
2023 

 

UNIVERSIDADE DE LISBOA 

FACULDADE DE CIÊNCIAS 

DEPARTAMENTO DE QUÍMICA E BIOQUÍMICA 

 

 

 

 

 

 

Metal-Organic Frameworks Films for Electrocatalysis 

 

 

 

 

Duarte Nuno Caçador Borralho 
 

 

 

Mestrado em Química 

Especialização em Química 

 

 

 

Dissertação orientada por: 

Sara Marlene Quintela Realista 

Maria da Estrela Borges de Melo Jorge 

 

 



II 
 

 

Acknowledgements 

First off, I’d like to acknowledge my supervisor Dr. Sara Realista for all the guidance, support and 

patience during this past year, which without them none of this work would have been possible. I’d like 

to thank as well for all the additional opportunities and experiences offered that challenged me to 

develop both as a person and as a researcher.  

The second acknowledgment goes to my co-supervisor, Prof. Dr. Maria E. Melo Jorge for always finding 

time to clarify any doubts and giving me additional feedback and ideas that helped me further develop 

my work, as well as all the numerous samples characterised using PXRD. 

I’d like to thank Dr. Paulo Nuno Martinho and all my lab colleagues for getting me accustomed to 

working in the lab environment, as well as always being available to help with any additional questions, 

problems and uncertainties that emerged frequently.  

I’d like to acknowledge, as well, Dr. Telmo Nunes for all the samples characterised using SEM and Dr. 

José Augusto for helping with the setup used in the CPE experiments. 

Finally, I’d like to thank my friends for always being available to hear me complain in the most stressful 

moments and offering even more feedback. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



III 
 

Abstract 

The need for alternative fuels has been increasing since the latest decades due to climate change. Climate 

change is caused by the release of greenhouse gases, mainly CO2 and CH4, which has increased 

dramatically with the industrialisation of developing countries. Species like NH3 can be used as a carrier 

to produce via its electrocatalytic conversion, H2 as an alternative carbon-free fuel, offering several 

advantages when compared with the water splitting process. Advantages such as, a 95% lower standard 

redox E and a 50% higher hydrogen quantity per molecule. Metal-organic frameworks structures that 

have high crystallinity and permanent porosity constituted by an inorganic centre and organic ligand. 

These structures show promising results as catalysts due to their properties and the presence of active 

sites. The use of these structures as electrocatalysts require their immobilisation on a conductive surface, 

as they are obtained in powder form using the most common method – solvothermal synthesis. There 

are two different electrochemical methods for the formation of metal-organic framework films, a direct 

method, consisting of the formation of the metal-organic framework directly on the surface of the 

conductive substrate and an indirect method, which focuses on immobilising these materials in a powder 

form post-synthesis. This work focuses on the synthesis, immobilisation, and electrochemical studies of 

some of these materials as well as their application for the electroconversion of ammonia. The films 

were formed using the cathodic deposition as the direct method and the electrophoretic deposition as the 

indirect method. The obtained metal-organic framework powders and films were characterised using X-

rays diffraction, Fourier Transform infrared spectroscopy and scanning-electron microscopy. The 

electrochemical studies were made using cyclic voltammetry and the conversion of NH3 was 

investigated using controlled potential electrolysis experiments and its products were quantified using 

gas chromatography with a thermal conductivity detector. 

 

Keywords: Metal-organic frameworks, electrochemical deposition, films, ammonia conversion, 

hydrogen. 
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Resumo 

A necessidade de novos combustíveis, especialmente combustíveis verdes, tem vindo a aumentar devido 

à grande escala da industrialização de países em desenvolvimento nestas últimas décadas, que tem 

levado ao aumento das alterações climáticas, agravado pela alta emissão de gases com efeito de estufa 

(do inglês GHGs) na combustão dos combustíveis fósseis, como o dióxido de carbono e metano. Estas 

mudanças estão a levar a crises climáticas à escala mundial como o aumento dos níveis dos oceanos 

devido ao aumento da temperatura global, que de acordo com o Intergovernmental Panel of Climate 

Change (IPCC) aumentou cerca de 1.1 ℃ na última década. Os GHGs emitidos em excesso são 

acumulados na atmosfera, impedindo a reflexão de parte da radiação infravermelha emitida pelo Sol 

para fora da atmosfera, sendo esta parte absorvida por os gases mencionados. Um possível combustível 

livre de carbono é o hidrogénio, este que como combustível apresenta diversas propriedades que o 

tornam promissor, propriedades tais como a sua grande abundância, o facto de ser o elemento mais leve, 

ser não-tóxico, acessível e oferece uma maior densidade gravimétrica de energia. No entanto apresenta 

também diversos desafios que impedem a sua implementação em grande escala, sendo esses a sua alta 

inflamabilidade, volatilidade e a sua baixa densidade volumétrica de energia para além do risco de 

fragilização dos materiais metálicos onde é armazenado, levando estes riscos a problemas relacionados 

com o seu armazenamento e transporte. Apesar do hidrogénio ser principalmente produzido a partir dos 

combustíveis fosseis utilizado processos como o reforming do metano e a gasificação do carvão, pode 

ser também produzido de forma verde usando espécies que contém hidrogénio, tal como a água. A água 

pode ser convertida de forma verde utilizando energia proveniente de radiação solar (fotocatálise), 

energia elétrica (eletrocatálise) e energia térmica (termólise), todas estas com o seu processo sofisticado. 

Focando na eletrocatálise, o grande desafio utilizando este método é a energia necessária para realizar a 

sua conversão pois a água tem um E de redox padrão de cerca de 1,23 V vs. SHE, sendo que se procura 

catalisadores acessíveis e abundantes que consigam reduzir esse valor e ao mesmo tempo aumentar a 

sua potência. No entanto, existe outra espécie que também consegue ser convertida em hidrogénio que 

apresenta por si diversas vantagens em relação à água – o amoníaco. O amoníaco, teoricamente, 

consegue ser convertida com simplesmente uma fração da energia necessária para água, devido ao seu 

E de redox padrão de cerca de 0,06 V vs. SHE, o que significa que com a mesma energia é possível 

produzir cerca de 95% mais hidrogénio utilizando amoníaco ao invés da água, para além de cada 

molécula de amoníaco conter cerca de 50% mais hidrogénio que a molécula de água. O amoníaco 

apresenta também diversas vantagens como um transportador de hidrogénio, em relação a outros 

transportadores de hidrogénio, sendo essas a sua elevada densidade de hidrogénio (17,8 wt%), ser não-

inflamável, estável e a sua tecnologia de transporte que é extremamente conhecida (devido a um dos 

processos industriais mais globalmente utilizado para a produção de amoníaco, o processo Haber-Bosch, 

sendo o amoníaco utilizada principalmente para fins agrícolas). O amoníaco é, no entanto, um químico 

tóxico, mas que consegue ser facilmente detetado no caso de fugas devido ao seu cheiro intenso. As 

estruturas metalo-orgânicas (do inglês MOFs) são materiais recentes (últimas décadas) que mostram 

grande potencial em várias aplicações, tais como no armazenamento de gases, catalisadores, separação 

química, como sensores, entre outros. São materiais constituídos por ligandos orgânicos coordenados a 

um centro metálico e apresentam elevada cristalinidade, elevada porosidade permanente e múltiplos 

centros ativos. Devido às inúmeras possibilidades de combinações utilizando diferentes centros 

metálicos e ligandos orgânicos, estes materiais apresentam uma versatilidade extremamente elevada. 

Estas propriedades são extremamente importantes para potenciais catalisadores. Estes materiais são 

produzidos mais habitualmente utilizando métodos solvotérmicos (reações em condições de elevada 

pressão e temperaturas utilizando solventes) dando origem a um pó microporoso. No entanto, para a sua 

utilização em aplicações de eletrocatálise é necessário a sua imobilização numa superfície condutora e 

para este fim existem diversos métodos eletroquímicos, ambos diretos e indiretos. Nos métodos diretos, 
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os precursores iniciais utilizados nas sínteses solvotérmicas são utilizados e a estrutura é formada 

diretamente na superfície do elétrodo com a aplicação de um determinado E. A deposição catódica é um 

dos métodos diretos que utiliza para além dos precursores, uma probase, que a um determinado potencial 

irá transformar-se numa base, desprotonando o ligando orgânico dando origem à reação dos precursores 

na superfície do elétrodo. Nos métodos indiretos a MOF é previamente sintetizada em forma de pó e 

posteriormente depositada na superfície do elétrodo. A deposição eletroforética é um dos métodos 

indiretos, onde o pó inicial é utilizado na formação de uma suspensão onde dois elétrodos são imersos 

em paralelo com áreas e distância fixas e de seguida a MOF em pó é imobilizada a através de um campo 

elétrico que é originado a partir da aplicação de um potencial. Várias otimizações podem ser realizadas 

na síntese das MOFs afetando a sua deposição pelo meio indireto. Na forma de pó, a utilização de um 

modulador ou a modificação pós-sintética permite o controlo de diversas propriedades, tais como o 

crescimento da sua estrutura cristalina e a incorporação de espécies alternativas ou defeitos na estrutura 

aumentando a carga das partículas do pó. 

Este trabalho consiste na síntese, imobilização e estudos eletroquímicos de alguns de filmes destes 

materiais na presença de amoníaco aquosa, para estudar o seu comportamento eletroquímico na presença 

do amoníaco e a sua estabilidade em meio básico e por fim, também a sua aplicação na conversão de 

amoníaco utilizando a técnica de eletrólise a potencial controlado (do inglês CPE). As sínteses de nove 

MOFs diferentes foram tentadas, sendo que só seis destas foram bem-sucedidas – ZIF-8, Mg-MOF-74, 

Ni-MOF-74, HKUST-1, UiO-66 e UiO-66-NH2. Destas seis, todas à exceção da HKUST-1 

apresentaram elevada estabilidade na presença de água. Procedeu-se posteriormente a tentativas de 

imobilização de algumas destas nove MOFs, utilizando os métodos diretos e indiretos mencionados – a 

deposição catódica e a deposição eletroforética respetivamente. Pelo método de deposição catódica 

tentou-se formar filmes utilizando as MOFs que não foram bem-sucedidas na sua síntese e umas que 

apresentaram alta estabilidade em água – MOF-5, IRMOF-3, Mg-MOF-74, Ni-MOF-74 e UiO-66. 

Infelizmente, não foi possível obter filmes cristalinos de nenhuma destas MOFs utilizando o método 

direto. Pelo método de deposição eletroforética, tentou-se depositar as seis MOFs que foram bem-

sucedidas na sua síntese - ZIF-8, Mg-MOF-74, Ni-MOF-74, HKUST-1, UiO-66 e UiO-66-NH2. Destas 

seis, foi possível imobilizar três MOFs: Ni-MOF-74, UiO-66 e UiO-66-NH2. Todos os pós sintetizados 

e todos os filmes promissores foram caracterizados utilizando difração de raios-x de pós (do inglês 

PXRD), espetroscopia de infravermelho com transformada de Fourier (do inglês FTIR) e microscopia 

eletrónica de varrimento (do inglês SEM). Os filmes das três MOFs foram posteriormente estudados 

electroquimicamente utilizando a técnica de voltametria cíclica (do inglês CV) e após os estudos de 

conversão o hidrogénio produzido foi quantificado utilizando cromatografia gasosa com um detetor de 

condutividade térmica (do inglês GC-TCD). O filme da Ni-MOF-74 depositado num elétrodo de óxido 

de estanho dopado com flúor (do inglês FTO) mostrou alta produção de hidrogénio (17,09-28,11 µmol) 

mas ao mesmo tempo baixa estabilidade, pois o filme degradou-se durante o processo onde se verificou 

uma completa degradação apenas ao fim de 45 min. O filme de UiO-66 também depositado em FTO 

produziu resultados promissores (4,21-9,27 µmol) e mostrou, ao contrário do filme de Ni-MOF-74, alta 

estabilidade mantendo a sua estrutura cristalina após o processo. 

 

Palavras-chave: Estruturas metalo-orgânicas, deposição eletroquímica, filmes, conversão de amoníaco, 

hidrogénio. 
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1 Introduction 

 

1.1 The Importance of Clean Energy 

In recent years, climate change has given great cause for concern mainly caused by the increasing use 

of fossil fuels and their derivatives in the last decades. This increase is associated with the 

industrialisation of developing countries and the improvement of the quality of life leads to an increase 

in the world population.1 Climate change is defined as an unnatural change in the average temperature 

levels and weather behaviour across the globe, which can lead, in extreme cases, to an increase in 

catastrophic natural disasters, such as the rise of ocean levels.2 In comparison to the XIX century the 

global surface temperature has increased by an average of 1.1 °C in the last decade.3  

The excessive use of fossil fuels is extremely concerning due to the high volume of greenhouse gases 

(GHGs) emitted as by-products during their combustion to produce usable energy. Some of those gases 

are carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, among others. The GHGs produced 

accumulate in the Earth’s atmosphere which excessively traps the infrared radiation emitted from the 

sun leading to an increase in the overall Earth’s temperature, as seen in Figure 1.1. Another problem 

caused by the emission and accumulation of GHGs in the atmosphere is the deterioration of the air 

quality, which according to the World Health Organisation, approximately 99% of the population lives 

in locations where the air pollution exceeds their guidelines.4 The scarcity of fossil fuels is another 

challenge of the current society, as there is no way to renew them in our demanding time scale.  

 

 

Figure 1.1 – Representation of the natural and human-enhanced greenhouse effect.5 

 

For these reasons, it is crucial to start transitioning to clean alternatives to fossil fuels at an accessible 

rhythm, especially if those are from a renewable and/or readily available abundant sources, such as solar, 

wind, water, biomass, etc. A clean fuel means that harmful by-products are produced in negligible 

quantities, non-existent or can be captured to be used in other processes.6 Another advantage provided 

by the transition, is lessening the dependency on countries with fossil fuels reserves preventing possible 

geopolitical crisis. This transition will also lead to an economic growth of the dependent countries in 

several ways, such as creating more job opportunities in the energy sector and decreasing the need of 
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fossil fuels. Developing self-sustainability through this increased energy production and reduced fossil 

fuel usage will eventually eliminate the need for importing fossil fuels.  

Currently, the energy transition is being held back because of several problems related to its storage, 

transport, efficiency, and lack of infrastructure.7 However, the investment in this area is increasing and 

consequently the price of clean energy from renewable sources is also becoming more accessible.8 In 

parallel with the transition, the development of materials that can capture and convert GHGs is essential 

especially in cases where its emission are unavoidable, such as in certain industrial processes, 

agriculture, transportation, and electricity generation.1,7 Materials such as zeolites, silicas, porous 

carbons, porous organic polymers, and metal-organic frameworks have been investigated for showing 

potential in the capture of carbon dioxide followed up by its conversion. Metal-organic frameworks 

specially get a lot of attention due to their versatility.9–12 

 

1.2 Hydrogen as an Alternative Energy Source 

Green hydrogen, as a carbon-free fuel, fits the criteria as an alternative energy source to fossil fuels. 

Hydrogen is the most abundant and lightest element, is non-toxic, extremely accessible and offers higher 

gravimetric energy density than conventional fuels (Figure 1.2). Despite its many advantages, there are 

limitations related to the hydrogen properties that prevent its widespread implementation. Properties 

like its flammability and volatility, low volumetric energy density with the risk of causing embrittlement 

on metal leads to problems related to its storage and transport.13–17 

 

 

Figure 1.2 – Comparison of the gravimetric and volumetric energy density of hydrogen with other conventional fuels.18 

 

Hydrogen can be produced from renewable and non-renewable sources using clean processes and fossil 

fuels. Depending on the production technology hydrogen can have several names associated to a colour, 

the more common ones are grey, blue, and green hydrogen. As represented in Figure 1.3, grey hydrogen 

is produced alongside with GHGs from fossil fuels, blue hydrogen is also produced alongside with 

GHGs but using capture technologies to reduce their release to the atmosphere. Green hydrogen is 

produced using clean sources such as water where the only by-products are harmless compounds like 

oxygen. 
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Figure 1.3 – Differences between the productions of grey, blue, and green hydrogen. Adapted from ref.19  

 

The hydrogen production sectors need severe improvement. Currently most of the hydrogen is produced 

from fossil fuels with techniques such as steam methane reforming and coal gasification, while most of 

green hydrogen is obtained via water splitting. It is essential to increase the production of hydrogen 

using clean and renewable processes. Apart from its energy applications, hydrogen is also widely used 

as a crucial component in chemical industries.20,21 The hydrogen ecosystem is represented in Figure 1.4. 

 

 

Figure 1.4 - Hydrogen ecosystem: its production, distribution, and applications.22 
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Some of the most predominant technologies for hydrogen production are represented in Figure 1.5 and 

will be further discussed below.  

 

 

Figure 1.5 - Common hydrogen production technologies using both fossil fuels and renewables/clean sources. 

 

At present, most of the hydrogen production (about 95%) is derived from fossil fuels.23 The most 

common method of hydrogen production is steam methane reforming. In this process, methane is mixed 

with water vapour at high temperatures in a steam reformer, yielding carbon monoxide and hydrogen, a 

mixture also known as syngas. This reaction is reversible and largely endothermic.21 Hydrogen can also 

be produced from coal via its gasification. Coal gasification starts with its pulverisation followed by 

drying and grinding, After, the introduction of oxygen and water vapour in the flow yields hydrogen 

and carbon monoxide. In both these processes the carbon monoxide produced may also react with the 

water vapour forming additional hydrogen and carbon dioxide.21,24  

Other clean and more sustainable methods may also be used for hydrogen production. Among those, the 

most used source is the process of water splitting into molecular hydrogen and oxygen, using processes 

such as electrocatalysis, photocatalysis and thermolysis. The mechanism is the main difference between 

these processes. In photocatalysis, a catalyst is used to harvest light energy causing its photoexcitation 

and forming e-/h+ pairs which will initiate the reaction. 25–27 In electrocatalysis, an electric current is used 

instead, through the application of a potential (E).27,28 In thermolysis, the water splits via its 

decomposition using high temperatures.29 However, these processes are not limited to water, other 

hydrogen containing species, such as ammonia, may also be used. 

Green hydrogen can also be produced using biomass in processes such as its gasification. Biomass 

gasification is a process with relative maturity already used commercially and it uses similar concepts 

as that of the coal gasification. Oxygen and water vapour are introduced in the flow at high temperatures 

to producing hydrogen, carbon monoxide, carbon dioxide, nitrogen, and methane.30  Another valuable 

alternative are fuel cells, which have been receiving a lot of attention from the research community. Fuel 

cells rely on a similar operation as batteries, but instead of producing electrical energy using stored 

energy, they convert chemical energy from the fuel used into electrical energy. The main advantage of 

these devices is their higher electrochemical conversion efficiency due to its design where the electrodes 

are separated by the electrolyte. Their compact design makes them ideal for use in mobile applications. 
21,31,32  
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These are some of the more common hydrogen production technologies, however, several more 

technologies exist. Technologies such as, steam reforming using other hydrocarbons, water radiolysis, 

photolysis of biomass, among others.17,20,21,23,26,30,33,34 

Another matter is the hydrogen storage, where the most common methods are its compression and 

liquification. Both these methods require the use of extreme conditions such as high pressures (350 to 

700 bar) and low temperatures (at 1 atm its boiling point is -252.8 ℃), or a combination of both. These 

methods allow for a maximum of purity but also present higher risks. As mentioned above, they also 

suffer from low volumetric energy density, high relative cost, and the need for specialised infrastructure. 

In a widespread scale and in mobile applications these methods are not viable options.14,35–37 Alternatives 

to these storage methods are the adsorption of hydrogen on the surface of solids or absorption within 

them, using for example microporous materials. The usage of hydrogen containing species, hydrogen 

carriers, is another alternative, using species like metal hydrides or liquid organic carriers. The use of 

these methods minimises the risks of using extreme conditions but also have their own challenges. 

Depending on the compound, challenges like low capacity for hydrogen storage, low reversibility, slow 

kinetics, the need for efficient catalysts, among others are common.15,33,35,36  

In conclusion, it is crucial to develop novel and more efficient green hydrogen production methods and 

storage methods where its combination leads to most of these challenges and risks being reduced or 

eliminated. 

 

1.3 Ammonia as a Hydrogen Carrier 

As a carbon-free hydrogen carrier, ammonia, an alkaline colourless chemical with a strong odour, has a 

lot of potential as an alternative technology for the storage and transport of hydrogen. It offers valuable 

advantages such as, high hydrogen density (around 17.8 wt%), a well-known storage technology with 

long-term stability in its transportation, and it is practically non-flammable. Although it has a relatively 

high toxicity, due to the strong distinct smell, leakages are easily detected and avoided. Ammonia also 

has the advantage of requiring less extreme storage conditions (-33 ºC or 10 bar) when compared to the 

requirements for the compression and liquification of hydrogen.14,38 

The production of ammonia using the process of Haber-Bosch is one of the most well researched and 

largest chemical processes used in the industry mainly to produce fertilisers. During this process, 

nitrogen reacts with hydrogen obtained from methane through a catalysed reaction under high 

temperatures and pressures (400 to 600 ℃ at 200 bar). As a consequence of the well-established process, 

the infrastructures and technologies required for the storage and transport of ammonia are already 

developed.38 However, the ammonia produced using this process is only as clean as the hydrogen used 

in its synthesis, giving further urgency to develop greener hydrogen production technologies. Aside 

from the Haber-Bosch process, ammonia may also be produced using methods such as, electrochemical, 

or thermochemical nitrogen reduction.14,39,40 The production of ammonia via nitrate reduction in 

wastewater treatment is also an interesting alternative.41 Afterwards, to use it as a fuel, ammonia needs 

to be converted to hydrogen. Hydrogen can be generated from ammonia through its conversion or 

decomposition using techniques such as electrocatalysis42, photocatalysis43 and thermal 

decomposition44. The route taken by the ammonia as a hydrogen carrier in the energy sector is 

represented in Figure 1.6. 
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Figure 1.6 - Ammonia production and applications route as a hydrogen carrier in the energy sector.14 

 

1.4 Electrocatalytic Ammonia Conversion for Hydrogen Production 

Electrocatalysis is a process involving an oxidation and a reduction reaction through the transfer of 

electrons originated by applying a E, where using a catalyst may lead to a reduction in the overpotential 

(η) of the reactions. The performance of a catalyst will heavily depend on the selectivity and activity of 

the catalyst towards a specific reaction.45 An important advantage of electrocatalysis is being able to 

work under less extreme conditions when compared to other catalytic procedures. 

As mentioned in Chapter 1.3, when using ammonia as a carbon-free hydrogen carrier, electrocatalysis 

is a method that allows for its conversion into hydrogen. Both aqueous and liquid ammonia can be 

converted to hydrogen using electrocatalysis. The reactions for both are represented in Equations 1.1, 

1.2 and 1.3 for aqueous ammonia and Equations 1.4, 1.5 and 1.6 for liquid ammonia.42,46,47 

 

Aqueous ammonia: 

Anode:  𝟐𝑵𝑯𝟑(𝒂𝒒) + 𝟔𝑶𝑯(𝒂𝒒)
− →  𝑵𝟐(𝒈) +  𝟔𝑯𝟐𝑶(𝒍) + 𝟔𝒆−   (Equation 1.1) 

Cathode: 𝟔𝑯𝟐𝑶(𝒍) + 𝟔𝒆− →  𝟑𝑯𝟐(𝒈) +  𝟔𝑶𝑯(𝒂𝒒)
−      (Equation 1.2) 

Overall: 𝟐𝑵𝑯𝟑(𝒂𝒒) →  𝑵𝟐(𝒈) +  𝟑𝑯𝟐(𝒈)  E0 = 0.06 V vs. SHE48,49 (Equation 1.3) 

Liquid ammonia: 

Anode:  𝟖𝑵𝑯𝟑(𝒍) →  𝑵𝟐(𝒈) +  𝟔𝑵𝑯𝟒(𝒍)
+ + 𝟔𝒆−     (Equation 1.4) 

Cathode: 𝟔𝑵𝑯𝟒(𝒍)
+ + 𝟔𝒆− →  𝟑𝑯𝟐(𝒈) + 𝟔𝑵𝑯𝟑(𝒍)     (Equation 1.5) 

Overall:  𝟐𝑵𝑯𝟑(𝒍) →  𝑵𝟐(𝒈) +  𝟑𝑯𝟐(𝒈)  E0 = 0.08 V vs. SHE50  (Equation 1.6) 

 

One advantage of using aqueous ammonia is its ability to work at room temperature and ambient 

pressure. Under these conditions ammonia is oxidised in the anode while hydrogen is generated in the 

cathode. Additionally, when ammonia is oxidised several other nitrogen containing products, aside from 
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molecular nitrogen, may be formed (ex. nitrite and nitrate, as seen in Figure 1.7) depending on the 

ammonia concentration, the solution’s pH, and the applied E as represented in the Pourbaix diagram in 

Figure 1.8. 42,50  

 

Figure 1.7 - Electrolytic splitting of aqueous ammonia via its oxidation and its possible products.42 

 

 

Figure 1.8 - Pourbaix diagram of certain nitrogen species in aqueous conditions.42,51 

 

Water is the primary source of green hydrogen, as noted in Chapter 2, with electrolysis as the most 

common process. The water splitting reactions are represented in Equations 1.7, 1.8 and 1.9. 

 

Water: 

Anode:  𝟒𝑶𝑯(𝒂𝒒)
− →  𝑶𝟐(𝒈) + 𝟐𝑯𝟐𝑶(𝒍) + 𝟒𝒆−     (Equation 1.7) 

Cathode: 𝟐𝑯𝟐𝑶(𝒍) + 𝟐𝒆− →  𝑯𝟐(𝒈) +  𝟐𝑶𝑯(𝒂𝒒)
−      (Equation 1.8) 

Overall: 𝟐𝑯𝟐𝑶(𝒍) →  𝟐𝑯𝟐(𝒈) +  𝑶𝟐(𝒈)  E0 = 1.23 V vs. SHE 48,49  (Equation 1.9) 

 

Both aqueous ammonia and water have similar reactions, where the only difference is in the oxidation 

reaction. In aqueous ammonia, ammonia is oxidised alongside the hydroxide ions (Equation 1.1) 

whereas in water its solely the hydroxide ions (Equation 1.7). Ammonia has an important advantage in 

comparison to water, even though production, storage and transport of water is trivially more accessible 

and poses no risks. The main advantage is the overall standard E of aqueous ammonia conversion (0.06 
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N 

 

N 

 

V vs. SHE) being lower than water splitting (1.23 V vs. SHE). This means that, theoretically, using the 

same amount of energy it is possible to produce 95% more hydrogen using aqueous ammonia. 

Additionally, each molecule of ammonia contains 50% more hydrogen than the molecule of water. 48 

Since the real conditions of the reaction will differ from ideal conditions, the redox E of the reaction 

will also be different from its standard E and to that difference corresponds the overpotential. The main 

challenge of electrocatalytic ammonia conversion for hydrogen production is finding a suitable catalyst 

that can minimise the overpotential of the reaction while having high selectivity and activity. Although 

the overall reaction is thermodynamically favourable, its slow kinetics makes its implementation as a 

hydrogen carrier unviable.48 Aside from its slow kinetics, other challenges such as the risk of corrosion 

and catalyst poisoning caused by the solution pH (approx. 12 at higher concentrations) and unreversible 

nitrogen adsorption prevents the use of most catalysts. Therefore, it is crucial to find a low-cost catalyst 

made of Earth-abundant elements that offer high stability in alkaline conditions. Catalysts made of noble 

metals like platinum, iridium, rhodium, palladium, and ruthenium offer decent performance but suffer 

drawbacks due to their scarcity and cost.52 

The mechanism of ammonia oxidation in strong alkaline aqueous solutions using potassium hydroxide 

as the supporting electrolyte on platinum surfaces were thoroughly studied. According to Oswin, 

Salomon, and coworkers53 ammonia is oxidised in steps to M–NH2, M=NH and M≡N while N2(g) is 

formed by dimerisation of the N(ads) at the catalysts’ surface (Equations 1.10, 1.11 and 1.14, 1.15). 

Further studies on fuel cells showed that the adsorption of ammonia on the surface of the electrode takes 

place prior to its oxidation. An alternative mechanism was proposed where N2(g) is formed via the 

oxidation of the intermediary N2Hy species instead of the dimerisation of N(ads) (Equations 1.10-1.14).54 

 

𝑵𝑯𝟑(𝒂𝒒/𝒂𝒅𝒔) + 𝑶𝑯(𝒂𝒒)
− →  𝑵𝑯𝟐(𝒂𝒅𝒔)  +  𝑯𝟐𝑶(𝒍) + 𝒆−     (Equation 1.10) 

𝑵𝑯𝟐(𝒂𝒅𝒔) + 𝑶𝑯(𝒂𝒒)
− →  𝑵𝑯(𝒂𝒅𝒔)  +  𝑯𝟐𝑶(𝒍) +  𝒆−     (Equation 1.11) 

𝟐𝑵𝑯𝒙(𝒂𝒅𝒔) →  𝑵𝟐𝑯𝒚(𝒂𝒅𝒔)        (Equation 1.12) 

𝑵𝟐𝑯𝒚(𝒂𝒅𝒔) + 𝒚𝑶𝑯(𝒂𝒒)
− →  𝑵𝟐(𝒈)  + 𝒚𝑯𝟐𝑶(𝒍) +  𝒚𝒆−     (Equation 1.13) 

𝑵𝑯(𝒂𝒅𝒔) + 𝑶𝑯(𝒂𝒒)
− →  𝑵(𝒂𝒅𝒔)  +  𝑯𝟐𝑶(𝒍) + 𝒆−      (Equation 1.14)  

𝟐𝑵(𝒂𝒅𝒔) →  𝑵𝟐(𝒈) +  𝟐𝑴(𝒔)        (Equation 1.15) 

 

Considering the catalyst reactivity and selectivity, if the applied E is high enough that the oxidation of 

water simultaneously occurs, competition between the ammonia and water will take place. This will 

lead to the formation of O2 and N2 which may further react to form the cross-combination intermediary 

NH2OH. This intermediary will react to produce nitrogen oxyanions NO2
- and NO3

- ions or/and nitrogen 

oxides NO and N2O.55 

The ammonia conversion reaction mechanisms are exhaustively studied for specific noble metal 

platinum surfaces whereas there is a lack of research using non-noble metals as catalysts. However, the 

studies can be a starting point for further development on different non-noble catalysts. 

Finding high-performance alternatives to the noble metal catalysts is essential to the future of these 

processes and those alternatives lie in the development of new materials composed by accessible and 

abundant elements. Materials such as metal-organic frameworks offer great potential as catalysts’ 
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materials due to their modular nature that enables the combination of different metal centres and organic 

ligands. 

 

1.5 Metal-Organic Frameworks as Electrocatalysts 

Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs) are inorganic-

organic hybrid structures. They are composed of an inorganic centre such as metal ions or metal clusters, 

known as secondary building units (SBUs) and an organic ligand that links these centres, forming an 

infinite one-, two- or three-dimensional network made of repeating units of these components (Figure 

1.9).56–58 The SBUs are the main defining factor of the architecture taken by the structure, owing to its 

diverse directionality caused by the species involved, the metal oxidation state and its coordination 

number, and their capacity to have open metal sites.59–61 

 

Figure 1.9 – Representation of the formation of MOFs. 

 

The structure is maintained with the use of strong and directional bonds between the rigid molecular 

building blocks and ligands, to form high crystalline structures with ultrahigh permanent porosity (up to 

90% free volume) and surface areas (up to 7000 m2g-1).62–64 MOFs also have high versatility due to the 

abundant quantity of both metal centres and organic ligands, leading to different combinations and 

topologies.65,66 Controlling a MOF’s chemical composition, functionality, and molecular dimensions 

systematically to fit the pretended applications without affecting the crystallinity of the structure, is one 

of the main challenges of these materials’ investigation. To accomplish this goal, one effective approach 

is to employ derivatives of the same organic ligands. It is important that these derivatives maintain the 

structure's skeleton while varying its functionality and dimensions.67 Post-synthetic modifications or the 

incorporation of modulators during the synthesis are alternative approaches of structure modification. 

For example, the formation of defects on the MOF structure or the incorporation of different functional 

groups on the organic ligand.58,68,69  

The chemical and thermal stability of the MOFs are other important properties to consider. MOFs can 

be tuned to offer thermal stabilities close to zeolites. The thermal stability of the MOFs is mostly related 

to the cleavage of the metal-ligand bonds, followed by the ligand’s decomposition. Regarding the 

chemical stability, MOFs are more sensible in water than other solvents due to the chemical weak points 

at the metal-ligand bonds. Hydrolysis of the structure will yield a protonated ligand and a hydroxide-

bonded metal centre. Acidic or basic conditions will accelerate the former and latter reactions, 

respectively. Figure 1.10 illustrates the different chemical stabilities of several reported MOFs. Some 

properties that determine these stabilities are the coordination environments, metal compositions and 

their oxidation state, the nature of the ligand, its flexibility, interpenetration, and dimensionality.62,64 
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Figure 1.10 – pH range of the chemical stability of several literature-reported MOFs.64 

 

Solvothermal and hydrothermal techniques are the main synthesis processes used in the formation of 

these hybrid materials. In both processes, the MOF precursors are dissolved in a mixture using either 

organic solvents like DMF or water and are placed under high temperatures and pressures to initiate the 

reaction.70 It is important to consider the type and proportion of solvent or solvent mixture used, as well 

as the presence of any additional species that may act as guests or modulators.71 The reaction initiates 

with the self-assembly of the building blocks (inorganic and ligand moieties), which is then followed by 

their nucleation and crystal growth.72 

MOFs require access and understanding of their porosity and since these materials are classified as 

materials with permanent porosity, maintaining their structural integrity with guest sorption and 

desorption, its study requires measurements of reversible gas sorption isotherms at low pressures and 

temperatures, such as liquid nitrogen.58 The use of SBUs instead of single atoms has led to specific 

topologies determined by the geometry of the SBU (Figure 1.11) and being the main reason in the 

development of permanent porosity.73 
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Figure 1.11 – Examples of possible topologies caused by the different geometries of the metal cluster.74 

 

These materials can be used in multiple relevant applications such as storage devices75–80,  catalysis27,81,82 

(photocatalysis83,84 and electrocatalysis27,85–89), chemical separation9,90,91, sensing92,93, drug delivery94,95, 

solar and fuel cells96–98, among others.58,85,99–105 Industrial-scale extensive studies have been performed 

mainly due to MOFs desirable properties offering potential in applications such as in clean energy 

production or even in the removal of unwanted pollutants. 

Focusing on the catalytic potential, MOFs have important properties for these applications, such as high 

porosity, large internal superficial area and, in some cases, their capacity to form and maintain open 

metal sites in their structure. Where MOFs fall short are in their thermal and chemical stability which 

prevents their use in more extreme conditions. There are exceptions where thermal and chemical 

stability are demonstrated to be high, for example the zirconium family of MOFs: UiO-66 and UiO-

67.106,107 The future of MOFs as catalysts is based on certain envisioned aspects, such as their capacity 

to use its hybrid architecture as multi-catalyst and their unique metal coordination environment leading 

to high reactivity.107 HKUST-1 and MOF-5, for example, were reported used in specific reactions like 

in Friedel-Crafts alkylation, isomerization, and cyclisation.107–109 

For electrocatalytic applications, MOFs have several problems related to its poor conductivity and low 

stability in electrochemical medium. A solution to these problems is their combination with conductive 

materials such as graphene or carbon nanotubes or even using the MOFs as a sacrificial template to lead 

the formation of nanostructured materials such as porous carbons or metal oxides.110 To use MOFs as 

electrocatalysts, they must be immobilised onto electrodes as they are typically obtained in powder 

form.45 As MOFs are insoluble, homogeneous catalysis is not possible. Another option is using an 

alternative synthesis where the MOF is directly formed or deposited on the surface of the electrode. 
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1.6 Immobilisation of MOFs in Films for Electrocatalysis 

The direct formation of crystalline materials films can be done using techniques such as layer-by-layer, 

self-assembly and even by mechano- or sonochemical techniques.111,112 These techniques, however, are 

limited by their time-consuming and high energy requirements. The use of electrochemical methods 

enables to overcome these limitations. 

The formation of MOFs using electrochemical methods offer several advantages when compared to the 

traditional methods as the usage of milder conditions and lower formation time. There are several 

electrochemical techniques such as anodic deposition113, cathodic deposition114–116, electrophoretic 

deposition117–119, and galvanic displacement.120–122 Successful MOF depositions using these four 

methods were reported in the literature. Two of the more common direct methods (anodic and cathodic 

deposition) and an indirect method (electrophoretic deposition) are represented in Figure 1.12 and will 

be further discussed.  

The methods represented in Figure 1.12 can be divided into direct and indirect methods. The anodic 

and cathodic deposition both fall within the direct method. This method consists in the direct formation 

of the MOF on the surface of the electrode through its contact with the precursors in an electrolytic 

solution. In the case of the electrophoretic deposition, it is classified as an indirect method. In this path 

the MOF is previously synthesised as a powder using traditional methods followed by its immobilisation 

on the surface of the electrode.  

 

Figure 1.12 - Mechanism of the anodic, cathodic, and electrophoretic deposition techniques applied in MOFs. 

 

Where these two methods differ is in their mechanism, in the case of the anodic deposition, the MOF 

will be formed on the surface of the anode that is made of the corresponding metal. This plate of metal 

will be oxidised releasing positively charged metal ions into the electrolytic medium that will react with 

the ligand to form the MOF on the surface of the electrode.113 MOFs such as HKUST-1, UiO-66, ZIF-

67, among others, were reported formed via this process.123–131 This method falls short due to its 

requirement for specific anode materials and corrosion due to the oxidative E applied and undesired side 

reactions. 

The cathodic deposition method avoids these limitations by allowing any conductive surface to be used 

as an electrode (e.g. FTO, ITO and Si).132 Both the inorganic and organic precursors are dissolved in the 

electrolytic solution with an additional species that is a probase (e.g. H2O2 and Et3NHCl).114,133 The 



13 
 

probase is reduced to a base after the application of a reductive E, increasing the solution’s pH and 

leading to the deprotonation of the organic ligand and consequent deposition of MOF at the surface of 

the cathode. By this method MOFs like HKUST-1, MIL-53(Fe) and MOF-5 were successfully deposited 

as reported in the literature.114,116,134–136 

The electrophoretic deposition falls in the indirect method category. In the indirect method the MOF is 

previously synthesised as a powder by solvothermal, or hydrothermal methods. After, a stable 

suspension must be formed and placed under a strong electric field (30-120 V cm-1 are commonly used) 

and over time the powder is immobilised on the surface of the electrode. Optimisations of the suspension 

are usually necessary to be able to fabricate a film.137–139 Post-synthetic modification of MOFs140, 

addition of modulators to the previous synthesis141 or the addition of additional species like acids to 

control the pH of the suspension142 are some examples of optimisation reported. Successful depositions 

of the MOFs NU-1000, MIL-53, HKUST-1, UiO-66, and others were reported.117–119,140,141,143–145 

 

1.7 The Objective of the Thesis 

The objective of this work is finding MOF-based electrocatalysts to produce hydrogen via the 

electrocatalytic conversion of ammonia. For this purpose, several attempts to immobilise MOFs using 

both the direct (cathodic deposition) and the indirect (electrophoretic deposition) routes were performed. 

Afterwards, electrochemical studies using cyclic voltammetry (CV) were done to determine the 

performance of the electrocatalysts for the ammonia conversion reaction. The ideal conditions to run the 

controlled potential electrolysis (CPE) were selected based on the CV studies. After the CPEs, the 

quantification of the produced hydrogen was done using gas chromatography (GC). The workplan is 

represented in Figure 1.13. 

 

Figure 1.13 - Workplan performed in this thesis. 
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2 Results and Discussion 

 

2.1 MOFs Solvothermal Synthesis and Powder Characterisation 

This chapter will describe the several different synthetic procedures (S) of the following MOFs: MOF-

5, IRMOF-3, ZIF-8, ZnMn-ZIF-8, Mg-MOF-74, Ni-MOF-74, HKUST-1, UiO-66 and finally UiO-66-

NH2. The characterisation of the MOFs by powder X-ray diffraction (PXRD), Fourier transform infrared 

spectroscopy (FTIR) using the techniques diffuse reflectance infrared Fourier transform spectroscopy 

and attenuated total reflectance (DRIFT/ATR) and scanning-electron microscopy (SEM) is also 

presented and discussed. PXRD is the most important technique for the characterisation of MOFs due 

to the high crystallinity expected from their structure, which is determined by the intensity and 

diffraction patterns observed in the PXRD. All MOFs were characterised by PXRD and FTIR, however 

only the successful synthesised ones were characterised by SEM. Additionally, the successful prepared 

MOF powders were tested for their stability in water due to the future application as ammonia 

electrocatalysts. These were also characterised by PXRD and FTIR. 

The yield % was not calculated since we are dealing with porous materials, which led to inconsistencies 

on the calculations because of the possible adsorbed species on the pores of the structure.  

The MOFs activations were all done under the same pressure under vacuum due to equipment 

limitations, which means that it was not possible to use the specific pressures reported in the literature. 

After synthesis and activation, all the MOFs were stored in low humidity atmosphere in a desiccator. 

All MOFs were only characterised, and therefore named, after their activation and unless stated 

otherwise all respective discussion is after the MOFs activation. 

 

2.1.1 MOF-5 and IRMOF-3  

MOF-5 or IRMOF-1 is one of the first MOFs prepared and it was discovered by Li et al.146 in 1999. The 

synthesis of this MOF occurs through the reaction between the inorganic centre Zn2+ and the organic 

ligands benzene-1,4-dicarboxylic acid (H2BDC) forming the repeating cluster unit Zn4O(BDC)3 

(metal:ligand proportion of 4:3). Two different synthetic procedures (S1 and S2) were performed, as 

seen in Scheme 2.1.  

 

Scheme 2.1 - Synthesis and structure147 of MOF-5. S1148: dry DMF, 120 ℃, 2 h 30 min. Activation: 90℃, overnight (MOF-

5-S1). S2149: DMF, 25 ℃, 2h 30 min. Activation: 120 ℃, 6 h (MOF-5-S2). 
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The two synthesis attempts (S1 and S2) were performed following the reported procedures from Zhao 

et al.148 and Tranchemontagne et al.149. The obtained white powders from the two different attempts 

(Figure A.1 in the Annexes) were named MOF-5-S1 and MOF-5-S2 for the corresponding synthesis.  

The PXRD of MOF-5-S1 obtained by PXRD showed crystallinity but with no corresponding pattern to 

the expected for MOF-5 reported in the literature (Figure 2.1).146 The two main diffraction patterns of 

the reported MOF-5 are at the 2θ angles of 6.9º and 9.7º for the planes (200) and (220), respectively. 

The correspondence of these peaks was not possible since there is no expected species with such peaks, 

further techniques are necessary for their identification.  

 

Figure 2.1 - PXRD of MOF-5-S1 and comparison with MOF-5 diffraction pattern from the literature.146 

 

However, although the diffraction pattern was not the expected for MOF-5-S1, it was possible to 

identify via the FTIR spectrum (Figure 2.2) the symmetric and asymmetric stretching vibrational modes 

of the O-C-O bond (1600 and 1389 cm-1) that corresponds to the coordinated and deprotonated ligand. 

Moreover, the absence of the stretching vibrational mode of the C=O bond from the carboxylic acid 

function in the 1715-1680 cm-1 region confirms deprotonation and suggests coordination to a metal 

centre. It was not possible to conclude about the presence or absence of the stretching vibrational mode 

of the O-H bond, as the adsorbed water gives rise to a broad peak in the same region where the peak 

should appear (3500-3000 cm-1). The spectrum obtained is similar to what would be expected from 

MOF-5. 
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Figure 2.2 - FTIR spectra (DRIFT) of MOF-5-S1 and MOF-5-S2 and wavenumber values of the corresponding main 

vibrational modes. 

 

In the second attempt (S2) in comparison with the first (S1), the synthesis was performed at ambient 

temperature and using DMF directly from the commercial flask without further purification. MOF-5-

S2 was also characterised by both PXRD and FTIR. The PXRD obtained also showed crystallinity but 

with completely different peaks not matching the expected diffraction pattern for MOF-5 (Figure A.2 

in the Annexes). Likewise, obtained infrared spectrum (Figure 2.2) was identical to the MOF-5-S1 

spectrum.  

In conclusion, we were unable to replicate the syntheses reported. Although FTIR spectra showed typical 

bands of the vibrational modes of MOF-5, the PXRD does not show the expected diffraction pattern. 

This can be due to the formation of a different phase or crystalline structures related to the reaction 

conditions, especially in the initial steps of the self-assembly of the MOF precursors. 

Additionally, we also attempted to synthesise IRMOF-3, an amine functionalised version of MOF-5, 

which was chosen as an alternative for comparison due to its advantage of being more stable and because 

it also shows a higher capacity for ammonia adsorption.102 IRMOF-3 was discovered and was first 

reported and characterised by Eddaoudi et al.150 in 2002. The only difference between MOF-5 and 

IRMOF-3 is the incorporation of the amine function in the ligand structure yielding the cluster unit 

(Zn4O(NH2BDC)3) caused by the reaction of the metal centre Zn2+ with the organic ligand 2-

aminobenzene-1,4-dicarboxylic acid (NH2-H2BDC). Three different synthetic procedures (S1, S2 and 

S3) were performed for IRMOF-3 as seen in Scheme 2.2. 
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Scheme 2.2 - Synthesis and structure151 of IRMOF-3. S180: DMF, 90 ℃, 4 days. Activation: 120 ℃, 3 h (IRMOF-3-S1). 

S2152: DMF, 100 ℃, 24 h. Activation: 65 ℃, 4 h (IRMOF-3-S2). S3153: DMF, 25 ℃, 1 h 30 min. Activation: 100 ℃, 6 h 

(IRMOF-3-S3). 

 

The three syntheses attempts (S1, S2 and S3) were performed following the reported procedures from 

Millward et al.80, Zhang et al.152 and Zhou et al.153. The pictures of the obtained light-yellow powders 

from the three different syntheses are in Figure A.3 in the Annexes and are nicknamed IRMOF-3-S1, 

IRMOF-3-S2 and IRMOF-3-S3, respectively. A single modification was made for S1, in comparison 

with the reported procedure, where dimethylformamide (DMF) was used instead of diethylformamide 

(DEF) due to unavailability of this solvent in the lab. 

The obtained PXRD of IRMOF-3-S1 (Figure 2.3), although slightly amorphous, contained the 

expected diffraction patterns for IRMOF-3 from the literature, which are identical to MOF-5 as the 

topology is not affected by the presence of the amine function in the ligand strucuture.150 

 

Figure 2.3 - PXRD of IRMOF-3-S1 and comparison with IRMOF-3 diffraction pattern from the literature.150 

 

Analysing the obtained FTIR spectrum for IRMOF-3-S1 (Figure 2.4) it is possible to observe most of 

the expected main vibrational modes. Aside from the expected additional stretching vibrational mode of 

the N-H bond and the C-N bond from the amine function, all vibrational modes are identical to what is 

expected for MOF-5. The stretching vibration from the N-H bond unfortunately is not visible due to its 

overlap with the broad band from the stretching vibrational mode from the O-H bond from water. 

However, the presence of the stretching vibration mode from the C-N bond at 1254 cm-1 is detected. 
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Figure 2.4 – FTIR spectra (DRIFT) of IRMOF-3-S1, IRMOF-3-S2 and IRMOF-3-S3 and wavenumber values of the 

corresponding main vibrational modes.  

 

The presence of the amorphous band in the PXRD of IRMOF-3-S1 led to the use of other two different 

synthetic (S2 and S3) approaches as mentioned in Scheme 2.2.  However, the two additional synthetic 

procedures yielded powders (IRMOF-3-S2 and IRMOF-3-S3) with no crystallinity, indicated by the 

broad bands in their PXRD (Figure A.4 in the Annexes). Additionally, in the obtained FTIR spectra 

(Figure 2.4) it is possible to observe mostly identical spectra to IRMOF-3-S1. This means that the 

reaction took place, but amorphous samples were obtained instead.  

Since it is not possible to guarantee that the obtained product is IRMOF-3 it will not be used in catalytic 

assays. No further attempts were performed to optimise the reaction due to time constraints. Likewise 

with MOF-5, the failure of the obtention of a full crystalline IRMOF-3 structure may be related to the 

failure to replicate the conditions from the followed procedures, especially during the self-assembly 

step. 

 

2.1.2 ZIF-8 and ZnMn-ZIF-8 

ZIF-8 was first synthesised and characterised by Park et al.154 in 2006 and was chosen due to its easier 

preparation when compared to other MOFs, as the reaction can occur at ambient temperature and 

pressure. The synthesis of this MOF occurs through the reaction between the inorganic centre Zn2+ and 

the organic ligand 2-methylimidazole (Hmim) forming the repeating cluster unit Zn(Hmim)2 

(metal:ligand proportion 1:2). Four synthetic procedures (S1, S2, S3 and S4) were performed, as seen 

in Scheme 2.3.  
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Scheme 2.3 – Synthesis and structure155 of ZIF-8. S1156, S2157: MeOH, 25 ℃, 24 h. Activation: 25 ℃, 3 h (ZIF-8-S1-2). 

S388, S495: MeOH, 25 ℃, overnight. Activation: 25 ℃, 3 h (ZIF-8-S3-4). 

 

The four different syntheses attempts (S1, S2, S3 and S4) were performed following the reported 

procedures from Cravillon et al.156, Tang et al.157, Wang et al.88, and Pan et al.95. The obtained white 

powders from the four different procedures (Figure A.5 in the Annexes) were named ZIF-8-S1, ZIF-

8-S2, ZIF-8-S3 and ZIF-8-S4. Multiple syntheses were performed using different procedures to try and 

find a synthesis that would lead to a higher amount of solid obtained.  

The PXRD obtained for ZIF-8-S1 (Figure 2.5) indicated high crystallinity with the same expected 

diffraction pattern for ZIF-8 from the literature.154 The main diffraction patterns are at the 2θ angles of 

7.3º, 10.4º and 12.7º for the corresponding (110), (200) and (211) planes, respectively. 

 

Figure 2.5 - PXRD of ZIF-8-S1 and comparison with the ZIF-8 diffraction pattern from the literature.154  

 

By FTIR analysis all the main vibrational modes for ZIF-8-S1 were identified (Figure 2.6). However, 

it was unable to identify the presence or absence of residual Hmim due to the stretching vibrational 

mode of the N-H bond (3455 cm-1) being overlapped with the adsorbed water vibrational mode in the 

3500-3200 cm-1 range. The identification of the residual Hmim vibrational mode is important to 

determine if the powder washing was done correctly. It is possible to conclude we were able to obtain 

ZIF-8. 
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Figure 2.6 – FTIR spectra (DRIFT) of ZIF-8-S1, ZIF-8-S2, ZIF-8-S3, ZIF-8-S4 and wavenumber values of the 

corresponding main vibrational modes. 

 

All the remaining powders had similar characterisation, their PXRD are included in Figure A.6 in the 

Annexes and FTIR spectra in Figure 2.6. Since all the remaining powders were identical, they will not 

be individually discussed. 

The stability in water of ZIF-8-S1 was also tested after immersing the powder in water for 24 h. The 

powder was then filtrated and dried in the oven at 70 ℃. Afterwards the powder was characterised by 

PXRD and FTIR. In comparison with ZIF-8-S1, it is possible to conclude the crystallinity was 

maintained as all the corresponding diffraction peaks were unaltered (Figure A.7 in the Annexes) as 

well as the vibrational modes (Figure A.8 in the Annexes).  

Additionally, the powder ZIF-8-S4 was also characterised via SEM (Figure 2.7). By analysing its 

surface, we were able to determine the size of the aggregates formed, which showed extremely low 

uniformity varying their size and shape, mostly randomly, from 1 to 100 µm. 
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Figure 2.7 - SEM images of ZIF-8-S4. Magnified at 160x, 400x and 1500x. 

 

A metal-exchange of ZIF-8 with Mn2+ was also attempted since according to a report in the literature158 

a direct synthesis of a ZIF-8 with Mn2+ as the metal node instead of Zn2+ is not a possibility because of 

the thermal decomposition of the manganese salts even though in theory it should be possible since the 

ZIF-8 structure requires a non-distorted tetrahedral coordination geometry that is offered by Mn2+.158 

The reaction between the alternative inorganic centre Mn2+ and the previously synthesised ZIF-8 

structure forms the cluster Zn1-xMnx(Hmim)2. Two different synthetic procedures (S1 and S2) were 

performed as is represented in Scheme 2.4. 

 

Scheme 2.4 - Synthesis and structure95 of ZnMn-ZIF-8. S1: MeOH, 25 ℃, 1 week (ZnMn-ZIF-8-S1). S295: 60 ℃, 48 h. 

Activation:  25 ℃, 6 h (ZnMn-ZIF-8-S2). 

 

Of the two synthesis attempts (S1 and S2) only S2 was performed following the reported procedure 

from Pan et al.95. The obtained light pink powders from both attempts (Figure A.9 in the Annexes) were 

named ZnMn-ZIF-8-S1 and ZnMn-ZIF-8-S2. To obtain the ZnMn-ZIF-8-S1, we suspended part of 

the ZIF-8-S1 powder in a methanol solution containing 0.1 M manganese acetate tetrahydrate for 1 
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week. Afterwards we centrifuged the powder, washed with methanol, and dried it at 70 ℃ in the oven 

overnight. For ZnMn-ZIF-8-S2, the ZIF-8-S4 powder was used. 

For both ZnMn-ZIF-8-S1 and ZnMn-ZIF-8-S2 the obtained PXRD (Figure A.10 and A.11 in the 

Annexes) and FTIR spectra (Figure A.12 and A.13 in the Annexes) were identical to the obtained for 

ZIF-8-S1 and ZIF-8-S4, respectively. This was to be expected since theoretically most of the ZIF-8 

structure is still intact and there is no change in the structure. 

Initially it seemed it was a successful synthesis, however with the techniques used it was not possible to 

confirm if the metal-exchange took place. Therefore, ZnMn-ZIF-8-S2 was also characterised by SEM 

alongside energy dispersive spectroscopy (EDS) (Figure A.14 in the Annexes) to confirm the presence 

of manganese in the structure. The morphology of the agglomerates was also identical to that of ZIF-8-

S4. Finally, by EDS it was possible to observe the elemental constitution of the agglomerates imaged 

by SEM, and no manganese was detected in the structure of the analysed powder. This suggests that the 

metal-exchange did not occur. No optimisations were performed to obtain ZnMn-ZIF-8 due to time 

constraints. 

 

2.1.3 Mg-MOF-74 and Ni-MOF-74 

Mg-MOF-74, also known as, CPO-27 was first characterised and published by Dietzel P. et al.159 in 

2008. MOF-74 was chosen and synthesised due to its potential in gas absorption applications related to 

its open metal sites and high-water stability.160,161 The MOF-74 variation using Mg2+ was chosen since 

it showed a higher uptake of ammonia adsorption both in dry and humid conditions when compared to 

some of its other metal counterparts. The reaction between the metal centre Mg2+ and the organic ligand 

2,5-dihidroxybenzene-1,4-dicarboxylic acid (DHTA) forms the repetitive cluster unit Mg2(DHTA) in 

the metal:ligand proportion of 2:1. Two synthetic procedures (S1 and S2) were performed as seen in 

Scheme 2.5. 

 

Scheme 2.5 - Synthesis and structure162 of Mg-MOF-74. S1161: DMF:H2O:EtOH (15:1:1), 125 ℃, 24 h. Activation: 200 ℃, 3 

h (Mg-MOF-74-S1). S2161: DMF:H2O:EtOH (15:1:1) 125 ℃, 24 h. Activation: 120 ℃, 6 h (Mg-MOF-74-S2).  

 

The two synthesis attempts (S1 and S2) were performed following the same reported procedure from 

Grant Glover T. et. al.161 The synthesised powders were named Mg-MOF-74-S1 and Mg-MOF-74-S2. 

One important modification in the procedure was done, the activation temperature of the powder. The 

reported procedure uses an activation temperature of 250 ℃ but due to limitations of the equipment 

used, the activation of Mg-MOF-74-S1 was done at 180-210 ℃. The obtained powders were of a light 

brown/yellow colour (Figure A.15 in the Annexes).  
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The Mg-MOF-74-S1 PXRD showed high crystallinity containing a diffraction pattern identical to the 

reported in the literature for Mg-MOF-74 (Figure 2.8).159 The expected main diffraction patterns are in 

the 2θ angles of 6.8º and 11.8º for the respective (110) and (300) planes. 

 

Figure 2.8 – PXRD of Mg-MOF-74-S1 and comparison with the Mg-MOF-74 diffraction pattern from the literature.159 

 

Analysing the obtained FTIR spectrum for Mg-MOF-74-S1 all the main vibrational modes were also 

detected (Figure 2.9). The presence of the bands at 1581 cm-1 and 1420 cm-1 indicates the deprotonation 

and suggests coordination of the carboxylates to the metal. Additionally, it was possible to detect the 

deprotonation of the hydroxides due to the vibrational mode corresponding to the stretching vibrational 

mode from the C-O bond from the phenolate at 1208 cm-1. 

 

Figure 2.9 – FTIR spectra (DRIFT) of Mg-MOF-74-S1, Mg-MOF-74-S2 and wavenumber values of the corresponding 

main vibrational modes. 
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Water stability studies were performed next for Mg-MOF-74-S1. After immersion of the powder in 

water for 24 h the powder was filtrated and dried in an oven at 70 ℃. The powder was characterised by 

PXRD as well (Figure A.16 in the Annexes), and an unexpected loss of crystallinity was detected. The 

intensity of the peaks decreased or completely disappeared, and the formation of a broad peak was 

observed in the PXRD. The loss of crystallinity was unexpected since in the literature, as mentioned 

above, there is no noticeable loss of crystallinity in the presence of water. By FTIR analysis, although 

the spectrum obtained was slightly different all the main vibrational modes were still present (Figure 

A.17 in the Annexes). It is presumed these changes were due to the high temperatures of the MOF 

activation together with the high vacuum pressure used. Unfortunately, it was not possible to confirm 

this since only Mg-MOF-74-S1 powder after activation was characterised.  

A second synthesis (Mg-MOF-74-S2) was performed using the same procedure but this time the 

activation temperature was reduced to 120 ℃. The obtained PXRD (Figure A.18 in the Annexes) and 

FTIR spectrum (Figure 2.9) were mostly identical to the literature and to Mg-MOF-74-S1. Afterwards, 

the same water stability test was performed, however the PXRD showed no loss in crystallinity but 

instead an inversion in the most intense diffraction peaks, which suggests a change in the preferred 

orientation of the crystals in the structure after the immersion in water (Figure A.19 in the Annexes). 

The FTIR spectrum is identical to the one obtained for Mg-MOF-74-S2 (Figure A.20 in the Annexes). 

Additionally, the surface of the Mg-MOF-74-S2 powder was also analysed using SEM (Figure 2.10). 

The aggregates formed were mostly uniform with the size varying from 1-10 µm and hexagonal prism 

as the most noticeable shape, similar to the pore shape of the MOF.161 

 

Figure 2.10 - SEM images of Mg-MOF-74-S2. Magnified at 400x, 1000x, 1500x and 5000x. 

 

Alternatively, the synthesis of a Ni-MOF-74 was also attempted and was chosen for the same reasons 

as Mg-MOF-74 but with the advantage that shows a higher stability in the presence of water.163 The 
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MOF Ni-MOF-74 or CPO-27-Ni, was characterised and published by the same author in 2006.164 The 

synthesis of Ni-MOF-74 occurs through the same reaction as Mg-MOF-74 and the formed cluster is also 

the same, where the only difference is the metal centre. Two synthetic procedures (S1 and S2) were 

performed as seen in Scheme 2.6. 

 

Scheme 2.6 - Synthesis and structure162 of Ni-MOF-74. S1161: DMF:H2O:EtOH (1:1:1), 100 ℃, 3 days, Activation: 200 ℃, 

3 h (Ni-MOF-74-S1). S2165: DMF:H2O:EtOH (15:1:1), 100 ℃, 24 h. Activation:  120 ℃, 6 h (Ni-MOF-74-S2). 

 

The two syntheses attempts (S1 and S2) were performed following the reported procedures from Grant 

et al.161 and Xie et al.165. For the first synthesis the activation was performed at 180-210 ℃ for only 3 h 

instead of 250 ℃ for 5 h for the same reasons as mentioned for Mg-MOF-74-S1. The obtained brown 

powders Ni-MOF-74-S1 and Ni-MOF-74-S2 can be seen in Figure A.21 in the Annexes. 

Analysing the obtained PXRD of the Ni-MOF-74-S1 (Figure A.22 in the Annexes) it is possible to 

observe very low crystallinity and the absence of the main diffraction patterns for Ni-MOF-74.164 

Additionally, the FTIR the spectrum obtained (Figure 2.11) it is possible to detect the main vibrational 

modes (identical to Mg-MOF-74), however less intense and defined.  

 

Figure 2.11 – FTIR spectra (DRIFT) of Ni-MOF-74-S1, Ni-MOF-74-S2 and wavenumber values of the corresponding main 

vibrational modes. 
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Initially before the activation both the Ni-MOF-74-S1 and Mg-MOF-74-S1 powders had a similar light 

brown/yellow colour. It was possible to visually see the change in colour of the Ni-MOF-74-S1 powder 

to a darker brown during its activation. With this in mind and its respective characterisation it is possible 

to conclude that there was severe degradation of the compound during the activation step due to the 

combination of high vacuum pressures and high temperatures. Hence, a second synthesis was 

performed. Aside from the activation, which was done at 120 ℃, no significant modifications were 

made. The PXRD analysis for Ni-MOF-74-S2 indicates high similarity to the expected diffraction 

patterns in the literature for Ni-MOF-74, which are identical to the expected for Mg-MOF-74 mentioned 

above, as can be seen in Figure 2.12. The main vibrational modes expected for the Ni-MOF-74 were 

detected in the FTIR spectrum, with increased definition in comparison with Ni-MOF-74-S1 (Figure 

2.11).  

 

Figure 2.12 - PXRD of Ni-MOF-74-S2 and comparison with the Ni-MOF-74 diffraction pattern from the literature.164 

 

Additionally, the Ni-MOF-74-S2 powder was also characterised using SEM (Figure 2.13). The 

aggregates formed were mostly uniform with the size varying from 1-10 µm, similar to Mg-MOF-74-

S2 however, slightly more uniform in size and shape. 

Part of the Ni-MOF-74-S2 powder was also used in water stability studies. Both the PXRD and FTIR 

spectrum can be observed in Figure A.23 and Figure A.24 in the Annexes, respectively. Both the 

crystallinity and its structure suffered no alterations. 
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Figure 2.13 – SEM images of Ni-MOF-74-S2. Magnified at 400x, 1500x and 5000x. 

 

Two water resistant high crystalline Mg-MOF-74 and Ni-MOF-74 were able to be synthesised using the 

reported procedures with only modifications in its activation conditions. 

 

2.1.4 HKUST-1 

HKUST-1, also known as MOF-199, was first reported by Chui et al.166 in 1999. Like MOF-74, HKUST-

1 is a MOF with open metal sites, enhancing its reactivity. For example, HKUST-1 has been used in gas 

adsorption due to its high chemical tunability and adsorption capacity.167 The reaction between the metal 

centre Cu2+ and the organic ligand benzene-1,3,5-tricarboxylic acid (H3BTC) gives form to the open 

metal structure using the repetitive cluster unit Cu3(BTC)2 in the metal:ligand proportion of 3:2. One 

synthetic procedure (S1) was performed as represented in Scheme 2.7. 

 

Scheme 2.7 - Synthesis and structure168 of HKUST-1. S177: H2O:EtOH:DMF (15:15:1), 80 ℃, 20 h. Activation: 120 ℃, 12 h 

(HKUST-1-S1-2). 
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The one synthesis (S1) followed the reported procedure from Peng et al.77. The powders obtained were 

named HKUST-1-S1 and HKUST-1-S2. The obtained Persian blue powders can be seen in Figure 

A.25 in the Annexes.  

By analysing the obtained PXRD for HKUST-1-S1 the expected main diffraction patterns for HKUST-

1166 can be seen at the 6.7º, 9.5º, 11.6º and 13.4º 2θ angles corresponding to the planes (200), (220), 

(222) and (400), respectively (Figure 2.14). However, the intensity of the second most intense 

diffraction peak corresponding to the plane (220) is slightly lower than the one observed in the literature. 

This is common for some of the obtained experimental HKUST-1 PXRD, being mostly related to the 

adsorbed water present in the structure of the MOF, due to its high reactivity and high adsorption 

capacity.169,170 When left the powder in contact with air, a rapid change of colour from the Persian blue 

to light blue is visible (Figure A.26 in the Annexes). This further confirms the high reactivity with 

water, hence why it is important to store the powder in an inert atmosphere space. 

 

Figure 2.14 – PXRD of HKUST-1-S1 and comparison with the HKUST-1 diffraction pattern from the literature.166 

 

The obtained FTIR spectrum for HKUST-1-S1 (Figure 2.15) confirms the deprotonation of the ligand 

and therefore the possibility of its coordination to the metal through the symmetric and asymmetric 

stretching vibrational mode corresponding to the O-C-O bonds at 1648 cm-1, 1585 cm-1, 1449 cm-1 and 

1369 cm-1.  
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Figure 2.15 – FTIR spectra (DRIFT) of HKUST-1-S1, HKUST-1-S2 and wavenumber values of the corresponding main 

vibrational modes. 

 

Although the change of colour of the HKUST-1 when exposed to air suggests its decomposition, its 

stability in water was tested. The HKUST-1-S1 powder was immersed in water for 24 h to test its 

stability in aqueous conditions. After its immersion the powder was dried at 70 ℃ and characterised by 

PXRD and FTIR, as well. The PXRD and FTIR spectra are present in the Figure A.27 and Figure A.28 

in the Annexes. As expected by its colour change in the presence of water (Figure A.26 in the Annexes) 

and after analysing the PXRD and spectra before and after the immersion in water, it is possible to see 

a change in the diffraction patterns where new peaks are formed in the 9.2º, 9.9º, 11º and 13.6º 2θ angles 

and the disappearance of all the main peaks of the HKUST-1 structure. 

Additionally, the appearance of new bands in the FTIR spectrum at 1505 cm-1 and 1480 cm-1, as well as 

the increase of the bands near the 1200 cm-1 area suggest the formation of new species in the presence 

of water. The low stability of HKUST-1 in water is to be expected due to the strong reactivity between 

the open Cu(II) sites and water. This is also reported in the literature.171 

Aside from the PXRD (Figure A.29 in the Annexes) and FTIR (Figure 2.15) characterisation, which 

was identical to HKUST-1-S1, the second synthesis HKUST-1-S2 was characterised using SEM 

(Figure 2.16). The morphology of its aggregates is extremely uniform with the shapes of polyhedrons 

with sizes of 5-10 µm. 
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Figure 2.16 – SEM images of HKUST-1-S2. Magnified at 500x, 1000x, 2000x and 5000x. 

 

2.1.5 UiO-66 and UiO-66-NH2 

UiO-66 was first synthesised in 2008 by Cavka et al.172 It is considered to be one of the most stable 

MOFs, especially in both basic and acid conditions in aqueous environment.62,173 The reaction between 

the metal centre Zr4+ and the organic ligand benzene-1,4-dicarboxylic acid (H2BDC) gives form to the 

repetitive cluster unit Zr6O4(OH)4(BDC)6 in the metal:ligand proportion 1:1. Two synthetic procedures 

(S1 and S2) were performed as seen in Scheme 2.8. 

 

Scheme 2.8 - Synthesis and structure174 of UiO-66. S1175: Dry DMF, 200 ℃, 2 days. Activation: 80 ℃, 12 h (UiO-66-S1). 

S2176: DMF:HCl (15:1), 80 ℃, 24 h. Activation: 100 ℃, 6 h (UiO-66-S2). 

 

The two synthesis attempts (S1 and S2) followed the reported procedures from Huang et. al.175 and Katz 

et. al.176. The two powders obtained were named UiO-66-S1 and UiO-66-S2 and the obtained light 
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yellow and white powders can be observed in Figure A.30 in the Annexes. In the literature the powder 

is also reported to have the white colour. 

The UiO-66-S1, by analysing the obtained PXRD (Figure A.31 in the Annexes), indicated crystallinity 

and contained the expected diffraction patterns for UiO-66 from the literature172 at the 2θ angles of 7.4º 

and 8.5º for the planes (111) and (002), respectively. However, the peaks observed were broader than 

expected, which indicated lower crystallinity than the desired. 

The FTIR spectrum analysis of the UiO-66-S1 (Figure 2.17), it was possible to detect the main 

vibrational modes. The main vibrational modes are the symmetric (1584 cm-1) and asymetric (1390 cm-

1) stretching of the O-C-O bond from the carboxylates which indicate the deprotonated ligand suggesting 

coordination to the metal centre. 

 

Figure 2.17 – FTIR spectra (DRIFT) of UiO-66-S1, UiO-66-S2 and wavenumber values of the corresponding main 

vibrational modes. 

 

However, to improve the powder crystallinity another attempt using a different synthetic method was 

performed. The second attempt, UiO-66-S2, was synthesised using hydrochloric acid (HCl) as a 

modulator. It is discussed in the literature that a modulator helps the zirconium precursor (ZrCl4) to 

dissolve better in DMF speeding the product formation.176 The powder FTIR spectrum and PXRD can 

be seen in Figure 2.17 and Figure 2.18. The FTIR spectrum obtained was practically identical to the 

first attempt (UiO-66-S1), however the PXRD was much closer to the expected and reported in the 

literature with defined peaks. The obtained powder also has the expected white colour. 
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Figure 2.18 – PXRD of UiO-66-S2 and comparison with the UiO-66 diffraction pattern from the literature.172 

 

UiO-66-S2 powder was tested for its stability in water like the other MOFs. The obtained PXRD (Figure 

A.32 in the Annexes) and FTIR spectrum (Figure A.33 in the Annexes) showed no changes in the 

structure and composition when compared with the powder before its immersion. This stability is 

expected, since in the literature, UiO-66 is stable in aqueous medium. 

UiO-66-S2 surface was also characterised using SEM (Figure 2.19). The shape observed is extremely 

uniform, however some areas have agglomeration of smaller particles of the same shape. The size of 

those smaller particles changes from 0.5-1 µm and the bigger agglomerates have a maximum of 10 µm 

size.  
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Figure 2.19 – SEM images of UiO-66-S2. Magnified at 1000x, 2000x, 5000x and 10000x. 

 

Additionally, attempts to synthesise an amine functionalised version of UiO-66 was performed. Like 

IRMOF-3, UiO-66-NH2 was chosen to study the effect of the amine functional group in the ligand’s 

structure for future application as electrocatalysts. The first functionalised UiO-66-NH2 was synthesised 

in 2010 by Gomes Silva et al.173 The only difference between UiO-66 and UiO-66-NH2 is the 

incorporation of the amine function in the ligand structure yielding the cluster unit 

(Zr6O4(OH)4(NH2BDC)6) after the reaction of the metal centre with the organic ligand 2-

aminobenzene-1,4-dicarboxylic acid (NH2-H2BDC). One synthetic procedure was done as seen in 

Scheme 2.9. 

 

Scheme 2.9 - Synthesis and structure177 of UiO-66-NH2. S1176: DMF:HCl (15:1), 80 ℃, 24 h. Activation: 100 ℃, 6 h (UiO-

66-NH2-S1). 
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The only synthesis attempt (S1) was using the same procedure from Katz et al.176 used previously for 

UiO-66. The light-yellow powder named UiO-66-NH2-S1 obtained can be seen in Figure A.34 in the 

Annexes. Its colour is an indication of the presence of the amine function in the ligand.  

As can be seen in the PXRD (Figure 2.20), a high crystallinity structure containing the main diffraction 

patterns expected for UiO-66-NH2 was obtained, as reported in the literature. The main diffraction 

patterns are the same as the UiO-66 since its functionalisation does not interfere with the final MOF 

strucutre. 

 

Figure 2.20 - PXRD of UiO-66-NH2-S1 and comparison with UiO-66-NH2 diffraction patterns from the literature.178 

 

Additionally, in the FTIR spectrum of UiO-66-NH2-S1 (Figure 2.21) all the main vibrational modes 

were observed, which are identical to the UiO-66, with the exception of the additional vibrational modes 

from the amine group. Similar to ZIF-8 and IRMOF-3, the stretching vibration of the N-H bond from 

the amine function at approx. 3400 cm-1 was not observed. However, the stretching vibration from the 

Caryl-Namine bond in the 1254 cm-1 range was detected confirming the presence of the amine function in 

the structure. 
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Figure 2.21 – ATR spectrum of UiO-66-NH2-S1 and wavenumber values of the corresponding main vibrational modes. 

 

Water stability tests were also performed for the UiO-66-NH2-S1 powder. Identical to UiO-66, there 

were no major changes in the main vibrational modes and the diffraction patterns, indicated by the FTIR 

spectra and PXRD in Figure A.35 and Figure A.36 in the Annexes. This means the powder is highly 

stable in water. 

Additionally, the surface of the powder UiO-66-NH2-S1 was also analysed using SEM (Figure 2.22). 

The shape and size (0.5-1 µm) are comparable to the microscope analysis obtained for the UiO-66-S3 

powder, however there is less agglomeration of the particles, yielding a more uniform distribution of the 

particles. 
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Figure 2.22 – SEM images of UiO-66-NH2-S1. Magnified at 1000x, 2000x and 10000x. 

 

2.1.6 Conclusions 

In conclusion, it was possible to successfully synthesised six out of the nine MOFs proposed for this 

work with high crystallinity, as can be seen in Figure 2.23. Five of those six MOFs indicated high 

stability in water for at least 24 h.  

UiO-66 and UiO-66-NH2, according to the literature, are the two most stable MOFs, in basic or acidic 

aqueous media. Mg-MOF-74, Ni-MOF-74 and HKUST-1 seem the most promising to perform tests in 

adsorption and catalysis due to their high reactivity caused by their open metal sites. In the case of the 

HKUST-1, however, its application cannot be in aqueous medium due to its high reactivity with water. 

Finally, ZIF-8 showed the easiest MOF to be synthesised. 
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Figure 2.23 – Results of the nine MOFs synthesised using solvothermal procedures. 

 

2.2 Electrochemical Deposition and Films Characterisation 

As explained in Chapter 1.6, to be able to use MOFs as electrocatalysts we must first immobilise them 

on a conductive surface. Overall, the electrochemical deposition of MOFs remains unexplored, some 

specific MOFs like MOF-5 and HKUST-1 have been the most studied.114,135,141,179 

Two electrochemical depositions techniques will be presented in this chapter, one direct method, the 

cathodic deposition and one indirect method, the electrophoretic deposition. In the cathodic deposition, 

it was used the inorganic and organic MOF precursors and attempted to directly form the MOF on the 

surface of the electrode (FTO). In the electrophoretic deposition, it was used the MOFs previously 

synthesised via a solvothermal method, and consequently immobilised on the surface of the electrode 

(FTO). 

The MOFs chosen for both methods are included in the nine MOFs that were attempted to synthesise, 

in Chapter 2.1 (Figure 2.23). The MOFs that were unable to be synthesised via the conventional 

solvothermal method as well as the ones who showed good stability in water were attempted to be 

prepared using the direct method – cathodic deposition. The indirect method was used to immobilise all 

the MOFs that were successfully prepared, focusing on the ones that had a good water stability. The 

films obtained were characterised by PXRD, FTIR and SEM. 

The E mentioned in this chapter is always vs. Ag/AgCl, 3 M NaCl.  

 

2.2.1 Direct Method – Cathodic Deposition 

Cathodic deposition is a versatile method for the formation of compounds on the surface of the electrode 

using a reductive E. The mechanism, already discussed as well in Chapter 1.6, is present in Scheme 

2.10. 
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Scheme 2.10 – Cathodic deposition mechanism. 

 

The choice of the probase aside from the MOF precursors is extremely important. All the MOFs 

deposited using this method were done using DMF as the solvent. The probase chosen must be 

completely soluble in DMF, in specific concentrations. The probase needs to be reduced at an accessible 

E so as not to affect any of the other MOF precursor species or the electrode. 

CVs were also performed before deposition with all the components to assess the contents of the solution 

(presence of O2 and impurities which may be visible via the formation of new oxidation and reduction 

peaks). Some depositions failed and further characterisation was not performed when it was not possible 

to visually observe a film, the film presented extremely low uniformity, the film fell off the electrode, 

or its appearance was different than the expected from the MOF. 

With this method attempts to directly form films for MOF-5, IRMOF-3, Mg-MOF-74, Ni-MOF-74, and 

UiO-66 were performed. The deposition of ZIF-8 using this method was not performed as once the 

precursors are dissolved the MOF immediately starts to be formed at ambient conditions. HKUST-1 was 

not attempted due to time constraints. Further details on the process and setup used is available in the 

experimental part (Chapter 3.4). 

 

2.2.1.1 MOF-5 and IRMOF-3 

Due to the unsuccessful solvothermal synthesis of MOF-5 and the fact that it is one of the most studied 

MOFs in electrochemical cathodic deposition, MOF-5 was the most focused MOF to attempt and 

optimise its film formation on the electrode surface.  

Considering the time available, extensive tests were performed adapting the conditions for the MOF 

film formation on some of its literature114,180 and recent works in the group using a different MOF. The 

several attempts and respective conditions are represented in Table A.1 in the Annexes. Modifications 

were done for both the proportions and concentrations of the precursors (Zn(NO3)2·6H2O and H2BDC) 

and the probases (Et3NHCl and H2O2) used. The concentrations varied from 10 to 300 mM with 

proportions using the ligand as the component with the lowest concentration and the metal precursor 

either in similar or lower concentrations as that of the probase. The E applied on the cathode depended 

on the reduction E of the probase. The E varied from -1.5 V to -0.5 V. Studies were also performed for 

the deposition time differing the time from 15 min to 1 h 30 min. 

Two of the most promising results (Table 2.1) using both probases were chosen to be further analysed, 

named MOF-5-C1 (conditions: -1.4 V for 30 min using 10:5:20 mM metal:ligand:probase (M:L:P) 

proportions using H2O2 as the probase) and MOF-5-C2 (conditions: -1.4 V for 30 min using 100:50:100 

mM M:L:P proportions, using Et3NHCl as the probase). The films can be seen in Figure A.37 in the 

Annexes.  
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Metal ions and 
ligand react on 
the surface of 
the electrode



39 
 

Table 2.1 - Conditions and components used in the cathodic deposition of the promising results of MOF-5: MOF-5-C1 and 

MOF-5-C2. 

 

 

The PXRD of the MOF-5-C1 and MOF-5-C2 films can be seen in Figure 2.24.  

 

Figure 2.24 – PXRD of MOF-5-C1, MOF-5-C2 and FTO comparison with MOF-5 diffraction pattern from the literature.146 

 

By comparison, looking at the FTIR spectra obtained for the MOF-5-C1 and MOF-5-C2 films (Figure 

2.25), one can see similarities between the films and the spectrum obtained for the MOF-5-S2 powder. 

This means that most likely completely different crystalline structures are formed that are not MOF-5, 

similar to what happened when solvothermal synthesis was attempted. 
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Figure 2.25 – FTIR spectra (DRIFT/ATR) of MOF-5-C1, MOF-5-C2, MOF-5-S2, FTO and wavenumber values of the 

corresponding main vibrational modes. 

 

Overall, of the several films under different conditions, three results were mostly obtained - a mixture 

of diffraction patterns not belonging to the crystalline planes of the MOF-5, a high intensity peak 

belonging to the deposition of either Zn or its oxides or simply a completely amorphous film indicated 

by no visible diffraction patterns, suggesting unsuccessful formation of MOF-5. 

IRMOF-3 film was also tried to be prepared using this method. Only two films were produced, both 

used the same conditions of MOF-5-C2 but using the ligand NH2-H2BDC instead. However, the films 

produced were completely amorphous and some kind of reaction was occurring with the ligand under 

electrochemical conditions as it was possible to see some kind of precipitation during the process 

(Figure A.38 in the Annexes). 

 

2.2.1.2 Mg-MOF-74 and Ni-MOF-74 

The several attempts to prepare Mg-MOF-74 and Ni-MOF-74 films where several conditions were 

changed (probase, concentrations, deposition time) are present in Table A.2 in the Annexes. However, 

in this section it will be discussed the attempts using the conditions discussed above for MOF 5 (Ni-

MOF-74-C1, Chapter 2.2.1.1) and the previous conditions used in the group when Fe2+ is used as the 

metal ion (Ni-MOF-74-C2).181 The conditions are detailed in Table 2.2. 
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Table 2.2 - Conditions and components used in the cathodic deposition of the promising results of Ni-MOF-74: Ni-MOF-74-

C1 and Ni-MOF-74-C2. 

 

 

The two Mg-MOF-74 films obtained were not further characterised due to their visible low and not 

uniform deposition (Figure A.39 in the Annexes). Moreover, the colour is not consistent with the 

expected for Mg-MOF-74. The two Ni-MOF-74 films reproduced under the same conditions yielded no 

crystalline MOF-74 films, only amorphous films (Figure. 2.26). No relevant vibrational modes 

corresponding to the MOF were observed via FTIR (Figure 2.27).  

 

Figure 2.26 – PXRD of Ni-MOF-74-C1, Ni-MOF-74-C2 and FTO. 
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Figure 2.27 – FTIR spectra (DRIFT/ATR) of Ni-MOF-74-C1, Ni-MOF-74-C2 and FTO. 

 

2.2.1.3 UiO-66 

Several UiO-66 films were attempted to be deposited following the conditions in Table A.3 in the 

Annexes. Those conditions varied from high and low concentrations of the precursors and probase using 

both probases (4 mM to 200 mM), time (0.5 h to 2 h) and E (-1.4 V to -0.5 V). 

However, a different problem occurred, that is, the insolubility of the metal precursor (ZrCl4) in DMF. 

The solvothermal synthesis of UiO-66 uses DMF as the solvent but uses high temperatures and the metal 

precursor can be dissolved allowing the reaction to take place. Knowing this, previous to its attempt the 

solution was heated using both high and low concentrations, however, it was only possible to partially 

dissolve the precursor. Nonetheless the deposition was attempted, although its insolubility would 

certainly interfere with the process. 

All the films attempted to form had little to no deposition and/or uniformity whatsoever. 

 

2.2.2 Indirect Method – Electrophoretic Deposition 

Electrophoretic deposition is an electrochemical method that allows the immobilisation of the charged 

particles of previously synthesised powders on the surface of an electrode with the application of an 

electric field. The mechanism already discussed as well in Chapter 1.6, is present in Scheme 2.11. 

 

 

Scheme 2.11 – Electrophoretic deposition mechanism. 
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Multiple factors need to be taken into consideration when planning on using electrophoretic deposition. 

A successful immobilisation using electrophoretic deposition requires a stable, uniform suspension with 

appropriate conductivity. The uniformity of the suspension is highly dependent on the interactions 

between the solvent, or mixture of solvents, and the powder particles. Other important properties to 

consider are the particle size, the suspension zeta potential, the suspension pH, the E applied, among 

others. With few exceptions where specific literature was followed, the conditions chosen for the 

deposition were based on some of the optimal properties found on the review article published by Besra 

and Liu.137 

In this chapter it will be discussed the attempts made for the immobilisation of the previously synthesised 

powders for ZIF-8, Mg-MOF-74, Ni-MOF-74, HKUST-1, UiO-66 and UiO-66-NH2. With few 

exceptions, most of the films were characterised by PXRD and FTIR. Only one film, after optimisation, 

for each successful MOF film was characterised using SEM. Further details are present in the 

experimental section (Chapter 3.4). 

The deposition was done mostly in FTO and graphite foil. The reason was to study the comparison 

between a non-porous (FTO) and a porous (graphite foil) electrode. 

 

2.2.2.1 ZIF-8 

Due to the reactivity of the precursors for ZIF-8 at ambient conditions, cathodic deposition is not a viable 

method for ZIF-8 deposition as a film. Therefore, a procedure was found in the literature where a 

suspension using the precursors was formed and a E was immediately applied generating an electric 

field.144,145 In other attempts the ZIF-8 powders were previously synthesised before use. The attempts 

and respective conditions used are present in Table A.4 in the Annexes. 

Following the procedure from He et al.145, with no modifications, the immobilisation of the MOF using 

its precursors was attempted, however nothing was deposited on the surface of the electrode. 

For the remaining films different electric fields (20 V cm-1 and 90 V cm-1), solvents (isopropanol, ethanol 

(EtOH), and toluene) and deposition times (30 min, 1 h and 2 h 30 min) were experimented with. A 

suspension was always formed using 10 mg of ZIF-8 powder. Unfortunately, a stable suspension was 

unable to be formed most of the times since it dissolved in ethanol and isopropanol under sonication 

while in toluene the powder particles rapidly deposited to the bottom of the beaker. 

In Chapter 2.1.2, water stability tests were performed and indicated that ZIF-8 did not suffer any major 

changes in the structure after in contact with water. However, a report from Zhang et al.182 confirms that 

depending on the contact time and ZIF-8/water ratio, ZIF-8 will decompose overtime into a different 

soluble species. The study indicates that by filtration after ZIF-8 immersion in water, only the intact 

particles are recovered while the decomposition stays in the supernatant solution. This explains why the 

particles recovered in Chapter 2.1.2 indicated no change in the crystallinity, since only the intact 

structure was recovered in the filter. It seems to explain, as well, why under sonication ZIF-8 dissolves 

under 96% ethanol and isopropanol while in toluene does not, since under sonication there is an increase 

in contact between the solvent and the particles.  

 

2.2.2.2 Mg-MOF-74 and Ni-MOF-74 

For the MOF-74 containing Ni2+ or Mg2+ as metal nodes, multiple depositions were attempted. Different 

electric fields (30 V cm-1, 60 V cm-1 and 90 V cm-1) and solvents (ethanol, toluene, and acetone) were 
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experimented with using a deposition time of 2 h 30 min or 6 h. The attempts and conditions used are 

represented in Table 2.3 for the promising films and Table A.5 in the Annexes for the remaining. 

 

Table 2.3 - Conditions and components used in the electrophoretic deposition of the promising results of Ni-MOF-74: Ni-

MOF-74-E1-5. 

 

 

Using toluene, it was possible to form a more stable suspension using Ni-MOF-74 powder particles, 

however, although not as quickly as in ZIF-8, the powder particles rapidly deposited on the bottom of 

the beaker. Using the three electric fields conditions (30, 60 and 90 V cm-1) extremely thin films were 

obtained, named Ni-MOF-74-E1, Ni-MOF-74-E2 and Ni-MOF-74-E3, respectively (Figure A.40 in 

the Annexes). The diffraction patterns expected for the Ni-MOF-74 were observed in the PXRD of the 

film (Figure 2.28), albeit with extremely low intensity, which is to be expected due to the thickness of 

the film. 
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Figure 2.28 – PXRD of Ni-MOF-74-E1, Ni-MOF-74-E2 and Ni-MOF-74-E3 under different electric field conditions (30, 

60 and 90 V cm-1) in toluene, in comparison to the used Ni-MOF-74-S2 powder. 

 

To further optimise the process, deposition using suspensions in ethanol and acetone were attempted. 

However, the desired electric field (60 and 90 V cm-1) using these solvents, frequently could not be 

reached, suggesting the low conductivity of the suspension leading to nothing being deposited. The 

suspensions in toluene did not have this problem, while in acetone was hardest to reach the electric field 

desired. A possible explanation for this is due to the fact that ethanol and acetone have low amount of 

free ions present in the suspension. The electric charges on the oxides in those solvents are insufficient 

for the electrophoretic deposition.137  

Moreover, due to the importance of the zeta potential (which is difference between the E of the medium 

and of the stationary layer of fluid attached to the particle) for the stability of the suspension and the 

effect pH has this parameter, attempts were made to control the pH of the suspension. The pH was 

chosen according to the literature137  where a good ratio between the zeta potential and the conductivity 

in the suspension used was between 2-4 pH. Thus, a weak acid (acetic acid) was used. Due to the 

insolubility of acetic acid in toluene, the suspensions were formed using ethanol instead. As films were 

obtained successfully with these modifications, no further attempts to modify the other parameters were 

performed. A high uniform and crystalline Ni-MOF-74 film using 60 V cm-1 for 2 h 30 min and 10 µL 

of acetic acid in ethanol was obtained where the suspension had pH of 4.4. The film characterisation 

using PXRD and FTIR is present in Figure 2.29 and Figure 2.30, respectively. 
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Figure 2.29 – PXRD of Ni-MOF-74-E4 and used powder Ni-MOF-74-S2 both before and after deposition. 

 

Figure 2.30 – FTIR spectra (DRIFT/ATR) of Ni-MOF-74-E4 and used powder Ni-MOF-74-S2 both before and after 

deposition and wavenumber values of the corresponding main vibrational modes. 

 

Additionally, the Ni-MOF-74-E4 film was also characterised using SEM (Figure 2.31). The obtained 

surface images are extremely similar to the respective Ni-MOF-74-S2 powder (Figure 2.13). The 

aggregates have similar size and shape, although slightly more uniform, which confirms the visible 

homogeneity of the film (Figure A.41 in the Annexes). 
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Figure 2.31 – SEM images of Ni-MOF-74-E4. Magnified at 1000x, 2000x, 5000x and 10000x. 

 

It was possible to also deposit a Ni-MOF-74 film in graphite foil. The respective characterisation is 

present in Figure A.42 and Figure A.43 in the Annexes. Graphite foil presents an extremely high 

intensity diffraction peak at the 26.6º 2θ value that overshadows the diffraction patterns of the MOF. 

Visually it is possible to see the MOF deposited on the graphite foil (Figure A.44 in the Annexes). 

Using SEM, the surface of the graphite foil film (Ni-MOF-74-E5) was also analysed (Figure A.45 in 

the Annexes). In comparison with the Ni-MOF-74-E4 film (Ni-MOF-74 deposited onto FTO), the Ni-

MOF-74-E5 have a higher aggregation of the particles at the surface of the graphite foil, as well as the 

fact that the surface is rougher as expected for the graphite foil.  

The same conditions were used for the deposition of the Mg-MOF-74. However, the suspension was 

less stable indicated by a slight change in colour, from a light brown to a greyish brown, as well as the 

fact that was not possible to change the pH of the suspension using different amounts of acetic acid (10-

100 µL). Nonetheless, the deposition was attempted. The desired electric field (60 and 90 V cm-1) could 

not be reached identical to what was mentioned above. The obtained film named Mg-MOF-74-E1 is 

represented in Figure A.46 in Annexes and was considered a failed attempt due to the unusual film 

appearance, as well as the slight degradation of the FTO (dark edges around the film) under the 

extremely high E applied. Attempts were also made using just toluene, but nothing was deposited as the 

powder quickly dropped to the bottom of the beaker. 
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2.2.2.3 HKUST-1 

Attempts were also performed to deposit the HKUST-1 powders using the conditions for the Ni-MOF-

74-E4 both in ethanol with acetic acid and in toluene. As mentioned in Chapter 2.1, HKUST-1 

decomposes in the presence of water indicated by its rapid change in colour from Persian blue to light 

blue. This phenomenon occurred in ethanol, and only that light blue species was deposited on the 

electrode. In toluene nothing was deposited due to the low suspension stability having the powder 

extremely quickly deposit on the bottom of the beaker. 

 

2.2.2.4 UiO-66 and UiO-66-NH2 

The deposition of UiO-66 and its functionalised version UiO-66-NH2 was also attempted. Studies using 

different solvents (toluene and ethanol), electric fields (60 and 90 V cm-1) and deposition times (5 min 

to 2 h 30 min) were made. The attempts and conditions used are represented in Table 2.4 for the 

promising results and Table A.6 in the Annexes for the remaining attempts. 

 

Table 2.4 - Conditions and components used in the electrophoretic deposition of the promising results of UiO-66: UiO-66-

E1-2; and UiO-66-NH2: UiO-66-NH2-E1. 

 

 

It was possible to obtain relatively stable suspensions in toluene and ethanol. However, practically 

nothing was deposited when using ethanol due to not being able to reach the desired electric field, as 

mentioned in Chapter 2.2.2.2. However, the suspension made in ethanol with the presence of acetic 

acid (pH = 3.2) yielded films. The films obtained when using a suspension in ethanol and acetic acid 

had low uniformity. The film grew thicker on the edges of the electrode while thinner in the centre. 

Additionally, the film fell from the electrode’s surface due to its high thickness on the edges and 

especially when washed with acetone. Unlike Ni-MOF-74, the UiO-66 particles deposit much faster on 

the electrode. It was possible to form a thick UiO-66 film using only 5 min of deposition time. 

The main problem was optimising the process to obtain a more uniform film. Several optimisation 

attempts were performed varying the electric field and time (increasing one while decreasing the other 

or vice-versa). The most promising films were obtained by using 90 V cm-1 during 5 min (Figure A.47 

in Annexes). The low uniformity led to small differences in subsequent repetitions. The obtained PXRD 

diffractograms and FTIR spectrum for the film using these conditions (UiO-66-E1) is present in Figure 
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2.32 and Figure 2.33, respectively. The expected main diffraction patterns and vibrational modes were 

obtained. 

 

Figure 2.32 - PXRD of UiO-66-E1 and used powder UiO-66-S2 both before and after deposition. 

 

Figure 2.33 - FTIR spectra (ATR) of UiO-66-E1 and used powder UiO-66-S2 both before and after deposition and 

wavenumber values of the corresponding vibrational modes. 

 

The same conditions for the electrophoretic deposition were used for the graphite foil substrate (Figure 

A.48 in the Annexes), as well as, to deposit the UiO-66-NH2 on FTO (Figure A.49 in the Annexes). 

The characterisation of UiO-66 film at graphite foil electrode (UiO-66-E2) is present in the Figure A.50 



50 
 

and A.51 in the Annexes. The characterisation of the UiO-66-NH2 film at FTO (UiO-66-NH2-E1) is 

present in the Figure A.52 and A.53 in the Annexes. 

Additionally, the three films were characterised using SEM. The surface of the UiO-66-E1 (Figure 

2.34) and UiO-66-E2 (Figure A.54 in the Annexes) films were similar, with uniform particle size as 

obtained for the UiO-66-S2 powder. However due to the low uniformity of the film a few cracks in the 

surface and some empty zones were observed.  

 

Figure 2.34 – SEM images of UiO-66-E1. Magnified at 1000x, 2000x, 5000x and 10000x. 

 

The surface of the UiO-66-NH2-E1 film (Figure 2.35) was similar to its powder and they seemed to 

show higher uniformity in particle dispersion in comparison to the UiO-66 films. 
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Figure 2.35 - SEM images of UiO-66-NH2-E1. Magnified at 500x, 1000x, 5000x and 10000x. 

 

2.2.3 Conclusions 

No MOF films were obtained using cathodic deposition, however, using electrophoretic deposition three 

of the six different MOFs were able to be deposited: Ni-MOF-74, UiO-66 and UiO-66-NH2 as can be 

seen in Figure 2.36.  
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Figure 2.36 – Results of the six MOFs attempted to deposit using electrophoretic deposition. 

However, further optimisations are still required both in the solvothermal synthesis and the suspension 

formation. In the solvothermal synthesis there still needs to be further experiments to create higher 

charged MOF powder particles, such as with the formation of defects in the MOF as well as post 

synthetic modification to incorporate alternative species in the skeleton of the structure. In the 

suspension solvent optimisations would need to be found, for example with ionic liquids. Using a 

sophisticated setup and experimenting with different electrodes would benefit the process as well. 

 

2.3 Ammonia Conversion 

 

2.3.1 Electrochemical Studies – Cyclic Voltammetry 

After the successful immobilisation of the three MOF powders, Ni-MOF-74, UiO-66 and UiO-66-NH2 

via electrophoretic deposition the films were studied using cyclic voltammetry. The MOF films were 

used as the working electrode (WE), while the Pt wire and Ag/AgCl, 3M NaCl were used as the counter 

electrode (CE) and reference electrode (RE), respectively. 

The behaviour of the films was studied in two different environments – one based on an ammonia 

electrolyte, and another based on a phosphate electrolyte. The reason for using these two different 

environments is because it was planned the CPE of ammonia in aqueous environment due to the 

operation conditions when compared with liquid ammonia. However, due to the similar mechanisms 

that were presented and discussed in Chapter 1.4, if the E used is higher than expected, there is the 

possibility of not only converting the ammonia into hydrogen via its oxidation but also via the water 

splitting process. Expecting this, the behaviour of the films was studied in the presence of ammonia (the 
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ammonium electrolyte NH4Cl and aqueous ammonia NH4OH added) and in the absence of ammonia 

(using a phosphate-buffered saline (PBS) buffer solution at the same pH of the ammonia-based 

electrolyte used). Therefore, it is possible to compare both systems to differentiate the electrocatalytic 

activity between both processes. Further details about the setup are available in Chapter 3.4. 

 

2.3.1.1 Ni-MOF-74 

Starting with the Ni-MOF-74 film at FTO (Ni-MOF-74-E4) in the ammonia electrolyte and varying 

concentrations of NH4OH added to control the pH (Figure 2.37), an increase in anodic current with the 

increase in concentration of NH4OH added is observed. This anodic current increase starts 

approximately at 0.7 V (Eonset). The anodic current achieves a maximum with a value of approximately 

7.5 mA with the highest concentration of ammonia added (50 mM). 

 

Figure 2.37 – CVs of Ni-MOF-74-E4 at FTO (area of the electrode: 1 cm2) in 0.5 M NH4Cl in water with the addition of 0-

50 mM NH4OH. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 

 

The oxidation process shows a decrease in anodic current with the increase in concentration until 5 mM 

of NH4OH and at 7.5 mM, an increase in current is seen (Figure 2.38 a)). Additionally, visually the film 

started decomposing and dissolving in the solution with the increasing concentration of NH4OH and 

repeated cycles. That degradation is accompanied with a reduction process which starts being noticeable 

in the concentrations of 7.5 mM of NH4OH and hitting a current maximum at 25 mM between 0.6-0.9 

V. The maximum for each concentration shifts to lower E (from 0.8 V in 7.5 mM to 0.7 V in 50 mM) 

with the increase in concentration (Figure 2.38 b). A possible justification for this is the degradation of 

the MOF into a different active species in the surface of the film. 
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Figure 2.38 - CVs of the oxidation a) and reduction b) of Ni-MOF-74-E4 at FTO (area of the electrode: 1 cm2) in 0.5 M 

NH4Cl in water with the addition of 0-50 mM NH4OH with focus in the 0.6-0.9 V range. Pt wire and Ag/AgCl, 3M NaCl 

were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 

 

A concentration of NH4OH (4 mM) was chosen based on the difference between the Eonset of the film 

and the bare FTO. The stability of the film was also studied at 4 mM using repeated cycles (Figure 

2.39). An increase in anodic current is seen with each cycle, as well as the initial formation of the 

reduction peak mentioned above. However, visually the film was maintained. 

 

Figure 2.39 – CVs of Ni-MOF-74-E4 at FTO (area of the electrode: 1 cm2) in 0.5 M NH4Cl in water with the addition of 4 

mM NH4OH (10 cycles). Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 

 

Additionally, the electrochemical behaviour of the film in the absence of ammonia but in the same pH 

using a PBS solution was also studied. These comparisons can be seen in Figure 2.40. 
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Figure 2.40 – CVs of Ni-MOF-74-E4 at FTO (area of the electrode: 1 cm2) and FTO in 0.5 M NH4Cl in water with the 

addition of 4 mM NH4OH and Ni-MOF-74-E4 in PBS. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, 

respectively. Scan rate: 0.01 Vs-1. 

 

At the chosen concentration (4 mM of NH4OH) the Ni-MOF-74-E4 film shows a higher current and an 

earlier Eonset (0.7 V) than the bare FTO. However, when the MOF film is compared in both electrolytes, 

the current maximum is identical (2 mA), although the Eonset in the ammonia-based electrolyte occurs at 

a lower E as expected. This indicates that the Ni-MOF-74-E4 may be active for the oxidation of 

ammonia. 

Additionally, the electrochemical behaviour of the Ni-MOF-74-E5 (Ni-MOF-74 at graphite foil) was 

also studied as we can observe in Figure 2.41. 

 

Figure 2.41 – CVs of Ni-MOF-74-E5 at graphite foil (area of the electrode: 0.5 cm2) in 0.5 M NH4Cl in water with the 

addition of 0-50 mM NH4OH. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 
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The maximum current is three times higher than the observed for Ni-MOF-74-E4 due to differences in 

the porosity of the substrate when compared to FTO. The degradation of the MOF can be visually seen 

in the same concentration as the MOF degradation in the FTO (7.5 mM). The reduction peak between 

0.6 V and 0.9 V is also observed when the concentration of NH4OH rises.  

The bare graphite foil was also studied in the same ammonia electrolyte. Comparison of both the Ni-

MOF-74-E5 film and the graphite foil in the previously chosen concentration of NH4OH (4 mM) can 

be seen in Figure 2.42.  The Ni-MOF-74-E5 shows higher activity than the bare electrode. 

Unfortunately, the film in PBS solution was unable to be tested due to the lack of stock of graphite foil. 

 

Figure 2.42 – CVs of Ni-MOF-74-E5 at graphite foil (area of the electrode: 0.5 cm2) and graphite foil in 0.5 M NH4Cl in 

water with the addition of 4 mM NH4OH. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 

0.01 Vs-1. 

 

2.3.1.2 UiO-66 

The UiO-66 film at FTO using electrophoretic deposition (UiO-66-E1) showed promising results. The 

anodic current increase with the concentration of NH4OH is represented in Figure 2.43 a). Anodic 

current saturation is reached approximately at 75 mM concentration of NH4OH added with a value of 

2.3 mA. 
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Figure 2.43 - CVs of UiO-66-E1 at FTO (area of the electrode: 1 cm2) in 0.5 M NH4Cl in water with the addition of 0-100 

mM NH4OH a) full scale; b) focus in 1.1-1.2 V. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan 

rate: 0.01 Vs-1. 

 

No signs of possible film degradation were detected, both visually and in the CV results. The Eonset for 

the anodic current increase is approximately at 1.1 V and can potentially be assigned to the catalytic 

activity due to its consistent increase with the concentration of NH4OH added (Figure 2.43 b)).  

Similar for the Ni-MOF-74 film, a concentration of NH4OH was chosen (4 mM) where the difference 

between the Eonset of the film is more noticeable when compared with the bare FTO. The film was also 

tested in the PBS electrolyte, where ammonia is not present. Comparing the three voltammograms, the 

Eonset is identical at approximately 1.1 V, as seen in Figure 2.44. However, the UiO-66-E1 film shows 

as a higher maximum current in the presence of ammonia in comparison with both the bare FTO and 

the film in the absence of ammonia (PBS electrolyte). 
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Figure 2.44 - CVs of UiO-66-E1 at FTO (area of the electrode: 1 cm2) and FTO in 0.5 M NH4Cl in water with the addition 

of 4 mM NH4OH and UiO-66-E1 in PBS solution. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. 

Scan rate: 0.01 Vs-1. 

 

The stability of the UiO-66-E1 film was also tested using CV through repeated cycles (Figure 2.45). 

There is no notable loss in activity during the 10 cycles tested. There is, however, an increase in the 

maximum current with each cycle. 

 

Figure 2.45 – CVs of UiO-66-E1 at FTO (area of the electrode: 1 cm2) in 0.5 M NH4Cl in water with the addition of 4 mM 

NH4OH (10 cycles). Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 

 

UiO-66-E2 (UiO-66 on graphite foil) was also electrochemically tested (Figure 2.46). However, the 

activity of the combined substrate with the MOF is highly irregular as the current is barely affected by 
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the difference in concentration of NH4OH shifting without a pattern. This led to the conclusion that 

UiO-66-E2 is not a suitable electrocatalyst for the conversion of ammonia. 

 

Figure 2.46 - CVs of UiO-66-E2 at graphite foil (area of the electrode: 0.5 cm2) in 0.5 M NH4Cl in water with the addition of 

0-100 mM NH4OH. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 

 

2.3.1.3 UiO-66-NH2 

The third and last film studied was the functionalised version of UiO-66, named UiO-66-NH2-E1. As 

one can see in Figure 2.47, there is an increase of the maximum anodic current with the concentration 

of the NH4OH added, which reaches saturation at 50 mM with an anodic current value of 2.15 mA.  

 

Figure 2.47 - CVs of UiO-66-NH2-E1 at FTO (area of the electrode: 1 cm2) in 0.5 M NH4Cl in water with the addition of 0-

100 mM NH4OH. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 
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Similar with the Ni-MOF-74 and UiO-66 films at FTO, the concentration of NH4OH chosen was at 4 

mM. As it is possible to see in Figure 2.48, the UiO-66-NH2-E1 offers higher maximum current in the 

presence of ammonia than in the absence of ammonia (PBS electrolyte), as well as for the FTO. The 

UiO-66-NH2-E1 shows less current in the absence of ammonia than the FTO in the presence of 

ammonia. This means that in the absence of ammonia the function amine present in the UiO-66-NH2 

seems to reduce the activity of the film since in comparison with the analogous without amine function, 

UiO-66-E1 (Figure 2.44). 

 

Figure 2.48 - CVs of UiO-66-NH2-E1 at FTO (area of the electrode: 1 cm2) and FTO in 0.5 M NH4Cl in water with the 

addition of 4 mM NH4OH and UiO-66-NH2-E1 in PBS solution. Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, 

respectively. Scan rate: 0.01 Vs-1. 

 

For the stability studies, the same method was applied as the other films, using repeated cycles in the 

CV experiments. There is only a slight reduction in the current with each cycle, no major loss of activity 

as seen in Figure 2.49.  
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Figure 2.49 – CVs of UiO-66-NH2-E1 at FTO (area of the electrode: 1 cm2) in 0.5 M NH4Cl in water with the addition of 4 

mM NH4OH (10 cycles). Pt wire and Ag/AgCl, 3M NaCl were used as CE and RE, respectively. Scan rate: 0.01 Vs-1. 

 

2.3.2 Controlled Potential Electrolysis and Gases Quantification 

After the electrochemical studies the controlled potential electrolyses (CPE) were performed for the 

proper detection and quantification of the hydrogen produced. Due to the lack of stock of graphite foil 

and the more irregular results obtained during the electrochemical studies, especially for UiO-66, the 

CPE were performed using as electrocatalysts the three MOF films deposited on FTO using 

electrophoretic deposition: Ni-MOF-74-E4, UiO-66-E1 and UiO-66-NH2-E1.  

Multiple CPE (both repetitions or different conditions) were done for each MOF and the films after CPE 

were characterised by PXRD to study their integrity. The gases produced (H2, O2, N2) were quantified 

by GC-TCD. For further details see experimental part. 

 

2.3.2.1 Ni-MOF-74 

The Eonset for the Ni-MOF-74-E4 in the presence of ammonia was approximately 0.7 V, as mentioned 

in Chapter 2.3.1.1. With this in mind, CPEs at 0.9, 1.0, 1.1 and 1.3 V were used to determine the best 

E for H2 production while minimising the film degradation. Multiple experiments were performed, and 

an example of the chromatograms obtained, and the gases detected and quantified are present in Figure 

2.50 and Table 2.5, respectively. The remaining chromatograms are present in Figures A.55 to A.60 in 

the Annexes. 
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Figure 2.50 – Chromatogram obtained for the Ni-MOF-74-E4 (Entry 7) using an applied E of 1.3 V. 

 

Table 2.5 – Quantification of the obtained H2, O2 and N2 after CPE using the Ni-MOF-74-E4. Values obtained via GC-TCD 

using the respective gases calibration curves. For the CPE experiments: Pt coil and Ag/AgCl, 3M NaCl were used as CE and 

RE in the CPE experiments. Area of the electrode: 1 cm2 

  
 Quantity (µmol) 

Solution Contents E (V) Entry H2 O2 N2 

0.5 M NH4Cl + 4 mM 
NH4OH in 10 mL of 

water 

0.9 
1 0.00 34.33 1957.93 

2 0.00 46.95 2445.60 

1 3 0.00 65.14 1999.08 

1.1 

4 17.09 107.36 2601.00 

5 2.41 229.89 1707.10 

6 0.37 84.43 2576.55 

1.3 7 28.11 184.54 2675.43 

 

In the two attempts using 0.9 V (Entries 1 and 2), there was no production of H2 and no visible film 

degradation. This means that neither the conversion of ammonia nor the water splitting occurred. When 

1.0 V (Entry 3, Table 2.5) was used similar results were observed. When the E was increased to 1.1 V, 

17.09 µmol of H2 was produced (Entry 4). The amount of O2 is higher than for the experiments at 0.9 V 

(Entries 1 and 2) which may be either due the manual injection in the GC-TCD, air entering in the cell 

during the CPE or due to the water splitting process. The film was completely decomposed after 45 min 

of CPE, visually observed in Figure A.61 in the Annexes. Unfortunately, these results were unable to 

be replicated likely due to the decomposition of the MOF film. These two additional repetitions at 1.1 

V yielded 2.41 µmol (Entry 5) and 0.37 µmol (Entry 6) of H2 and although degradation was visually 

noticeable, part of the film remained, unlike the first attempt. Lastly, when the E was increased to 1.3 
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V, 28.11 µmol of H2 were produced (Entry 7) and the film was completely decomposed as well in the 

first 45 min. The bare FTO in the presence of ammonia per comparison produced an average of 1.37 

µmol (Table A.7 in the Annexes), which is a clear indication of the activity of the MOF.  A conclusion 

was reached that the lower the H2, the lower the degradation detected. No further repetition attempts 

were performed nor the realisation of the CPE in the PBS electrolyte using the Ni-MOF-E4 FTO film 

due to the decomposition of the film and the lack of time. 

The three films used in the Entries 4, 5 and 6 at 1.1 V were characterised by PXRD after the CPE as 

seen in Figure 2.51.  

 

Figure 2.51 – PXRD of the used Ni-MOF-74-E4 (Entry 4, 5 and 6) in the presence of ammonia, both before and after. 

 

The obtained PXRD are represented in descending order of film degradation. The appearance of two 

new diffraction patterns at the 2θ angles of 23º and 32.7º was observed. These two new peaks are from 

the recrystallisation of the NH4Cl on the surface of the film. 

As the results obtained were not promising there were no further CPE attempts in the absence of 

ammonia in the PBS electrolyte. 

 

2.3.2.2 UiO-66 

The Eonset for the UiO-66-E1 in the presence of ammonia was approximately 1.1 V, as mentioned in 

Chapter 2.3.1.2. With this in mind, CPEs at 1.3 V were performed. Three repetitions under the same 

conditions for the film in the presence of ammonia were performed, and two repetitions in the PBS 

electrolyte. The obtained chromatograms are present in the Figures A.62 to A.66 in the Annexes and 

the results of the multiple attempts in both solutions in the Table 2.6. 
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Table 2.6 - Quantification of the obtained H2, O2 and N2 after CPE using the UiO-66-E1. Values obtained via GC-TCD using 

the respective gases calibration curves. For the CPE experiments: Pt coil and Ag/AgCl, 3M NaCl were used as CE and RE in 

the CPE experiments. Area of the electrode: 1 cm2 

  
 Quantity (µmol) 

Solution Contents E (V) Entry Average H2 O2 N2 

0.5 M NH4Cl + 4 mM 
NH4OH in 10 mL of 

water 1.3 

1 

7.37 

8.63 56.38 1994.76 

2 9.27 68.91 1965.25 

3 4.21 37.11 1877.40 

10 mL of PBS 
solution 

4 
0.49 

0.33 45.97 1763.35 

5 0.64 51.19 2603.52 

 

In comparison with the Ni-MOF-74-E4, the results obtained for UiO-66-E1 were more reproducible. 

In the presence of ammonia, the three repetitions yielded 8.63 µmol (Entry 1), 9.27 µmol (Entry 2) and 

4.21 µmol (Entry 3) of H2 with similar H2:O2 ratios. As seen in Table A.7 in the Annexes, the 

production of the UiO-66 film in comparison with the bare FTO is about 7 times higher. Visually there 

seemed to be no film degradation, and the obtained PXRD in the presence of ammonia indicated no 

major reduction in the MOF crystallinity (Figure 2.52). 

 

Figure 2.52 - PXRD of the used UiO-66-E1 (Entry 3) in the presence of ammonia, both before and after. 

 

Comparing the H2 obtained in the presence of ammonia and in its absence, it is possible to observe a 

clear difference. The two attempts in the PBS electrolyte produced less H2 when compared (0.33 µmol 

for Entry 4 and 0.64 µmol for Entry 5). On average the UiO-66-E1 films produce 15 times more H2 in 

the presence of ammonia than in its absence. 
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2.3.2.3 UiO-66-NH2 

The last film tested was the UiO-66-NH2-E1 using the same E that was used for UiO-66-E1 for 

comparison (1.3 V). The obtained chromatograms and quantification of the gases produced are present 

in the Figures A.67 to A.69 in the Annexes and Table 2.7, respectively.  

 

Table 2.7 - Quantification of the obtained H2, O2 and N2 after CPE using the UiO-66-NH2-E1. Values obtained via GC-TCD 

using the respective gases calibration curves. For the CPE experiments: Pt coil and Ag/AgCl, 3M NaCl were used as CE and 

RE in the CPE experiments. Area of the electrode: 1 cm2 

   Quantity (µmol) 

Solution Contents E(V) Entry Average H2 O2 N2 

0.5 M NH4Cl + 4 mM 
NH4OH in 10 mL of 

water 
1.3 

1 

1.03 

1.59 44.32 2531.11 

2 1.01 57.44 2663.81 

3 0.50 89.71 2723.03 

 

 

The results obtained were reproducible, although there was lower H2 production in comparison to what 

was seen for UiO-66-E1. On average 1.03 µmol of H2 were produced, which is similar to what is 

obtained for the bare FTO (Table A.7 in the Annexes). Unfortunately, no further tests were performed 

to confirm these results due to the lack of time. 

The UiO-66-NH2-E1 film used for the CPE was characterised by PXRD (Figure 2.53). The obtained 

PXRD in comparison with the film before the CPE, indicated no loss in crystallinity, similar to what 

was visible for the UiO-66-E1 film. This further confirms that something is different when compared 

to the previous results obtained for the other MOF films.  

 

Figure 2.53 - PXRD of the used UiO-66-NH2-E1 (Entry 2) in the presence of ammonia, both before and after. 
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No further tests or quantifications were performed for the UiO-66-NH2 films due time constraints. 

 

2.3.3 Conclusions 

In this chapter, the electrochemical behaviour of five different films (Ni-MOF-74-E4, UiO-66-E1, UiO-

66-NH2 films at FTO electrode and Ni-MOF-74-E5, UiO-66-E2 films at graphite foil electrode) was 

studied. The Ni-MOF-74-E4, UiO-66-E1 and the UiO-66-NH2-E1 films showed promising results 

indicated by the higher activity in the presence of ammonia in comparison with both the bare electrode 

and the film in the absence of ammonia (PBS electrolyte). However, films at the graphite foil electrode, 

Ni-MOF-74-E5 and UiO-66-E2, were less promising, especially the UiO-66-E2 film were there was 

no noticeable difference in the activity with different concentrations of NH4OH.  

The CPEs were performed using the three FTO films - Ni-MOF-74-E4, UiO-66-E1 and UiO-66-NH2. 

The Ni-MOF-74-E4 showed the highest H2 production and the highest film degradation. The UiO-66-

E1 showed the most promising results having obtained a higher production of H2 than the film in the 

absence of ammonia and the bare electrode, with minimal film degradation. The UiO-66-NH2 however, 

produced the lowest H2 and needs further testing to confirm the results. These results highlight the 

catalytic activity of the Ni-MOF-74 and UiO-66 on the surface of the FTO in the presence of ammonia. 

A common factor witnessed was the appearance of two new diffraction pattern in the 2θ values of 23.7º 

and 32º, which is from the recrystallisation of the NH4Cl electrolyte. The current during the CPE could 

not be measured due to the low voltage compliance of the main potentiostat, leading to the use of an 

analogic potentiostat where an analog-to-digital converter was only later built with the help of Dr. José 

Augusto from the FCUL department of physics. Further experiments with this setup will be performed 

to be able to ultimately calculate the faradaic efficiency of the process. 

 

2.4 Conclusions and Future Work 

During this thesis, MOF films were obtained to study their applicability in the electrolytic conversion 

of ammonia into H2 as a carbon-free fuel.  

9 different reported MOFs were attempted to synthesise using solvothermal methods (MOF-5, IMORF-

3, ZIF-8, ZnMn-ZIF-8, Mg-MOF-74, Ni-MOF-74, HKUST-1, UiO-66 and UiO-66-NH2). Of those 

MOFs only 6 were successfully synthesised (ZIF-8, Mg-MOF-74, Ni-MOF-74, HKUST-1, UiO-66 and 

UiO-66-NH2). All the powders obtained were characterised by PXRD and FTIR, additionally the 

successful ones were as well characterised by SEM and stability tests were performed in aqueous 

medium. Only HKUST-1 indicated low stability in the presence of water originating a new species 

confirmed by PXRD characterisation. MOF-5 and IRMOF-3 proved unsuccessful probably due to the 

conditions used during the self-assembly step, while in the case of the ZnMn-ZIF-8 there was no metal-

exchange between the added Mn and the Zn in the structure.  

Afterwards, using the cathodic deposition method the unsuccessful MOFs and the ones that proved 

stable in aqueous medium were attempted to directly be formed at the surface of the electrode, aside 

from ZIF-8 due to the precursors reacting very fast at ambient conditions. Unfortunately, all the attempts 

using this direct method failed as the only results obtained were amorphous films, crystalline films that 

did not correspond to the MOF structure or nothing formed. Additionally, using the electrophoretic 

deposition as the indirect method, the 6 MOFs successfully synthesised were attempted to be deposit at 
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electrodes. Only three MOFs were able to be deposited, one that showed a uniform film (Ni-MOF-74) 

and two with low uniformity (UiO-66 and UiO-66-NH2). The optimal conditions used for the Ni-MOF-

74 deposition are: 60 V cm-1, in 20 mL ethanol and 10 µL acetic acid for 2 h 30 min. For the UiO-66 

and UiO-66-NH2 films the optimal conditions are: 90 V cm-1, in 20 mL ethanol and 10 µL acetic acid 

for 5 min.  The Ni-MOF-74 and UiO-66 were also deposited on graphite foil electrodes aside from the 

FTO electrodes. Unfortunately, the remaining three MOFs were unsuccessful. The ZIF-8 and Mg-MOF-

74 formed suspensions with low stability and the HKUST-1 was decomposed due to the presence of 

water.  

The obtained films were electrochemically studied in the presence of ammonia using an ammonia-based 

electrolyte (NH4Cl) with varying concentrations of NH4OH and absence of ammonia using a phosphate-

based electrolyte (PBS). The FTO films for the three MOFs showed promising results indicated by the 

higher current in the presence of ammonia in relation with the films in the absence of ammonia and the 

bare FTO. However, the films at the graphite foil electrodes were less promising due to the irregular 

variation in the current with different concentrations of NH4OH. Finally, the FTO films were applied in 

CPE experiments for the conversion of ammonia. The UiO-66 films at FTO showed the most promising 

results, with replicability, producing higher amounts of H2 in comparison with the film in the absence 

of ammonia and the bare FTO, with minimal degradation. Although, there was more production of H2 

using the Ni-MOF-74 films, these films had extremely low stability during long periods of time under 

an applied E, having completely decomposed in merely 45 min of the CPE process. Due to time 

constraints the UiO-66-NH2 were not thoroughly explored. 

There is untapped potential in the research of MOF films for the conversion of ammonia. Of course, the 

results obtained are not final, as there is a lot of further optimisations that can be made. Starting at the 

beginning, optimisations in the solvothermal syntheses can be made, for example, using modulators to 

control the particle growth or post-synthetic modification which modifies the structure to either create 

defects on the structure of the MOF or incorporate alternative species which will increase the reactivity 

and conductivity of the MOF. Next, optimisations in the electrophoretic deposition should also be done. 

Some examples are finding a more suitable substrate, addition of alternate species to try and obtain a 

more uniform suspension with improved properties, such as an accessible conductivity and zeta potential 

using, for example, acids or maybe, ionic liquids. The setup used is also not sophisticated, which means 

there is also room for improvement in this area. In the electrochemical part, improvements can also be 

made in the solution containing ammonia, for example, performing studies in organic medium or even 

using liquid ammonia. Finding an appropriate substrate is also important in the CPEs as it increases the 

film stability and reactivity under applied E and high pH conditions for long periods of time. 
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3 Experimental Part 

 

3.1 Reagents and Solvents 

All the chemicals used were purchased from TCl, Fluorochem, Sigma-Aldrich, Honeywell and Acros 

Organic without further modification unless stated otherwise. 

 

3.2 Characterisation Techniques 

Powder X-Ray Diffraction (PXRD) – Powder X-ray diffractograms were obtained using Philips 

Analytical PW 3050/60 X’Pert PRO automatic diffractometer, equipped with an X’Celerator detector. 

Data was acquired using X’Pert Data Collector version 2.0b software. CuKα was used as the radiation 

source, operating with a current of 30 mA and a voltage of 40 kV. The PXRD were acquired by Prof. 

Dr. Maria E. Melo Jorge using a continuous scan of the Bragg angles (2θ) between 5º and 50º, with a 

step of 0.017 and an acquisition time of 200 s per step. 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) – DRIFT spectra were 

obtained using a Nicolet Nexus 6700 FTIR spectrophotometer in the range of 4000-650 cm-1, a 

resolution of 4 cm-1 and 256 scans. The powders were prepared by grinding the powder with KBr. The 

films were added on the spectrophotometer directly in the same configurations.  

Attenuated Total Reflectance (ATR) – ATR spectra were obtained using a Shimadzu IRSpirit QATR-

S spectrophotometer in the range of 4000-500 cm-1, a resolution of 4 cm-1 and 32 scans. Both the powders 

and the films were applied directly on the surface of the diamond crystal using both the same 

configurations. 

Scanning Electron Microscopy (SEM) – SEM analysis was performed by Dr. Telmo Nunes from the 

FCUL Microscopy Facility and Dr. Isabel Nogueira from the IST Electron Microscopy Laboratory. In 

FCUL the samples were prepared by coating the surface of both the films and powders with gold. The 

samples were added to a JEOL JFC-1200 chamber and analysed using a JEOL JSM-5200LV scanning 

electron microscope. In IST a ThermoScientific, Phenom ProX G6 with a CsB6 filament and an EDS 

detector scanning electron microscope was used. 
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3.3 MOFs Solvothermal Synthesis and Characterisation 

All MOFs were synthesised via solvothermal synthesis using already reported methods. In some cases, 

minor modifications to the procedures were performed. 

ZIF-8 - Zn(Hmim)2  

Following a reported procedure from Pan et. al.95 with few 

modifications, ZIF-8 was synthesised yielding a white powder 

(369 mg). Those modifications were: washing only using 

methanol and the activation was done at 50 ℃ under vacuum. 

FTIR (cm-1): 3500-3200 (w/br, νO-H), 3133 (m, νC-H(aliphatic)), 

2929 (m, νC-H(aromatic)), 1670 (m, δN-H), 1636 (w, νC=C), 

1584 (m, νC=N), 1460-1305 (s, νC-C), 1146 (s, νC-N), 

995,760 (m, δC-N), 694 (s, δC=C). PXRD (º): 7.3 (110), 10.4 

(200), 12.7 (211). 

Figure 3.1 – ZIF-8 3D structure using Zn2+ as the 

metal centre and Hmim as the organic ligand.  

Adapted from155. 

 

Mg-MOF-74 - Mg2(DHTA) 

Following the published procedure from Grant et. al.161 with 

few modifications, Mg-MOF-74 was synthesised yielding a 

light brown powder (162 mg). Those modifications were: the 

activation was done at 120 ℃ and the powders were not 

separated into different vials. FTIR (cm-1): 3500-3200 (w/br, 

νO-H), 2930, 2858 (w, νC-H), 1581 (s, νsO-C-O), 1420 (s, 

νaO-C-O), 1457-1369 (s, νC-C), 1208 (s, νC-O), 889, 821 (m, 

δC-H). PXRD (º): 6.8 (110), 11.8 (300). 

Figure 3.2 – Mg-MOF-74 3D structure using  

Mg2+ as the metal centre and DHTA as the  

organic ligand. Adapted from162. 

 

Ni-MOF-74 - Ni2(DHTA) 

Following the published procedure from Xie et. al.165 with few 

modifications, Ni-MOF-74 was synthesised yielding a light 

brown powder (351 mg). Those modifications were: the 

proportion was reduced to a third and the activation was done 

at 120 ℃. FTIR (cm-1): 3500-3200 (w/br, νO-H), 2956, 2840 

(w, νC-H), 1563 (s, νsO-C-O), 1414 (s, νaO-C-O), 1445-1361 

(s, νC-C), 1198 (s, νC-O), 893, 823 (m, δC-H). PXRD (º): 6.8 

(110), 11.8 (300). 

Figure 3.3 – Ni-MOF-74 3D structure using  

Ni2+ as the metal centre and DHTA as the  

organic ligand. Adapted from162. 
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HKUST-1 – Cu3(BTC)2 

Following the published procedure from Peng et. al.77, with 

the proportion reduced by half, HKUST-1 was synthesised 

yielding a Persian blue powder (582 mg). FTIR (cm-1): 3500-

3200 (w/br, νO-H), 2924 (w, νC-H), 1648, 1585 (s, νsO-C-O), 

1613-1553 (s, νC-C), 1449, 1369 (s, νaO-C-O), 1108 (m, νC-

O), 765, 728 (s, δC-H). PXRD (º): 6.7 (200), 9.5 (220), 11.6 

(222), 13.4 (400). 

 

Figure 3.4 – HKUST-1 3D structure using Cu2+  

as the metal centre and H3BTC as the organic 

ligand. Adapted from168. 

 

UiO-66 – Zr6O4(OH)4(BDC)6 

Following the procedure from Katz et. al.176, doubling the 

proportion, UiO-66 was synthesised yielding a white powder 

(289 mg). FTIR (cm-1): 3500-3200 (w/br, νO-H), 2928, 2861 

(w, νC-H), 1584 (s, νsO-C-O), 1505 (s, νC=C), 1435-1319 (s, 

νC-C), 1390 (s, νaO-C-O), 887, 814 (s, δC-H). PXRD (º): 7.4 

(111), 8.5 (002). 

 

Figure 3.5 – UiO-66 3D structure using Zr4+  

as the metal centre and H2BDC as the organic 

ligand. Adapted from174. 

 

UiO-66-NH2 - Zr6O4(OH)4(NH2BDC)6 

Following the procedure from Katz et. al.176, doubling the 

proportion, UiO-66-NH2 was synthesised yielding a light-

yellow powder (297 mg). FTIR (cm-1): 3500-3200 (w/br, νO-

H), 2978, 2872 (w, νC-H), 1578 (s, νsO-C-O), 1379 (s, νaO-C-

O), 1427-1332 (s, νC-C), 1254 (s, νC-N) 893, 829 (s, δC-H). 

PXRD (º): 7.4 (111), 8.5 (002). 

 

 

Figure 3.6 – UiO-66-NH2 3D structure using Zr4+  

as the metal centre and NH2-H2BDC as the organic 

ligand. Adapted from177. 
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3.4 Electrochemical Measurements and Depositions 

 

3.4.1 General Conditions 

A PGSTAT 12 AUT71019 potentiostat managed by NOVA 2.0 software and a heart-shaped 

electrochemical cell with a three-electrode system was used for the cathodic depositions and the cyclic 

voltammetry studies, as well as for some controlled potential electrolysis. FTO and graphite foil were 

used as the WE, Pt wire as the CE and a Ag/AgCl, 3 M NaCl (0.278 V vs. NHE) as the RE. The surface 

area of the FTO was maintained at 0.8-1 cm2 and the area of the graphite foil was maintained at 0.5 cm2. 

The FTO was previously washed under sonication with water and soap for 15 minutes, then methanol, 

and finally acetone. The graphite foil was previously washed under sonication with acetone for 15 min, 

isopropanol and Milli-Q water and afterwards the electrodes were dried in the oven at 110 ℃ for 1 h. 

Before each experiment, the electrolyte was purged with N2 bubbling for at least 15 min. An experiment 

containing just the solvent and the supporting electrolyte was always performed before adding the 

respective compounds in study.  

 

3.4.2 Direct Method – Cathodic Deposition 

The direct method used was the cathodic deposition method. Using the three-electrode system and the 

heart-shaped cell (Figure 3.7), direct film formations were performed by dissolving the MOF precursors 

in 10 mL DMF. Non-dried or dry DMF was used, and the latter was obtained by drying DMF from the 

bottle using activated 4Å molecular sieves for several days before. Additionally, the electrolyte solution 

contained 0.1 M TBAPF6 as the supporting electrolyte and Et3NHCl or H2O2 as the probases. 

Afterwards, a reductive E between -1.5 and -0.5 V vs. Ag/AgCl, 3 M NaCl (depending on the probase) 

was applied to the working electrode for 15-30 min and in some cases up to 2 h. Different 

metal:ligand:probase proportions and concentrations were tested. The films obtained were also 

characterised using PXRD and FTIR. 

 

 

Figure 3.7 – Three-electrode system used in the cyclic voltammetry studies and cathodic deposition using FTO and graphite 

foil as the WE, Pt wire as the CE and a Ag/AgCl, 3 M NaCl (0.278 V vs. NHE) as the RE. 
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3.4.3 Indirect Method – Electrophoretic Deposition 

The indirect method used was the electrophoretic deposition method. Under sonication (15 min) a 

uniform suspension is formed containing 10 mg of the synthesised MOF particles, 20 mL of solvent 

(toluene, ethanol, or acetone) and 10-100 µL of acetic acid to change the pH between 3-4. Using a power 

supply (Leybold – 3000 V max. lent to us by the department of physics from FCUL), the films were 

obtained by immersing two parallel FTO or graphite foil electrodes in the suspension under a fixed area 

(1 cm2) and distance (1.1 cm) and applying a E to form an electric field (30-90 V cm-1). Deposition times 

also differed from 5 min to 2 h 30 min. The setup used is represented in Figure 3.8 and the conditions 

and MOFs we successfully attempted to immobilise using electrophoretic deposition is represented in 

Table 3.1. The films obtained were also characterised using PXRD and FTIR. 

 

 

Figure 3.8 – Setup used in the electrophoretic deposition. 

 

Table 3.1 – Conditions and components used in the sucessful electrophoretic deposition of the MOFs: Ni-MOF-74, UiO-66 

and UiO-66-NH2. 
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3.4.4 Cyclic Voltammetry Studies 

CVs were performed in the same setup as the one used for the cathodic deposition. The CV experiments 

were done previously to each deposition, both supporting electrolyte (0.1 M TBAPF6) and after adding 

the MOF components. A scan rate of 0.01 V s-1 and an applied E varying from -1.5 V to 1.5 V vs. 

Ag/AgCl, 3 M NaCl, during 3 cycles and starting from the open circuit potential (OCP).  

For the electrocatalytic testing two different aqueous electrolytes were used, an ammonia and a 

phosphate-based electrolyte. For the ammonia-based electrolyte its contents were 0.5 M NH4Cl in 10 

mL of Milli-Q water and a varying concentration of 0-100 mM of NH4OH, while for the phosphate-

based electrolyte 10 mL of a PBS solution with the pH of 7.6. 

The Ni-MOF-74-E4/5, UiO-66-E1/2 and UiO-66-NH2-E1 films, as well as both bare electrodes (FTO 

and graphite foil) were investigated using CV in both electrolytes. The same measurement conditions 

were applied aside from the E, which varied from -0.2 V to 1.4 V. In the ammonia-based electrolyte, the 

CVs were obtained at additive concentrations of NH4OH (total concentration from 0 to 100 mM). 

Afterwards, in the phosphate-based electrolyte the studies were conducted using the same measurement 

conditions. The last studies examined the stability of the MOF films in the ammonia-based electrolyte 

at 4-10 mM total concentration of NH4OH for 10 cycles (scan rate of 0.01 Vs-1).  

 

3.5 Controlled Potential Electrolysis 

Most of the CPEs were performed using a small potentiostat (Potentiostat MP81 from Bank Elektronik) 

with a custom setup (with the help of Dr. José Augusto from the physics department from FCUL) using 

a lab-made analog-to-digital converter with an Arduino system (Figure 3.9). Some CPE were also 

performed using the AutoLab potentiostat depending on the availability of the devices. The films were 

used as the working electrode, a Pt coil as the counter electrode and a Ag/AgCl, 3 M NaCl (0.278 V vs. 

NHE) as the reference electrode. The electrolysis setup is represented in Figure 3.10. 

  

 

Figure 3.9 – Custom setup using an Arduino system used for most of the CPE. 
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Figure 3.10 – CPE cell setup using the films as the WE, a Pt coil as the CE and a Ag/AgCl, 3 M NaCl (0.278 V vs. NHE) as 

the RE. 

 

The CPE conditions were, for the ammonia-based electrolyte the 10 mL of pure water using 0.5 M 

NH4Cl as the electrolyte and adding 4 mM of NH4OH. For the water system 10 mL of the PBS solution 

at 7.6 pH. After adding the contents to the cell and the electrodes, the cell is sealed (with an exhaust) 

and bubbled with N2 for 25-30 min. After bubbling, the needle hole in the suba-seal is sealed using 

silicone. The CPEs were maintained for 3 h under stirring using 700 RPM. The films Ni-MOF-74-E4, 

UiO-66-E1 and UiO-66-NH2-E1 and the bare electrode were tested for the CPE using both electrolytes.  

 

3.6 Quantification of the H2 Produced Using GC-TCD 
Chromatograms were obtained using a gas chromatography equipment fitted with a thermal conductivity 

detector from Agilent Technology (GC-TCD 7820A) controlled by OpenLAB ChemStation edition 

software. A HP-MOLESIEVE capillary GC column (L x I.D. 30 m x 0.32 mm, average thickness 12 

µm) was used for H2, O2 and N2 detection. Temperature was held at 200 ℃ for the injector and 220 ℃ 

for the detector. Ar was used as carrier gas flowing at 1.7 mL min-1 and injections were done using 500 

µL gas tight syringes previously purged with N2. The method used was: (I) keep at 40 ℃ for 7 min; (II) 

gradually increase until 200 ℃ for 5 min; keep it at 200 ℃ for 3 min. The retention times for each gas 

(min) were: H2 1.91, O2 2.14 and N2 2.64. Air was first injected before removing a sample from the cell 

headspace. The calibration curves used for the quantification of H2, O2 and N2 are represented in 

Equations 3.1, 3.2 and 3.3, respectively, where y is the area of the peak obtained and x the volume of 

that species in the syringe. 

 

𝑌 = 104.54𝑥        (Equation 3.1) 

𝑌 = 3.49𝑥         (Equation 3.2) 

𝑌 = 13.39𝑥        (Equation 3.3) 
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Annexes 

 

 

 

Figure A.1 – a) MOF-5-S1 and b) MOF-5-S2 obtained powders via solvothermal synthesis. 

 

Figure A.2 - PXRD of MOF-5-S2 and comparison with MOF-5 diffraction pattern from the literature.146 

 

 

Figure A.3 – a) IRMOF-3-S1, b) IRMOF-3-S2 and c) IRMOF-3-S3 obtained powders via solvothermal synthesis. 
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Figure A.4 - PXRD of IRMOF-3-S2, IRMOF-3-S3 and comparison with IRMOF-3 diffraction pattern from the literature.150  

 

 

 

Figure A.5 – a) ZIF-8-S1, b) ZIF-8-S2, c) ZIF-8-S3 and d) ZIF-8-S4 obtained powders via solvothermal synthesis. 
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Figure A.6 - PXRD of ZIF-8-S2, ZIF-8-S3, ZIF-8-S4 and comparison with the ZIF-8 diffraction pattern from the 

literature.154 

 

 

Figure A.7 – PXRD of the stability test of ZIF-8-S1 after 24 h in water. 
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Figure A.8 - FTIR spectra (DRIFT) of ZIF-8-S1 post 24 h in water. 

 

 

Figure A.9 - a) ZnMn-ZIF-8-S1 and b) ZnMn-ZIF-8-S2 obtained powders via solvothermal synthesis. 
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Figure A.10 – PXRD of ZnMn-ZIF-8-S1 in comparison with the precursor ZIF-8-S1. 

 

 

Figure A.11 – PXRD of ZnMn-ZIF-8-S2 in comparison with the precursor ZIF-8-S4. 
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Figure A.12 – FTIR spectra (DRIFT) of ZnMn-ZIF-8-S1, used ZIF-8-S1 and main wavenumber values for the 

corresponding vibrational modes. 

 

 

Figure A.13 – FTIR spectra (DRIFT) of ZnMn-ZIF-8-S2, used ZIF-8-S4 and main wavenumber values for the 

corresponding vibrational modes. 
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Figure A.14 - SEM images of ZnMn-ZIF-8-S2. Magnified at 160x, 400x and 2000x. 

 

 

Figure A.15 - a) Mg-MOF-74-S1 and b) Mg-MOF-74-S2 obtained powders via solvothermal synthesis. 
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Figure A.16 - PXRD of the stability test of Mg-MOF-74-S1 after 24 h in water. 

 

 

Figure A.17 - FTIR spectra (DRIFT) of Mg-MOF-74-S1 post 24 h in water. 
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Figure A.18 - PXRD of Mg-MOF-74-S2 and comparison with the Mg-MOF-74 diffraction pattern from the literature.159 

 

 

 

Figure A.19 - PXRD of the stability test of Mg-MOF-74-S2 after 24 h in water. 
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Figure A.20 - FTIR spectra (DRIFT) of Mg-MOF-74-S2 post 24 h in water. 

 

 

Figure A.21 - a) Ni-MOF-74-S1 and b) Ni-MOF-74-S2 obtained powders via solvothermal synthesis. 
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Figure A.22 - PXRD of Ni-MOF-74-S1 and comparison with the Ni-MOF-74 diffraction pattern from the literature.164 

 

 

Figure A.23 - PXRD of the stability test of Ni-MOF-74-S2 after 24 h in water. 
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Figure A.24 - FTIR spectra (DRIFT) of Ni-MOF-74-S2 post 24 h in water. 

 

 

Figure A.25 - a) HKUST-1-S1 and b) HKUST-1-S2 obtained powders via solvothermal synthesis. 

 

 

Figure A.26 - HKUST-1-S1 after immersion in water for 24 h. 
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Figure A.27 - PXRD of the stability test of HKUST-1-S1 after 24 h in water. 

 

 

Figure A.28 – FTIR spectra (DRIFT) of HKUST-1-S1 post 24 h in water. 
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Figure A.29 – PXRD of HKUST-1-S2 and comparison with the HKUST-1 diffraction pattern from the literature.166 

 

 

 

Figure A.30 - a) UiO-66-S1 and b) UiO-66-S2 obtained powders via solvothermal synthesis. 

 

 

Figure A.31 – PXRD of UiO-66-S1 and comparison with the UiO-66 diffraction pattern from the literature.172  
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Figure A.32 - PXRD of the stability test of UiO-66-S2 after 24 h in water. 

 

 

Figure A.33 – FTIR spectra (ATR) of UiO-66-S2 post 24 h in water. 
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Figure A.34 - UiO-66-NH2-S1 obtained powder via solvothermal synthesis. 

 

Figure A.35 – FTIR spectra (ATR) of UiO-66-NH2-S1 post 24 h in water. 
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Figure A.36 - PXRD of the stability test of UiO-66-NH2-S1 after 24 h in water. 

 

Table A.1 – MOF-5 conditions used in the cathodic deposition. 
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Figure A.37 – a) MOF-5-C1 and b) MOF-5-C2 obtained using cathodic deposition. 

 

 

Figure A.38 – Detected precipitation during IRMOF-3 cathodic deposition. 
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Table A.2 – Mg-MOF-74 (yellow) and Ni-MOF-74 (green) conditions used in the cathodic deposition. 

 

 

 

Figure A.39 – Mg-MOF-74-C1 obtained using cathodic deposition. 
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Table A.3 – UiO-66 conditions used in the cathodic deposition. 

 

 

Table A.4 – ZIF-8 conditions used in the electrophoretic deposition. 
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Table A.5 - Mg-MOF-74 (yellow) and Ni-MOF-74 (green) conditions used in the electrophoretic deposition. 

 

 

 

Figure A.40 – a) Ni-MOF-74-E1, b) Ni-MOF-74-E2 and c) Ni-MOF-74-E3 obtained using electrophoretic deposition. 
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Figure A.41 – Ni-MOF-74-E4 obtained using electrophoretic deposition. 

 

Figure A.42 – PXRD of Ni-MOF-74-S5, used powder Ni-MOF-74-S2 both before and after deposition normalised using a) 

full range and b) 5-20º. 

 

Figure A.43 – FTIR spectra (DRIFT/ATR) of Ni-MOF-74-E5, used powder Ni-MOF-74-S2 both before and after 

deposition and wavenumber values of the corresponding main vibrational modes. 
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Figure A.44 – Ni-MOF-74-E5 obtained using electrophoretic deposition. 

 

 

Figure A.45 – SEM images of Ni-MOF-74-E5. Magnified at 500x, 1000x, 3500x and 5000x. 

 

 

 

Figure A.46 – Mg-MOF-74-E1 obtained using electrophoretic deposition. 
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Table A.6 – UiO-66 (blue) and UiO-66-NH2 (orange) conditions used in the electrophoretic deposition. 

 

 

 

Figure A.47 – UiO-66-E1 obtained using electrophoretic deposition. 
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Figure A.48 – UiO-66-E2 obtained using electrophoretic deposition. 

 

 

Figure A.49 – UiO-66-NH2-E1 obtained using electrophoretic deposition. 

 

 

Figure A.50 - PXRD of UiO-66-E2, used powder UiO-66-S2 both before and after deposition normalised using a) full range 

and b) 5-20º. 
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Figure A.51 – FTIR spectra (ATR) of UiO-66-E2, used powder UiO-66-S2 both before and after deposition and 

wavenumber values of the corresponding main vibrational modes. 

 

 

Figure A.52 - PXRD of UiO-66-NH2-E1, used powder UiO-66-NH2-S1 both before and after deposition. 
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Figure A.53 - FTIR spectra (ATR) of UiO-66-NH2-E1, used powder UiO-66-NH2-S1 both before and after deposition and 

wavenumber values of the corresponding main vibrational modes. 

 

 

Figure A.54 - SEM images of UiO-66-E2. Magnified at 500x, 1000x, 5000x and 10000x. 
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Figure A.55 - GC-TCD chromatogram obtained for Entry 1 (Table 2.5) of the Ni-MOF-74-E4 using an applied E of 0.9 V. 

 

Figure A.56 - GC-TCD chromatogram obtained for Entry 2 (Table 2.5) of the Ni-MOF-74-E4 using an applied E of 0.9 V. 
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Figure A.57 - GC-TCD chromatogram obtained for Entry 3 (Table 2.5) of the Ni-MOF-74-E4 using an applied E of 1.0 V. 

 

 

Figure A.58 - GC-TCD chromatogram obtained for the Entry 4 (Table 2.5) of the Ni-MOF-74-E4 using an applied E of 1.1 

V. 
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Figure A.59 - GC-TCD chromatogram obtained for Entry 5 (Table 2.5) of the Ni-MOF-74-E4 using an applied E of 1.1 V. 

 

 

 

 

 

Figure A.60 - GC-TCD chromatogram obtained for Entry 6 (Table 2.5) of the Ni-MOF-74-E4 using an applied E of 1.1 V. 
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Figure A.61 – Ni-MOF-74-E4 after CPE at 1.1 V (Entry 4). 

 

 

Table A.7 - Quantification of the obtained H2, O2 and N2 after CPE using the bare FTO. Values obtained via GC-TCD using 

the respective gases calibration curves. For the CPE experiments: Pt coil and Ag/AgCl, 3M NaCl were used as CE and RE in 

the CPE experiments. Area of the electrode: 1 cm2 

   Quantity (µmol) 

Solution Contents E(V) Entry Average H2 O2 N2 

0.5 M NH4Cl + 4 mM 
NH4OH in 10 mL of 

water 
1.3 

1 

1.37 

1.78 50.27 2088.91 

2 0.55 51.12 2151.70 

3 1.78 104.45 2546.65 

 

 

 

Figure A.62 - GC-TCD chromatogram obtained for Entry 1 (Table 2.6) of the UiO-66-E1 in the presence of ammonia using 

an applied E of 1.3 V. 
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Figure A.63 - GC-TCD chromatogram obtained for Entry 2 (Table 2.6) of the UiO-66-E1 in the presence of ammonia using 

an applied E of 1.3 V. 

 

 

 

Figure A.64 - GC-TCD chromatogram obtained for Entry 3 (Table 2.6) of the UiO-66-E1 in the presence of ammonia using 

an applied E of 1.3 V. 
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Figure A.65 - GC-TCD chromatogram obtained for Entry 4 (Table 2.6) of the UiO-66-E1 in the PBS solution using an 

applied E of 1.3 V. 

 

 

Figure A.66 - GC-TCD chromatogram obtained for Entry 5 (Table 2.6) of the UiO-66-E1 in the PBS solution using an 

applied E of 1.3 V. 
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Figure A.67 - GC-TCD chromatogram obtained for Entry 1 (Table 2.7) of the UiO-66-NH2-E1 in the presence of ammonia 

using an applied E of 1.3 V. 

 

 

 

 

Figure A.68 - GC-TCD chromatogram obtained for Entry 2 (Table 2.7) of UiO-66-NH2-E1 in the presence of ammonia 

using an applied E of 1.3 V. 
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Figure A.69 - GC-TCD chromatogram obtained for Entry 3 (Table 2.7) of UiO-66-NH2-E1 in the presence of ammonia 

using an applied E of 1.3 V. 

 

 

 

 

 

 

Figure A.70 - GC-TCD chromatogram obtained for Entry 1 (Table A.7) of the bare FTO in the presence of ammonia using 

an applied E of 1.3 V. 
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Figure A.71 - GC-TCD chromatogram obtained for Entry 2 (Table A.7) of the bare FTO in the presence of ammonia using 

an applied E of 1.3 V. 

 

 

 

Figure A.72 - GC-TCD chromatogram obtained for Entry 3 (Table A.7) of the bare FTO in the presence of ammonia using 

an applied E of 1.3 V. 

 

 


