC electrode’s surface. This
disrupted the measurements with many coatings. Figure 27 shows one successful
measurement done with a thin Ni3(HITP), coating without Pd. The shape is a clear semicircle
that follows the circuit model of a resistor R1, in series with another resistor parallel with a

CPE. R1 represents the solution resistance of the electrolyte, and the R2 and CPE represent
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the charge transfer process in parallel with double-layer capacitance. According to the fitting
the solvent resistance was 15.57 Q, and the R was 82.27 Q. These values are significantly
lower than the value for bare GC electrode (1486 Q), confirming that the Ni3(HITP), layer

facilitates interfacial charge transfer.
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Figure 27. Nyquist plot of the thin Ni3(HITP), coating and the fitted circuit model.

Though the Pd/Ni-HITP MOF does show activity towards HER, the values do not reach the
values presented for other catalyst options. The Tafel slope is usually measured at 10
mV/cm?, which was only reached in the potential range by the thin Pd/Ni-HITP coating,
giving the Tafel slope of 152.9 mV/dec at an overpotential of 0.6 V. This does show that the
addition of Pd particles improves the activity towards HER, but the performance is still rather
poor. The most used HER electrocatalyst Pt/C has a Tafel slope around 47 mV/dec in 1 M
KOH. Liu et al. (2019) achieved a Tafel slope of 56 mV/dec at an overpotential of 34 mV
with their CoP doped Co-MOF.
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6.4.3 ORR

The ORR activity of the Ni3(HITP), and Pd/Ni-HITP coated electrodes was investigated to
evaluate their potential as electrocatalysts for oxygen related processes. ORR measurements
require mixing due to the low solubility of oxygen. As stated in the theory section of this
thesis, most studies are done using a rotating disk electrode, as it creates a precise and
laminar flow. As a RDE was not available for these studies a standard magnetic stirrer was
used. A magnetic stirrer creates a more turbulent flow, which can lead to variation in the
diffusion layer during the measurements and a lower reproducibility. For this reason, the
mixing speeds were kept lower than in most studies. ORR measurements are mostly reported

at 1600 rpm, where in this study the mixing speeds were 300, 600, and 900 rpm.

The Pd-modified Niz(HITP), shows enhanced onset potential and higher diffusion-limited
current, indicating improved ORR kinetics relative to the pristine Niz(HITP), and bare GC
electrode. The LSV-figure (Figure 28) with 600 rpm mixing speed shows that the thin Pd/Ni-
HITP coating has the best activity towards ORR. This figure also shows the effect of mixing
when comparing it to Figure 12. There is no longer a peak current, but a diffusion limited
current where the current stays unchanged. The kinetic currents, Tafel slopes and onset
potentials were determined from the background-corrected chronoamperometric staircase
measurements from 1 V to 0.75 V and the diffusion-limited current ig gotten from a single

low-potential hold at 0.65 V.



64

0.5

-
- T O mm e T e T = ==

"é -1
E
g
= -1.5
22 — = =Ni-HITP (0.12 C/cm?2)
— = =Ni-HITP (0.02 C/cm2)
2.5 Pd/Ni-HITP(0.12 C/em2)
Pd/Ni-HITP (0.02 C/cm2)
-3
E, Vvs. RHE
Figure 28. ORR LSV curves of the GC electrode, two Niz(HITP), coatings and two corresponding Pd/Ni-

HITP coatings, with 600 rpm mixing speed.

The onset potentials, [j| at 0.02 mA/cm?, at different mixing speeds are listed in table 9.
Figure 29 shows the staircase points, and the close-up shows where the onset potentials have
been gathered. More positive potential means lower barrier for ORR. According to
Castegnaro et al. (2017) most carbon-based catalysts catalyse ORR through 2-electron
transfer in alkaline medium. Miner et al. (2016) calculated the electron transfer number
n=2.25, which is consistent with mainly the 2-electron H>O; production, with remaining
activity ascribed to 4-electron reduction to H>O. On the contrary Pd should promote the 4-
electron pathway (Castegnaro et al. 2017). Given the positive shift in the onset potential and
the increased current density, the electron transfer pathway of the Pd/Ni-HITP coatings has

moved towards the 4-electron ORR pathway.
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Onset potentials (V vs. RHE) of the different coatings at different mixing speeds.

300 rpm 600 rpm 900 rpm
GC n n n
Ni-HITP 0.12 n (~0.65) n n
Ni-HITP 0.01 0.85 0.79 n (~0.65)
Pd/Ni-HITP 0.12 0.9 0.89 0.88
Pd/Ni-HITP 0.12 0.88 0.9 0.91
0.01
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0
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a) Background corrected current density curves and b) closeup cutting off at the |j| = 0.02

mA/cm? with 600 rpm mixing speed of clean GC-electrode, the two Niz(HITP), coatings and

The pure Pt catalyst has an onset potential of 1 V vs. RHE. Both Pd/Ni-HITP coatings had

the best onset potentials out of the five electrodes measured. The clean GC-electrode and the

thick Ni3(HITP): coating did not reach the current density in the measured potential range.
Miner et. al (2016) in their study reached onset potential of 0.82 V vs. RHE with Niz(HITP)»
coated electrode at 0.05 mA/cm? In their review, Zhang et al. (2024) listed ORR

performance of many catalysts done in 0.1 M KOH. The listed onset potentials varied

between 0.89 to 1 V vs. RHE.

The kinetic current densities were calculated with the equation (15). The jk values are often

presented from two different potentials, one from the kinetic region, where the reaction is

limited by the rate of the reaction and not the mass transfer, and one from where the rate
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becomes also limited by the mass transfer. In this case these potentials were 0.85 V and 0.80
V vs. RHE. The higher the jx is, the better activity towards ORR (Wang et al. 2022a). Figure

30. is from the 600 rpm measurements.
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Figure 30. Kinetic current densities from the kinetic region (0.85 V vs. RHE) and the mixed region (0.8

V vs RHE) of all the coatings and the clean GC-electrode (left) and a closeup of the smaller
values (right).

Figure 30 shows that the thin Pd/Ni-HITP coating had the highest jk values. It also shows
the difference in the value between the two potentials. The jk values are much higher in the
lower potentials, since it is more limited by the mass transfer of oxygen, and not so much

the rate of the reaction.

The Tafel slopes were calculated from the calculated kinetic currents using points <10 % of

14 (Table 10). The 14s at every mixing speed are presented in Appendix C. The slopes that
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did not meet the <10 % of iq requirement are marked with red in Table 11. Only the thin

Pd/Ni-HITP coating had all Tafel slopes meet this requirement.

Table 10. Tafel slopes (mV/dec) from ORR measurements. Values marked with red did not meet the

<10 % of iq requirement, making the values less reliable.

Electrode 300 rpm | 600 rpm | 900 rpm
GC -56.2 -58.1 -118.2
Ni-HITP 0.12 -93.2 -66.0 -48.9
Ni-HITP 0.02 -92.5 -157.3 -187.8
Pd/Ni-HITP 0.12 -177.8 -209.4 -286.7
Pd/Ni-HITP 0.02 -71.3 -74.8 -125.6

The EIS data was gathered without mixing, so the mass transfer of oxygen is a significant
limit in these measurements. The best fitting for the EIS data was achieved with a similar
circuit model as with HER, with parallel R¢; and Cqi, but with a Warberg impedance element
in series with the Rt (Figure 31). The parameters and their errors are listed in Table 11. The
thin Pd/Ni-HITP has the lowest R¢; with the other Pd/Ni-HITP coating not far behind. The
Pd/Ni-HITP have higher Q values, indicating better Cq values again parallel to the OCP
measurements. The lack of mixing during the measurements shows in the presence of
Warburg element, which as explained earlier indicates mass transport limitations. Most ORR
EIS data can be modelled with circuit similar to the one presented for HER in Figure 27,

with one or two sets of Cqr in parallel to Ret (Ruiz-Camacho et al. 2017).
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Figure 31. Nyquist plots and the circuit model from the ORR EIS measurements of the two Niz(HITP),
coatings and the two corresponding Pd/Ni-HITP coatings.
Table 11. Fitted values from the circuit model fitting and their errors.
S Nis(HITP), Nis(HITP), Pd/Ni-HITP Pd/Ni-HITP
(0.12 C/cm?) (0.02 C/cm?) (0.12 C/cm?) (0.02 C/cm?)
Value Error Value Error Value Error Value Error
R1,Q 77.81 1.049 79.20 1.194 79.95 1.343 79.59 0.804
R2,Q 7321 2.546 1.08E+4 | 2.225 4409 3.822 4051 1.707
Wl,o 6127 3.232 2755 8.434 4554 3.798 1751 4.009
Q1,uT | 6.04E-6 3.417 6.38E-6 | 3.254 9.10E-6 5.324 1.11E-5 2.993
nl 0.84 0.580 0.83 0.580 0.83 0.929 0.84 0.545

Based on these electrochemical measurements the Pd nanoparticles do improve the
Ni3(HITP), MOFs activity towards ORR. The thin Pd/Ni-HITP coating excelled in all the
measurements showing the highest onset potential, good Tafel slopes and the best kinetic
current density values of the coating types compared in this thesis. To get results that could
more easily be compared to those of other electrocatalyst studies, a rotating disk electrode
(RDE) would be necessary, since most studies are done with rotation speed of 1600 rpm.
Still these studies do show that the ORR activity can be improved considerably with the

addition of Pd nanoparticles.
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Conclusions

In this master’s thesis the addition of additional metals to the Ni3(HITP), structure, and their
effect on the MOFs electrocatalytic activity was studied. First, Ru and Pd were respectively
added to the MOF synthesis mixture during solvothermal synthesis to see if it was possible
to replace some of the Ni in the structure. According to XRD, BET and SEM analyses the
Ru and Pd did not replace the Ni in the MOF structure, and instead stayed as larger particles
attached to the MOF. This disproved the initial hypothesis of this work. Creating catalyst
coatings with these powders also presented some complications, as the drop-casted coatings
showed poor repeatability in the electrocatalytic measurements. For these reasons the focus
was shifted to direct non-sacrificial anodic electrodeposition of Niz(HITP), onto the GC-
electrodes, and deposition of Pd NPs into the MOF after synthesis, since this method created
more uniform coatings, and showed better repeatability. This also allowed the

characterisation of the MOF without the presence of a binder.

The capacity was higher on the drop-casted coatings, likely due to them being thicker and
more porous, than the smoother and tightly packed electrodeposited ones. This does not
necessarily mean there are more active sites available, and the coatings showed similar and,
in some cases, better results in the rest of the electroanalytical measurements. The addition
of Pd had little effect on the Cq value of the thinner Ni3(HITP), coating but did bring the Ca
value of the thicker MOF coating from 0.023 mF/cm? to 1.66 mF/cm?.

After optimizing the coating technique, the electrocatalytic performance of the coatings were
tested for HER and ORR, as these are two important reactions in the next-generation energy
devices. Though both Ni and Pd have shown good activity towards HER, the coatings
created here did not reach overpotentials and Tafel slopes of other HER catalysts. The thicker
pristine Niz(HITP), coating showed less activity towards HER than the GC-electrode, likely
due to limited ion diffusion through the dense MOF layer. The Pd NPs did improve HER
activity, but the performance could still be considered poor when compared to other HER
catalysts. Some measurements were also obstructed by the creation of hydrogen bubbles,
which blocked the active sites. The Tafel slope and overpotential of the thin Pd/Ni-HITP
coating were 152.9 mV/dec and 0.6 V.
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The coatings activity towards ORR in turn showed much more promising results. The onset
potential of the Pd/Ni-HITP coatings were close to the commercial ORR catalysts, with best
coating reaching 0.9 V vs. RHE. The Pd NPs promoted the move towards the preferable 4-
electron pathway from the 2-electron pathway. Additionally, the Tafel slopes and kinetic
currents were also at acceptable levels. For further ORR studies, a rotating-disk electrode
would be necessary, as one was not available in this study. Overall, the best electrocatalysis
results were achieved with the thinner electrodeposited Pd/Ni-HITP coatings, which

according to the SEM analysis barely covered the electrode surface.

Both the electrodeposition and the Pd NP addition showed great potential in enhancing the
catalytic activity of Ni3(HITP)>. Due to the limited extend of this master’s thesis and the
sudden change in synthesis method, the number of experiments were limited. A more in
depth look into the most promising coatings identified in this work would be required to
accurately optimise the use of Pd/Ni-HITP coatings in electrocatalysis. Due to time
limitations the amount of structural characterisation with XRD and SEM-EDS were limited
to just a few coatings. For future studies the stability of the coatings would be an important

factor which was not addressed in this thesis.

MOFs have been considered viable electrocatalysts for a while, but the main limiting factor
has been their poor conductivity. There is active effort being made to find MOFs and MOF
composites that have both good conductivity and good activity towards electrocatalytic
reactions, this thesis work being amongst them. As this is a novel synthesis method and
modification method, the results of this master’s thesis are preliminary, but they do show

real promise towards ORR.
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Appendix A. Circuit elements for the EIS modelling

Table Al. Common circuit elements, their symbols and how they appear on the Nyquist plot.

Element Impedance Symbol Nyquist

Resistor, R R —’V\/\/— :“"

Capacitor, C jwL —| I— ¥

1 .

Inductor, L —_— _\QD_Q/_ L]

JjwC

1 _

Warburg, W - — WV B
Yo /jw

Constant phase 1 3

element, Q Yo(jw)e

In table A1 R is the resistance, C and Yy are the capacitance, j is the imaginary unit, © is the

frequency, L is the inductance, and a is a constant between 1 and 0.




Appendix B. EDS data

Table BI. Atomic percentages and error percentages for the ruthenium samples.
Spot C N (0] Na Al Si P S Cl Fe | Ni | Cu | Ru
Al, % 59 [22.21| 898 | 0.05 0 0 0 0 3.76 | 0.03 [5.83| 0.05 | 0.09
Error, % | 10.78 | 11.35 | 11.15 | 41.55 | 99.99 | 99.99 | 99.99 | 99.99 | 4.13 | 23.19 | 1.55 | 14.71 | 12.63
A2,% |64.99|1543|17.79| 0.17 | 0.01 | 0.02 | 0.04 | 0.24 | 0.42 | 0.04 |0.76| 0.03 | 0.06
Error, % | 11.48 [ 17.67 | 13.76 | 71.24 | 84.61 | 72.8 | 64.76 | 19.22 | 12.45| 59.1 |7.18| 59.5 |49.96
B1,% | 56.48 | 6.53 1 0 0 0 0 0.01 | 7.65 | 0.07 |27.5| 0.36 | 0.41
Error, % | 11.49 [ 15.33| 19.8 [99.99 | 99.99 | 99.99 | 99.99 | 79.23 | 4.07 | 61.39 | 3.57 | 56.87 | 13.24
B2,% |59.79 {22.96| 11.23 | 0.16 | 0.01 | 0.1 0.02 | 0.21 | 2.12 | 0.03 |2.81| 0.06 | 0.52
Error, % | 11.04 [ 12.51 | 12.35 | 30.15 | 72.85 | 18.17 | 61.84 | 14.89 | 4.23 | 35.83 | 2.12]29.07 | 7.15
B3,% | 71.8 | 9.81 | 17.1 | 0.14 0 0.03 | 0.01 | 0.33 | 0.3 | 0.02 |0.41| 0.01 | 0.03
Error, % | 10.53 | 15.64 | 12.09 | 30.24 | 99.99 | 61.58 | 64.1 | 9.15 | 8.26 | 44.35 | 5.71|59.17 | 40.51
Cl,% |5032| 1.94 | 0.56 0 0 0 0 0 |[28.15] 0.83 | 47| 2.1 | 114
Error, % | 13.46 | 71.64 | 73.86 | 99.99 | 99.99 | 99.99 | 99.99 | 99.99 | 3.38 | 19.59 | 7.84 | 10.9 | 4.22
C2,% |61.79 | 9.43 | 1.37 0 0 0 0 0.13 | 593 | 0.09 |19.5] 0.22 | 1.54
Error, % | 11.5 [ 14.46| 20.62 | 99.99 | 99.99 | 99.99 | 99.99 | 49.72 | 4.42 | 61.29 | 4.09 | 59.09 | 8.61
C3,% | 75.56 |15.14] 6.59 | 047 | 0.06 | 0.07 | 0.03 | 0.37 | 0.19 | 0.04 [0.31| 0.03 | 1.13
Error, % | 10.86 [ 16.94 | 16.25 | 17.42 | 65.32 | 38.26 | 63.1 | 10.9 |15.45|45.86 |9.83|57.85|51.42
Table B2. Atomic percentages and error percentages for the the high Pd reduction current sample.
Spots C N O Al Si S Fe Ni Pd
D1, % 96.77 2.1 0.3 0.18 0.08 0.16 0.07 0.34
Error, % | 7.67 11.78 13.01 4.08 3.64 2.76 56.51 7.27 2.17
D2, % 98.37 0.56 0.77 0.1 0.08 0.07 0 0.05
Error, % | 7.47 14.5 11.38 4.53 3.62 3.54 99.99 62.27 5.24
El, % 88.46 8.54 2.18 0.25 0.07 0.17 0.01 0.1 0.21
Error, % | 7.93 11.91 11.9 5.34 6.44 6.12 58.41 18.43 7.27
E2, % 82.29 10.61 2.87 0.32 0.08 0.39 0.05 0.17 3.23
Error, % | 8.19 11.83 11.92 6.99 15.87 5.76 42.18 20.16 2.58
E3, % 90.99 4.89 2.03 0.17 0.06 0.18 0.03 0.05 1.62
Error, % | 7.81 12.17 11.6 6.4 10.14 6.41 39.15 28.7 2.38
E4, % 99.35 0 0.17 0.13 0.09 0.09 0.01 0.03 0.08
Error, % | 7.56 99.99 30.38 6.65 6.2 10.77 58.27 57.97 20.02
F1, % 88.19 8.96 1.92 0.27 0.07 0.2 0.01 0.12 0.25
Error, % | 7.93 11.21 11.31 4.44 4.26 3.14 56.19 8.89 2.91
F2, % 99.56 0 0 0.14 0.09 0.11 0.01 0.02 0.08
Error, % | 7.55 99.99 99.99 6.5 5.45 9.36 58.89 58.44 20.91




Table B3.

Atomic percentages and error percentages for the the low Pd reduction current sample.

Spot C N Al Si S Fe Ni Pd
Gl1, % 91.21 7.73 0.38 0.12 0.21 0.03 0.17 0.15
Error, % 8.09 13.92 6.46 8.44 10.94 58.83 23.06 18.41
G2, % 87.24 10.04 0.46 0.02 0.35 0.06 0.27 1.57
Error, % 8.21 12.57 7.04 58.67 8.26 45.42 19.2 3.37
G3, % 99.6 0 0.15 0.08 0.08 0.02 0.02 0.05
Error, % 7.63 99.99 10.27 13.41 20.55 61 62.08 44.94




Appendix C. Calculated ORR currents

Table C1. Diffusion-limited currents (iq) taken from the taken from the steady-state plateau of the CA
curves at 0.65 V vs. RHE at different mixing speeds.
300 rpm, | 600 rpm, | 900 rpm,
(LA) (1A) (1A)
GC -6.71 -9.51 -10.48
Ni-HITP (0.12 C/cm?) -35.40 -38.27 -21.70
Ni-HITP (0.02 C/cm?) -66.66 -42.74 -24.83
Pd/Ni-HITP (0.12 C/em?) | -93.01 -84.45 -64.05
Pd/Ni-HITP (0.02 C/ecm?) | -111.46 | -183.68 | -113.10
Table C2. Background-corrected currents i(E).
i Mean current, pA
speed Electrode I1Vvs. [095Vvs. [09Vvs. |085Vvs. | 0.8Vvs. [ 0.75Vvs.
RHE RHE RHE RHE RHE RHE
GC 0.022 -0.005 -0.005 0.004 -0.021 -0.160
Ni-HITP (0.12 C/cm?) 0.248 0.128 0.031 -0.060 -0.199 -0.675
300 rpm Ni-HITP (0.02 C/cm?) 0.704 0.244 0.056 -1.313 -8.492 -22.428
Pd/Ni-HITP (0.12 C/cm?) 0.764 -0.069 -1.331 -5.243 -12.773 -21.696
Pd/Ni-HITP (0.02 C/cm?) 0.769 0.147 -0.448 -4.929 -34.753 -77.426
GC -0.009 0.008 0.000 -0.002 0.010 -0.072
Ni-HITP (0.12 C/cm?) 0.146 0.041 0.050 -0.005 -0.080 -0.451
600 rpm Ni-HITP (0.02 C/cm?) 0.675 0.270 0.052 -0.390 -1.316 -2.649
Pd/Ni-HITP (0.12 C/cm?) 0.690 -0.049 -1.210 -3.789 -7.672 -12.464
Pd/Ni-HITP (0.02 C/cm?) 0.348 -0.134 -1.550 -14.024 -61.543 -116.406
GC 0.004 0.001 0.000 -0.004 0.006 0.017
Ni-HITP (0.12 C/cm?) 0.386 0.192 0.094 0.035 -0.014 -0.141
900 rpm Ni-HITP (0.02 C/cm?) 0.615 0.292 0.113 -0.116 -0.366 -0.668
Pd/Ni-HITP (0.12 C/cm?) 0.468 -0.059 -1.022 -2.767 -4.612 -6.655
Pd/Ni-HITP (0.02 C/cm?) 0.374 -0.143 -1.652 -8.108 -27.479 -50.360




Table C3. Kinetic currents (ix) calculated with the K-L equation (15).
N Mean current, pA
saesd Electrode LV vs RHE| 095V [09Vvs.[0.85Vvs. [ 0.8Vvs. [ 075V vs.
vs. RHE | RHE RHE RHE RHE
GC 0.022 -0.005 -0.005 0.004 -0.021 -0.164
Ni-HITP (0.12 C/cm?) 0.246 0.127 0.031 -0.060 -0.200 -0.689
300 rpm | Ni-HITP (0.02 C/cm?) 0.697 0.243 0.056 -1.339 -9.732 -33.800
Pd/Ni-HITP (0.12 C/cm?) 0.758 -0.069 -1.351 -5.556 -14.807 -28.297
Pd/Ni-HITP (0.02 C/cm?) 0.764 0.147 -0.450 -5.157 -50.498 -253.553
GC -0.009 0.008 0.000 -0.002 0.010 -0.072
Ni-HITP (0.12 C/cm?) 0.146 0.041 0.050 -0.005 -0.080 -0.456
600 rpm | Ni-HITP (0.02 C/cm?) 0.665 0.269 0.052 -0.394 -1.358 -2.824
Pd/Ni-HITP (0.12 C/cm?) 0.684 -0.049 -1.227 -3.966 -8.439 -14.622
Pd/Ni-HITP (0.02 C/cm?) 0.347 -0.134 -1.563 -15.183 -92.555 -317.832
GC 0.004 0.001 0.000 -0.004 0.006 0.017
Ni-HITP (0.12 C/cm?) 0.379 0.190 0.093 0.035 -0.014 -0.142
900 rpm | Ni-HITP (0.02 C/cm?) 0.600 0.289 0.112 -0.117 -0.372 -0.686
Pd/Ni-HITP (0.12 C/cm?) 0.465 -0.059 -1.039 -2.891 -4.970 -7.426
Pd/Ni-HITP (0.02 C/cm?) 0.373 -0.143 -1.676 -8.735 -36.298 -90.784
Table C4. Kinetic current densities at potentials from the kinetic region (0.85 V vs. RHE) and the mass
transfer-limited region (0.8 V vs. RHE).
300 rpm 600 rpm 900 rpm
jk, mA/cm? | ji, mA/em? | jx, mA/cm? | j, mA/ecm? | jx, mA/cm? | jk, mA/cm?
Electrode (0.85Vvs. | (0.80Vvs.| (0.85V vs. (0.80 Vvs. |(0.85V vs.|(0.80V vs.
RHE) RHE) RHE) RHE) RHE) RHE)
GC 0.0001 0.0003 0.0000 0.0001 0.0001 0.0001
Ni-HITP (0.12 C/cm?) 0.0008 0.0028 0.0001 0.0011 0.0005 0.0002
Ni-HITP (0.02 C/cm?) 0.0189 0.1371 0.0055 0.0191 0.0016 0.0052
Pd/Ni-HITP (0.12 C/cm?) 0.0783 0.2085 0.0559 0.1189 0.0407 0.0700
Pd/Ni-HITP (0.02 C/cm?) 0.0726 0.7112 0.2139 1.3036 0.1230 0.5112
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