
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Understanding confinement effects and nano structuring in heterogeneous
catalysis

Slot, T.K.

Publication date
2021
Document Version
Final published version

Link to publication

Citation for published version (APA):
Slot, T. K. (2021). Understanding confinement effects and nano structuring in heterogeneous
catalysis. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:10 Mar 2023

https://dare.uva.nl/personal/pure/en/publications/understanding-confinement-effects-and-nano-structuring-in-heterogeneous-catalysis(8a24a630-a3b5-49ff-a3d2-95ea70096ce7).html


Understanding confinement effects and 
nanostructuring 

in heterogeneous catalysis

Thierry Slot



 

 

 

 

 

 

 

Understanding confinement effects and nano 

structuring in heterogeneous catalysis 

  



  



Understanding confinement effects and nano 

structuring in heterogeneous catalysis 

ACADEMISCH PROEFSCHRIFT 

ter verkrijging van de graad van doctor  

aan de Universiteit van Amsterdam 

op gezag van Rector Magnificus 

prof. dr. ir. K.I.J. Maex 

ten overstaan van een door het College voor Promoties ingestelde 

commissie, in het openbaar te verdedigen 

op maandag 12 april 2021, te 14.00 uur 

door 

Thierry Kilian Slot 

geboren te Alkmaar 



Promotiecommissie 

 

Promotores:  prof. dr. G. Rothenberg Universiteit van Amsterdam 

 dr. N. R. Shiju Universiteit van Amsterdam 

 

Overige leden:  prof. dr. P. E. de Jongh Universiteit Utrecht 

 Prof. dr. L. Bonneviot École Normale Supérieure de Lyon 

 Prof. dr. H. Xu Fudan University, China 

 Prof. dr. E. J. Meijer Universiteit van Amsterdam  

 Dr. H. Zhang Universiteit van Amsterdam 

 Dr. F. Mutti Universiteit van Amsterdam 

 

 

 

Faculteit der Natuurwetenschappen, Wiskunde en Informatica 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

The research presented in this dissertation was carried out at the Van ‘t Hoff Institute 

for Molecular Sciences of the University of Amsterdam, and is part of the Sustainable 

Chemistry Research Priority Area. The work was financially supported by the 

Netherlands Organisation for Scientific Research (NWO) TOP-PUNT project Catalysis in 

Confined Spaces [718.015.004]. 

 

Cover illustration: The cover illustration was inspired by SEM and TEM 

data of two catalysts, each representing a part of this 

thesis: The catalyst on the right symbolizes our 

synthetic approach for controlling confinement at 

surfaces (Chapter 3), and on the left, the work on 

MXenes (Chapters 4-6) is symbolized by a small city on 

a ‘MXene’ cliff. The buildings represent the surface-

grown TiO2 crystals. The back cover features the bubble 

counter (Chapter 2) which was used for a large portion 

of the kinetic measurements in Chapters 2, 3, 5 and 6. 

Cover design:  Thierry Slot 

Printing: Ridderprint  

 

 

 

 

ISBN: 978-94-6416-483-1 

 

An electronic version of this dissertation is available at  

http://dare.uva.nl/ 



 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my parents, 

 

 

 

 

  



 

 

 



 

 

Contents 

1 Introduction ..............................................................................................................1 

1.1 Confinement in catalysis: what is confinement? ............................................. 3 

1.2 Quantum confinement ...................................................................................... 4 

1.3 Principles of confinement in chemistry ............................................................ 5 

1.4 Measuring confinement ..................................................................................... 6 

1.5 “Molecular flasks” in catalysis ............................................................................ 9 

1.6 Surface nano-structuring: two-dimensional confined spaces ..................... 12 

1.7 Scope of this thesis ........................................................................................... 13 

1.8 References ......................................................................................................... 14 

2 A simple and efficient device and method for measuring the kinetics 

of gas-producing reactions ................................................................................... 21 

2.1 Theory of bubble formation ............................................................................ 23 

2.2 Quantifying gas production by bubble counting .......................................... 25 

2.3 Towards Arrhenius plots .................................................................................. 27 

2.4 Conclusions ....................................................................................................... 28 

2.5 References ......................................................................................................... 29 

2.6 Appendix ............................................................................................................ 31 

2.6.1 Technical description of the bubble counter device ..................... 31 

2.6.2 Reactor head construction ............................................................... 34 

2.6.3 Experimental details ......................................................................... 37 

2.6.4 Data processing and calculation ..................................................... 43 

3 An experimental approach for controlling confinement effects at 

catalyst interfaces ................................................................................................. 45 

3.1 Introduction ....................................................................................................... 47 

3.2 Synthesizing confinement ............................................................................... 48 

3.3 How much “space” does a reaction need? ..................................................... 52 

3.4 Confinement and surface travel ..................................................................... 55 

3.5 Conclusion ......................................................................................................... 56 

3.6 References ......................................................................................................... 57 

3.7 Appendix ............................................................................................................ 59 



 

 

3.7.1 Additional figures .............................................................................. 59 

3.7.2 Experimental procedures and methods ......................................... 60 

3.7.3 Data processing and calculation ...................................................... 62 

4 Acid catalysis with surface-modified Ti3C2Tx MXenes ........................................ 65 

4.1 Introduction ....................................................................................................... 67 

4.2 Experimental ..................................................................................................... 68 

4.3 Results and discussion ..................................................................................... 70 

4.4 Conclusion ......................................................................................................... 78 

4.5 References ......................................................................................................... 78 

4.6 Appendix ............................................................................................................ 80 

4.6.1 Experimental details ......................................................................... 80 

4.6.2 Additional figures .............................................................................. 80 

4.6.3 References.......................................................................................... 83 

5 Surface oxidation of MXene enhancing the catalytic activity of Pt 

nanoparticles  .......................................................................................................... 85 

5.1 Introduction ....................................................................................................... 87 

5.2 Results and discussion ..................................................................................... 87 

5.3 Conclusions ....................................................................................................... 95 

5.4 Experimental Section ........................................................................................ 96 

5.5 References ......................................................................................................... 98 

6 Ruthenium–tin on disordered MAX phase boosting 4-nitroaniline 

reduction ............................................................................................................... 101 

6.1 Introduction ..................................................................................................... 103 

6.2 Results and discussion ................................................................................... 104 

6.3 Conclusion ....................................................................................................... 113 

6.4 References ....................................................................................................... 113 

6.5 Appendix .......................................................................................................... 116 

6.5.1 Experimental details ....................................................................... 116 

6.5.2 Materials and Instrumentation ...................................................... 120 

6.5.3 Additional tables and figures ......................................................... 122 

6.5.4 References........................................................................................ 127 



 

 

Summary ........................................................................................................................ 129 

Samenvatting ................................................................................................................ 135 

Publications ................................................................................................................... 141 

Contributions to this thesis ........................................................................................ 144 

Acknowledgements ...................................................................................................... 147 

 

 

 

  



 

 

 

 



 

  1 

1 

1 Introduction 

 

 

 

 

 

 

  



 

2 

 

Confinement became the word of the year 2020, but unfortunately not for the reasons 

I had hoped. The COVID-19 pandemic changed many aspects of our daily lives. It will 

have far-reaching economic consequences and influence the chemical industry for 

many years to come. Whereas we used to rely on big networks of global chemical 

producers to provide continuity in chemical supply, it became apparent that this does 

not sustain in times of crisis. This realization accelerated a shift towards de-

globalisation, with the goal of making markets less vulnerable to supply chain 

disruptions. This requires to source chemicals locally, making it ever so important to 

create processes that can adapt well to changes in feedstocks quality/composition. 

Such a transition also requires the development of adaptable catalysts, for which we 

can take inspiration from nature, and maybe even from the virus that started this shift 

in the first place: enzymes, nature's catalysts. 

Enzymes are the workhorses that make life possible. They generally show a superb 

reactivity and selectivity, and are roughly 20–100 nm in size. An enzyme’s protein 

chain cradles the reactant molecule at its active centre, which stabilizes the transition 

state by creating a well-defined confined space in which the reaction occurs.[1] This 

confined space is key to its efficiency. Enzymes employ a two-step strategy to 

destabilize their target substrates: First, the substrate is lured in with a strong 

interaction, after which the molecule is locally destabilized, resulting in a transition 

state. Here, the substrate is forced to take on a high-energy/low entropy configuration, 

effectively lowering the activation energy and accelerating the reaction. The protein 

chain helps in blocking alternative reaction pathways by restricting the access to the 

transition state.[2–4] The confinement is essential for the high efficiency of the enzymes. 

There are almost no examples where one can simply take the active centre from an 

enzyme and have it perform just as well without the protein environment.[5] Despite 

their excellent performance in biological systems, enzymes have a narrow window of 

application: They easily degrade or denature when exposed to heat, a different pH or 

strong concentrations of reactants.  

Unlike enzymes, heterogeneous catalysts are typically very robust, operating well in a 

wide range of operating conditions. However, design of heterogeneous catalysts 

focuses mostly on the reactive centre, largely ignoring the complex coordination 

sphere that is available in an enzyme.[6,7] In essence, a good catalyst needs to leverage 

the advantages of both chemistry and physics to catalyse the reaction it was designed 

for. Physics “sets the stage” for the reaction by taking care of all processes around the 

active site: reactant diffusion, sorption, heat management, availability of active sites 

(surface area), and shape-selectivity (porosity). Chemistry is responsible for the 

catalytic transformation, determining the catalysts’ activity and selectivity by 

electronic and often steric interactions/effects. However, the question of how 

confinement influences the reaction remains largely unanswered.  
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In this thesis, we study how confinement influences chemical reactions at a surface. 

We approach this from two angles, corresponding to the two parts in this thesis. In the 

first part, we study the role of confinement in heterogeneous catalysis. We will 

investigate the current definitions and understanding of confinement and analyse 

their origin. Then, we set up an experimental approach to isolate and study 

confinement effects by gradually restricting access to the active site. The second part 

of the thesis focuses on confinement in two-dimensional materials and how nano-

structuring influences catalysis. We studied Ti3C2Tx MXenes, a novel material whose 

surface can easily be modified into different structures. Nano-structuring alters the 

space around the active site and influences catalytic activity and selectivity.  

 

The purest definition of confinement has to be from a statistical-mechanics point of 

view: a reduction of degrees of freedom of the reactant in the transition state. However, 

in practice this is impossible to achieve without simultaneously influencing the 

reactant and/or active site electronically. This makes it very difficult to distinguish the 

effects of statistical confinement from other effects (electronic / cooperative effects). 

The catalysis community uses a broad definition of confinement, which describes 

materials such as cages, zeolites, carbon nano tubes, MOFs, COFs, nano reactors, and 

reactions between surfaces as confined spaces. Here, confinement is defined as a 

(partially) closed reaction space, a so-called “molecular flask” where the active site is 

located and the reaction takes place.[8,9] This space can be several angstroms in size, up 

to several tens of nanometres. Some examples of confining geometries are illustrated 

in Figure 1.1.  

 

Figure 1.1. Examples of confined spaces in (a) homogeneous, and (b) heterogeneous catalysis. (partially 

reproduced from Klajn et al.)[10]  
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We can distinguish two kinds of confinement: (1) “molecular flask” confinement of the 

active site, where the catalyst is encapsulated in a space, separated from the bulk of the 

reactant, and (2) quantum confinement, which is only relevant at very small distances 

for small molecules (<5 nm). Both effects can influence the reaction rate, but by 

different mechanisms.   

Quantum confinement is a direct result from the particle-wave duality at a (sub) 

nanometre scale. It appears when a particles’ wavefunction is constrained within a 

potential well of a similar size as its De Broglie wavelength (𝜆𝐵, see Eq. 1.1). Energy 

levels get quantized, and start spreading out compared to the bulk material. A classical 

illustration of this effect can be seen in CdSe quantum dots, where the size of the CdSe 

crystal influences the bandgap (Ebg) between the valence and conduction bands, which 

can be directly observed as a corresponding change of colours in fluorescence (Figure 

1.2).[11] 

𝑝 = ℏ𝑘 =
ℎ

𝜆𝐵
  ,    𝐸 =

𝑝2

2𝑚
≈

3

2
𝑘𝐵𝑇  →  𝜆𝐵 =

ℎ

√3𝑚𝑘𝐵𝑇
 ≈ 6.2 nm (at 300K)  (1.1) 

 
Figure 1.2. (a) Cadmium selenide quantum dots and (b) quantum confinement leading to increased 

energy separation.[12]  

Electrons are the basis of chemistry: they are the glue that hold the atoms together 

within a molecule and they initiate the making and breaking of bonds. At what size can 

we expect electrons to experience confinement effects? We can estimate this from a 

back-of-the-envelope calculation, modelling an electron in an ideal gas in an infinite-

potential well. Using Eq. 1.1 we obtain a De Broglie wavelength of roughly 6–7 nm, 

illustrating that confinement effects should be expected at the size range relevant for 

catalysis. This quantum confinement effect is indeed present in metal nanoparticles 

below 5 nm, and is one of the effects improving activity at smaller particle size. 

Mesoporous structures can also contribute quantum confinement this way. Similar to 

the idealized single-electron example, the reactant in a mesoporous structure can be 

confined in a 3-dimensional space (pore), which similarly induces separation/ 

quantization of the (molecular) energy levels. However, it is important to realize that 
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because molecules are much larger than a single electron, their De Broglie wavelengths 

are much shorter. This means that quantum confinement effects will only be relevant 

at very small distances, thereby limiting these influences to smaller molecules such as 

O2, H2, H2O, CO2, CO, BH3. 

This emphasizes the importance of the distinction between the two kinds of 

confinement. It is clear how quantum confinement can alter catalytic reactions by 

changing the electronic structure of a catalytic nanoparticle, potentially influencing 

adsorption, reaction and desorption steps.[13] However, how confinement works over 

larger distances is still unclear.  

 

Confinement is guided by several principles that are closely related to how enzymes 

achieve such high turnover frequencies and excellent selectivities. The structure 

around the active site, also called the secondary coordination sphere, is vital for this. 

Confinement in nano-spaces or “molecular flasks” improves reaction rates, for 

reactions with and without catalyst.[8] The confined environment mostly changes 

geometrical constraints, and sorption parameters, resulting in a change to the 

potential energy surface (PES) which directly influences the reaction conversion and 

selectivity. 

When investigating the mechanisms of action, most confinement catalysts use one or 

more of the following strategies: increasing the local concentration of reactants (or 

catalysts), pre-organisation of reactants (and catalysts) or stabilizing the transition 

state under confinement.[10] Our hypothesis is that all these effects can be captured in a 

reaction coordinate diagram (Figure 1.3). They act through either: (1) increasing local 

concentration (e.g. through binding), (2) stabilizing (lowering) the transition state, or 

(3) reducing degrees of freedom from the potential-energy landscape (pre-

organisation and pathway blocking) when it reaches the transition state. This approach 

allows for a more abstract description in terms of entropy and enthalpy and a 

convenient integration with Arrhenius relations and transition state theory.  

The increased local concentration is merely a statistical effect. The more molecules you 

have close by, the larger the likelihood some of them will pass through a reaction 

pathway. This explains the enhanced reactivity due to over-solubility of reactants in 

the nano-confined spaces.[14–20] 

Pre-organization rules out many structural conformations that could lead to unwanted 

side products. The energy of the transition state barrier is the most important factor 

influencing the reaction chemistry. It is directly related to the Gibbs free energy of the 

reaction which contains both entropy and enthalpy terms (Figure 1.3). If the reactive 
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centre does not change, we expect pre-organisation (and also confinement) to 

influence only the entropy part of this equation. 

 

Quantifying confinement effects is already a formidable challenge, let alone in-situ 

observations. Most effects are quantified as difference or ratio of reaction rates in a 

confinement situation vs. non-confined. This however does not allow us to make any 

comparisons between different catalyst systems. Another approach is using 

spectroscopic techniques (analogous to quantum dot fluorescence) to monitor 

HOMO/LUMO energy levels of reactants experiencing confinement, but generally this 

only gives information on the majority of the reactant molecules, which do not 

experience any confinement. In-situ spectroscopic techniques might give insights on 

dynamics. Even then, the intermediates are generally very short-lived and are difficult 

to observe, even in carefully tailored model systems. In almost all real-world (i.e. non-

model) catalytic systems, this approach is not feasible. However, one can relate the 

confinement principles with a reaction-coordinate diagram (Figure 1.3). This allows us 

to relate changes in the energy levels due to confinement with experimental data on 

reaction kinetics by using Eyring or Arrhenius relations.  

 

 

Figure 1.3. Reaction coordinate diagram showing the various effects of confinement: increasing local 

concentration, stabilizing transition state, and pre-organisation. 
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In a reaction diagram, the height of the transition state barrier is defined in Gibbs free 

energy (ΔG‡ = ΔH‡ – TΔS‡), which consist of an enthalpy and entropy term. This allows 

for a description in terms of entropy and enthalpy changes, and conveniently 

integrates with Arrhenius relations and transition state theory. Increasing local 

concentration (e.g. through adsorption) does not influence the energy levels, but just 

increases the rate of the reaction by increasing number of molecules starting on the 

reaction pathway. Reducing degrees of freedom from the potential-energy landscape 

(pre-organisation) influences the entropy term of ΔG‡. Stabilizing the transition state 

(lowering the energy level) influences the enthalpy term of ΔG‡. From this perspective 

we expect confinement effects to mainly have an influence on the entropy term.   

The big advantage of relating the confinement principles with a reaction barrier model, 

is that it can be analysed using the empirical Arrhenius equation (Eq. 1.3) or the Eyring 

equation (Eq. 1.4). The Eyring equation follows from transition state theory for which 

Eyring, Polanyi and Evans laid the foundation. This provides a way to calculate rate 

constants for reactions based on first principles. One of the key ideas introduced by 

Eyring, Polanyi and Evans was the notion that activated complexes are in quasi-

equilibrium with the reactants (Eq. 1.2). Once the reactant crosses the transition state 

barrier it would not cross back.  

 A + B ↔  [AB]‡  →  P (1.2) 

Transition state theory assumes three things: (a) the reactants are in quasi-

equilibrium with the transition state, (b) the energy distribution of the reactants follow 

the Boltzmann distribution, and (c) the activated complex only crosses the transition 

state once.[21] The transition state is in a shallow potential well with a very low 

vibrational frequency, much lower than the reactants/products. The motion leading to 

the product is assumed to be a specific vibration with frequency ν. This results in the 

Eyring-Polanyi Evans equation (Eq. 1.4) which can be linearized accordingly (Eq. 1.5).  

 𝑘 = 𝐴 ∙ 𝑒
−𝐸𝑎
𝑅𝑇  (1.3) 

 𝑘 =
𝜅𝑘𝐵𝑇

ℎ
∙ 𝑒

−∆𝐺‡

𝑅𝑇 =
𝜅𝑘𝐵𝑇

ℎ
∙ 𝑒

−∆𝑆‡

𝑅 ∙ 𝑒
−∆𝐻‡

𝑅𝑇 ∙ (𝑐⊖)
1−𝑚

 (1.4) 

 ln (
𝑘

𝑇
) =

−∆𝐻‡

𝑅

1

𝑇
+ ln

𝜅𝑘𝐵

ℎ
+

−∆𝑆‡

𝑅
 (1.5) 

 

Here, k is the reaction rate, κ is the transmission coefficient, kB is the Boltzmann 

constant, T is temperature, h is the Planck constant, R is the gas constant, ΔS‡ is the 

activation entropy, ΔH‡ is the activation enthalpy, c⊖ is the is the standard 

concentration (1 mol L–1) and m is the molecularity of the reaction.  



 

8 

The Eyring equation takes a similar exponential form as the Arrhenius equation. It is 

tempting to equate the enthalpy of activation with Arrhenius’s activation energy, 

however, they are not identical. The activation energy Ea = ΔH‡ + (1 −Δn‡)RT, where Δn‡ 

is the change in the number of molecules on forming the transition state.[22] However, 

when Ea is much larger than RT (which is in most cases) they are comparable. When we 

compare the Arrhenius equation (Eq. 1.3) to the Eyring equation (Eq. 1.4) we notice that 

enthalpy is represented in the exponential term and entropy is represented in the pre-

exponential factor.  

Understanding and predicting the entropy of confined molecules is a challenge, but 

there is some evidence from studies in zeolites that confinement, entropy and the 

Arrhenius pre-exponential factor are related.[23,24] In one example, the enthalpy and 

entropy changes upon confinement were mainly caused by Van der Waals forces in 

small pores.[25,26] Also, acidity in zeolites (hydronium formation by Brønsted acid sites) 

can be influenced by confinement.[27] At low water concentrations the Gibbs free energy 

is dominated by enthalpy, while at higher concentrations it is dominated by entropy. 

Entropy increases linearly with water concentration. Dauenhauer et al. used 

aluminosilicate zeolite frameworks with different pore sizes and cavity structures to 

examine this phenomenon. They showed that entropy of adsorption is a linear 

combination of rotational and translational entropy. Adsorption entropy can be 

predicted using only occupiable volume.[23]  

Arrhenius and/or Eyring analysis are useful tools for studying the contributions from 

entropy and enthalpy in chemical reactions. This way we can study confinement effects 

indirectly, through the reaction kinetics at different temperatures. Also, this is an 

approach that can be applied to most reactions and does not require any difficult (in-

situ) spectroscopic techniques. However, this type of kinetic analysis requires us to 

obtain very accurate reaction-rate data at many different temperatures. In Chapter 2 

we have devised a novel method to monitor gas reactions in real-time and obtain 

accurate rate measurements at different temperatures. This way, we were able to 

obtain Arrhenius plots with over 300 data points, where each data point represents 10–

40 measurements. We used ammonia borane hydrolysis as a benchmark reaction, 

because of its small size and high selectivity for hydrogen generation. 

There are a few constraints on using the Arrhenius equation. The number of active sites 

and the type of active sites must remain the same throughout the experiment (also at 

different temperatures). Furthermore, there must be one rate-determining step. The 

Langmuir Hinshelwood mechanism involves a minimum of three elemental steps: 

adsorption, reaction and desorption. The energy transition can be seen as the sum of 

the individual elementary-step energies. To isolate the activation energy of the 

chemical transformation there must be one rate-determining step. This allows 
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adsorbed reactants to pool at the base of the transition state barrier, where the reaction 

rate is determined solely by the number of molecules crossing the barrier. When the 

reaction is performed at different temperatures, this rate-determining step should 

remain the same. If it changes, it could show up in the Arrhenius plot as a change in 

activation energy.  

The bottom limit for quantum confinement would be the single atom. Because 

sometimes the best catalytically active elements are precious and are of limited supply, 

there has been a growing effort to produce single-atom catalysts which offer a 100% 

atom efficiency.[28–32] Yet at these sizes, any confining action also changes the 

electronic levels of the atoms/molecules, opening up new reactive pathways. For 

example, in Pt/CeO2, the Pt can dynamically inject electrons in the Ce 4f levels, enabling 

new catalytic pathways towards CO oxidation.[33] Pérez-Ramírez et al. showed how 

surface nano-structuring improves the stability and performance of platinum single-

atom catalysts in vinyl chloride production.[34] 

In alloys, single atom sites are even more interesting. Wavefunction mixing results in 

an electronic structure that resembles that of a free metal atom, so adsorbates bind to it 

like they do in molecular metal complexes.[35] This is a nice way of heterogenizing the 

reactive power of homogeneous metal catalysts.  

 

How does physical confinement (or a “molecular flask”) influence a reaction?  Many 

confinement effects were observed in confined-space systems during the last two 

decades. The following brief summary collects the most important examples of 

confinement in homogeneous and heterogeneous catalysis. 

Homogeneous catalysis has a unique position in the study of confinement, because the 

catalytic sites are well-defined and well distributed in a solution. Changing the ligands 

surrounding a metal centre directly influences the potential energy surface through 

both electronic- (influencing binding strength) and steric effects (shielding certain 

approach pathways). Encapsulation of such a catalyst inside another molecule imposes 

so-called second coordination sphere effects on the catalysts.[7] There are many 

examples of such systems: cyclodextrins,[36–39] calix[n]arenes,[40–46] 

cucurbit[n]urils,[47–51] and self-assembled cages.[52–57] These systems offer a 

hydrophobic pocket with different rim structures. These containers mostly affect 

selectivity of the catalysts. The selectivity is influenced by the size of the cavity, which 

has a preference for a substrate of particular size. Cages can form additional 
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interactions with the catalyst at the core, which can stabilize the transition state of the 

encapsulated catalyst, improving activity and selectivity.[58–62] 

Zeolites 

Zeolites are crystalline microporous (alumino)silicates that form well-defined pores 

of the size of a reactant molecule (0.2-1.2 nm). Their general formula is 

MX(AlO2)X(SiO2)Y where M are cations that balance the formal negative charge on the 

aluminium atoms.[63] Zeolites are highly tuneable, stable, and have a strictly controlled 

pore size, finding many applications in industrial processes including catalysis, 

separation and ion exchange.[64] Corma et al. were among the first to study confinement 

in zeolites. They showed that confinement of a reactant in zeolites will result in an 

increase of its molecular orbital energies.[65] The highest occupied molecular orbital 

(HOMO) is more susceptible to these effects than the lowest unoccupied molecular 

orbital (LUMO), decreasing the frontier molecular orbital band gap. Additionally, this 

type of confinement can also influence aromaticity of reactants, as was shown for 

anthracene.[66] Zeolites often contain acidic sites such as Lewis and Brønsted acidic 

sites. These acid sites often play a big part in the catalytic cycle of reactions like 

isomerisation, cracking, alkylation, and hydrolysis.[67–70] Different acid strengths can 

be observed in different sections of a zeolite. For example, a study of super-acidic MOR 

showed that its 8-MR side pockets possessed super-acidity caused by the strong pore 

confinement effect in that region of the zeolite.[71]  

Confining guests (molecules, clusters or particles) inside a nano-porous host such as 

a zeolite is one of the most widely used post-synthetic modification strategies for 

porous materials, often yielding highly active and stable heterogeneous catalysts.[72–87] 

Counter-intuitively, this does not lead to decreased reaction rates. On the contrary, 

often authors report great boosts in activity or selectivity when a reactant can be 

confined in one way or another.[88–92] The improvement of catalytic performance is 

generally attributed to over-solubility of the reactants in the nano-confined 

spaces.[14,15]  

Zeolites also indirectly influence selectivity and reactivity through effects such as 

shape-selection, pre-organisation and polarity. One of the best illustrations of shape-

selection is selective isomerisation of xylene by ZSM-5.[64,93] Access to the catalyst was 

restricted by a partial blocking of the pore openings of the zeolite, favouring diffusion 

of para-xylene over meta- and ortho xylene. An example of pre-organisation is the 

aromatization of n-hexane, where zeolites impregnated with metals form large 

amounts of benzene.[94,95] This high benzene selectivity was the result of pre-

organisation of the n-hexane by the zeolite pore, facilitating cyclization into benzene.  

The polarity of the zeolite’s surface can be tuned by changing the Si/Al ratio. Polarity 
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can influence the local concentration of reactants through increased adsorption or 

desorption.[96–99] One nice example is olefin oxidation where lowering the zeolite 

polarity increased epoxide selectivity from 26% to 96%.[100]  

Metal-organic frameworks (MOFs) 

MOFs are composed using two major components: a metal ion or cluster and organic 

linker molecules. This makes it possible to obtain topologies with very well-defined 

unit-cell structure. They exhibit attractive features such as a crystalline nature, 

permanent porosity, a high surface area, large pore volume, low density while still 

offering relative flexible structures.[101,102] MOFs are more variable than zeolites 

because of the versatile coordination chemistry combined with a large choice of 

polytopic linkers and terminating ligands.[103] In most cases their confining effects are 

driven by the size of the (often chiral) cavities. Polymerization reactions such as 

acetylene or divinyl benzene polymerization show a strong preference for trans 

polymerization over cross-linked products in the presence of MOF frameworks.[104–106] 

Here, the size of the channels and the flexibility of the framework are the key to the 

high selectivity.[106] Metal nanoclusters (Pt, Au, Pd, PdCo bimetallics, and Ru) have also 

been encapsulated successfully in MOFs, although complete encapsulation of 

nanoparticles still remains a challenge.[72,73,107–111] MOFs also show great potential to 

functionalize linkers with a variety of groups such as amine or lanthanide groups for 

Brønsted-basic or Lewis-acid catalysis, respectively.[112,113] The effect of cavity wall 

modification on the performance of a catalyst enables in-depth studies on the effect of 

the side-walls in MOF catalysis.[114] These mainly influence the enthalpy of the reaction. 

Overall, the effects of confinement on MOF selectivity stems from their cavity size, 

enabling reactant molecules to react head-on in the interconnected pore network. 

Side-wall effects seem to primarily stabilize the transition state.  

Covalent-organic frameworks (COFs) 

COFs are related to MOFs and are constructed by covalent bonds, rather than 

coordination chemistry. This results in crystalline porous polymers with excellent 

thermal stability, where the geometry can be tuned by the directionality of the covalent 

bonds used.[115–121] Shustova et al. studied confinement by probing the electronic 

structure of confined chromophores.[122] Their hypothesis is that a confined space 

could potentially affect the emission profile of the guest molecule. They used several 

scaffolds to confine a variety of chromophores. They found that keeping the scaffold 

constant and varying the guest molecule did not change the emission maximum, 

whereas varying the pore size by using different scaffolds did lead to a bathochromic 

shift in the emission profile of the guest molecule. This is an interesting finding, 

because the chromophores generally do not interact with the framework and are able 

to move freely. This study might be the closest we can get to estimate the electronic 
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effects of confining reactants in MOF/COF structures. A similar bathochromic shift was 

observed when the chromophore was reaction-generated inside the framework.[123,124] 

 

Two dimensional materials carry two types of confinement: interlayer confinement 

and surface confinement (Figure 1.4).[125] Interlayer confinement is about confining the 

reactants in the interlayer space of a layered materials, such as MXene,[126,127] layered 

double hydroxides,[128,129] silicates,[130,131] graphite,[132,133] and MoS2
[134,135] (Figure 1.4a). 

Catalysis under 2D materials is a field pioneered by Bao and Fu.[136] The confinement 

originates from intercalation of active sites between a one-atom thick ‘Van der Waals’ 

material and the underlying substrate (metal or silicon nitride).[137–139] The top layer is 

semipermeable, allowing reactants to pass. Both the particles in the active site as well 

as reactants are stabilized by the covering layer.[140] In one example, gold nanoparticles 

confined between LDA layers showed a 10-fold higher catalytic activity for C–H bond  

oxidation compared to Au on LDH.[141] 

One disadvantage of interlayer confinement is that the confining action itself restricts 

access to the confined space. This makes it difficult to get a substrate molecule to 

voluntarily go into these spaces. Surface confinement attempts to solve this by utilizing 

surface functional groups to adsorb reactants, thus “confining” them to the surface 

(Figure 4b).[34,142–144] Nano-structuring of a catalyst’s surface can be viewed as an 

intermediate form of confinement, between a non-functionalized surface and full 

confinement like for example a zeolite or porous carbon. These features form confined 

spaces around active sites, while still allowing for access of reactants (Figure 1.4c). This 

is the approach we chose in this work to study the effect of confinement on Pt/γAl2O3 

catalysts. Yamauchi et al. synthesized nano-reactors of about 8-10 nm on the surface 

of MXene, using a soft-template self-assembly method.[145] Another example is to 

selectively embed Pt nanoparticles in nano-pores of a carbon support, aiming to 

improve the metal utilization degree and stability.[146]   

 

Figure 1.4. Schematic diagram with examples of (a) interlayer-space confinement, (b) surface 

confinement (e.g. functional groups stimulating adsorption), and (c) surface confinement due to post-

synthetic surface modification. R = reactant, P = product. 

Overall, these catalysts improve activity or selectivity by using the structuring 

properties to their advantage. In most cases, this leads to an electronic interplay with 

the active site, changing energy levels and modifying the activation energy.[26] Some 
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structures seem to play a purely geometric role, for example controlling the selectivity 

by restricting access of reactants at a distance from the active site, whereas other 

structures mainly influence activity by lowering the activation barrier. One of the more 

counter-intuitive features of these confinement catalysts is that they are more active 

when the access to the active site is restricted. Several reactants over-concentrate in 

the nano-cavities, explaining the increased reaction rate.[14–20,91]  

Post-synthetic modification has been a popular technique for transforming the 

structure of the parent material to suit the properties of the application. There are 

many ways to apply structure to the surface of a heterogeneous catalyst. This can be as 

simple as a controlled distribution of active sites, delamination, or etching, but also by 

creating larger structures such as amorphous or crystalline layers, porosity and even 

cages.[147–149] Such modifications influence chemistry of the active site through steric 

and/or electronic effects, thereby parameters such as catalyst activity and selectivity, 

adsorption and diffusion.  

 

In this thesis we studied different types of confinement of active species and the effect 

this had on catalytic performance. In Chapter 2, we report a method to produce Pt 

particles with varying amounts of confined space around the particle. To measure the 

confinement effects, we developed a novel method and device (“bubble counter”) to 

monitor gas-producing reactions. This allowed us to study kinetics of a reaction such 

as ammonia borane hydrolysis in great detail giving highly detailed Arrhenius plots 

with hundreds of data points. This also allowed us to study confinement effects using 

the Arrhenius or Eyring relations. We then applied this method to measure 

confinement effects around spatially confined Pt nanoparticles (Chapter 3). We 

developed a new synthetic process to create free spaces around the Pt particles using a 

thiol-templating strategy followed by a phosphonic acid coating and subsequent 

removal of the thiol template.  

In the second part of this thesis, we report the studies with MXenes and MAX phase 

materials. MXene is a novel two-dimensional material with both ceramic and metallic 

properties. It is conductive, yet its outer surface is sensitive to oxidation and easily 

forms metal-oxide nanostructures depending on the method of oxidation.[148–153] 

MXene materials are prepared by extracting the 'A' layers from so-called MAX phases, 

a material with formula Mn+1AXn, (MAX) where M is an early transition metal, A is an 

A-group element, and X is either carbon or nitrogen.[154–156] We explored novel MAX 

phase materials and MXenes as heterogeneous catalysts. Up to now, only a handful 

thermo-catalytic applications of MXenes in heterogeneous catalysis are 

known.[155,157,158]  
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In Chapter 4, we show that etching and delamination of MAX phase material creates a 

partially opened multilayer MXene surface with many acid functionalities. We applied 

this material to the acid-catalysed styrene oxide ring opening reaction. Post-synthetic 

modification of the MXene changed the nature of these acid sites. The resulting nano-

structuring of the MXene surface improved the selectivity of the reaction, effectively 

changing the type of surface acidic sites to control the reaction’s activity and selectivity.  

We then explored the use of MXenes as supports for catalytic metal nanoparticles. We 

found that MXene materials have a big influence on the supported particles, allowing 

us to “tune” metal-catalysed heterogeneous reactions by changing the support. We 

used the oxidation sensitivity of MXene to create new materials that boost the activity 

of Pt nanoparticles through an electronic interaction with the material (Chapter 5). 

During the studies of MXene, we found that fluorine etching is largely responsible for 

their oxidation sensitivity. Therefore, we also investigated a fluorine-free method 

(alkaline etching) to delaminate Ti3(Al0.8Sn0.2)C2 MAX phases. Our method of partial 

delamination created very active Ru catalysts in the hydrolysis of ammonia borane and 

the reduction of 4-nitroaniline using ammonia borane as reductant (Chapter 6). We 

found the Ru particles to be especially well dispersed on the MXene surfaces. An 

electronic interaction of the Ru with the support was observed, likely caused by 

remaining Sn that was not removed by the etching process. 
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Abstract: We present a new device for quantifying gases or gas mixtures based on the simple 

principle of bubble counting. With this device we can follow reaction kinetics down to volume 

step sizes of 8–12 µL. This enables the accurate determination of both time and size of these 

gas quanta, giving a very detailed kinetic analysis. We demonstrate this method and device 

using ammonia borane hydrolysis as a model reaction, obtaining Arrhenius plots with over 

300 data points from a single experiment. Our device not only saves time and avoids 

frustration, but also offers more insight into reaction kinetics and mechanistic studies. 

Moreover, its simplicity and low cost open opportunities for many lab applications. 
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Measuring the kinetics of chemical reactions is common in many laboratories. 

Knowing the reaction kinetics gives us insight into the system as it moves towards 

equilibrium. It is essential for testing hypotheses, for understanding reaction 

mechanisms, and for designing and optimising chemical processes.[1–3] Yet despite its 

importance, the task itself is often mundane, time-consuming, and labour-intensive. 

This is especially true when determining the temperature-dependence of rate 

constants, which requires multiple sets of multiple measurements. When dealing with 

reactions that produce gaseous products, the quantification of gas production at the 

bench is a hassle. This can be solved using on-line gas chromatography (GC) or mass 

spectrometry (MS). But since these instruments are expensive, and require long 

calibration procedures, the most commonly used method today is still the trusted 

upside-down glass burette.[4–9] This requires only a beaker, a burette and some water. 

However, the results are less accurate, and the measurements are still time-consuming 

and labour-intensive. 

While studying hydrogen evolution from ammonia borane hydrolysis for MAX-phase 

supported metal catalysts, we were faced with the task of measuring the temperature 

dependence of rate constants of a series of catalytic reactions. Rather than slog our way 

through numerous calibration experiments and repetitions,[10] we developed a simple 

and efficient bench-top device that automates this analysis. Unlike the upside-down 

burette, our device measures the development and passage of gas bubbles rather than 

the displacement of water. As the same device also controls the reaction temperature, 

it enables a fast and accurate measurement of Arrhenius relations, giving hundreds of 

data points from a single experiment. 

 

Here we present the theoretical and physicochemical foundation for this new device 

and method. We then show how you can build it and compare its performance to the 

classic analysis methods.  Finally, we show its application in the derivation of 

Arrhenius relations for the hydrolysis of ammonia borane in the presence of Ru/C 

catalysts as a model reaction. The detailed design and construction parameters are 

included in the appendix of this chapter. 

When a chemical reaction gives a gaseous product, the number of gas molecules 

released is directly proportional to the reaction progress. If these molecules are 

released into a liquid, they will form bubbles. The size and the shape of these bubbles 

depend on several factors, including the viscosity of the medium, its surface tension, 

temperature and pressure.[11–13] If the gas is released from a nozzle, we can identify two 

distinct stages: the formation of the bubble (static stage) and the rising of the bubble 

(dynamic stage). When a bubble is forming at a gas-liquid interface, the pressure that 

is needed to extend the bubble is related to the radius of that interface. This is the so-
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called Laplace pressure (Eq. 2.1).[14] Here, r is the radius of the bubble, γ is the surface 

tension and Δp is the pressure difference inside/outside the bubble. 

 𝑟 =
2𝛾

∆𝑝
 (2.1)  

 

Figure 2.1. The five stages of bubble formation at a gas/liquid interface: (a) starting situation, (b) 

expanding of the gas/liquid interface, (c) neck formation, (d) separation of the free bubble and (e) reflow 

of gas to minimize surface tension.  

As the bubble extends, the interface area will increase, and the bubble will fill with gas 

until its buoyancy force exceeds the surface tension at the nozzle end. When this 

happens, the bubble will start stretching (Figure 2.1b/c). A “neck” then forms, and 

eventually a division occurs, minimising the surface tension and resulting in a free 

bubble and a new gas-liquid interface at the nozzle (Figure 2.1d). The excess energy of 

the interface causes some of the gas to flow back, in equilibrium with pressure of the 

gas in the reactor (Figure 2.1e). This completes the cycle, which can then repeat with a 

new bubble.  

When a bubble forms, it quickly accelerates and approaches a terminal velocity, given 

by the Stokes equation (Eq. 2.2).[15] Here, g is the acceleration due to gravity, de is the 

equivalent bubble diameter (i.e., the diameter of a sphere with same volume as the 

bubble), μl is the dynamic viscosity of the liquid, ρf is the density of the liquid and ρg the 

density of the gas.  
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𝑔𝑑𝑒
2(𝜌𝑓−𝜌𝑔)

𝜇𝑙
 (2.2)  

Our bubble counter detects the bubbles using a laser beam. Each bubble passes through 

the beam, scattering/reflecting the photons, and thereby changing the response at the 

detector. Ideally, we want to measure the bubbles at their terminal velocity, because 

then we can use the passing velocity as a measure of bubble size. For this, the bubbles 

must travel straight across the beam. However, this rarely happens. Bubbles deviate 

from the centre of the cylinder and oscillate or spiral upward.[16] We can control this 

trajectory by decreasing the cylinder radius. This will force the bubble to the centre as 

long as there is enough space for liquid to counter flow. If the radius is too small, 

however, a slow Taylor flow forms, which is unfavourable. We chose a cylinder 
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diameter of 28 mm which gives enough room for a convectional flow pattern as well as 

for detecting the bubbles.  

 

To detect the bubbles and quantify their volume, we designed and built a device 

comprised of a temperature-controlled reactor and a detection cell (Figure 2.2, see the 

appendix for a detailed description). The reactor is equipped with additional needle 

ports for injecting reactants. The detection cell is a glass cylinder filled with liquid and 

fitted with a gas entry nozzle. This device can run both isothermal experiments as well 

as slowly ramping up temperature to a fixed set point (0–10 °C min–1 ramp rates). A 

purge gas equalizes the pressure before injection of the reactant. This avoids lag 

periods before the first bubble appears. For every bubble the device logs three values: 

the time the bubble crosses the beam, the sample temperature and the beam 

interruption time.  

 

Figure 2.2. The bubble counting device: (a) schematic showing the reaction chamber and the detection 

cell, (b) an orthographic projection of the detection cell and its housing, and (c) a photo of the system in 

action. 
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Bubble formation in liquids depends on the density and the viscosity of both the gas- 

and liquid phases as well as on the interfacial tension.[17] Ideally, we want the gas 

bubbles to be as small as possible. Decreasing the nozzle size gives smaller bubbles, but 

also increases the Laplace pressure (Eq. 2.1). This pressure builds up until a “train” of 

small bubbles escapes the nozzle. The trade-off between pressure and bubble size 

forced us to find an optimum size where the bubbles are basically just large enough to 

escape from the nozzle one by one. Choosing the right solvent here is important. With 

the radius of the nozzle fixed, we can only influence the bubble volume by changing the 

surface tension of the liquid. This also changes the viscosity, and with it the upward 

speed of the bubbles. We chose n-hexadecane as our detection liquid, based on its low 

surface tension (27.6 mN m–1), high boiling point (287 °C), low viscosity (3.45 mPa s) 

and availability. In general, the liquid should be chosen based on the application. The 

detection cell can only process a certain number of bubbles per second. This determines 

the maximum flowrate through the cell. If you need a higher flow rate, you can choose 

a solvent with high surface tension and correspondingly a larger volume per bubble. 

We observed that the bubbles become larger at higher flow rates. To ensure accurate 

quantification throughout a range of flow rates we used a calibration curve correlating 

the average bubble volume with flow velocity (see the calibration details plus Figures 

A2.7 and A2.8 in the appendix). With this calibration, our measurements are accurate 

up to flow rates of 12 mL min–1. One important advantage over other techniques such 

as gas chromatography and mass spectrometry is that our method has practically no 

lower limit of detection. The bubble formation can take as much time as needed, 

allowing us to monitor very slow reactions over the course of several hours/days. 

Bubble formation is only limited by gas molecules dissolving into the detection liquid 

and subsequently diffusing through the solution. Our device can detect flow rates as 

low as 5 μL min–1 without any problems. Moreover, changing gases does not influence 

the bubble volume (Figure A2.6d, in Appendix). 

 

 (2.3)  

 

To test the experimental accuracy of our device, we used the ruthenium-catalysed 

hydrolysis of ammonia borane to ammonium borate and hydrogen (Eq. 2.3) as a 

benchmark reaction. This simple reaction proceeds to completion within 30 min at 

ambient temperature in the presence of catalytic Ru/C, giving no side products.[18–20] 

Figure 2.3 compares the cumulative bubble volumes for our device and a control 

experiment under identical conditions using an upside-down burette. Each reaction 

was repeated in triplicate. In the control reaction, we measured 100 points, which is 

highly labour-intensive. The automated device measured at the same time no less than 

3000 points with high reproducibility. 
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Figure 2.3. (a) Total volume versus time for burette method and bubble counter method. Reaction 

conditions: ammonia borane (0.40 mmol) in water (6.4 mL), 5% Ru/C (2.0 mg) under stirring (1000 rpm) 

at 23 °C and (b) the final volume measured using a burette and the bubble counter with 95% confidence 

intervals.  

 

 

In addition to measuring many data points, our new device can heat the sample under 

a tightly controlled ramp, enabling the monitoring of reaction kinetics at different 

temperatures. This means that we can obtain Arrhenius plots with hundreds of data 

points, allowing accurate determination of activation energies within a few kJ mol–1. 

Reaction enthalpies or entropies can then be estimated using the Eyring-Polanyi 

equation.[21–24]  

Figure 2.4 demonstrates the power of this new device on the catalytic hydrolysis of 

ammonia borane (Eq. 2.3). Note that the detailed Arrhenius plot has been produced 

from a single experiment of 30 min. We obtained an activation energy of 79 kJ/mol which 

is in accordance with the published value of 76 kJ/mol.[25] Repeated experiments gave a 

confidence interval for activation energy of ± 1.6 kJ/mol. The large number of data 

points also allows us to study transport phenomena, as well as changes in the rate-

determining step. Figure 2.5 shows an example of a 5% Ru/SiO2 catalyst that shows 

nonstandard Arrhenius behaviour: At low temperatures, we see a clear induction period 

where the catalyst is activating. After this activation period, the reaction displays a 

linear Arrhenius relationship.  
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Figure 2.4. Processing of volume data from the hydrolysis of ammonia borane into an Arrhenius plot:  

(a) cumulative volume versus time, (b) reaction rate versus temperature, and (c) the resulting Arrhenius 

plot of ln k versus 1000/T with 300 data points, each an average over 10 measurements. 

 

The new device described in this communication enables the monitoring of chemical 

reactions giving gaseous products. It is simple, accurate, safe and robust, and allows 

the quantification of reaction kinetics with high accuracy. Moreover, it can be used for 

determining temperature/rate relationships and calculating Arrhenius and Eyring 

parameters quickly and efficiently. The large number of data points per reaction 

(typically thousands of measurements) enables a thorough statistical analysis and 

opens opportunities for observing and deriving subtle physicochemical changes that 

hitherto were not accessible. We hope that the simplicity of this device (it costs < € 250) 

and its general availability (the CAD files for 3D printing of the parts and all the 

technical specifications are included in the appendix) will encourage scientists to use 

it in their labs.  
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Figure 2.5. Arrhenius plot of the hydrolysis of ammonia borane catalysed by 5% Ru/SiO2, corrected with 

a pre-measured reaction order of 0.35. Conversion is represented by a colour scale. For clarity, the graph 

shows only 30 data points. The actual number of data points in this experiment is 300, each of which is 

an average of roughly 20 measured bubbles (3000 raw data measurements in total).  
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The device consists of four parts: a metal bottom plate, two 3D printed mounting plates 

that fit on top of each other, and a cover which houses the bubble detection unit (laser 

and LDR) and the display. The rest of the components are installed on the bottom plate: 

an Arduino Uno, an Arduino Mega, one stirring motor with magnets, a gas switch valve, 

a 12V power supply, and the necessary connectors for both power and small signal 

in/outputs. Gas regulation is achieved by connecting the gas input through a Swagelok 

regulating needle valve (0-20 mL min–1, part-code: ss-ss2-sl-bu), which is then fed to 

a 12V solenoid gas switch. The valve is switched by a small common emitter transistor 

circuit (BD135 or 2N2222) with a 500 Ω resistor between the base and the Arduino 

control signal (Figure 2.1, bottom right). A “flyback diode” was installed (1N4007) over 

the solenoid coil for safe demagnetization of the coil. From the gas switch, the gas line 

is connected to the reactor gas inlet. We took care to avoid creating a large void volume 

in the gas lines because this adds to the void volume of the reactor, which could delay 

bubble formation at larger volumes.  

Figure A2.1 depicts different CAD projections of the device, showing the locations of the 

individual components in the bubble counter. The device is assembled on top of an 

aluminium bottom plate (grey part in Figure A2.1). A 3d-printed mounting plate (olive 

green in Figure A2.1) rests on top of this, which houses the solenoid gas switch (yellow 

part, mounted on the bottom plate in Figure A2.1), the needle valve, the electronic 

connectors, the 12V DC power supply, and the Arduino Uno for temperature control. 

The second plastic mounting plate mounts a second Arduino Mega (for bubble 

detection), and a stirrer motor from an IKA Topolino stirring plate (yellow in Figure 

A2.1). A DIN-5 connector is attached to the back of the device as an optional feature to 

interface with external devices.   

The bubble detector assembly is integrated in the top plate (Figures A2.2 and A2.4). 

There is a space which fits a plastic detection-cell holder (olive green in Figure A2.4). 

The detection cell can be any piece of glassware that has (or can hold) an orifice at the 

bottom (e.g. a Teflon tube) and has a width of about 28 mm. The tubing needs to be 

resistant to alkanes such as hexadecane or tetradecane. We also developed a custom-

built all-glass detection cell (Figure A2.3) which can be used for more corrosive 

detection liquids.  

The laser assembly (orange in Figure A2.4) can be positioned at different heights using 

a M8 thread. The display (blue in Figure A2.2) is a regular 2004A display equipped with 

a Hitachi HD44780U display driver. This is connected to the Arduino Uno (managing 

temperature control) and communicates using the I2C protocol. On newer models, an 

Adafruit thermocouple amplifier breakout board with a MAX31855 chip is also mounted 
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to extend the available sensing temperature range and to automate the calibration of 

the temperature sensors.  

 

 

 

Figure A2.1. CAD views of the back plate assembly and the schematic to control the 12V solenoid coil 

with a 5V digital signal.  

The laser can be attached to the 5V power supply from the Arduino USB port but 

preferably this is connected to the 12V on-board power supply using a separate voltage 

regulator. This is to avoid any disturbances in the reference voltage used by the analog-

to-digital converters on the Arduino Uno. The laser intensity can be controlled using a 

current source (e.g. a simple series resistor). The light-dependent resistor (LDR) is 

positioned 6-8 mm from the glass cell, which is close to the focal length of the glass 

cylinder. We use simple inexpensive CdS LDRs. The LDR responds to a higher light 

intensity by lowering its resistance (photoconductivity). The response time of the LDR 

is enough to detect the bubbles, however, for future devices one could consider to use 

a silicium-based photosensor such as a SiC photodiode to register the beam 

interruption time more accurately.  

The back of the device features several standard connections: a standard IEC Euronorm 

C14 power plug with fuse (1A), a female C13 socket functions to deliver power (110V) to 

the heating element (15W), one 3.5 mm jack plug for the heating element temperature 

sensor, two USB connections, a thermocouple extension, and a DIN-5 plug to interface 

with hotplates through the temperature control port.  
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Figure A2.2. CAD views of the cover assembly.  

 

 

Figure A2.3. CAD views of the all-glass detection cell. Dimensions are in mm.  
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Figure A2.4. CAD views of the detection cell assembly prepared by a cut-out view from the cover 

assembly. The black regions represent cuts in the cover material. An exploded view of the detection cell 

is shown on the right.  

 

The glass reactor vial is screwed into the so-called “reactor head”. A photo of one such 

reactor head is shown in Figure A2.5i, where it is screwed on top of a reactor vial. The 

function of the reactor head is to create a gastight connector between the reactor and 

the gas/liquid connections, and to support the reactor above the magnetic stirrer. It can 

be manufactured from simple disposable materials found on a lab: four 0.8 × 120 mm 

needles, one 20 mL syringe (BD), one glass Pasteur pipette and a cap to the 10 mL 

reactor vial. The needles function as ports for inserting or extracting liquids or gasses: 

two gas ports and one or two capillary syringe ports are available. Video footage of the 

procedure is available upon request at the author.  
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The reactor head was homebuilt using the following step-by-step procedure: First, a 

10 mL vial cap was drilled (Figure A2.5a) to fit a glass Pasteur pipette. This pipette was 

fused at the tip while making sure the NTC thermosensor fits in the glass pipette before 

mounting it. Then, 4 holes of 0.8 mm in diameter were drilled next to this central bore. 

These holes fit the long green needles (120 mm) that function as gas ports (Figure 

A2.5a, inset). It is essential that burrs are removed from the inside of the cap. One way 

this can be achieved is by pushing the burrs out from inside the cap using the Pasteur 

pipette. Another way is to use a heated Pasteur pipette to widen a slightly undersized 

hole. The needles used as gas ports were bent in 100-120° angles. This bend will greatly 

improve the torsional resistance of the needle, when glued, which avoids leaks (Figure 

A2.5b). The ports for a glass or metal capillary cannot be bent in sharp corners. So for 

those needles, a very shallow corkscrew bend was applied. All needles plus the closed 

glass pipette were aligned and fixed in place by a bit of sticky tape above the “nick” of 

the pipette (Figure A2.5c). Then, everything below this nick was rinsed with acetone to 

remove any dirt and oil residues from touching. 

Epoxy resin was mixed (about 5g) and was applied at the top of the cap and the glass 

pipette, fixing the needles in place (Figure A2.5d). The epoxy glue binds the cap to the 

pipette, seals off any openings and leaves a smooth surface to which the silicone can 

form a good seal. The glass vial was screwed on the vial before gluing. This helps to 

calibrate the height of the closed glass pipette. The closed pipette should be positioned 

2 mm above the bottom surface of the vial. The rubber seal will add another 2-3 mm of 

clearance to fit the stirring bar (8 × 3 mm) under the glass tube. The epoxy resin was 

applied and the glue was left to harden while rolling on the roller bench ensures an even 

distribution of glue. Any spills were removed with acetone within 2 min of producing 

them. The epoxy resin hardened to touch in about 30 min.  

 

Sealing 

Then, a 20 mL BD syringe was cut axially at the 0.3 mL mark and slid over the cap to 

form the outside of the reactor head (Figure A2.5e/f). Silicone rubber (Resion 

Resintechnology, the Netherlands, SR1040A, 1kg) with a Shore 40 hardness was used 

as a sealant. It was prepared (about 15-20 g in total) by mixing two components in a 

ratio of 1:10 in a wide beaker. The mixture was degassed under vacuum (at room 

temperature) for 10 min (Figure A2.5g). The silicone mixture was then carefully poured 

into the space between the syringe and the glass pipette, making sure no silicone enters 

the pipette (Figure A2.5h). The silicone hardened overnight and excess silicone was 

removed using a knife/scissors. Finally, a rubber septum disk (16 × 2 mm) was prepared 

using a punch and installed to the inside of the cap, around the glass pipette, to yield 

the final reactor head (Figure A2.5i).  
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Figure A2.5. Step-by-step procedure for making the reactor head: (a) drilling of the cap, (b) bending of 

the needles, (c) inserting the closed-off Pasteur pipet and aligning the needles, (d) gluing with epoxy 

resin, (e) cutting a 20 mL syringe to form the housing, (f) fitting of the housing, (g) vacuum degassing of 

the silicone rubber, (h) pouring of silicone, and (i) the finished product. 
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General 

All chemicals used in this study were purchased from commercial sources (>97% pure) 

and used as received: ammonia borane (>97%, Sigma Aldrich, 682098, 1g), n-

hexadecane (Fluka AG, Buchs SG, 138722, 1L), and 5% Ru/C (Alfa Aesar GmbH, 11748, 

5g). The device housing and internal parts were printed on a Creality CR-10 3D printer 

using (poly)lactic acid (PLA, purchased from 123-3D.nl). Design files are available from 

the authors upon request. 

Catalyst preparation 

5% Ru/SiO2 was prepared by wet impregnation: SiO2 (100 mg, Grace Davison) was 

combined with a solution of RuCl3∙H2O in water and evaporated to dryness on an oil bath 

(85 °C) under continuous stirring. The resulting sample was dried in an oven at 120 °C 

for 2 h after which the sample was reduced with 10% H2/N2 at 400 °C for 1h (ramp rate: 

5 °C min–1). 

Sample preparation for catalytic testing 

The catalyst, 5% Ru/C (2.5 mg), was suspended in water (6 mL) inside a glass reactor 

(10 mL), and was ultra-sonicated for 5 s. The reactor was attached to the reactor head 

which allows gasses and liquids to enter and leave the reactor through several syringe 

ports. The heating mantle was adjusted so it does not reach above the liquid level inside 

the reactor. The temperature sensor was inserted in the glass tube, and both the purge 

gas inlet line and the gas outlet were attached. The remaining ports were closed off. The 

reactor was stirred (400 rpm) and allowed to purge with nitrogen at a flow of 2-5 mL 

min–1 for 5 min prior to starting a measurement. 

Procedure for isothermal hydrolysis of ammonia borane 

Ammonia borane (2 M aq. soln., 0.40 mL) was loaded into a syringe equipped with a 

glass capillary that reaches into the reactor. The catalyst (2 mg) was suspended in water 

(6.0 mL) and an 8 × 3 mm stirring bar was added. The capillary was directly inserted 

into the liquid through one of the syringe ports. All remaining ports were closed. The 

reactor was then purged using a flowrate of 5 mL min–1 for 5 min. During purging, the 

reactor was heated to the reaction temperature after which the purging was stopped. 

After 5 seconds, the reactant was injected, resulting in some bubbles forming due to 

volume displacement. The gas production was then recorded until no more gas was 

being produced. 
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Procedure for non-isothermal hydrolysis of ammonia borane  

Ammonia borane (2 M aq. soln., 0.40 mL) was loaded into a syringe equipped with a 

glass capillary that reaches into the reactor. The catalyst (2 mg) was suspended in water 

(6.0 mL) and an 8 × 3 mm stirring bar was added. The capillary was directly inserted 

into the liquid through one of the syringe ports. All remaining ports were closed. The 

reactor was then purged using a flowrate of 5 mL min–1 for 5 min. During purging, the 

reactor was heated to the initial reaction temperature (often room temperature) after 

which the purging was stopped. After 5 seconds, the reactant was injected, resulting in 

the formation of some bubbles due to volume displacement. The gas production was 

then monitored until no more gas was produced. Five seconds later, a ramp of  

2 °C min–1 was initiated. The sample was heated to 85 °C and held there for 5 min. Then 

the purge gas was turned on and heating was stopped. The sample was allowed to cool 

down to room temperature while being purged with gas.  

Bubble size calibration 

Initially we tried to calculate bubble size from the beam interruption time (BIT). 

Unfortunately, the BIT was highly dependent on surface tension, viscosity (Figure 

A2.6b), laser height (Figure A2.6c) and beam alignment, allowing for large variances in 

the BIT time. We observed that the flowrate has a large influence on the average bubble 

volume. The alternative was using the time between bubbles (a measure of flow rate) 

to estimate bubble size.  

We calibrated the bubble counter by extruding 5 mL of air at different flow rates. A 

syringe pump was equipped with a calibrated glass syringe was used as a gas source. 

This calibration revealed a linear correlation between bubble volume and flowrate 

(Figure A2.7a). However, when plotted against flow rate in ‘bubbles per second’, we 

obtain a better linear relationship with a critical point at a flowrate of 12 mL s–1. (Figure 

A2.7b). We hypothesize that above these flowrates there is more hydrodynamic drag, 

allowing the bubbles to collect more gas and grow larger. In other words, the 

convectional flow inside the detection cell cannot keep up in this high-flow regime. 

Based on this data, we defined an upper detection limit for hexadecane at 12 mL min–1.  

One additional reason for choosing the units in bubbles per second is that this can be 

easily determined from the time between bubbles. The inverse of this time is the 

flowrate in bubbles s–1. For practical purposes, we opted for a simple linear flow 

correction (Eq. 2.4) to only include the linear section up to 12 mL min–1. However, if a 

large range of flowrate is necessary, the whole calibration curve can be used. For all our 

purposes a limit of 12 mL min–1 is more than enough to cover the flow rates in our 

experiments.  

  𝑉(𝑥) =  𝑐1𝑥 + 𝑐2 = 0.14314𝑥 + 7.1341 (2.4) 
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Here, c1 and c2 are constants and x is flow rate in bubbles per second. Volume V(x) is in 

microliters.  

 

Figure A2.6. (a) average bubble volume versus surface tension of a range of ethanol mixtures (0-40%, 

v/v), (b), beam interruption time (BIT) versus viscosity, (c) beam interruption times (BIT) versus various 

laser heights, and (d) average bubble volume at different flow rates using gasses of different density. 

 

Figure A2.7. (a) Average bubble volume versus flowrate (mL min–1) in hexadecane. (b) Average bubble 

volume versus flowrate in bubbles per second.  
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To verify our flow correction, we carried out additional measurements with known 

volumes (5 mL) at different flowrates and calculated the final volume using the flow 

correction (Figure A2.8). This shows that with flowrates up to 12 mL min–1 we obtained 

a final volume within 2% of the specified volume (for flowrates < 5 mL/min this was 

within 1%). This precision is comparable to mass spectrometry or GC. The instrumental 

precision of the syringe pump is unknown, so the actual instrument precision might be 

better.  

 

Figure A2.8. Flow-corrected volume (as percentage of the original volume) versus flowrate. The 95% 

confidence and prediction intervals are represented in red and orange, respectively. 

One disadvantage of our system is that the summing of bubbles introduces errors that 

become larger when larger volumes are being measured (error~ √𝑛). To mitigate this 

effect, a volume meter (or burette) can be connected to the gas outlet to record only the 

final gas volume to correct the data obtained with the bubble counter. This makes the 

setup accurate, inexpensive and very versatile.  

To investigate the influence of different gas types, we performed experiments with 

three different gasses: hydrogen, air and argon. The average bubble volume was not 

influenced significantly between the gasses or binary mixtures of them (Figure A2.6d).  

Temperature calibration 

Temperature data is recorded using a negative temperature coefficient (NTC, Epcos, 

100K) temperature sensor, connected as part of a resistor bridge. The voltage (0–5V) is 

digitized by a 1024-bit analog-to-digital (A/D) converter. The NTC temperature 

sensors are calibrated against a reference thermocouple (K-type) every half year. The 

calibration data is stored in the device. We verified that the temperature measured by 

our device over is accurate within 0.5 °C of the temperature observed using the 

thermocouple.  
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Gas expansion and solvent correction  

In non-isothermal experiments, the gas above the liquid will expand with increasing 

temperature and generate extra bubbles. Also, the solvent contributes a vapour 

pressure that contributes to this effect. For water (7 mL), this accounts for roughly 2 

mL of gas over one experiment (Figure A2.9). This volume constitutes about 5-6% of 

the amount of gas produced in a regular ammonia borane hydrolysis experiment.  

Every non-isothermal measurement is corrected using the appropriate solvent blank 

experiment. The resulting curve is a linear combination of a linear function, 

representing the ideal gas law, and an exponential function for vapour pressure (Eq. 

2.5). Both vapour pressure and gas expansion are dependent on temperature, yet 

independent of time. This allows for a temperature-based volume subtraction on the 

data of a non-isothermal measurement. 

 𝑉(𝑇) = 𝑉𝑔𝑎𝑠 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛(𝑇𝑐) + 𝑉𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑇𝑐) = (𝑐1 + 𝑐2𝑇𝑐) + 𝑐3𝑒
−

𝑇𝑐
𝑐4    (2.5) 

Here, V is volume in µL and Tc is temperature in °C. The resulting data was subtracted 

from the reaction experimental data. All solvent blank corrections are stored in the 

bubble counter software so it can be easily applied to new measurements. Three types 

of function formats are available for solvent correction: “linExp”, representing the 

linear-exponential for gas expansion and vapour pressure, “poly9”, which represents 

a polynomial function of 9th degree which can be used for complex shaped curves and 

“manual”, a n-point data subtraction for data that cannot be accurately captured using 

the other function formats.  

 

Figure A2.9: Blank measurement for gas expansion and vapour pressure of water and a fitted curve (red 

curve) and fit parameters using Eq. 2.5.   
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Calculating intrinsic rate 

Ammonia borane conversion is directly related to the amount of hydrogen produced. 

Hence, we can use the derivative of the volume-time curve as a measure of the reaction 

rate. At the beginning of the reaction, the substrate concentration remains practically 

constant, allowing us to treat the observed rates in this area as initial rates. As the 

reaction progresses, we can calculate the intrinsic reaction rate from the observed rate 

by using a known reaction order of the reaction with respect to the substrate. (Eq. 2.6) 

Here, r is the observed reaction rate, ki is the intrinsic reaction rate, [S] is the substrate 

concentration and n is the (partial) rate order.  

 𝑟 = 𝑘𝑖[𝑆]𝑛 (2.6) 

For ammonia borane hydrolysis we obtained an order of 0.35 in ammonia borane using 

Ru/SiO2 as catalyst. 

Purge function 

One technical feature that proved necessary for non-isothermal experiments was the 

addition of a purge function. As the experiment finishes, the reactor cools down and 

the gas in the reactor contracts. Without relief of this vacuum, this results in a transfer 

of liquid from the detection cell to the reactor. The purge feature prevents this by 

switching on the moment the reaction is finished and starts cooling down. Another 

advantage is that at the reactor and connected detection cell can be purged with a gas 

(ideally the gas that is being analysed) to equilibrate the concentrations in the 

detection cell and pre-load the pressure in the reactor, so bubbles are produced the 

moment gas starts evolving. This eliminates the initial pressurization and thus also a 

lead time for pushing the gas inside the detection cell. Contrary to the bubble counter 

device, the upside-down burette method does suffer from this pre-pressurization 

effect, resulting in a lead time that is dependent on the reaction rate of the catalyst.[26] 

Bubble detection algorithm 

Any sudden interruptions of the laser beam are logged by the bubble counter. The 

device constantly calculates an average of the background light intensity (measured by 

the ADC as a voltage). If the intensity of the light drops past a certain threshold, the 

bubble counter starts a stopwatch to record the time it takes before the light intensity 

is recovered. This is the beam interruption time (BIT). The moving average of 

background light intensity protects against false positive bubble detections caused by 

gradual changes in background light intensity. Bubbles always pass the laser quickly. 

This means that if the BIT reaches above a certain value, it can’t be a bubble. We defined 

this threshold (safely) at 10000 (1.106 s, based on 9044 Hz counting frequency), which 

leads to an automatic reset of the background light level when triggered, letting the 

device return to baseline-monitoring mode. This protects against sudden – yet 
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persistent – changes to light intensity, causing the machine to wait indefinitely for the 

light intensity to return to normal. In practice this rarely happens as the laser intensity 

strongly outweighs the intensity of any outside light sources.  

 

The bubble counter saves data in two files for each experiment: one file listing the time 

and beam-interruption time (BIT) of the observed bubbles, and one file listing all the 

temperature data from the PID module. This file includes a log of all experimental 

actions (such changing any process variables and starting/stopping the ramp or purge 

gas flow). Every second the temperature data is logged into this file, so generally there 

is more temperature data than bubble-counting data. This extra data is used to 

calculate a window average of the temperature at the time a bubble was observed. As 

discussed earlier, we only use the time data because time between bubbles was a much 

better predictor of bubble volume compared to BIT.  

Data merging & window averaging 

The data in both files is merged using an Excel macro (VBA) or a Python script. It 

calculates a 10 s window average from the data when the bubble was observed. Note 

that with a constant ramp rate, this will have no negative effect on the accuracy of the 

temperature average. Window averaging of temperature data reduces noise and 

improves temperature resolution in the resulting Arrhenius plots.  

When all bubbles have been paired with temperature, the data is screened for outliers. 

Outliers are classified as bubbles with a BIT less than 15 or more than 500, these values 

can be adjusted in the macro. Small BITs are correlated with microbubbles or rare 

disturbances before/after a bubble. Overall, less than 0.1% of the bubble data points are 

rejected.   

Flowrate correction 

As described before, a linear flow correction is applied to the bubble counting data. This 

accounts for changes in bubble volume at different flow rates. The volume of the bubble 

is calculated using Eq. 2.4.  

Processing gas-volume data into Arrhenius plots 

All ‘extra’ data from bubbles caused by purging and volume displacement after 

reactant injection are deleted. This leaves only the gas production by the catalytic 

experiment. 

Unless specified otherwise, processing is done as follows: First, the volume data is 

interpolated to reduce the number of data points. This can be done in two ways, by a 

window average of the data points, or by interpolating the source data at evenly spaced 
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points in time. Both methods have advantages and disadvantages. Window averaging 

has the advantage it averages the same amount of data points for each average, but, 

data points are not evenly spaced across the temperature axis with the majority of 

points ending up in the high-temperature region. Equal point spacing indeed gives an 

even spread of points along the temperature axis, but averages less points in the start 

of the reaction. For us this is not a problem, since interpolation of a cumulative volume 

essentially sums up all points in one interval, effectively averaging out any error in 

individual data points. We normally use a 50 point equal spacing algorithm, unless 

there is a good reason for grouping the individual data points.  

Calculation 

A spreadsheet is used to calculate the individual reaction functions. Table A2.1 gives a 

detailed description how the data is calculated. After interpolation, the volume vs. time 

data is differentiated (col 6/7). Taking the derivative vs. temperature is not desirable 

because the ramp rate may not be constant in the beginning of the experiment (the first 

10 °C of heating). Fractional conversion (col 10) is calculated, based on the expected 

volume which in turn is based on the added amount of ammonia borane.  

Table A2.1: Calculation parameters 

Col Name Source / Calculation 

1 Time (min) Raw data 

2 
Beam interruption time (BIT 
units) 

Raw data 

3 Volume (µL) Raw data 

4 Volume, blank subtracted (µL) Raw data 

5 Temperature (°C) Raw data 

6 Time Interpol (min) 50 point interpolation from X=1,Y =4, X data 

7 Volume Interpol (µL) 50 point interpolation from X=1,Y =4, Y data 

8 Temperature interpolation (°C) Interpolation of X=6 in (X=1,Y=5), Y data 

9 Observed rate (µL/min) Derivative of (X=6, Y=7), vs time! 

10 Fractional conversion (0..1) 1 – (7 / maximum expected volume) 

11 Intrinsic rate (µL/min) 

9 / ((1-10)^n) 

n = reaction order = 0.15 for ammonia borane 
hydrolysis 

12 Observed rate (M/min) 
9 / constant, depending on stoichiometry of the 
reaction and molar concentration 

13 Intrinsic rate (M/min) 
11 / constant, depending on stoichiometry of the 
reaction and molar concentration 

14 1000/T 1000/(8 + 273.15) 

15 ln (k) ln(13) 
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3 An experimental approach for 

controlling confinement effects 

at catalyst interfaces ‡ 

 

 

 

 

 

 

 

‡ Parts of this work have been published as:  

An experimental approach for controlling confinement effects at catalyst interfaces. 

T. K. Slot, N. Riley, N. R. Shiju, J. W. Medlin, G. Rothenberg,  

Chem. Sci.  2020, 11, 11024-11029. DOI: 10.1039/D0SC04118A. 

 

 

This work is also featured in a short film,  

see https://youtu.be/gbfuUTw_eQ4 

https://doi.org/10.1039/D0SC04118A
https://youtu.be/gbfuUTw_eQ4
https://www.youtube.com/watch?v=vwsZGp8XRaU
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Abstract: Catalysts are conventionally designed with a focus on enthalpic effects, 

manipulating the Arrhenius activation energy. This approach ignores the possibility of 

designing materials to control the entropic factors that determine the pre-exponential 

factor. Here we investigate a new method of designing supported Pt catalysts with 

varying degrees of molecular confinement at the active site. Combining these with fast 

and precise online measurements, we analyse the kinetics of a model reaction, the 

platinum-catalysed hydrolysis of ammonia borane. We control the environment 

around the Pt particles by erecting organophosphonic acid barriers of different heights 

and at different distances. This is done by first coating the particles with organothiols, 

then coating the surface with organophosphonic acids, and finally removing the thiols. 

The result is a set of catalysts with well-defined “empty areas” surrounding the active 

sites. Generating Arrhenius plots with >300 points each, we then compare the effects 

of each confinement scenario. We show experimentally that confining the reaction 

influences mainly the entropy part of the enthalpy/entropy trade-off, leaving the 

enthalpy unchanged. Furthermore, we find this entropy contribution is only relevant 

at very small distances, where the “empty space” is of a similar size as the reactant 

molecule (< 3 Å for ammonia borane). This suggests that confinement effects observed 

over larger distances must be enthalpic in nature.  
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In 1884, Van ‘t Hoff realized that an energy 

term is associated with every chemical 

transition.[1] Some years later, Arrhenius 

developed this further, defining the 

empirical relation between reaction rate and 

temperature in what is known today as the 

Arrhenius equation (Eq. 3.1). This empirical 

relation describes most chemical reactions 

well.[2] Yet though the equation itself is 

simple, its chemical meaning is elusive. This 

is especially true for the nefarious pre-exponential factor. The energy of activation 

typically corresponds to the barrier needed to cross the transition state threshold along 

the reaction coordinate. But the pre-exponential factor is somewhat of a theoretical 

embarrassment. All we know about it is that it comes before an exponent, and that its 

value is roughly 1012–1014 s–1.  

 

𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  

(3.1) 

 

This has not gone unnoticed. In the 1930s, Eyring and Polanyi laid the foundation for 

what would become transition-state theory.[3,4] They coupled both the activation 

energy and the pre-exponential factor to relatively simple first principles.[3,4] The 

Eyring equation assigns the pre-exponential factor as kBT/h, corresponding to the 

frequency at which the reactants cross the transition state barrier. These models were 

developed further at different levels of theory, generally concluding that the 

predominant factor contributing to the Arrhenius pre-exponential factor is entropy.[5,6] 

Yet there is a catch: The models pertain to reactions in the fluid (typically gas) phase, 

describing collisions between molecules in a homogeneous environment.[7] The 

situation is different for reactions at surfaces, where the most common mechanism 

follows the Langmuir-Hinshelwood pathway of reactant adsorption, surface reaction, 

and product desorption.[8,9] Treating the pre-exponential factor in heterogeneous 

catalysis as a collision frequency factor is too simplistic. In most heterogeneous 

catalysts, the active sites take up only a small percentage of the surface. This means 

that the travel of the reactants across the surface to the active site cannot be ignored.[10] 

Our goal is to isolate this travel step by sterically confining a reaction that follows the 

Langmuir-Hinshelwood pathway. By placing barriers at different distances, we hope 

to understand how much space a heterogeneous reaction needs in relation to the 

reactant’s size. 

Jacobus van ’t Hoff  

(1852 -1911) 

Svante Arrhenius 

(1859 -1927) 
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Here, we use a novel synthetic approach to create confinement at different distances 

from the active site. As our benchmark reaction, we chose the platinum-catalysed 

hydrolysis of ammonia borane (AB, Eq. 3.2). This reaction produces large amounts of 

hydrogen gas even in the presence of small amounts of catalyst, whereas the 

background reaction (using only the γ-alumina support) is negligible. The hydrogen 

production is easily and accurately monitored by our novel bubble counter.[11] This 

device can monitor volume step sizes down to 8–12 µL, enabling a very detailed and 

precise kinetic analysis. Another advantage of this hydrolysis is that its partial reaction 

order in ammonia borane is very low (typically 0.1–0.2). This small dependence of the 

reaction rate on the concentration means that we can obtain reliable kinetic and 

thermodynamic data from a single experiment. The low partial reaction order suggests 

a complex mechanism. Experimental data illustrates that in such cases, the reaction 

still obeys the exponential Arrhenius relation. This is because the slowest reaction 

step(s) dictate the observed activation energy, provided there are no mass transport 

limitations. Ammonia borane hydrolysis follows a Langmuir-Hinshelwood 

mechanism, with O–H cleavage as the rate-determining step (the exact surface species 

is unknown).[12–19]   

  

(3.2) 

 

To isolate the contribution of the pre-exponential factor in this catalytic system, we 

prepared a series of supported Pt catalysts in stages (small Pt particles (< 4 nm) were 

successfully used in other confinement strategies[20,21]). First, a platinum precursor was 

impregnated on γ-Al2O3 using incipient wetness impregnation. This was then dried, 

calcined and reduced to give metallic Pt nanoparticles on alumina (see Figure 3.1a and 

inset in Figure 3.2). A portion of these catalysts were then coated with a monolayer of 

alkane thiol (Figure 3.1b), which functions as a template for the next step: coating the 

alumina support surface with organophosphonic acids (Figure 3.1c). The 

organophosphonic acids cover the entire alumina surface with a self-assembled 

monolayer, forming a hydrophobic coating of alkyl chains.[22–25] Finally, the thiol 

template was removed by reduction,[26,27] leaving a free zone around the platinum 

nanoparticle (Figure 3.1d).  

This approach combines the advantages of both spatial and chemical control around 

the active site. We can constrain the area around the active site in two dimensions. 

Further, by using phosphonic acids with organic residues of different lengths, we can 

obtain coatings of different thicknesses. Similarly, the length of the organic residue on 

the thiol hypothetically dictates the radius of the resulting “free spaces” (see Figure 

3.1d). 
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Figure 3.1. Schematic description of our Pt/Al2O3 catalysts, showing the stages in creating the confined 

space surrounding the Pt active sites. (a) the plain Pt/Al2O3 catalyst (no coating). (b) after coating with the 

organic thiol. (c) after coating with the organophosphonic acid. (d) after removal of the organic thiol. 

 

 

The loading of platinum on γ-Al2O3 is another important factor.[28–30] On one hand, we 

want this loading to be as low as possible, because the particle size needs to be small 

compared to the coating.  On the other hand, we must have sufficient Pt on the surface 

to have enough reactivity for monitoring the reaction. We therefore ran a series of 

control experiments using catalysts with different Pt loadings to test the influence of 

the loading on the observed energy of activation (Ea, see Figure 3.2). High loadings 

result in low Ea values, due to the large particle size and additional mass transfer 

effects. As the Pt loading decreases, the activation energy increases gradually, starting 

from 40 kJ mol–1 and levelling off towards 65 kJ mol–1 as the particles approach their 

lower size limit. At 0.05 wt% Pt we reach the “sweet spot”, where the reaction rate is 

still high enough to observe and the activation energy remains fairly constant. Repeat 

experiments gave a standard deviation of only 0.8 kJ mol–1 in Ea, confirming the 

precision of our measurements. Mass-transfer effects are expected to be negligible at 

low Pt concentration because the particles are farther apart, reducing neighbour 

interference. This means that the subtle changes in activation energy are likely related 

to the particle’s size and type of exposed facets.[31–33] Furthermore, this low loading 

ensures the formation of uniform small particles. We did not expect the active sites to 

be single Pt atoms, as the activation energy still increases when the loading is reduced 

even further (see point A in Figure 3.2).[34] This was confirmed by transmission electron 

microscopy measurements of the 0.05 wt% Pt/γAl2O3 catalyst, which showed spherical 

particles, 2–3 nm in diameter (Figure 3.2, inset). 
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Figure 3.2. Observed activation energy versus Pt loading. Each point is an average of roughly 300 data 

points. Error bars denote the 95% confidence interval. Inset: transmission electron micrograph of 0.05% 

Pt/γAl2O3. Point “A” denotes a catalyst loading of 0.01wt% Pt/γAl2O3. 

 

Next, we studied the influence of the PA coating thickness. Batches of 0.05wt% 

Pt/γAl2O3 were coated with methyl-, ethyl-, hexyl-, and octadecyl phosphonic acid 

(Figure 3.3). With increasing phosphonic acid length, the reaction rate decreases. The 

PA should be long enough to form a hydrophobic barrier, yet short enough so that it 

doesn't cover the Pt particle. We selected hexyl phosphonic acid (HPA) as it is 

sufficiently large compared to the expected Pt particle size, and has a significant 

influence on the reaction (it reduces the reaction rate ten-fold, see Figure 3.3). Pentane 

thiol was selected as the thiol. Our hypothesis was that since this thiol is roughly twice 

the size of ammonia borane, its removal should give ample ‘empty space’ for the 

reaction to proceed. 

To prove that we can indeed make this empty space around our particle, we tested 

whether our catalysts would regain their normal catalytic activity after the thiol 

coating is removed. Figure 3.4 shows the Arrhenius plots for catalysts a, b, c and d, 

when using pentane thiol and hexylphosphonic acid. These plots are highly precise – 

each Arrhenius curve represents >3000 individual experimental measurements.[11] The 

turnover frequency (TOF) is calculated by dividing the reaction rate (mmol AB s–1) by 

the metal loading (mmol Pt; the resulting TOF values and corresponding pre-

exponential values are somewhat underestimated because not all Pt is available for 

reaction). The black curve a shows the Arrhenius plot for the plain Pt/Al2O3 catalyst. 

Upon binding of the thiol (b, red curve) the catalytic activity drops.[35–39] 
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Figure 3.3: Ammonia borane hydrolysis using pristine 0.05 wt% Pt/γAl2O3, and coated with methyl 

phosphonic acid (MPA), ethyl phosphonic acid (EPA), hexyl phosphonic acid (HPA), and octadecyl 

phosphonic acid (ODPA).  

 

Figure 3.4. Catalytic effect of coating procedure: (a) 0.05% Pt/γAl2O3, (b) pentane thiol coating, (c) 

both pentane thiol coating and phosphonic acid coating and (d) the “free space“-catalyst after 

removal of the thiol. 
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At low temperature, the slope of the Arrhenius plot is similar to that of the uncoated 

catalyst. At higher temperature the slope seems to increase, but this is likely an artefact 

caused by in-situ thiol removal due to the reductive nature of the reaction.[40] Next, the 

phosphonic acid coating is applied, decreasing the catalytic activity even more (c, green 

curve). The presence of the phosphonic acid groups on the alumina surface was verified 

by FTIR (see Figure A3.1 in the Appendix). Finally, when we remove the thiol using a 

mild reduction with sodium borohydride, the catalytic activity returns to the level of 

the pristine material (d, blue curve). This supports our hypothesis of an ‘empty space’ 

surrounding the active site. Curiously, at higher temperatures the slope of the 

Arrhenius plot is slightly reduced compared to the uncoated catalyst (cf. curves d and a 

in Figure 3.4). This could reflect a change in activation energy, yet we expect no 

chemical change in the system. A more likely explanation is that the reaction rate is 

restricted by diffusion limitations around the active site.  

 

We then ran a systematic study comparing the effects of short and long thiols and short 

and long organophosphonic acids. Think of the organophosphonic acid as forming a 

fence around the space left by the thiol. These binary options result in four different 

catalyst combinations: {high fence, large space}, {high fence, small space}; {low fence, 

large space}; and {low fence, small space}. Each of these catalysts requires three 

synthesis steps, resulting in a total of 13 different catalysts (there are three 

“duplicates”; for an overview of the synthesis scheme see Figure 3.5). 

 

 

Figure 3.5: Scheme showing an overview of all prepared catalysts.  
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Our hypothesis was that ammonia borane will experience confinement effects 

differently in the four different catalyst combinations, and that these would result in 

different Ea and A values. 

Surprisingly, there was no significant difference between the four different “free 

space” catalysts (cf. Figure 3.6, curves b, c, d and e). Ammonia borane hydrolysis was 

not hindered by any of these confinement regimes. We concluded that the hydrolysis of 

ammonia borane needs less than 0.5 nm of free space around the Pt active site. To test 

this hypothesis, we ran the reaction yet again, this time coating the Pt particles with 

methane thiol, the smallest thiol. The same synthesis procedure was repeated with 

both EPA and HPA. Interestingly, this catalyst did show a difference between the 

different “free space” combinations (cf. the red curve c with the blue and green curves 

a and b in Figure 3.7). Curve d in Figure 3.7 shows a bend that may reflect a change in 

activation energy, likely because of AB diffusion through the HPA tails, which become 

more mobile at higher temperatures.  

Based on these experimental results, we can now assign a clearer chemical meaning to 

the pre-exponential factor for reactions at surfaces. Reactant molecules can adsorb on 

the surface at any random point (Figure 3.8b). They can then travel to the active site, 

where they may or may not react, depending on their energy and configuration.[41,42] 

The measured reaction rate is an average of these {adsorption+travel+reaction} 

combinations, where the direct adsorption can be seen as a pathway with zero travel.  

We were able to observe these “free space” structures by transmission electron 

microscopy. We observed several Pt nanoparticles that are surrounded by a clear area 

(Figures 3.8a and A3.2). These structures are only observable for a few seconds, because 

the electron beam destroys the organic material.[43–45] The Pt particle size is about 3.9 

nm and the free space has a width of about 1.2-1.8 nm. Pentane thiol has a length of 

about 1.0 nm, so the templating effect by the thiol is about 1.5 times larger than 

anticipated. Likely, the thiol tails orient incoming phosphonic acid molecules away 

from the alumina surface when their apolar regions bind together, accounting for the 

larger radius. Attempts to observe the reaction of ammonia borane hydrolysis in the 

confined space directly using in situ FTIR failed, as we could not differentiate the 

spectra with and without AB (data not shown). This is likely because the number of Pt-

bound molecules is too small in relation to the other species present in the reaction 

mixture.  

To probe the confinement effect even further, we ran additional experiments on the 

dehydrogenation of ammonia borane under water-free conditions. This reaction 

produces oligomeric intermediates of increasing size,[46–48] which should show a 

reduced reaction rate when the products start exceeding the size of the confined space. 

The Arrhenius plots for these reactions are curved, because of the complex mechanism 
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and changing rate-determining steps (Figure 3.9). Indeed, the Pt-r5P6 catalyst (with a 

radius of 5) showed a reaction activity that was better than the thiol-coated catalyst at  

 

Figure 3.6. Catalytic data for (a) 0.05% Pt/γAl2O3, and coated catalysts: (b) large fence – small 

radius, (c) small fence – small radius, (d) large fence – large radius, and (e) small fence – large 

radius. Each data point represents a window average of 10-50 measurements using equal time 

interpolation (see supporting information for full experimental details). 

 

Figure 3.7. Catalytic data for free-space catalysts prepared with (a) pentyl-, (b) ethyl-, (c) methyl- and (d) 

no radius using HPA as surface coating. Each data point represents a window average of 50 

measurements. Inset: table with activation energies and pre-exponential factors. 
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Figure 3.8. Top: (a) Transmission electron micrograph of the Pt-r5P6 confined space catalyst. (b) 

Schematic drawing of the “side approach” and “top approach” for scenarios with a varying degree of 

confinement, where * indicates an adsorbed species. Bottom: cross-sectioned 3D representation of (c) 

Pt/Al2O3 catalyst with a large free space surrounding the Pt nanoparticles, allowing for top and side 

NH3BH3 approach, (d) confined-space Pt/Al2O3 catalyst prepared with methane thiol, allowing only the 

top approach, and (e) no-space catalyst where both side and top approach are hindered.   

the beginning of the reaction, but later reduced to an activity similar to that of the fully 

restricted catalyst, likely because of the increasing size of the reacting intermediates. 

These results provide additional evidence of the confinement effect. 

 

Importantly, our experiments allow the direct observation of the effect of confining the 

active sites on the Arrhenius plot.[49] The reaction rates decrease, yet the slopes (i.e., the 

activation energies, Figure 3.7, table inset) remain nearly identical in each case. This 

shows that the confinement only affects the pre-exponential factor, which reduces 

from 1.1 ∙ 1013 s–1 to 0.46 ∙ 1013 s–1, corresponding to a decrease in ΔS of 7.3 J K–1. It doesn’t 

change the chemical environment of the transition state. To the best of our knowledge, 

this is the first experimental demonstration of this effect for reactions at surfaces. If 

we associate the energy of activation with the reaction enthalpy, we see that the pre-

exponential factor gives an entropy contribution that is closely related to the reactant’s 

approach to the active site. We propose two pathways: “from the top” and “from the 

side” (see Figure 3.8b). In a normal (uncoated) catalyst, both pathways contribute to 

the catalytic activity. However, when the free space around the active site is too small 

for the reactant to adsorb, only the “top” pathway is possible. Our experiments allow 

the quantification of the distance needed for the “side” pathway. In the case of 

ammonia borane, a gap of roughly 0.75 nm (derived from the size of the Pt-bound EPA 

molecule) already allows the hydrolysis to proceed at a rate similar to that of a totally 
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unconstrained catalyst. Considering that the kinetic diameter of ammonia borane is 

similar to that of ethane (0.44 nm), and that the radius of the free space is about 1.5 

times larger, this shows that the remaining gap of <3 Å between the molecule and the 

“fence” suffices to completely negate the confinement effect.  

 

Figure 3.9: Catalytic data for the water-free dehydrogenation of ammonia borane in NMP with (a) 0.05% 

Pt/γAl2O3, (b) Pt/γAl2O3 with pentane thiol coating, (c) Pt/γAl2O3 with both pentane thiol coating and 

phosphonic acid coating, and (d) the “free space“-catalyst after removal of the thiol. Each data point 

represents a window average of 10–50 measurements using equal time interpolation (see appendix for 

more details). 

These findings also have more general implications for catalysts that feature 

confinement.[50–53] Confinement effects observed for enzymes and zeolite cages (which 

can feature much larger gaps) are typically a trade-off between enthalpy and entropy 

contributions.[54,55] For example, transition states are enthalpically stabilized in tight 

zeolite pores, but entropically destabilized. Our experiments separate the two 

contributions, and show that the entropy contribution to confinement is relevant only 

at very small distances. This means that confinement effects observed in larger 

systems have a much larger enthalpy contribution. 

 

The kinetics of catalytic reactions at surfaces involve four steps: reactant adsorption, 

surface travel, surface reaction, and product desorption. Using a new method to 

synthesize heterogeneous catalysts with well-defined “free space” surrounding active 
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metal nanoparticles at varying degrees of confinement, we created four distinct tiers 

of confined Pt/Al2O3 catalysts. We then ran precise kinetic measurements of the Pt-

catalysed hydrolysis of ammonia borane, thereby isolating the contribution of the 

surface travel step. Our results give important insights regarding the practical ratio 

between the size of the reactant molecule and the size of the confined space, showing 

that traditional confinement effects are due to electronic interactions. Moreover, we 

demonstrate that the surface travel step is primarily reflected in the pre-exponential 

factor, leaving the activation energy unchanged. Thus, we show experimentally that 

for reactions at surfaces that follow the Langmuir-Hinshelwood model, the Arrhenius 

pre-exponential factor describes the travel across the surface, playing an analogous 

role to that of substrate orientation and collision cross-section in the fluid phase.  
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Figure A3.1: FTIR spectrum of Pt-S2 (ethanethiol-coated) and Pt-S2P6 (ethanethiol- and HPA-

coated).The signals of surface-bound hexyl phosphonic acid are indicated with green areas. 
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Figure A3.2: Additional HRTEM images of Pt-r5P6 (pentanethiol- and HPA-coated) catalyst. 

 

All chemicals used in this study were purchased from commercial sources (>97% pure) 

and used as received. Ammonia borane 97% was obtained from Sigma Aldrich 

(682098-10G). Reaction kinetics were studied using the homebuilt bubble counter. 

This system has been described in detail in Chapter 2 of this thesis.  

Procedure for isothermal hydrolysis of ammonia borane  

Aqueous ammonia borane (0.40 mL, 2 M) was loaded into a syringe (1 mL) equipped 

with a glass capillary (0.32 mm, 15 cm) that reaches into the reactor below the solvent 

level. The catalyst (40 mg) was suspended in water (6.0 mL) and a stirring bar (8 × 3 

mm) was added. The reactor was closed, and the capillary directly inserted into the 

liquid through one of the syringe ports. All remaining ports were closed. The reactor 

was then purged with nitrogen using a flowrate of 5 mL min–1 for 5 min. During purging, 

the reactor was heated to the desired temperature. After the temperature stabilized, the 

purging was stopped. After 5 seconds, the reactant was injected, resulting in some 

bubbles forming due to volume displacement. The gas production was then monitored 

until reaction completion. 

Procedure for non-isothermal hydrolysis of ammonia borane  

An aqueous solution of ammonia borane (0.40 mL, 2 M) was loaded into a syringe (1 

mL) equipped with a glass capillary (0.32 mm, 15 cm) that reaches into the reactor. The 

catalyst (40 mg) was suspended in water (6.0 mL), cooled to 10 °C and a stirring bar (8 

× 3 mm) was added. The reactor was closed, and the capillary directly inserted into the 

liquid through one of the syringe ports. All remaining ports were closed. The reactor 

was then purged with nitrogen using a flowrate of 5 mL min–1 for 5 min. The 

temperature was verified to be room temperature (20-25 °C) before the reaction was 

started. After 5 seconds, the reactant was injected, resulting in some bubbles forming 
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due to volume displacement. Five seconds later, a ramp of 2 °C min–1 was initiated. The 

sample was heated to 85 °C and held there for 5 min. At the end of the heating program 

the purge gas (nitrogen) was turned on and heating was stopped. 

Procedure for non-isothermal dehydrogenation of ammonia borane  

A solution of ammonia borane (0.40 mL, 2 M) in anhydrous N-methyl-2-pyrrolidone 

(NMP) was loaded into a syringe equipped with a glass capillary (0.32 mm, 15 cm) that 

reaches below the liquid level. The catalyst (40 mg) was suspended in NMP (6.0 mL) 

and a stirring bar (8 × 3 mm) was added. The reactor was closed, and the capillary 

directly inserted into the liquid through one of the syringe ports. All remaining ports 

were closed. The reactor was then purged using a flowrate of 5 mL min–1 for 5 min. After 

5 seconds, the reactant was injected, resulting in some bubbles forming due to volume 

displacement. Five seconds later, a ramp of 0.5 °C min-1 was initiated. The sample was 

heated to 140 °C and held there for 5 min. At the end of the heating program the purge 

gas (nitrogen) was turned on and heating was stopped. The sample was cooled down to 

room temperature while being purged with nitrogen. 

Procedure for Pt impregnation on γ-Al2O3 

γ-Al2O3 extrudate (Ketjen) was grinded and sieved to obtain particles with a diameter 

of 90 – 53 µm. Grinded γ-Al2O3 (1.00 g) was loaded into a glass vial (30 mL) equipped 

with a vacuum port and a syringe for injecting liquid under vacuum. The goal was to fill 

80% of the incipient volume with a Pt solution. An aqueous solution of Pt(NH3)4(NO3)2 

(2.6 mg mL–1) was prepared and 3.9 mL was loaded in the syringe. The alumina powder 

was stirred using a magnetic stirrer (1000 rpm) and vacuum was applied for about 1 

minute prior to injection of the liquid. Directly after injection, the vial was agitated 

manually (with help of the magnetic stirring) to obtain a homogeneous mixture of Pt 

on alumina. The vacuum was released, leaving a powder that is almost dry to the touch. 

The alumina was further homogenized using a mortar and pestle and dried overnight 

at 80 °C in a petri dish, followed by 2h at 120 °C. The next day, the powder was loaded 

in the tubular furnace and heat-treated under N2 at 225 °C (5 °C/min ramp), with a 1h 

holding time. Next, the sample was reduced at 225 °C (5 °C/min ramp) for 2h using a 

mixture of 10% H2 in N2. The catalyst was stored under argon.  

Procedure for synthesis of phosphonic acid coated catalysts with no free volume (Pt-

R0Pz)  

0.05% Pt/γ-Al2O3 (250 mg, 6 µmol Pt) was added to a solution phosphonic acid (40 mM, 

40 mL) in THF and stirred overnight. The solution was decanted, and the catalyst 

annealed at 120 oC for 12 h. The catalyst was washed with THF (3 × 20 mL), then air-

dried in a fume hood at room temperature. 
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Procedure for synthesis of free volume Pt-RyPz catalysts 

Methyl iodide (3.25 mL, 52 mmol) was added to thiourea (3.46 g, 45 mmol) in ethanol 

(3 mL) and stirred at room temperature. The solvent was removed in vacuo, isolating 

S-methylisothiuronium iodide as a white crystalline solid. This solid was dissolved in 

water (3.6 mL) and heated to 100 oC, evolving methanethiol as a gas. Methanethiol was 

collected using a cold trap on an ice-water bath, dissolved in ethanol (5 mL), then 

poured into a suspension of 0.05 wt% Pt/Al2O3 (400 mg, 10 µmol Pt) in ethanol (20 mL) 

and stirred for 24 h. The solution was decanted, and the catalyst washed with ethanol 

(1 × 20 mL). The catalyst was dried in vacuum oven overnight at 40 oC. At this stage a 

100 mg sample of Pt-S1 was removed for catalytic testing.  

Under a nitrogen atmosphere, 0.05% Pt/γ-Al2O3 (500 mg, 13 µmol Pt) was added to 10 

mM ethanolic thiol solution (40 mL, 0.4 mmol) and stirred for 24 h. The solution was 

decanted, and the catalyst washed with ethanol (1 × 20 mL). The catalyst was dried in 

vacuum oven overnight at 40 oC. At this stage a 100 mg sample of Pt-Sy was removed 

for testing.  

Under a N2 environment, Pt-Sy (400 mg, 10 µmol Pt) to a solution phosphonic acid (40 

mM, 40 mL) in THF and stirred overnight. The solution was decanted, and the catalyst 

annealed at 120 oC for 12 h.  The catalyst was washed with THF (3 × 20 mL) and air dried 

in a fumehood overnight. At this stage a 100 mg sample of Pt-SyPz was removed for 

testing. 

Pt-SyPz (300 mg, 6 µmol Pt) added to a solution of NaBH4 (0.5 M, 40 mL) in 1:1 

EtOH/H2O and stirred for 10 minutes. The solution was decanted, and the catalyst 

washed with 1:1 EtOH/H2O (3 × 20 mL). The catalyst was dried in a vacuum oven at 40 
oC overnight.  

 

The data for the Arrhenius plots was obtained from non-isothermal kinetics 

experiments. Full details for the data preparation can be found in the Appendix of 

Chapter 2. In short, the bubble counting data (time) was merged with the temperature–

time data. Then, a window average was applied to calculate the average temperature at 

the time of each observed bubble. The volume of each bubble was calculated from the 

observed flowrate (bubbles s ؘ–1). A control experiment using solvent only was subtracted 

from the volume data, to eliminate any gas production due to gas expansion and/or 

vapour pressure. The resulting volume–time–temperature data was the basis for the 
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TOF calculation and the Arrhenius plots. These were calculated using the procedure 

described in Table 3.1.  

 

Table A3.1: Calculation parameters 

Col Name Source / Calculation 

1 Time (min) Raw data 

2 
Beam interruption time (BIT 
units) 

Raw data 

3 Volume (µL) Raw data 

4 Volume, blank subtracted (µL) Raw data 

5 Temperature (°C) Raw data 

6 Time Interpol (min) 50 point interpolation from X=1,Y =4, X data 

7 Volume Interpol (µL) 50 point interpolation from X=1,Y =4, Y data 

8 Temperature interpolation (°C) Interpolation of X=6 in (X=1,Y=5), Y data 

9 Observed rate (µL/min) Derivative of (X=6, Y=7), vs time! 

10 Fractional conversion (0–1) 1 – (7/maximum expected volume) 

11 Intrinsic rate (µL/min) 

9 / ((1-10) n) 

n = reaction order = 0.15 for ammonia borane 
hydrolysis 

12 Observed rate (M/min) 
9 / constant, depending on stoichiometry of the 
reaction and molar concentration 

13 Intrinsic rate (M/min) 
11 / constant, depending on stoichiometry of the 
reaction and molar concentration 

14 1000/T 1000/(8 + 273.15) 

15 ln (k) ln(13) 

16 TOF 

ln(   11 × 10-6 /([equivalents of H2 per equivalent 
AB] × [molar volume])  /  ((([loading%]/100) × 
(0.001 × [mass catalyst])) /[molar mass Pt])    ) 

= ln(   11 × 10-6/(3 × 22.4)  /  ((([loading%]/100) × 
(0.001 × [mass catalyst]))/195.1)    ) 
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4 

4 Acid catalysis with surface-

modified Ti3C2Tx MXenes‡ 

 

 

 

 

 

 

 

 

 

 

‡ Parts of this work have been accepted for publication as:  

Enhancing catalytic epoxide ring-opening selectivity using surface-modified Ti3C2Tx 

MXenes 

T. K. Slot, V. Natu, E. V. Ramos-Fernandez, A. Sepúlveda-Escribano,  

M. Barsoum, G. Rothenberg, and N. Raveendran Shiju, 2D Mater., in press. 
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Abstract: MXenes are a new family of two-dimensional carbides and/or nitrides. Their 

2D surfaces are typically terminated by O, OH and/or F atoms, depending on the 

delamination conditions. Here we show that Ti3C2Tx – the most studied MXene family 

– is a good acid catalyst, thanks to the surface acid functionalities. We demonstrate 

this by applying Ti3C2Tx in the epoxide ring-opening reaction of styrene oxide and its 

isomerization in the liquid phase. Interestingly, modifying the MXene surface changes 

the catalytic activity and selectivity. By oxidizing the surface, we succeeded in 

controlling the type and number of acid sites and thereby improving the yield of the 

mono-alkylated product to > 80%. Characterisation studies show that a thin oxide 

layer, which forms directly on the Ti3C2Tx surface, is essential for catalysing the styrene 

oxide ring-opening. We hypothesize that two kinds of acid sites are responsible for this 

catalysis: In the MXene, strong acid sites (both Lewis and Brønsted) catalyse both the 

ring-opening and the isomerization reactions, while in the MXene-TiO2 composite 

weaker acid sites catalyse only the ring-opening reaction, increasing the selectivity of 

the mono-alkylated product. 
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MXenes are getting increased attention as novel two-dimensional materials. They are 

prepared by delaminating MAX phases, which are atomically layered solids where M is 

an early transition state metal, A is a group IIIA/IVA element, and X is carbon or 

nitrogen.[1] MXenes are denoted by Mn+1XnTx, where T stands for a terminating 

functional group that depends on the delamination conditions.[2–5] These materials are 

very versatile. They can be prepared from a variety of MAX phases, and their surface 

chemistry can be controlled by the conditions of etching and delamination.[6–11] 

Although stable at high temperatures under inert conditions,[12] they are sensitive to 

oxidation.[13–17] However, this sensitivity can be controlled by edge-capping the MXene 

sheets using polyanionic salts.[18]  

MXenes have a hierarchical structure, good conductivity and tuneable surface 

chemistry.[19–22] Because of this, they are widely applied in electrochemistry, batteries, 

sensors, separation science and electrocatalysis.[23] However, in heterogeneous 

catalysis, they are less used.[24] MXenes were applied in water–gas shift reaction,[25] 

dehydrogenation of propane and isobutene,[26] nitrogen fixation,[27] methane dehydro-

aromatisation,[28] and oxidation reactions.[29,30] As far as we know, these are the only 

published thermo-catalytic applications. 

 
Figure 4.1. Cartoon illustrating the material synthesis from (a) MAX phase to (b) MXene, followed by (c) 

surface functionalisation, creating MXene-TiO2 composites.  
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In this work, we explore the Ti3C2Tx MXene and its derivatives as catalysts for acid-

catalysed reactions using the styrene oxide ring opening reaction (Eq. 4.1) as a model 

reaction (Figure 4.1). This is an important route to 1,2-type functional groups, such as 

β-alkoxy alcohols, which are precursors for a broad range of pharmaceuticals. This 

reaction is usually acid-catalysed, but can also be catalysed by a base.[31–33] The 

selectivity to the desired product depends on the catalyst.[34–36] By studying the reaction 

kinetics and mechanism and we show that the reaction kinetics and selectivity in 

epoxide ring opening can be controlled by modifying the surface of Ti3C2Tx. 

  

(4.1) 

  

 

All chemicals were obtained from commercial sources (>97% pure) and used as 

received. Further details about the instrumentation and methods are included in the 

Appendix.  

The Ti3AlC2 powders were synthesized by mixing titanium carbide (TiC) (Alfa Aesar, 

99.5%), aluminium (Al) (Alfa Aesar, 99.5%, 325 mesh), and titanium (Alfa Aesar, 

99.5%, 325 mesh), powders in a molar ratio of 2:1.05:1, respectively.  The mixture was 

further ball milled at 100 rpm for 24 h to mix the powders. The powders are then 

transferred to an alumina crucible and heated under flowing argon, Ar, at 1350 °C for  

2 h. The heating and cooling rates were set at 5 °C min–1. The resulting loosely sintered 

blocks were ground using a titanium nitride coated milling bit on a drill press. The 

milled powders were passed through a 400 mesh (particle size < 38 µm) sieve for 

further experiments. Ti3AlC2 powder (1.0 g) was added to 10 mL of 10% HF solution. The 

mixture was then stirred for 24 h at room temperature and 300 rpm. The resulting 

slurry was transferred into a 50 mL centrifuge tube and DI water was added to 

completely fill the remaining volume. It was then centrifuged at 3500 rpm for 2 min 

and the resulting clear supernatant was discarded. This washing was repeated several 

times until the pH of the solution was ≈ 7. After which the bottom sediment was 

collected and dried under vacuum before further testing. Catalysts were exposed to air 

for one week prior to use in the reaction, to avoid induction periods at the beginning of 

the reaction. 
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MXene (100 mg) was suspended in 20 mL water in a 75 mL autoclave (without a PTFE 

liner) and a 30 × 8 mm stirring bar. The autoclave was sealed and quickly heated to 

285 °C and kept at this temperature for 30 min while stirring at 800 rpm. Then, the 

reactor was quenched in water and allowed to cool down to room temperature. The 

material was washed (5 ×) with water and dried overnight under vacuum at 30 °C. 

A stock solution of SO was prepared by dissolving styrene oxide (5 mL, 4.36 mmol) and 

bromobenzene (5 mL) in absolute ethanol to a total volume of 50 mL. The reactions 

were performed in sealed 20 mL test tubes. Stock solution (5 mL) was added to 5.0 mg 

catalyst. Tubes were heated in an oil bath and stirred at 600 rpm. Aliquots of 120 µL 

were taken from the reaction mixture, diluted 10× with ethanol, filtered through a PTFE 

filter (0.45 µm) and analysed by gas chromatography (He carrier, HP-5 column). 

Kinetic studies were performed in duplicate in an oven-dried 100 mL three-neck flask 

equipped with a reflux condenser and a slight N2 overpressure (<50 mBar). SO stock 

solution (20 mL) was added to 20 mg catalyst. One neck/opening was equipped with a 

septum and the rest were stoppered to avoid N2 flow. During reaction, aliquots of 120 

µL were taken from the reaction mixture through the septum, diluted 10 × with ethanol, 

filtered through a PTFE filter (0.45 µm) and analysed by gas chromatography. 

Gas chromatography (GC) was performed with a Perkin Elmer Clarus 500, equipped 

with a flame ionization detector and a 30 m Agilent polysiloxane HP-5 column (0.32 

mm ID, 0.25 µm). Helium was used as carrier gas and the column oven was heated from 

60 °C to 250 °C with a 25 °C/min heating rate and held at the final temperature for  

5 min. Sample solution (1.0 µL) was injected using a split injector with a 1:50 split ratio.  

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was acquired on 

a FTIR (Nicolet 6700) spectrometer with a HgCdTe (MCT) detector (cooled with liquid 

N2). The DRIFTS sample cell (Praying Mantis, Harrick) was fitted with CaF2 windows 

and a PID-controlled heater allowing samples to be heated to 700 °C. Samples were 

preheated in helium to 350 °C for 1 h, and then stepwise cooled till 25 °C while taking 

background spectra of the preheated sample at every sample temperature. A constant 

helium flow of 20 mL min−1 was maintained throughout the analysis. Spectra of 

adsorbed pyridine were collected after treating the pre-heated sample in a flow of 1.0-

1.4 vol% pyridine in helium for 10 min, followed by evacuation by an oil pump for 30 

min. All spectra were measured with resolution of 4 cm−1 and accumulation of 64 scans. 

Confocal Raman spectra were recorded at 532 nm using a Renishaw (Wottonunder-
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Edge, United Kingdom) InVia Reflex Raman microscope with a 532 nm frequency-

doubled Nd:YAG excitation source in combination with an 1800 lines mm–1 grating, and 

a Peltier-cooled CCD detector (203 K). The instrument included a Leica light 

microscope with a 50× air objective. The 521 cm–1 Raman shift of an internal silicon 

standard was used to verify the spectral calibration of the system. XPS analysis was 

carried out in a K‐Alpha Spectrometer (Thermo‐Scientific). The assignment of the C 1s 

binding energies was done according to the criteria used by Ganguly et al. 284.5 eV for 

C=C (aromatic double bonds), 285.5 eV for C–OH and sp3 C–C, 286.5 eV for epoxy, 287.5 

for sp2 C=O (carbonyls, lactones) and 289 eV for carboxylic groups.[37] X-ray diffraction 

(XRD) measurements were carried out on a Rigaku Miniflex X-ray diffractometer from 

4° to 70° using a 2.0° min−1 angular velocity.  

Scanning Electron Microscope (SEM) images were taken by a FEI Verios 460 using a 5 

kV accelerating voltage. HRTEM images were recorded on a FEI Tecnai G2 F20 S-Twin 

high-resolution transmission electron microscope working at 200 kV (point resolution: 

0.24 nm, lattice resolution 0.102 nm, information resolution 0.14 nm). STEM-EDS 

images were recorded using an EDS detector with energy resolution <127 eV and a 

resolution of 0.20 nm.  

 

First, we prepared Ti3C2Tx MXenes by etching Ti3AlC2 powders with 10% HF for 24 h 

under continuous stirring. Rinsing and washing gave a multilayered MXene with –OH, 

–O and –F as its main surface functional groups. Recent studies suggest that MXenes’ 

sensitivity to oxidation can be used to create materials with new structural and 

electronic properties.[14,38,39] We envisaged that such treatments could enhance or block 

certain reaction pathways by altering the surface structure, giving us control over 

reactivity and selectivity. One such treatment consists of exposing Ti3C2Tx to water at 

hydrothermal conditions above 200 °C. For this, we treated the MXene an autoclave at 

285 °C for 30 min. Then, the reactor was quenched in water and the material was 

washed with water and dried under vacuum at 30 °C for 12 h. This grows small crystals 

of TiO2 on the MXene surface, while leaving the bulk of the MXene layers intact. XRD 

analysis (Figure A4.1) revealed that these crystals have both rutile (27°, 38° and 55°) 

and anatase (25° and 48°) phases in a ratio 1:2–1:3.[40] These appear as a range of 

unordered crystals sticking out of the Ti3C2Tx basal planes, as shown by scanning 

electron microscopy (Figure 4.6). Raman spectroscopy showed that the surface 

consists of anatase titania on both the MXene and the Ti3C2Tx-TiO2 composite (Figure 

A4.2). 

We then compared Ti3AlC2 MAX phase and its MXene, Ti3C2Tx, in the catalytic ring 

opening of styrene oxide by methanol. The MAX phase showed low activity and 

selectivity to the mono-alkylated product 1 (Table 4.1, entry 2 and 8). Conversely, a 
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MXene made from this MAX phase showed a high conversion (98%) and a selectivity 

(90%) to product 1 in 2.5h. This shows that etching out the Al layers increases the 

catalytic activity. We also ran control reactions using MXenes stored under both argon 

and air to see the influence of surface oxidation/hydration.[13] The sample stored under 

argon showed a small induction period (15 min) before product 1 appeared. After this 

period, the reaction proceeded quickly, whereas the air-exposed sample performed 

well from the beginning (cf. Table 4.1, entries 4/5 and 10/11). 

Table 4.1. Catalytic results for the styrene oxide ring opening by methanol.[a] 

 

Entry Catalyst Conversion Selectivity   

  (%) 1 (%) 2 (%) 3 (%) 

1 No catalyst[c] 1 - - - 

2 Ti3AlC2 15 22 15 63 

3 Ti3AlC2, H2O2 treated 17 41 3 54 

4 Ti3C2Tx,  under Ar[c] 75 36 3 51 

5 Ti3C2Tx air exposed[c] 98 73 18 9 

6 Graphene oxide[d] 43 42 53 2 

7 No catalyst[c] 7 - - - 

8 Ti3AlC2 25 51 22 27 

9 Ti3AlC2, H2O2 treated 31 70 1 28 

10 Ti3C2Tx,  under Ar[c] 98 90 6 4 

11 Ti3C2Tx air exposed[c] >99 88 5 5 

12 Graphene oxide[d] 94 53 46 10 

[a] Reaction conditions: 0.5mL styrene oxide and 5 mg of catalyst in 5 mL methanol in a closed 

container; stirred for 2.5 h. [b] selectivity towards the single product, based on GC analysis (PhBr, 100 

µL internal standard). [c] Average of duplicate experiments. [d] Prepared by Hummer’s method. 

Subsequently, we tested the pristine and water-treated MXene materials in the styrene 

oxide ring opening reaction (Figure 4.2). A series of control experiments (data not 

shown) showed that the reactivity of ethanol was comparable to that of methanol, so 

we switched to ethanol for safety reasons. Products 1 and 2 were identified and 

characterized using 1H NMR and 2-dimensional 1H–1H correlation spectroscopy (COSY, 

see Figs. A4.7 and A4.8). Product 1 is easily distinguished by its characteristic spin 

splitting in the CH2CH–OH system in 1H NMR. Chromatography analysis showed the 

formation of an intermediate, 2-phenyl acetaldehyde (2-PA). The isomerization of SO 

to 2-PA over Ti3C2Tx is very fast, taking only minutes at 45 °C. (Figure 4.2a). The 2-PA 

is then converted into product 2 following first order kinetics (Figure A4.3). 
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Interestingly, the kinetics of the reaction in the presence of the structurally altered 

MXene – the Ti3C2Tx-TiO2 composite were totally different compared with the non-

treated Ti3C2Tx flakes (Figure 4.2b). The reaction starts rapidly, and the remainder of 

the SO was converted to product 1 with a small amount of product 2. This shows that 

the surface treatment can limit the conversion of SO into 2-PA, allowing the formation 

of product 1 in high yields. Since the treatment introduces titania crystals on the 

surface, the reactivity change may be caused by these crystals. To check this, we ran a 

control using a commercial titania (Degussa P25, anatase:rutile ratio ~3:1). However, 

this yielded only 2-PA and no other products (Figure 4.2c), showing that TiO2 is not 

solely responsible for the reactivity of the treated MXene. 

 

 

Figure 4.2. Styrene oxide reaction with (a) pristine Ti3C2Tx MXene, (b) water-treated Ti3C2Tx MXene with 

TiO2 crystals on its surface, and (c) a control reaction with TiO2. Molar fractions of compounds were 

determined by GC using PhBr as an internal standard. SO = styrene oxide, 2-PA = 2-phenyl acetaldehyde, 

and 1–5 are reaction products. Reaction temperature = 45 °C. 
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Scheme 1. (a) Reaction pathways, products and by-products in the ring opening of styrene oxide 

catalysed by Ti3C2Tx and Ti3C2Tx-TiO2 composite. (b) Reaction mechanism from 2-PA into products 1 

and 2.  

With bulk TiO2 as catalyst, the concentration of SO decreases steeply. However, the 

reaction stops within 1–2 min. Control experiments confirmed that SO and 2-PA are 

not in equilibrium: Neither catalyst yielded any SO when starting from 2-PA as 

substrate (Figure A4.4). Using 2-PA as starting material we could also verify that 2-PA 

is the intermediate towards product 2. Scheme 1a gives an overview of the reaction 

pathways. Regarding the steep drop in SO in the first few minutes of the reaction, we 

hypothesize that the isomerization of SO initiates polymerization around the stronger 

acid sites, blocking them from further action. The Ti3C2Tx-TiO2 catalyst has fewer 

strong acid sites, resulting in a smaller concentration drop of styrene oxide. XPS 

analysis (Figure 4.3, blue curve) of the spent catalyst shows an increase in the signal at 

286.3 eV, corresponding to organic CHx or CO residues at the expense of C–Ti–Tx at 

281.9 eV, (Figure 4.3, green curve). This supports our hypothesis of organic residues 

deposited on the C–Ti–F bonds, which are reactive towards nucleophilic attack. A 

similar (but less pronounced) increase in CHx peak intensities was observed for the 

Ti3C2Tx-TiO2 composite after reaction (Figure A4.5, C 1s). 

We tested several alcohols as solvent/reactant for the reaction with styrene oxide 

(Table 4.2). Methanol and ethanol gave good conversions (>99%) and were selective 

towards product 1. Isopropyl alcohol gave equal amounts of 1 and 2, while t-BuOH gave 

mainly product 2.  
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Figure 4.3. XP spectra of the C 1s region of Ti3C2Tx, (a) before and (b) after reaction. The peaks are 

deconvoluted as shown. 

This can be explained by a examining the reaction mechanisms of SO and 2-PA with 

alcohols (Scheme 1b). Bulkier alcohols such as t-BuOH react slower towards 1, because 

the alcohol attacks a sterically hindered position. Yet isomerization of SO into 2-PA still 

takes place at a normal rate, consuming the SO before significant amounts of 1 can form. 

This gives more 2-PA, which converts to product 2 as follows: First, it forms a 

hemiacetal with one alcohol molecule. This dehydrates, yielding a double bond, which 

can be attacked at the benzylic carbon. Overall, the reduced rate towards 1, and the 

increased concentration of 2-PA, lead to a higher selectivity to product 2 with bulkier 

alcohols. 

Table 4.2. Epoxide ring opening catalysed by Ti3C2Tx in different solvents.[a] 

                        

Entry Catalyst Conversion Selectivity   

  (%) 1 (%) 2 (%) 3 (%) 

1 Methanol >99 (5) 73 18 9 

2 Ethanol >99 (1) 50 46 4 

3 Isopropanol 99 (0) 35 35 24 

4 tert-butanol 79 (0) 4 23 68 

[a] Reaction conditions: epoxide (0.874 mmol) and Ti3C2Tx (1.0 mg) in 1 mL solvent; stirred at 80 °C 

for 2.5 h. [b] Conversion of both reactions with and without catalyst (without catalyst in 

parenthesis). [c] Selectivity towards the single product, based on GC analysis (PhBr as internal 

standard). [d] An undetermined by-product, <3%, was also observed. 

We then tested the catalytic activity of MXene for ethanolysis of other epoxides (Table 

4.3). The simple unhindered epoxides (entries 1–5) react readily giving high 

conversion (>99%) at high selectivity (89%) against a background reaction of <1% 
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conversion, showing that MXene catalysis has a broad scope for epoxide ring-opening 

reactions. Sterically hindered epoxides (entries 6 and 7) gave lower conversion, but this 

was expected as both i-Pr and t-Bu groups are very bulky. A primary alcohol group 

improved conversion and selectivity (cf. entries 4 and 5), likely because of its electron-

withdrawing nature.  

The fact that both isomerization and epoxide ring opening are acid-catalysed suggests 

that both Ti3C2Tx and the Ti3C2Tx-TiO2 composite have acid sites. We envisage two kinds 

of acid sites: strong sites (present on MXene) catalysing both the reaction of SO to 2-

PA and product 1, and weaker ones, present on the Ti3C2Tx-TiO2 composite, that only 

catalyse the ring opening of SO to give product 1. The hydrothermal surface treatment 

blocks most of the strong acid sites, leaving weaker acid sites to catalyse the reaction. 

Table 4.3. Epoxide ring opening of different epoxides by Ti3C2Tx in ethanol.[a]  

 

Entry Catalyst Conversion[b] Selectivity[c] 
Background 

conversion[e] 

  (%) (%) (%) 

1  >99 89 1 

2  >99 96 0 

3  99 95 0 

4  79 74 3 

5 [d]  33 53 3 

6  2 76 0 

7  6 98 4 

[a] Reaction conditions: epoxide (0.874 mmol) and Ti3C2Tx (1.0 mg) in 1 mL ethanol; stirred at 

80 °C for 2.5 h. [b] Conversion of both reaction with (top) and without catalyst (bottom). 

[c] Selectivity towards the single product, based on GC analysis (PhBr as internal standard). 

[d] An undetermined by-product was observed. [e] Background reaction with same conditions, 

yet leaving out the catalyst. 

Characterizing the acid sites is difficult. Ammonia temperature programmed 

desorption did not show significant desorption. Pyridine diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) reveals the presence of both Lewis and 

Brønsted acid sites on Ti3C2Tx (Figure 4.4c). The bands at 1450, 1588, 1612 cm–1 are 

commonly assigned to Lewis acid sites, the one at 1545 cm–1 to Brønsted acid sites and 

the one at 1486 cm–1 to a combination of Lewis and Brønsted acid sites.[41–44] The broad 

signal at 1425 cm–1 is assigned to H–bonded pyridine. Because of the low signal we 
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could not quantify the ratio of Lewis/Brønsted sites. Similarly, the signal-to-noise 

ratio of pyridine DRIFTS of the Ti3C2Tx-TiO2 composites was too low to assign the type 

of acid sites. This shows that the Ti3C2Tx-TiO2 composite has fewer acid sites than 

Ti3C2Tx. The latter’s surfaces are functionalized by –OH, –O and –F.[38] X-ray 

photoelectron spectroscopy (XPS) revealed a small amount of moderately acidic 

carboxylic groups had formed after hydrothermal treatment (C 1s, Figure 4.5). 

Additionally, a lot of TiO2 had formed on the surface at the expense of C–Ti–Tx groups 

(Ti 2p, O 1s, and C 1s, Figure 4.5). Our hypothesis is that the fluorinated MXene surface 

is responsible for the stronger acid sites (Figure 4.4a). Lewis acidity is derived from Ti+ 

sites and Brønsted acidity is caused by surface –OH groups adjacent to –F groups. The 

–F groups withdraw electron density from the –OH groups making them even more 

acidic. In the Ti3C2Tx-TiO2 composite, most of the surface is covered with TiO2 crystals 

with known Lewis and Brønsted acidity (Figure 4.4b).[45] The Ti 2p spectrum after 

reaction (Figure A4.6) showed a decrease in Ti–C contributions and an increase in Ti–

O contributions. This suggests the surface is being slowly oxidized into TiO2 during the 

reaction. Similarly, the O 1s showed an increase in signals at 531.5 eV and 532.8 eV, 

corresponding to C–Ti–Ox and Ti(OH)x, moieties, respectively. TEM analysis (Figure 

4.6b) revealed a thin layer (< 5 nm) of amorphous titania forming at the surface during 

the reaction. The F 1s spectrum did not show any new contributions, albeit that the total 

F signal decreased after reaction (Figure A4.6). 

 
 

Figure 4.4. Illustration of types of acid sites on Ti3C2Tx (top) showing (a) stronger sites close to F-groups, 

and (b) weaker sites from O–Ti bonds. (c) Pyridine DRIFTS for the Ti3C2Tx sample. S: strong, W: weak, L: 

Lewis acid, B: Brønsted acid. For example: WL = weak Lewis acid. 
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Figure 4.5. Normalized XPS spectra of Ti3C2Tx (top) and Ti3C2Tx-TiO2 composite (bottom). Intensity is in 

arbitrary units. 

 

Figure 4.6. (a) SEM micrograph of Ti3C2Tx multilayers, (b) TEM micrograph of the spent Ti3C2Tx catalyst 

after reaction with SO. (c) SEM micrograph of Ti3C2Tx-TiO2 composite showing TiO2 particles at the 

multilayer edges. (d) TEM of the spent Ti3C2Tx-TiO2 composite catalyst. 
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Similar changes occurred during reaction of the MXene composite, though less 

pronounced (Figure A4.5). The C 1s spectrum showed an increase in alkyl contributions 

and a decrease of fluorine contributions. O 1s showed an increase in Ti2+–O and 

hydrated Ti(OH)x contributions. Ti(OH)x groups are the major contributors to the 

Lewis/Brønsted acidity.[46,47] The increase in reactivity after 150 min (Figure 4.2b) is 

likely related to this increase. 

 

Ti3C2Tx flakes can be used as acid catalysts for isomerization and ring opening of SO. 

These two reactions compete on the Ti3C2Tx surfaces, likely because of the strong acid 

sites, promoted by the F-groups. The presence of small TiO2 crystals at the Ti3C2Tx flake 

edges produced by a hydrothermal treatment in H2O2, containing both Brønsted and 

Lewis acid sites, is responsible for the acid catalysis. The hydrothermal treatment 

creates a TiO2 layer that blocks most of the strong acid sites responsible for the 

isomerization reaction. This alters the reaction kinetics, increasing the selectivity of 

the main product 1 up to 90%. This opens doors to apply MXene or MXene composites 

in other acid-catalysed reactions as well. Overall, the availability of several different 

types of MXenes and their derivatives offers a new opportunity for controlling 

selectivity and activity in catalysis.  
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Calculation of molar fractions 

Styrene oxide, 2-phenyl acetaldehyde and products 1 and 2 were obtained in >95% 

purity and identified using NMR. For each compound a series of calibration solutions 

was prepared using bromobenzene as internal standard. The respective relative 

response factors of the reactants (in reference to styrene oxide) were determined and 

used to calculate molar fractions, selectivities and yields. For other known compounds, 

the relative response factors were estimated using existing methods.[1] For unknown 

compounds we used the response factor of product 1. GC signals were integrated and 

divided by the bromobenzene areas. The resulting fractions were corrected with the 

relative response factors to calculate molar quantities.   

 

 

Figure A4.1. XRD data of Ti3C2Tx (bottom) and Ti3C2Tx-TiO2 composite (top). 
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Figure A4.2. Normalized Raman spectra of Ti3C2Tx (black), Ti3C2Tx-TiO2 (red), and Ti3C2Tx MXene after 

reaction with SO for 5h at 60 °C (blue) and 80 °C (green).  

 

Figure A4.3. (a) Reaction of styrene oxide with MXene at 45 °C in ethanol, and (b) a replot of ln (rate) of 

2-PA conversion versus ln concentration. The grey line in figure a represents the maximum attained 

concentration of 2-PA. 

 

Figure A4.4. Reaction of 2-phenyl acetaldehyde with (a) Ti3C2Tx MXene and (b) Ti3C2Tx-TiO2 composite in 

ethanol at 45 °C. 
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Figure A4.5. Normalized X-ray photoelectron spectra of Ti3C2-TiO2 composite before reaction (top) and 

after reaction at 45 °C (bottom). Intensity is in arbitrary units. 

 

Figure A4.6. Normalized X-ray photoelectron spectra of Ti3C2Tx MXene before reaction (top) and after 

reaction at 45 °C (bottom). Intensity is in arbitrary units. 

 

Figure A4.7. (a) 1H NMR spectrum of product 1, obtained from the reaction of styrene oxide with MXene-

TiO2 composite at 45 °C in ethanol and (b) 1H COSY correlation spectrum for product 1. The 1H spectrum 

a contains an unknown aromatic impurity at 7.6 ppm without any cross-signals in COSY.  
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Figure A4.8. (a) 1H NMR spectrum of product 2, obtained from the reaction of styrene oxide catalysed 

by MXene-TiO2 composite at 45 °C in ethanol and (b) 1H COSY correlation spectrum for product 2. The 

1H spectrum contains a minor amount of 2-PA as an impurity, which mainly contributes to the aromatic 

signal. 

NMR data for figures A4.7 and A4.8 

Product 1: 1H NMR (300 MHz, Chloroform-d) δ 7.47 – 7.16 (m, 5H), 4.46 (dd, J = 8.3, 3.9 

Hz, 1H), 3.70 (td, J = 8.4, 2.9 Hz, 2H), 3.58 – 3.33 (m, 2H), 2.80 (s, 1H), 1.25 (t, J = 7.0 Hz, 

3H). 1H NMR (300 MHz, DMSO-d6) δ 7.43 – 7.04 (m, 5H), 4.81 (d, J = 5.9 Hz, 1H), 4.31 

(dd, J = 7.2, 4.5 Hz, 1H), 3.63 – 3.39 (m, 2H), 3.34 (dq, J = 7.0, 3.7 Hz, 2H), 1.10 (dt, J = 

7.0, 2.5 Hz, 3H). 

Product 2: 1H NMR (300 MHz, Chloroform-d) δ 7.48 – 7.17 (m, 5H), 4.68 (t, J = 5.6 Hz, 

1H), 3.72 (dq, J = 9.3, 7.1 Hz, 2H), 3.50 (dq, J = 9.3, 7.0 Hz, 2H), 2.98 (d, J = 5.7 Hz, 2H), 

1.22 (t, J = 7.1 Hz, 6H). 
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5 

5 Surface oxidation of MXene 

enhancing the catalytic activity 

of Pt nanoparticles ‡ 

 

 

 

 

 

‡ Parts of this work have been published as:  

Surface oxidation of Ti3C2Tx enhances the catalytic activity of supported platinum 

nanoparticles in ammonia borane hydrolysis  

T. K. Slot, F. Yue, H. Xu, E. V. Ramos-Fernandez,  A. Sepúlveda-Escribano, Z. Sofer, G. 

Rothenberg and N. Raveendran Shiju. 

2D Mater.  2021, 8, 015001. DOI: 10.1088/2053-1583/ababef 

 

 

This work is also featured in a short animation,  

see  https://youtu.be/T6ooXNkuC9Q 

https://iopscience.iop.org/article/10.1088/2053-1583/ababef
https://youtu.be/T6ooXNkuC9Q
https://www.youtube.com/watch?v=vwsZGp8XRaU
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Abstract: MXenes, first discovered in 2011, are two-dimensional transition metal 

carbides or nitrides. Because of their interesting electrical and optical properties, they 

are studied for applications in batteries, supercapacitors and electrocatalysis. 

However, MXenes are rarely used in heterogeneous catalysis and, to our knowledge, 

there are no reports on the use of oxidized MXenes in catalysis. Here, we used Ti3C2Tx-

derived materials as supports for platinum nanoparticles and studied their 

effectiveness for the hydrolysis of ammonia borane, which is a promising hydrogen 

carrier. Hydrogen can be released from ammonia borane through catalytic hydrolysis. 

Most heterogeneous catalysts reported for this purpose contain a noble metal 

supported on a metal oxide support. The interaction between the metal and the support 

is important in determining the catalytic performance. Our results show that the 

electronic environment of platinum can be modified by oxidising the surface of MXene, 

thus providing a new way of developing active catalysts. Oxidising agents, such as 

water and ozone can be used for this purpose. This electronic modification enhances 

the catalytic activity of platinum for ammonia borane hydrolysis, which is relevant for 

other reactions related to energy production/storage.  
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MXenes are novel two-dimensional transition metal carbides, nitrides or 

carbonitrides.[1] Their structure is defined as Mn+1XnTx, where M is an early transition 

metal, X is carbon and/or nitrogen, and T stands for a terminating functional group.[2] 

They are produced by extracting the 'A' layers from MAX phases, which are layered 

ternary transition metal carbides.[2–5] MXenes have been studied extensively in the past 

few years, especially for electrocatalysis.[6–13] Their thermo-catalytic applications, 

however, are less known. Li et al. recently showed that MXenes are promising supports 

for nanoparticle-based catalysts and they can change the nature of the active sites, 

making them highly selective towards C–H activation.[14,15] Here, we use a different 

approach: we reasoned that oxidizing the surface of MXenes can influence the metal 

supported on it, thereby modulating the catalytic activity when compared to the metal 

supported on pristine MXene. Taking ammonia borane hydrolysis as a probe reaction, 

we show that this oxidation approach enhances the catalytic activity of supported 

metal particles. Usually, the oxidation leads to particles of anatase (TiO2) along the 

edges of the flakes and the basal planes.[16–18] Reaction conditions such as temperature 

and solvent choice can control the structure of the resulting titania ranging from 

simple layers to complex nanostructures.[17,19] Here we used, for the first time, 

controlled oxidation with ozone, which resulted mainly in rutile titania on a partially 

exfoliated Ti3C2Tx MXene surface. Impregnating this surface with a platinum salt gave 

stable sub-nanometre platinum particles that were highly active as ammonia borane 

hydrolysis catalysts. 

Ammonia borane hydrolysis is an emerging method for on-demand hydrogen 

generation. While hydrogen is acknowledged as the fuel of the future,[20–23] its current 

storage and transportation methods have serious drawbacks. Hydrogen storage should 

be safe, easy, reversible, and should have a high gravimetric/volumetric capacity. This 

makes chemical hydrogen storage a promising option.[24–26] Recently, ammonia borane 

(NH3BH3) attracted considerable attention because of its high hydrogen density, 

stability and relative ease of hydrolysis.[27–33] Here, we show how modifications on the 

MXene surface can influence the reactivity of Pt particles towards H2 generation from 

ammonia borane. (Eq. 5.1) 

 

 

First, we studied the ozone oxidation of Ti3C2Tx MXene. We suspended Ti3C2Tx in 

chloroform and then bubbled ozone at controlled conditions (see experimental section 

for details). For comparison, we also used two other oxidative treatments: 
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hydrothermal treatment at 200 °C, and treatment with H2O2 (see Figure 5.1). These 

oxidative treatments changed the surface of MXene significantly (cf. SEM images in 

Figure 5.1). We then impregnated all three samples with platinum using the double-

solvent method (water in hexanes).[34] The samples were dried at 80 °C, heat-treated at 

250 °C in nitrogen and finally reduced at 250 °C using 10% hydrogen in nitrogen. The 

final Pt loading was 1 wt%. 

 

Figure 5.1. Synthesis routes to the Ti3C2Tx-TiO2 composites with corresponding SEM images: (a) pristine 

Ti3C2Tx, (b) H2O2 treated Ti3C2Tx, (c) water-treated Ti3C2Tx, and (d) ozone-treated Ti3C2Tx.  

We then tested these catalysts in ammonia borane hydrolysis.[35–44] The progress of this 

reaction can be easily monitored by measuring the volume of H2 produced, using our 

new gas quantification setup.[45] This device precisely records gas production with time, 

gathering thousands of data points for a single reaction. Additionally, ammonia borane 

hydrolysis has a very low concentration dependence on ammonia borane (partial 

reaction order n=0.1–0.2), allowing us to gather turnover frequency (TOF) data with 

respect to temperature as well. All TOFs were calculated assuming the total weight of 

Pt is available for catalysis (in practice, the TOF values per available Pt atom would be 

somewhat higher, considering the small size of the clusters, 0.6-1.6 nm). 

Control reactions showed that the catalytic activity of pristine or oxidized MXenes 

without platinum was negligible. Platinum supported on untreated MXene (Pt/MXene) 

gave a turnover frequency of 40 min–1. Supporting Pt on ozone-treated MXene 

(Pt/MXene-O3) increased the TOF seven-fold to 250–300 min–1 (see Figure 5.2a). This 

shows that the surface treatment influences the reactivity significantly. Pt supported 

on water-treated MXene (Pt/MXene-H2O) also gave a high TOF (Figure 5.2a). The 

apparent activation energy (Ea) calculated from Arrhenius plots is 69 kJ mol–1 for 
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Pt/MXene-O3. The peroxide treated MXene did not show any improvement compared 

to the milder oxidation methods. The apparent activation energy of Pt/MXene-H2O is 

higher (99 kJ mol–1), suggesting these samples have different rate-determining steps 

(in the case of a single reaction step) or a have a different environment around the 

active site.  

 

Figure 5.2. (a) Turnover frequency (TOF) versus temperature for the hydrolysis of ammonia borane of 

several MXene-TiO2 composites. Data is shown for conversion between 0 and 20%. Scanning electron 

micrographs of Pt-loaded catalysts of (b) pristine Ti3C2Tx, (c) water-treated Ti3C2Tx, and (d) ozone-treated 

Ti3C2Tx and (e) at higher magnification. 

We then studied the structure of the modified catalysts using several characterization 

techniques. An overview of the catalyst properties is shown in Table 5.1. Interestingly, 

scanning electron microscopy (SEM) showed no major structural changes after ozone 

exposure of Ti3C2Tx MXene (cf. Figs. 5.2b to 5.2d). In contrast, we saw major changes on 

the surface of MXene when treated hydrothermally or with H2O2 (Figure 5.1b), proving 

that the surface structure changes depend on the treatment method. Oxidation of 

Ti3C2Tx MXene with water gave crystalline structures on the surface.[18,46,47] X-ray 

diffraction (XRD) shows these structures mainly consist of  anatase titania (Figure 5.3). 

Peroxide treatment completely converted the MXene bulk into amorphous titania and, 

consequently, did not show any improved reactivity. This suggests that a MXene lattice 

core is required for reactivity enhancement. XRD shows that each oxidation method 

gives different titania phase compositions (Figure 5.3). Ozone treatment results in 

rutile and amorphous phases. Hydrothermal treatment gives both rutile and anatase, 

while hydrogen peroxide produces an amorphous material, comparable with bulk TiO2. 

The exact reasons for these differences are unclear. We think this is related to the 

oxidant strength and/or solvent type. Transmission electron micrographs (TEM) 
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revealed an oxidised surface layer of around 10–15 nm thickness for the ozone treated 

samples (Figure 5.6d). XRD further revealed that ozone treatment generated a 

crystalline phase corresponding to rutile titania (Figure 5.3). This is interesting, as 

rutile TiO2 usually forms at higher temperatures while our ozone experiments were run 

at ambient temperature. Other oxidation treatments predominantly led to the 

formation of anatase titania.[16,46] As far as we know, this is the first report showing that 

oxidation with ozone forms rutile titania on MXene surfaces. 

 

Figure 5.3. X-ray diffractograms of pristine MXene (blue), ozone-treated MXene (red), and water-treated 

MXene (black). 

Table 5.1. Overview of physical and catalytic parameters for the MXene composite catalysts  

Material TOF[a] 30 °C  

(min–1) 

Ea
[b]  

(kJ mol–1) 

Pt particle size[c]  

(nm) 

SSA  

(m2 g–1) 

Pt/MXene 39 60 1.6 23 

Pt/MXene-O3 265 69 0.6 30 

Pt/MXene-H2O 272 99 1.5 10 

Pt/TiO2-anatase 38 64 - 5 

[a] Calculated from H2 production using reaction order of 0.15 in ammonia borane. [b] Apparent 

activation energy obtained from triplicate run data up to 20% conversion of ammonia borane. [c] 

Calculated from HAADF-TEM data statistical analysis observing >100 particles. 
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Raman spectroscopy on our oxidised MXenes showed the characteristic TiO2 bands as 

well as the D/G band corresponding to graphitic layers (see Figure 5.4). For the ozone-

treated sample, we observed strong rutile TiO2 signals at 430 cm–1 (Eg) and 607 cm–1 

(A1g), confirming the presence of rutile titania at the surface.[48–50] The water-treated 

sample showed strong anatase TiO2 signals at 152 and 204 cm–1 (Eg) while the remaining 

signals at 408, 506 and 621 cm–1 overlap with those of MXene.  

 

Figure 5.4. Raman spectra for ozone-treated MXene, water-treated MXene and pristine MXene 

The N2 adsorption measurements for pristine and ozone-treated MXene gave BET 

surface areas of 23 and 30 m2 g–1, respectively (Figure 5.5). A MXene-TiO2 composite 

was reported to have a surface area of 32 m2 g–1 in previous work.[51] Literature estimates 

range from 8 to 30 m2 g–1 for multilayer Ti3C2Tx, depending on the degree of 

delamination.[51–53]  

Electron microscopy studies of Pt/MXene-O3 and Pt/MXene-H2O showed a uniform 

distribution of Pt particles (see Figure 5.6). For Pt/MXene-O3, the Pt particles are also 

well dispersed within the space between the MXene layers as shown by SEM (Figure 

5.2e). However, particle size distribution studies showed a major difference (Figure 

5.6e-f). A relatively uniform size distribution with an average particle size around 1.5–

1.6 nm was observed for Pt/MXene and Pt/MXene-H2O. However, the Pt particles on 

Pt/MXene-O3 were smaller, with an average size of 0.6 nm. Thus, the characterization 

data show that our unique ozone treatment method gives a surface enriched with rutile 

titania and the Pt nanoparticles deposited on this surface remain small in size. In 

previous work, we observed the retention of small particle size when Ru was deposited 

on bulk rutile titania. However, in that case a lattice matching was possible between the 

rutile RuO2 intermediate and rutile TiO2.[54]  Such matching is not expected here, so the 
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small particle size cannot be explained by this reason. Ozone is very reactive, and there 

is no water to facilitate crystallisation, as in the case of the MXene-H2O material. 

 

Figure 5.5. N2 adsorption-desorption isotherms (-196 °C) for (a) pristine MXene, (b) ozone-treated 

MXene, and (c) water-treated MXene. 

 

Figure 5.6. HAADF-STEM images of 1wt% loaded (a) Pt/MXene, (b) Pt/MXene-H2O, (c) Pt/MXene-O3 

catalysts, (d) TEM micrograph of 1% platinum-loaded Pt/MXene-O3 catalysts, and (e-g) statistical analysis 

of Pt particle size obtained from HAADF-STEM micrographs (a-c), respectively. 
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We expect that ozone treatment forms a rough amorphous/rutile surface, with many 

defect sites, possibly even oxygen vacancies. The rough surface likely hinders the 

aggregation of Pt atoms during particle formation, allowing the structure to retain a 

small Pt particle size. Chen et al. studied the relation between catalytic activity of Pt and 

its particle size on carbon nanotubes, suggesting an optimal Pt particle size of 1.8nm.[55] 

For smaller particles, they observed a decreasing TOF. However, their support does not 

interact with the Pt particles. We do observe very good activity at small sizes, especially 

for the ozone-treated catalyst. This suggests that the high TOF is the result of an 

electronic interaction between the Pt particles and the oxidised MXene support. The 

ozone-treated and water-treated catalysts are equally active, even though their 

particle sizes differ. This shows that particle-size effects are less important here.  

TEM data shows that platinum particles are deposited on the surface titania layer, 

apparently with no direct contact with the bulk MXene (Figure 5.6d). To compare the 

activity of this material with bulk titania, we prepared and tested a Pt/TiO2 catalyst, 

using a commercial bulk titania (Degussa P25, anatase:rutile ~3:1) as the support. 

However, this catalyst was less active than the oxidized MXene catalysts (Figure 5.2a). 

This suggests that the electronic nature of Pt is modified on oxidized Ti3C2Tx MXene, 

enhancing its catalytic activity. Though the Pt nanoparticles are supported on the 

titania layer, the underlying bulk MXene has an influence, making it different from 

Pt/bulk titania catalysts. 

To gain further insight, we studied the electronic structure of the Pt/MXene catalysts 

with XPS. Pt 4f XPS spectra and their deconvolution show that the binding energy shifts 

upward by 0.4 eV (Figure 5.7a) for Pt/MXene-O3 and Pt/MXene-H2O. This indicates that 

Pt is in a higher oxidation state when it is deposited on oxidised MXene. This shift is 

even more pronounced than what was previously reported for Pt/Ti3C2Tx.[14] This shift 

also correlates with the high catalytic activity of Pt/MXene–O3 and Pt/MXene–H2O 

(Figure 5.2a). If the electron transfer is from the TiO2 to the supported particle, a shift 

towards lower binding energy is expected. We may assume that the reverse occurs in 

this case, making the Pt nanoparticles more electron deficient. XPS confirmed that the 

surfaces of all of the oxidised MXene samples contain TiO2, and that the titania surface 

is electron-deficient compared to bulk titania (Figure 5.7b/c). We hypothesize that for 

both Pt/MXene–O3 and Pt/MXene–H2O the shift of the Pt 4f signal stems from the 

interaction of Pt with this electron-deficient titania layer, withdrawing charge from 

interacting Pt particles.  

At high temperatures (>500 °C), Ti3C2Tx MXene can even form Pt-Ti intermetallic 

phases, which modifies the catalytic activity.[14] We did not observe intermetallic 

phases (our treatment temperature was 250 °C); thus, this can be ruled out as the cause 

of enhanced catalytic activity. The ammonia part in ammonia borane is electron-rich 

and may interact strongly with the small Pt particles on the oxidised MXene, enhancing 

the rate of the reaction.  
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Figure 5.7. XPS spectra of (a) Pt 4f region (with deconvolution) of 1wt% platinum-loaded MXene-TiO2 

composites compared to Pt/MXene, (b) Ti 2p, and (c) O 1s regions of the 1wt% platinum-loaded MXene-

TiO2 composites compared to MXene. 

 

The mechanism of ammonia borane hydrolysis is still unclear. According to Chen et al., 

ammonia borane hydrolysis is expected to proceed through a Langmuir-Hinshelwood 

mechanism with O–H bond cleavage by Pt-bound NH3BH2* as rate-determining step 

(where * indicates a free surface site).[56] Other authors agree that O–H cleavage must 

be the rate determining step, however, there is no consensus regarding the reacting 

borane species.[57–64] Increased NH4
+ concentrations did not influence our hydrolysis 

reaction much, suggesting B–N bond dissociation is not a critical step for our catalyst 

and might even not happen at all. It is widely known that ammonia borane hydrolysis 

depends on the pH of the solution, increasing reaction rate in presence of both acid and 

base.[59,61,65,66] When NaOH was added to the reaction mixture, we observed a 30% 

increase in reaction rate, suggesting that OH– plays a role in the reaction. Both water 

and aqueous base dissociate reversibly on Pt surface according to Eqs. 5.2 and 5.3.[67] 
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Electron-deficient Pt therefore increases the surface concentration of OH*, hence 

directly impacting the rate-determining step. Electron-deficient Pt also enables 

dissociation of B–H bonds, improving the reaction rate for the Pt/MXene-H2O and 

Pt/MXene-O3 catalysts. 

 

Figure 5.8. Suggested mechanism for Pt-catalysed ammonia borane hydrolysis: (a) binding and 

dissociation of the B–H bond on the Pt surface, (b) water adsorption and dissociation, (c) hydrogen 

formation, and (d) the rate-determining step: combining OH* with NH3BR2. 

 (5.2) 

 (5.3) 

Based on this information, we suggest a variation on the mechanisms proposed by 

Chen et al. focussing on O–H bond cleavage and subsequent reaction with NH3BH2* 

(Figure 5.8). Ammonia borane adsorbs on the Pt surface and one B–H bond dissociates, 

forming NH3BH2* and H* (Figure 5.8a). Water adsorbs to the surface and dissociates 

into OH*, H+ and e–(Figure 5.8b). This H+/e– pair reacts with H* to form hydrogen 

(Figure 5.8c). Then, the OH* intermediate combines with NH3BH2*, forming 

NH3BH2(OH)* (Figure 5.8d) which then desorbs. The remaining B–H bonds react 

analogously. The electron deficient Pt plays a key role in this process. 

 

We show for the first time that room temperature ozone treatment is an effective 

method for modifying the surface of MXenes. The simple controlled treatment with 

ozone at room temperature yields a mildly oxidised surface, which is less oxidised 

compared to hydrothermal or H2O2 treatments.  Importantly, the oxidation with ozone 
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creates a thin surface layer of predominantly rutile titania. Conventional heating 

methods require a high temperature to produce rutile titania. Depositing platinum on 

this layer results in highly dispersed nanoparticles with an average size less than 1 nm, 

yet with a more electron-deficient state than that of Pt on non-treated MXene. This 

means that the electronic environment of a supported metal nanoparticle can be 

modified by surface oxidation of the MXene. Overall, this electronic modification 

enhances the catalytic activity of platinum nanoparticles for ammonia borane 

hydrolysis, giving a faster and more efficient hydrogen production in ammonia borane 

hydrolysis. Considering the growing number of MXene compositions reported, the 

scope of study for their further derivatisation and application is very broad. 

 

All chemicals were obtained from commercial sources and were used as received. 

Ti3AlC2 was obtained from Carbon-Ukraine and had a purity > 95%, verified by X-ray 

diffraction (XRD). Ti3AlC2 was etched with HF (40 wt%) for 7 days under continuous 

stirring at room temperature. Afterwards, the mixture was repeatedly centrifuged and 

washed with deionized water until the pH of the supernatant was neutral. The powder 

obtained after this procedure was dried under vacuum. The resulting material is 

denoted as Ti3C2Tx. 

Ozone treatment (MXene-O3). Ti3C2Tx (100 mg) was suspended in chloroform (10 mL) 

and stirred at 1000 rpm. Ozone was bubbled through the suspension at a rate of 25 mL 

min–1 for 1 h at 22 °C. The mixture was centrifuged (3000 × g) and washed twice with 

chloroform. The product was dried under vacuum at 30 °C for 16 h. 

Hydrothermal treatment of MXene (MXene-H2O). Ti3C2Tx (100 mg) and water (25 

mL) were added to a 75 mL autoclave. The mixture was stirred (600 rpm) and heated to 

285 °C within 20 min and held at this temperature for 30 min. The autoclave was air-

cooled to 25 °C within 15 minutes. The resulting MXene-TiO2 composite was washed 

with H2O five times, and with ethanol once, then dried under vacuum at 30 °C for 16 h. 

Hydrogen peroxide treatment of MXene (MXene-H2O2  Ti3C2Tx (50 mg) and ethanol 

(25 mL) were added to a 100 mL round-bottom flask. The mixture was stirred and 

heated to 70 °C, after which 30% H2O2 (1.0 mL) was slowly added. The mixture was 

stirred at 70 °C for 2.5 h. The remaining solid material was washed five times with H2O 

and once with ethanol, then dried under vacuum at 30 °C for 16 h. 
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The impregnation procedure has been adapted from the double-solvent method.[34] 

Support material (100 mg) was loaded into a 2 mL vial with 1 mL of n-hexane. Tetra–

amine platinum nitrate (50.1 mg) was dissolved in water (1.00 mL) and 40 μL of this 

solution was added to the suspension under stirring (2000 rpm). The mixture was 

stirred for 16 h. The n-hexane was decanted, and the residue was dried in air for 3 h. 

The impregnated material was further dried at 80 °C for 3 h, 120 °C for 2 h and then 

heat-treated in nitrogen at 250 °C for 1h. Finally, the samples were reduced at 250 °C 

for 1h in a 250 mL min–1 stream of 10 % (v v–1) hydrogen in nitrogen.   

A 10 mL glass reactor was filled with catalyst (2.0 mg) and water (8 mL). The reactor 

was mounted in the bubble counter setup.[45] The reactor was then cooled to 20 °C on an 

ice bath after purging with H2 for 5 min. An aqueous solution of ammonia borane (2 M, 

400 μL) was injected into the reactor through a glass capillary directly into the solution. 

The sample was stirred continuously at 600 rpm with a 8 × 3 mm stirring bar. The 

sample was heated at a rate of 2 °C min–1 to 85 °C and held there until no more gas was 

evolving from the reaction. Hydrogen production was monitored throughout the 

experiment by counting bubbles forming in a hexadecane medium. A blank experiment 

with only water (8 mL) was also performed to record the gas volume increase due to 

gas expansion and increasing vapour pressure of the solvent. This blank was subtracted 

from all experiments. 

All chemicals were obtained from commercial sources (>97% pure) and used as 

received. Gas chromatography (GC) was performed with a Perkin Elmer Clarus 500, 

equipped with a flame ionization detector and a 30 m Agilent polysiloxane HP-5 

column (0.32 mm ID, 0.25 µm). Helium was used as carrier gas and the column oven 

was heated from 60 °C to 250 °C with a 25 °C/min heating rate and held at the final 

temperature for 5 min. Sample solution (1.0 µL) was injected using a split injector with 

a 1:50 split ratio. N2 adsorption isotherms were recorded on a Thermo Scientific Surfer 

instrument at -196 °C. All samples were completely degassed under a high vacuum 

(<10−4 torr) at 200 °C for 6 h prior to each measurement.  

Confocal Raman spectra were recorded at 532 nm using a Renishaw (Wottonunder-

Edge, United Kingdom) InVia Reflex Raman microscope with a 532 nm frequency-

doubled Nd:YAG excitation source in combination with a 1800 lines mm–1 grating, and 

a Peltier-cooled CCD detector (203 K). The instrument included a Leica light 

microscope with a 50 × air objective. The 521 cm–1 Raman shift of an internal silicon 

standard was used to verify the spectral calibration of the system. XPS analysis was 

carried out in a K‐Alpha Spectrometer (Thermo‐Scientific). The assignment of the C 1s 
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binding energies was executed according to the criteria used by Ganguly et al. 284.3 eV 

for C=C (aromatic double bonds), 285.4 eV for C–OH and sp3 C–C, 286.5 eV for epoxy, 

287.5 for sp2 C=O (carbonyls, lactones) and 289 eV for carboxylic groups.[68] X-ray 

diffraction (XRD) measurements were carried out on a Rigaku Miniflex X-ray 

diffractometer from 4° to 70° using a 2.0° min−1 angular velocity.  

Scanning Electron Microscope (SEM) images were taken by a FEI Verios 460 using a 5 

kV accelerating voltage. High resolution transmission electron microscopy (HRTEM) 

images were recorded on a FEI Tecnai G2 F20 S-Twin high-resolution transmission 

electron microscope working at 200 kV (point resolution: 0.24 nm, lattice resolution 

0.102 nm, information resolution 0.14 nm). STEM-EDS images were recorded using an 

EDS detector with energy resolution <127 eV and a resolution of 0.20 nm. 
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6 Ruthenium–tin on disordered 

MAX phase boosting 4-

nitroaniline reduction ‡ 

 

 

 

 

 

 

 

 

 

 

‡ Parts of this work have been submitted as:  

Ruthenium on alkali-exfoliated Ti3(Al0.8Sn0.2)C2 MAX phase catalyzing reduction of 

4-nitroaniline with ammonia borane 

T. K. Slot, P. Oulego, Z. Sofer, G. Rothenberg and N. Raveendran Shiju. 
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Abstract: MAX phases are gaining increased interest in catalysis, typically for high-

temperature applications. They can also be delaminated into 2D-structures, so-called 

MXenes, enabling better accessibility and the tuning of active site surroundings. Here, 

we present an analogous yet different approach, using an alkaline treatment to prepare 

a Ti3(Al0.8Sn0.2)C2 MAX phase derivative, with an open, disordered structure. This new 

material, which is missing most of the larger interlayer spacing, is a good support for 

ruthenium particles (1.6 nm diameter). Ru on disordered MAX phase catalyzes both 

ammonia borane hydrolysis (TOF = 580 min–1) and the reduction of 4-nitroaniline 

(TOF = 13 min–1). Using the former as a benchmark reaction, we show that the open 

disordered structure of the support promotes catalytic activity. The boost in reactivity 

is related to a metal–support interaction, improving the activity of metallic ruthenium. 

We also show here, for the first time, that supported Ru is a good catalyst for reducing 

nitroaniline with ammonia borane. Overall, our results reveal that disordered MAX-

derivatives are promising as catalyst supports, owing to their potential for tuning the 

electronic properties at the metal active sites. 
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Heterogeneous catalysis occurs at active sites, but in many cases the support itself also 

plays an important role. This is especially true for MAX phases, a novel class of laminar 

materials with the formula Mn+1AXn, where M is an early transition metal, A is an 

element in group 13 or 14, and X is either carbon or nitrogen.[1] They are stable at 

extreme conditions, making them very useful for high-temperature reactions, such as 

n-butane dehydrogenation.[2] For low-temperature reactions, we want to open up the 

MAX phase structure, improving accessibility. One way to do this is by extracting the 

'A' layers, resulting in layered transition metal carbides or nitrides, so-called 

MXenes.[2–4] These are noted as Mn+1XnTx, where T stands for a terminating functional 

group that depends on the delamination conditions.[3,5,6] The chemistry of MAX phases 

and MXenes was studied extensively in the past few years, especially for 

electrocatalysis,[5,7–11] yet their thermo-catalytic applications are less known.[12]  

MAX phases can be delaminated into MXenes thanks to the weaker M–A bonds. Most 

of the delamination methods use HF or fluorides.[13–18] The resulting fluor-based 

MXenes are sensitive to oxidation.[19–22] Recently, less hazardous delamination 

methods were developed using alkaline treatment.[23] The literature describes a variety 

of treatments, ranging from low NaOH concentrations all the way to molten NaOH.[24–

27] Such etching dissolves the aluminum between the titanium carbide layers, causing 

delamination. Zhang et al. reported etching and exfoliation of Ti3AlC2 in alkaline 

conditions, obtaining delaminated MAX phases, also known as Ti3C2Tx MXenes.[23] They 

found that successful exfoliation depends on temperature and NaOH concentration, 

producing MXenes rich in oxide or hydroxyl terminal groups.  

Partially delaminated MXenes (obtained by HF treatment) can be delaminated further 

using bases such as NaOH, KOH and LiOH.[23,28–32] This treatment gives a composite 

material with needle-like titanate structures on top of the MXene layer.[33] The exact 

composition of these structures is unknown. For example, treating Ti3C2Tx MXene with 

sodium hydroxide gives NaTi1.5O8.3,[33] Na2Ti3O7,[29,33] and NaTi8O13/NaTiO2.[30] Sodium 

titanates (NTOs) are useful as anode materials in electrocatalysis,[30,34] but in 

delamination they are unwanted impurities. 

Here we study the potential of an alkaline-etched MAX phase, Ti3(Al0.8Sn0.2)C2, as a 

support for metal nanoparticles.[35] Taking ammonia borane hydrolysis and the 

reduction of 4-nitroaniline as test reactions, we show that this disordered MAX phase 

enhances the activity and stability of supported ruthenium nanoparticles. Its structure 

is more open, enabling a better electronic interaction with ruthenium, thereby 

boosting catalytic activity. Our results show how the surface-particle interactions of 

Ru on NaOH-treated MAX phase influences both the hydrogen generation and 

reduction reactions. To the best of our knowledge, this is also the first report of a Ru-

catalyzed hydrogenation of 4-nitroaniline with ammonia borane (AB). 
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First, we synthesized the Ti3(Al0.8Sn0.2)C2 MAX phase (herein TASC) by heating Ti, Al 

and, Sn and TiC in a 1:1:0.2:1.9 ratio (see experimental section for details). We then 

opened this structure by NaOH treatment at 200, 275 and 350 °C for 20 h. The material 

was then impregnated with ruthenium particles using the double solvent method.[36] 

The catalysts were then tested in ammonia borane hydrolysis (Eq. 6.1) using our bubble 

counter to monitor hydrogen production.[37] We know that the reactivity for H2 

generation and reduction reactions often go hand in hand, making ammonia borane 

hydrolysis a convenient way to screen catalysts for both reactions.[38,39]  

 

 

Figure 6.1. (a) Catalytic data for 1 wt% Ru catalysts prepared from the NaOH-treated materials at 

different temperatures. Each point is a window average of at least 20 measurements. (b) Bar graph of 

TOF at 30 °C with the apparent activation energy (Ea) for each material. Error bars represent the standard 

deviation in Ea, as derived from a linear fit of each Arrhenius plot based on 3000 measured data points. 

Turnover frequency (TOF) values were calculated by the rate of gas formation 

(molH2/molRu), assuming all impregnated Ru is available for catalysis (in practice, the 

TOF values per available Ru atom could be higher). All NaOH treatments of the TASC 

enhanced the activity of the ruthenium when compared to Ru on untreated TASC (64 

min–1, Figure 6.1). The materials before impregnation were inactive.  Treatment at 

275 °C gave the highest TOF (200 min–1), a four-fold improvement over the untreated 

sample. This temperature is slightly above those used by Li et al.[23] 
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This improved activity prompted us to further study the structure of the materials. 

During treatments at temperatures 200 °C, 275 °C and 350 °C, the volume of the 

material increased by 2×, 3–4× and 10×, respectively. Using scanning electron 

microscopy (SEM) we identified ribbon-like structures emerging from the basal plane 

of the MAX phase (cf. Figures 6.2a/c). At 200 °C, small crystalline structures appear 

(Figure 6.2b), which can be attributed to NaOH crystals. At 275 °C, long nanoribbons 

appear with a thickness of 15–50 nm and an average width of 180 nm (50–400 nm, see 

Figure 6.2c). We expect these ribbons to be either MXene or some form of titanate or 

aluminate.[30,33] X-ray diffraction (XRD) showed no other crystalline phase besides the 

MAX phase, nor a broad background that could be attributed to amorphous material. At 

275 °C, the MAX signals at 9° and 18° related to the interlayer ordering of 002 and 004 

disappeared while the other MAX signals remained. This indicates that the ordering in 

these directions is lost by interlayer separation. The XRD data suggests that the 

material contains a disordered MAX bulk phase with partially exfoliated MXene ribbons 

on its surface.  

 

Figure 6.2. Scanning electron micrographs of (a) pristine TASC MAX phase, TASC MAX phase after NaOH 

treatment at temperatures: (b) 200 °C, (c) 275 °C, and (d) 350° for 20 h. 

The NaOH reacts with the Al layers of the MAX phase, starting with the exposed Al at 

the sides, then moving inwards. During this reaction, Al(OH)4
– and hydrogen gas form. 
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We hypothesize that the combination of aluminum hydration on an atomic level and 

gas evolution on a macroscopic level push the MAX layers apart, snapping off the 

MXene ribbons in the process. The NaOH treatment leaves more tin exposed on the 

surface (cf. entries 1 and 2, Table A6.2), and tin does not catalyze ammonia borane 

hydrolysis (see the line marked “no cat” in Figure 6.3a). X-ray photoelectron 

spectroscopy (XPS) elemental mapping confirmed the loss of aluminum (only 0.1 at% 

remains on the surface) and showed very low levels of sodium (1.7 at%) on the surface 

after treatment. This means that these structures are not sodium titanate nor any other 

titanate/aluminate. Zhang et al. suggests NaOH treatment requires > 20 M 

concentrations to suppress any NTO formation.[23] We did not observe NTO formation 

at 4 M concentrations. Low NaOH concentrations have the advantage that less sodium 

is retained by the material (1.7 at%, see Table A6.2,  compared to 6.3 at%[23]). Using 

SEM-EDS elemental mapping, we learned that the surface of the needles contains Ti, 

C, and O, suggesting a MXene or oxidized MXene structure.  

Under hydrothermal conditions, the Ti3C2Tx MXene can form crystalline TiO2 

structures.[20,40–42] However, the XRD shows neither anatase nor rutile titania. This is 

because our method does not introduce any electron-withdrawing fluor groups. These 

make the titanium atoms vulnerable to nucleophilic attack and thus TiO2 formation. 

Additionally, the alkaline environment halts the decomposition of NTO structures into 

TiO2 and water, which typically occurs under acidic conditions. FTIR spectra (data not 

shown) show the presence of –OH and –O groups. We therefore assume the MXene 

surface is covered mainly with oxygen functionalities. Raman spectroscopy shows two 

new signals at 201 and 273 cm–1 compared to pristine TASC (Figure A6.2). In the 

samples treated at 275 and 350 °C the D and G bands at 1350 and 1575 cm–1 

(characteristic for graphitic layers) are absent. The sample treated at 350 °C shows two 

faint signals at 781 and 868 cm–1 that correspond to titanate structures.[26] This, 

combined with the absence of any TASC signals in XRD, implies that most of the TASC 

has converted into amorphous titanate(s). Throughout the different treatment 

temperatures, the signals from MAX phase at 391 and 626 cm–1 (corresponding to 

titanium oxycarbides, TiOxCy) remain present. This suggests there is no significant 

change in the surface groups and the structures connecting them.[43] Signals from 

anatase and rutile TiO2 appear at similar locations, although, their most characteristic 

signals for anatase Eg at 145 cm–1 and Eg/A1g at 640/611 cm–1 are absent.[44–46] The signal 

at 137 cm–1 cannot be attributed to TiO2 and is likely caused by an oxycarbide species. 

From XPS quantification we derived the Ti:O:C element ratios as 1:3:1 (Table A6.2,  

entry 1), excluding adsorbed water in the calculation. This supports our hypothesis that 

the surface is covered with oxycarbide species.  
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Table 6.1. Overview of chemical composition of the surface by XPS analysis and total Ru 

content by ICP-MS.[a] 

Entry Method ICP-MS[a] X-ray Photoelectron spectroscopy[b] 

  Ru[a] 

(wt%) 

Ru 3d[c] 

(at%) 

5.9 

Sn 3d 

(at%) 

C 1s[d] 

(at%) 

O 1s 

(at%) 

Ti 2p[e] 

(at%) 

Al 2s 

(at%) 

F 1s 

(at%) 

Na 1s 

(at%) 

1 Ru/TASC-NaOH 0.355[f] 5.9 0.57 14 65 13 0.0 - 1.7 

2 Ru/TASC 0.38[f] 3.2 0.34 10 61 9.1 15 - 1.1 

3 Ru/MXene 0.42 2.6 - 34 37 12 4.1 10 0.5 

4 Ru/TiO2 anatase 0.39 3.2 - 23 49 24 - - 1.3 

[a] Triplicate experiments, standard deviation < 0.01 wt%. [b] Deconvoluted from C 1s 

signal. [b] Based on region scans using the deconvoluted adventitious carbon (284.8 eV) 

signal as internal standard. [c] Partially overlapping with C 1s. [d] All C 1s signals excluding 

adventitious carbon. [e] Overlapping with Ru 3p signal. [f] Based on quadruple 

experiments.  

 

We compared the NaOH-treated materials to five other support materials that are 

similar in structure or composition: TASC MAX phase, anatase TiO2, MXene prepared 

using HF, oxidized MXene and alumina (Figure 6.3a/c). The NaOH-treated materials 

showed superior performance in the hydrolysis of ammonia borane, giving turnover 

frequencies of 315 and 582 min–1 for the samples containing 1 wt% and 0.4 wt% Ru, 

respectively. In earlier work, we demonstrated that NaOH itself enhances the 

hydrolysis of ammonia borane by about 30%.[47] Our materials were rinsed extensively 

with deionized water after synthesis, to avoid NaOH carry-over. A series of control 

experiments with added NaOH showed that the TOFs increased by 5–25%, eliminating 

NaOH carry-over as explanation for the observed TOF increase.  

Because of the large TOF difference between the sample prepared with 0.4% Ru and 1% 

Ru, we decided to study the effect of Ru loading on the catalytic activity. We 

impregnated the NaOH-treated material with 0.08, 0.16, 0.32, 0.40, 0.48, 0.64, 0.80, 

1.2 and 1.6 wt% ruthenium. We observed an optimum at around 0.4 wt%, where the 

highest turnover frequencies were observed (Figure 6.3b). Our bubble counting device 

can generate Arrhenius plots with hundreds of data points. This allows us to detect 

small differences (<1 kJ/mol) in apparent activation energy.[37] The best performing 

catalyst had an apparent activation energy of 43 kJ/mol and contained 0.4 wt% 

ruthenium. This activation energy differs from that of Ru/TASC and commercial 

Ru/Al2O3 (Figure 6.3c). The activation energy decreases for ruthenium concentrations 

larger than 1wt%. This may reflect a Ru-Sn interaction, likely due to the low surface 
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area (3.2 m2g–1) of the TASC-NaOH material, which leads to a low dispersion of 

ruthenium at higher concentrations.[23] 

 

Figure 6.3. Catalytic data for (a) TOF at different temperatures, (b) TOF for various concentrations of 

Ru/TASC-NaOH catalysts versus TOF (left axis), and apparent activation energy (Ea, right axis). (c) TOF 

values (30 °C) for various ruthenium-impregnated materials in the hydrolysis of ammonia borane. Error 

bars depict standard deviation.  

Transmission electron microscopy and scanning transmission electron microscopy 

using high-angle annular dark-field (STEM-HAADF) imaging revealed that the Ru 

particles are well dispersed on the needle-like structures with an average size of 1.6 nm 

(Figure 6.4b/c, the Ru particle size distribution for Ru/TASC-NaOH is included in 

Figure A6.9). The particles are close together, yet still equidistant. We think this is 

because of the contribution of the Sn at the surface of the needle-like structures of the 

TASC-NaOH, which helps to anchor and grow the Ru nanoparticles.  

Our catalyst screening gave three catalysts with 0.4 wt% Ru that were most active: 

Ru/TASC-NaOH, Ru/TASC and Ru/TiO2. Though TASC-NaOH has a more open structure 

than TASC, its surface area (3.2 m2 g–1) is still much lower than the TiO2 catalyst 

(226 m2 g–1, Figure A6.7). Yet Ru/TASC-NaOH and Ru/TASC are more active than 
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Ru/TiO2 (Figure 6.3a). We then tested the catalysts in the reduction of 4-nitroaniline 

using ammonia borane as the reductant (Figure 6.5).  Without ruthenium there was no 

reaction. The three best catalysts for AB hydrolysis also performed well in the 

hydrogenation of 4-nitroaniline, giving a TOF value of 13 min–1 for the Ru/TASC-NaOH 

catalyst. This was the best catalyst, followed by Ru/TASC and Ru/TiO2 (Figure 6.5c). 

 

Figure 6.4. (a/b) Transmission electron micrographs of Ru/TASC-NaOH and (c/d) STEM-HAADF images of 

the same catalyst. 

Commercial Ru/C and Ru/Ti3C2Tx (which was exfoliated using the common HF method) 

showed almost zero to no reactivity. To compare our TOF values to literature results, 

we also ran experiments at 25 °C; Ru/TASC-NaOH, Ru/TASC and Ru/TiO2 gave TOF 

values of 7.1, 6.6, and 3.9 min–1, respectively. Literature TOF values range from 1.25 

min–1 to 97 min–1 (Table A6.2). Our catalyst performs well, and often better than most 

noble metal catalysts. We mainly used a reaction temperature of 45 °C in further 

experiments because this reduced the amount of scattering by bubbles in our UV/Vis 

analysis setup. Ru/TASC-NaOH remained stable for 6 reaction cycles, however 

Ru/TASC showed slight degradation after 6 cycles (Figure A6.10). Probably, some of the 

Ru particles are lost because of poor adhesion to the MAX phase support. 
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The fact that the catalysts perform well in both reactions was unexpected, because a 

catalyst that performs well in H2 generation (from AB) would leave less AB for reaction 

with 4-nitroaniline. As such, the mechanisms of both reactions may be similar. 

Hydrogenation of 4-nitroaniline using boranes generally follow either a tandem 

reduction pathway,[48–53] or a transfer hydrogenation pathway.[54–57] A tandem 

hydrogenation first produces hydrogen, which is then used as reductant in an ensuing 

reaction.[38,50,58] Transfer hydrogenation starts with B–H bond cleavage, to give an 

[M]–H active species. This species rapidly reduces nitro arenes into the corresponding 

N-aryl hydroxylamines, which are reduced further into aryl amines using NH3BH3.[59] 

Ammonia borane hydrolysis is believed to proceed through a Langmuir-Hinshelwood 

type mechanism with  O–H bond cleavage as the rate-determining step.[60,61] However, 

the exact reactive species is unknown.[62–69] Ammonia borane likely first adsorbs on the 

metal surface after which one B–H bond dissociates, forming NH3BH2* and H* 

(analogous to the previous mechanism).  

 

Figure 6.5. (a) Background-corrected UV/Vis spectra of Ru/TASC (7s interval). (b) Reaction equation for 

the reduction of 4-nitroaniline. (c) Reduction of 4-nitroaniline by ammonia borane by various ruthenium-

impregnated catalysts. (d) log/log plot of rate vs concentration corresponding to the samples in panel c; 

the dashed line represents a first-order reaction.  
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Then, water adsorbs and dissociates into OH*, and a H+/e– pair. This H+/e– pair 

combines with H* to form hydrogen, and the OH* intermediate combines with 

NH3BH2*, forming NH3BH2(OH)*, which then desorbs. The remaining B–H bonds react 

in a similar way. To check whether H2 was an important intermediate in the reaction, 

we ran a control reaction using a H2 as the sole reductant. After a 30 min induction 

period, the 4-nitroaniline slowly started converting at a rate of 0.077 h–1, about 20.000 

times slower than the reaction using ammonia borane as the reductant. Thus, 

hydrogen is not the main intermediate in this reaction.  

 

Figure 6.6. (a) Cartoon of the TASC synthesis and the interaction between Ru and Sn. C 1s XPS spectra 

of (b) Ru/NaOH-treated TASC MAX phase, (c) Ru/TASC MAX phase and (d) Ru/Ti3C2Tx MXene. Ti 2p XPS 

spectra of (e) Ru/NaOH-treated TASC MAX phase, (f) Ru/TASC MAX phase and (g) Ru/Ti3C2Tx MXene. The 

blue-grey area in e–g represents the Ru 3p signal.  

To study the ruthenium nanoparticles, we used X-ray photoelectron spectroscopy 

(Figure A6.3–S6). Unfortunately, the Ru 3d signal was convoluted with the C 1s signal 
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so we had to establish some guidelines before we could properly deconvolve the signals 

(Figure 6.6b-d). From control experiments on oxidized MAX phase and MXene (Figure 

A6.8) we observe a large signal at 284.8 (C–C) and a separate signal at 288 eV (COOH) 

with no large signals in between. Additionally, there were no large or distinct signals 

below 283 eV. Note that for HF-exfoliated MXene we do observe these signals 

corresponding to C–Ti–F group, but these groups are absent when using NaOH 

treatment. This means the signals observed below 283 eV can only come from Ru 3d5/2. 

These signals are commonly found in the range 279.5 – 282.5 eV, depending on the 

oxidation state of ruthenium.[70,71] We also detected a signal at 286.4 eV, which fits to 

Ru 3d3/2 signals with a spin-orbit splitting of 4.2 eV.[72,73] All samples show two distinct 

Ru signals: Ru(0) at 279.8 eV and Ru(IV) at 282.3 eV. This suggests that some of the Ru 

is in non-metallic form.  

A control experiment of ammonia borane hydrolysis using RuO2 was inactive, showing 

that the Ru(IV) species is not important for catalysis.  Surprisingly, for the most active 

catalyst, NaOH-treated MAX phase, the Ru(0) signal is shifted 0.9 eV down to lower 

binding energy compared to Ru(0) on TASC MAX phase or Ti3C2Tx-HF. This shift, which 

indicates a higher electron density, correlates with the high activity in ammonia 

borane hydrolysis.  

Previously, we showed that electron-deficient Pt improves the activity of the metal for 

ammonia borane hydrolysis.[40] There, the MXene formed a thin titania layer on the 

MXene surface, shifting the Pt to a higher binding energy. Here, an opposite shift 

occurs. There are three differences that set the Ru results apart from the Pt ones. Firstly, 

there is a lot of Sn at the surface that can interact with the Ru. Secondly, the support 

material is different. NaOH treatment does not leave any F groups on the MXene 

surface, which could react to form TiO2. This means the Ru metal is in direct contact 

with the MXene, facilitating electron transfer. And finally, Ru is less electron-rich than 

Pt, so donating electrons to it could speed up the reaction. 

Characterizing the electronic structure of the Ti is complicated by the overlap between 

the Ti 2p and Ru 3d signals. However, these signals can be extracted using a similar 

approach as with Ru 3d and C 1s. Ru 3p signals are much broader than Ti 2p and there 

are no Ru signals below 461 eV.[73–75] This means that the Ti 2p signals up to 459 eV can 

be quantitatively assigned. We observed Ti–C at 454.9 eV, Ti3+ at 457.1 eV and Ti4+ at 

459.0 eV in all three samples (Figure 6.6e–g). After taking into consideration the spin-

orbit splitting of 5.5 eV and a peak broadening of about 1.1–1.3 (Full Width at Half 

Maximum, FWHM) due to the Coster-Kronig effect,[76] we could extrapolate the Ti 2p1/2 

peaks and estimate the broad Ru 3p signals (grey area in Figure 6.6e-g).  

XPS shows an increase in Ti3+ level in the NaOH-treated sample, making it the 

predominant titanium species on the surface. This comes at the expense of the Ti–C 

species. Such high levels of Ti3+ may cause a downshift in Ru(0) on the NaOH-treated 
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MXene. Ti3+ species are commonly associated with defects within TiO2.[77] There is a 

correlation between TOF and Ti3+ concentration for the samples in the order TASC > 

Ti3C2Tx > NaOH-treated TASC. However, the Ti3+ alone is not responsible for the 

catalytic effect, as no reaction occurs without ruthenium. Instead, we think the 

electron rich Ru(0) is influenced by tin. Trace amounts of Sn (0.3–0.6 at%) are present 

on the surface of our TASC catalysts (Table A6.2, entries 1/2). Ru and Sn can form alloys 

or interact with one another (Figure 6.6a) .[78–81] Tin can modify the  selectivity of Ru in 

hydrogenation reactions.[80,82–85] It also stabilizes supported metals.[86] Our TASC-NaOH 

catalyst contains twice the amount of Sn on the surface compared to pristine TASC. At 

low Ru concentrations, this may form an alloy after reduction at 350 °C.[87] When Sn and 

Ru are close, the Sn can donate electron-density to the Ru(0), explaining the 

downshifts by 0.9 eV in XPS. The Ru nanoparticles are also close to one another, 

possibly enhancing this effect even further. This also explains why the signal 

corresponding to RuOx is not shifted as much as Ru(0); this species is electron-

deficient and non-conductive, making an interaction with Ti–C or the neighboring 

Ru(0) difficult.  

 

We successfully synthesized a disordered MAX phase, TASC, with ribbon-like 

structures using a method relying on low concentrations of NaOH whilst avoiding side-

reactions producing NTOs. The surface of this material contains Sn and Ti3+, both of 

which can interact with ruthenium, decreasing the electron binding energy of the 

metallic Ru atom. This shift in binding energy is likely responsible for the high activity 

in ammonia borane hydrolysis giving a TOF of 580 min–1 at a loading of only 0.4 wt% 

ruthenium. This electronic interaction can be a useful tool for catalyst design, allowing 

one to tune the activity and electronic properties of metal nanoparticles by using the 

right (functionalized) MXene as a support.  
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TOF calculation 

Turnover frequency (TOF) was calculated based on the following literature-reported 

reaction parameters: turnover number (or inverse of the molar ratio 

molcatalyst:molsubstrate), yield and time, or: selectivity, conversion, and time. The reaction 

must reach a yield > 80%. If yield was not reported, it was calculated from conversion 

and selectivity by yield = selectivity × conversion. The TOF is calculated using Eq. 6.2.  

 TOF =
𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 × 𝑐𝑜𝑛𝑣𝑒𝑟𝑖𝑜𝑛 × 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × t𝑖𝑚𝑒
=

𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 × 𝑦𝑖𝑒𝑙𝑑

𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × 𝑡𝑖𝑚𝑒
 (6.2) 
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Here, TOF is turnover frequency (min–1), nsubstrate is molar amount of substrate (mmol), 

ncatalyst is molar amount of catalyst, assuming all metal is available for reaction (mmol), 

conversion (%), selectivity (%) and yield (%), and time (min) is the reaction time to 

complete the reaction to a yield of at least 80%.  

Procedure for MXene (Ti3C2Tx-HF) Synthesis 

Ti3AlC2 was obtained from Carbon-Ukraine and had a purity > 95% (verified by XRD). 

Ti3AlC3 was etched with HF (40 wt%) for 7 days under continuous stirring at room 

temperature. The mixture was repeatedly centrifuged and washed with deionized 

water until the pH of the supernatant was neutral. The powder obtained after this 

procedure was dried under vacuum. This material is denoted as Ti3C2Tx.  

TASC MAX phase synthesis 

Titanium, aluminum, and tin were obtained from General Research Institute for 

Nonferrous Metals, Beijing, China. TiC was obtained from Zhuzhou Haokun Hard 

Materials Co., Ltd, Hunan, China. A mixture of titanium (48 μm, 99.5 wt% purity), 

aluminum (75 μm, 99.5 wt% purity), tin (75 μm, 99.5 wt% purity) and TiC (48 μm, 99.5 

wt% purity) powder (in the atomic ratio 1:1:0.2:1.9) was mixed using a stainless steel 

milling ball for 24h. The powder mixture was heated at 1450 °C for 15 min in Ar. Once 

the mixture was cooled down to room temperature, the resulting Ti3AlC2 was crushed 

and milled into the required powder size (Mesh 400). This resulted in a D(50) particle 

size of 9.53 μm. This material has the composition Ti3(Al0.8Sn0.2)C2 and is denoted as 

TASC. No Sn evaporation was observed during synthesis. 

Procedure for TASC-NaOH Synthesis 

TASC (1.0 g) was loaded in a 75 mL autoclave and 4 M NaOH solution (25 mL) was added. 

The autoclave was immediately sealed after addition of the base solution. The mixture 

was stirred and heated at 200 °C, 275 °C, or 350 °C for 20 hours. The autoclave was 

cooled to room temperature. The remaining solid material was collected, centrifuged 

(3500 × g) washed with H2O (10x) and ethanol (2x), then dried under vacuum at 30 °C. 

Procedure for Ru impregnation (double solvent method) 

The impregnation procedure has been adapted from the double-solvent method.[1] 

Support material (100 mg) was loaded into a 2 mL vial with 1 mL of hexanes. Ruthenium 

chloride·xH2O (30.3 mg, 41.5% Ru metal content) was dissolved in water (1 mL) and 40 

μL of this solution was added to the material suspension and stirred overnight. The 

materials were decanted and dried to air for 3h. The impregnated materials were 

further dried 3 h  at 80 °C, 2 h at 120 °C, and then heat-treated in nitrogen at 350 °C for 

1 h. The resulting samples were then reduced at 350 °C for 1 h in a 250 mL/min stream 

of 10% (v/v) hydrogen in nitrogen.   
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General procedure for isothermal hydrolysis of ammonia borane  

Aqueous ammonia borane (0.40 mL, 2 M) was loaded into a syringe (1 mL) equipped 

with a glass capillary (0.32 mm, 15 cm) that reaches into the reactor below the liquid 

level. The catalyst (5.0 mg) was suspended in water (8.0 mL) and a stirring bar (8 × 3 

mm) was added. The reactor was closed, and mounted in the bubble counter setup.[2] 

The capillary was directly inserted into the liquid through one of the syringe ports. All 

remaining ports were closed. The reactor was then purged with nitrogen using a flow 

rate of 5 mL min–1 for 5 min while the sample was continuously stirred at 600 rpm. 

During purging, the reactor was heated to the desired temperature. After the 

temperature stabilized, the purging was stopped. The reactant was injected (within 5 

seconds of stopping the purge gasflow), resulting in some volume displacement. The 

gas production was then monitored until the reaction was completed. 

General procedure for non-isothermal hydrolysis of ammonia borane 

A 10 mL reactor was loaded with catalyst (2.0 mg), water (8 mL), and an 8 × 3 mm stirrer 

bar. The reactor was then cooled to around 20 °C on an ice bath after purging with H2 

for 5 min. An aqueous solution of ammonia borane (2 M, 400 μL) was injected into the 

reactor through a glass capillary directly into the solution and the sample was stirred 

continuously at 600 rpm. The sample was heated at a ramp rate of 2 °C min–1 to 85 °C 

and held there until no more gas was evolving from the reaction, or until the hold-time 

reached 120 minutes. Hydrogen production was monitored throughout the experiment 

by counting bubbles, forming in a hexadecane medium. A blank experiment with only 

water (8 mL) was also performed to record the gas volume with temperature. Gas is 

produced due to gas expansion and increasing vapor pressure of the solvent. This blank 

was subtracted from all experiments. (See details in section “Blank experiment 

correction”) 

Procedure for isothermal reduction of 4-nitroaniline (pNA)  

A standard quartz UV/Vis cuvette (l = 1 cm) was loaded with catalyst (0.20 mg), water 

(2 mL) and a small stirrer bar. An aqueous solution of ammonia borane (1 M, 10 µL) was 

added to the cuvette and the reaction mixture was stirred (1000 rpm) for 5 min. Then, 

an aqueous solution of 4-nitroaniline (5 mM, 50 µL) was added, marking the start of 

the reaction. The reaction mixture was stirred constantly (1000 rpm) while taking 

UV/Vis spectra from 700-190 nm at regular intervals (3–15 s). The spectra were 

processed using a Python script. First, a spike removal filter was applied to remove any 

spikes due to bubbles passing the beam. Then, for all spectra a difference spectrum was 

calculated using an average of the last 3 spectra recorded before the addition of pNA. 

All subsequent spectra contained a maximum for the pNA at 390 nm, which is 

converted into the product, forming at 240 nm. Then, a scatter-correction was applied 

by fitting a baseline to the linear section between 490-650 nm and subtracting this 
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from the data. This successfully corrected some of the recorded reactions where the 

solution in the cuvette became somewhat turbid. The relative intensities at both 

wavelengths are tabulated versus time and used for calculating conversion. For one 

sample (Ru/TiO2) we had to correct the data for a reduction in absorption due to bubbles 

or excessive scattering. To do this, we assume that the amount of reactants + products 

remains constant, meaning – in theory – the total absorbance should remain constant 

(Eq. 6.3). We verified with GC that this reaction indeed produces one product. We 

observed that this total absorbance indeed remained approximately constant and did 

not deviate more than 15% in the first minute after pNA addition. For all other catalysts, 

this Atot did not deviate more than 5%. 

 A𝑡𝑜𝑡 =
𝐴240 𝑛𝑚

𝜀𝑝𝑟𝑜𝑑𝑢𝑐𝑡
+

𝐴390 𝑛𝑚

𝜀𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
 (6.3) 

Then we use this total absorbance value Atot to normalize existing values (of the Ru/TiO2 

sample) by dividing the recorded absorbance values at each wavelength by Atot for a 

given spectrum. Then, these absorbance values were converted into concentrations of 

reactant and product using the Lambert-Beer law. 

Bubble counter data acquisition 

A detailed description of the bubble detection device is available elsewhere.[2] 

The data obtained from the bubble counter are saved in two files: one file listing the 

time and size the beam-interruption time (BIT) and one file listing all the temperature 

control data from the PID module. The data in both files are merged to obtain the BIT, 

time of detection and temperature for each bubble. A window average (5 seconds) is 

applied to the temperature ramp data, reducing noise in the obtained Arrhenius plots.  

As described before,[2] a linear flow correction is applied to the bubble counting data. 

This is to account for changes in bubble volume. The volume of the bubble is calculated 

with Eq. 6.4. 

 𝑉(𝑥) =  𝑐1𝑥 + 𝑐2 = 0.14314𝑥 + 7.1341 (6.4) 

 

Here, c1 and c2 are constants and x is flow rate in bubbles per second. Volume V(x) is in 

microliters.  

This correction is only performed for non-isothermal experiments. The reason this is 

necessary is because the gas above the liquid will expand with increasing temperature 

and generate extra bubbles. Also the liquid contributes a vapor pressure that accounts 

for a total of roughly 3 mL of gas over the course of one experiment. Relative to the total 

volume this is never more than 10% of the gas production of the entire experiment. 
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To correct for void volume expansion and vapor pressure, a blank experiment with only 

solvent is ran with exactly the same parameters. The resulting data is then subtracted 

from the reaction experimental data (see Appendix 2 on p. 41 for more information). 

These blanks are stored in the bubble counter software so it can be easily applied to new 

data.  

Processing of volume data into Arrhenius plots 

All data from bubbles caused by purging and/or volume displacement after reactant 

injection are deleted.  This leaves only the gas production by the catalytic experiment. 

First, the volume data is interpolated to reduce the number of points. This can be done 

in two ways, by a window average of the data points, or by interpolating evenly spaced 

points in time from the source data. Both methods have advantages and disadvantages. 

Window averaging has the advantage it always averages the same number of data 

points, but the data points are not evenly spaced across the temperature axis. This 

means that the majority of points will end up in the high temperature region. Equal 

point spacing indeed gives a good spread of points, but averages fewer points in the 

lower temperature range and more in the later part of the reaction. Unless specified 

otherwise, we applied a 50 point equal-spacing interpolation. After interpolation, we 

take the derivative of the volume data versus time. Then the fractional conversion is 

calculated, based on the expected volume which in turn is based on the known amount 

of ammonia borane which was added to the reactor. Then the intrinsic rate of the 

catalyst is calculated assuming a pre-measured reaction order of 0.15. This value is an 

average obtained after multiple isothermal runs of ammonia borane hydrolysis. This 

data is then used to derive Arrhenius plots and TOF calculations. 

 

All chemicals were obtained from commercial sources (>97% pure) and used as 

received.  

Gas chromatography (GC) was performed with a Perkin Elmer Clarus 500, equipped 

with a flame ionization detector and a 30 m Agilent polysiloxane HP-5 column (0.32 

mm ID, 0.25 µm). He was used as carrier gas and the column oven was heated from 60 

°C to 250 °C with a 25 °C/min heating rate and held at the final temperature for 5 min. 

Sample solution (1.0 µL) was injected using a split injector with a 1:50 split ratio.  

N2 adsorption-desorption isotherms were recorded on a BELsorp-MAX II (BEL, Japan) 

at 77 K. The TiO2 control sample was measured using a Thermo Scientific Surfer 

instrument at 77 K. All samples were completely degassed under a high vacuum 

(<10−4 torr) at 200 °C for 6 h before each measurement.  

Confocal Raman spectra were recorded at 532 nm using a Renishaw (Wottonunder-

Edge, United Kingdom) InVia Reflex Raman microscope with a 532 nm frequency-
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doubled Nd:YAG excitation source in combination with an 1800 lines mm–1 grating, and 

a Peltier-cooled CCD detector (203 K). The instrument included a Leica light 

microscope with a 50× air objective. The 521 cm–1 Raman shift of an internal silicon 

standard was used to verify the spectral calibration of the system.  

The X-ray photoelectron spectroscopy (XPS) measurements were performed on a 

SPECS spectrometer equipped with a Phoibos 100 MCD analyzer and a 

monochromatized X-ray Al K (1486.6 eV). High resolution spectra were taken with an 

energy pass of 30 eV and an energy step of 0.1 eV. Binding energies (BE), referenced to 

the C 1s line at 284.8 eV, have an accuracy of ± 0.1 eV. The assignment of the C 1s binding 

energies was done according to the criteria used by Ganguly et al. 284.5 eV for C=C 

(aromatic double bonds), 285.5 eV for C–OH and sp3 C–C, 286.5 eV for epoxy, 287.5 for 

sp2 C=O (carbonyls, lactones) and 289 eV for carboxylic groups.[3]  

X-ray diffraction (XRD) measurements were carried out on a Rigaku Miniflex X-ray 

diffractometer from 4° to 70° using a 2.0° min−1 angular velocity.  

Scanning Electron Microscope (SEM) images were taken by a FEI Verios 460 using a 5 

kV accelerating voltage. HRTEM samples were dispersed in ethanol, sonicated for 2 min 

and sprayed on a carbon-coated copper grids and then allowed to air-dry. High 

resolution transmission electron microscopy (HRTEM) were carried out using a Tecnai 

F30 microscope operated at an accelerating voltage of 300 kV, equipped with a field 

emission gun (FEG) and an ultra-high-resolution pole-piece that provided a point-to-

point resolution of 0.19 nm. STEM-EDS images were recorded using an EDS detector 

with energy resolution <127 eV and a resolution of 0.20 nm. Scanning transmission 

electron microscopy (STEM) micrographs were recorded using a High Angular Annular 

Dark Field detector (HAADF) in a probe-corrected FEI Titan 60-300 operated at 300 kV 

and equipped with a high brightness X-FEG and Cs CETCOR corrector for the condenser 

system to provide sub-angstrom probe size.  A few additional HRTEM micrographs 

were recorded on a FEI Tecnai G2 high-resolution transmission electron microscope 

working at 200 kV, equipped with a FEG.   

UV/Vis measurements were recorded on a Varian Cary 50 Bio spectrophotometer, 

equipped with a variable-speed stirrer module, using quartz cuvettes (l = 1 cm). 

The Ru content was determined by ICP mass spectrometry with dynamic reaction cell 

(ICP-DRC-MS) after microwave digestion, using an Agilent 7700x spectrometer. 

Rhodium (103Rh) was used as internal standard. All samples were digested by acid 

assisted microwave irradiation using Ethos One de Milestone SK-10 microwave unit. 3 

mL of aqua regia (3 HCl: 1 HNO3 mixture) were added to 15 mg of each of the samples in 

closed Teflon vessels with micro-inserts. The microwave program consisted of 

subjecting the samples to a power of 500 W for two steps of 15 min and 10 min at 180 

°C. A summary of the instrumental parameters for ICP-MS is shown in table A6.1.  
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Table A6.1. Instrumental parameters for ICP-MS. 

Inductively Coupled 

Plasma 
 Mass Spectrometer  

Dynamic 

reaction cell 

 

RF power (W) 1550 Sampling cone Nickel 
He flow rate 
(mL min–1) 

4.3 

Carrier gas (L/min) 1.07 Skimmer cone Nickel   

Plasma gas (L/min) 15  Peak pattern 3 points   

Auxiliary gas (L/min) 0 Replicates 3   

Sample depth (mm) 10 Sweeps/replicate 100   

Solution uptake rate 
(mL/min) 

0.1 Integration time 0.2 s   

Nebulizer Micromist Analytical masses 101Ru   

 

 

 

 

Table A6.2. Overview of catalytic activity of several catalysts developed for the 

reduction of 4-nitroaniline (pNA) using ammonia borane. 

Entry Catalyst Temperature 

(K) 

TOF[a] 

(mol pNA/mol cat, min–1) 

Reference 

1 Ag0.64-Au0.36@CeO2 298 1.25 [4] 

2 Pt/CeO2-rGO 298 1.44 [5] 

3 CoN@PCN 303 2.5 [6] 

4 Ag/MTA 298 4.2[b] [7] 

5 Au66Pd34/C 298 4.8 [8] 

6 Ru/TASC-NaOH 298 7.1 this work 

7 Cu0.8Ni0.2-CeO2/rGO 298 8.1 [9] 

8 Ru/TASC-NaOH 318 13 this work 

9 NP-Cu@Cu2O 303 13 [10] 

10 Pd@MIL-101 298 97 [11] 

[a] Calculated using equation 6.2 in this appendix. [b] NaBH4 was used as reductant instead of 

ammonia borane. 
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Figure A6.1. X-ray diffractograms of pristine TASC MAX phase before and after NaOH treatment.  

 

Figure A6.2. Raman spectra of TASC MAX phase before and after NaOH treatment at different treatment 

temperatures.  
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Figure A6.3. Normalized XPS spectra of 0.4 wt% Ru/NaOH-treated TASC presenting (a) C 1s/Ru 3d,  

(b) Ti 2p/Ru 3p, (c) O 1s, and (d) Na 1s. 

 

Figure A6.4. Normalized XPS spectra of 0.4 wt% Ru/ TASC presenting (a) C 1s/Ru 3d, (b) Ti 2p/Ru 3p,  

(c) O 1s, and (d) Na 1s. 
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Figure A6.5. Normalized XPS spectra of 0.4 wt% Ru/Ti3C2Tx (HF method) presenting (a) C 1s/Ru 3d,  

(b) Ti 2p/Ru 3p, (c) O 1s, and (d) Na 1s. 

 

Figure A6.6. Normalized XPS spectra of 0.4 wt% Ru/TiO2 anatase presenting (a) C 1s/Ru 3d,  

(b) Ti 2p/Ru 3p, (c) O 1s, and (d) Na 1s. 
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Figure A6.7. N2 adsorption isotherms (77 K) for (a) TASC-NaOH and (b) TiO2.   

 

 

Figure A6.8. XPS spectra of (a) pristine MXene and (b) oxidized MXene.   

 

 

Figure A6.9. Particle size distribution of 0.4 wt% Ru/TASC-NaOH, from TEM micrographs.  
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Figure A6.10. Recycle data for Ru/TASC-NaOH and Ru/TASC catalysts in the reduction of 4-nitroaniline. 

 

[1] A. Aijaz, A. Karkamkar, Y. J. Choi, N. Tsumori, E. Rönnebro, T. Autrey, H. Shioyama, Q. Xu, J. Am. 
Chem. Soc. 2012, 134, 13926–13929. 

[2] T. K. Slot, N. R. Shiju, G. Rothenberg, Angew. Chem. Int. Ed. 2019, 58, 17273–17276. 

[3] G. Ramos‐Fernandez, M. Muñoz, J. C. García‐Quesada, I. Rodriguez‐Pastor, I. Martin‐Gullon, 
Polym. Compos. 2018, 39, 2116–2124. 

[4] D. Liu, W. Li, X. Feng, Y. Zhang, Chem. Sci. 2015, 6, 7015–7019. 

[5] X. Wang, D. Liu, S. Song, H. Zhang, J. Am. Chem. Soc. 2013, 135, 15864–15872. 

[6] L. Zhang, J. Wang, N. Shang, S. Gao, Y. Gao, C. Wang, Appl. Surf. Sci. 2019, 491, 544–552. 

[7] D. Andreou, D. Iordanidou, I. Tamiolakis, G. S. Armatas, I. N. Lykakis, Nanomaterials 2016, 6, 54. 

[8] M. Muzzio, H. Lin, K. Wei, X. Guo, C. Yu, T. Yom, Z. Xi, Z. Yin, S. Sun, ACS Sustain. Chem. Eng. 2020, 
8, 2814–2821. 

[9] Y.-H. Zhou, S. Wang, Y. Wan, J. Liang, Y. Chen, S. Luo, C. Yong, J. Alloys Compd. 2017, 728, 902–
909. 

[10] J. Du, J. Hou, B. Li, R. Qin, C. Xu, H. Liu, J. Alloys Compd. 2020, 815, 152372. 

[11] Q. Yang, Y.-Z. Chen, Z. U. Wang, Q. Xu, H.-L. Jiang, Chem. Commun. 2015, 51, 10419–10422. 

 

 

  



 

128 

  



 

 
  129 

 

Summary 

 

 

 

 

 



 

130 

Enzymes are remarkably active and selective catalysts and excellent examples where 

confinement contributes to catalytic efficiency. Their elaborate protein structures 

allow enzymes to bind substrates, guide them into the active site(s), and stabilize the 

transition state, enabling very complex reaction pathways. Translating enzyme 

properties like confinement to heterogeneous catalysts might help to create better 

catalysts. In this thesis we studied the effect of confinement on heterogeneous catalytic 

reactions using an experimental approach. We took two routes: one where we actively 

create confinement by adding a barrier at different distances from the active site, and 

one where we utilize surface modification of novel two-dimensional materials to 

create confinement in the interlayer spacing. These two-dimensional materials were 

also studied for their intrinsic catalytic activity and as a support for metallic 

nanoparticles. 

Confinement comes in different shapes and sizes. 

In Chapter 1 we studied the most prominent cases 

of confinement reported in literature and 

developed a framework to explain the observed 

confinement effects. We hypothesize that these 

effects can be captured by three phenomena: (1) 

decreasing the activation energy, (2) increasing 

the local concentration of reactants (increasing 

the reaction rate), and (3) steric effects such as 

pre-organisation and restricting access to alternative reaction pathways. These effects 

can be described by a simple energy–reaction-coordinate diagram. Stabilizing the 

transition state reduces the enthalpy term of the Gibbs free energy (ΔG‡), and pre-

organisation (and confinement) influences the entropy term of ΔG‡ energy barrier. 

Changes in local concentration influence neither. From this perspective, we expect 

confinement effects to mainly influence entropy of the transition-state Gibbs free 

energy. 

Changes in the Gibbs free energy can be conveniently studied by 

Arrhenius or Eyring analysis of experimental kinetic data. These 

analyses separate the enthalpy and entropic contributions to the 

reaction barrier. We expect confinement effects to influence the 

entropy contribution, which impacts the pre-exponential factor 

of these models. Such analyses require us to obtain detailed 

kinetic data of chemical reactions. In Chapter 2, we developed a 

novel device and method to quantify gas production using the 

principle of bubble counting. The device is simple, accurate, and 

robust, allowing the quantification of reaction kinetics with high precision. Using this 

‘bubble counter’ we can determine temperature/rate relationships and calculate 

Arrhenius and Eyring parameters quickly and efficiently. The large number of data 
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points enables a thorough statistical analysis and allows us to observe subtle 

physicochemical changes (such as induction effects or changes in the rate-

determining step) that hitherto were inaccessible. 

In Chapter 3, we applied this method to study 

confinement effects around Pt nanoparticles (on an 

alumina support) with various degrees of molecular 

confinement at the active site. We devised a three-step 

synthesis strategy to confine the nanoparticles by 

constructing a physical barrier (“fence”) at a controlled 

distance from the Pt nanoparticles. This was done by 

first coating the Pt nanoparticles with organothiols (to 

“block out” a region around the particles), followed by a 

surface coating of organophosphonic acids. Finally, the thiols were removed, opening 

up the space around the Pt active site. We then measured their catalytic activity in the 

hydrolysis of ammonia borane using the fast and precise online measurements 

provided by our bubble counter. We found that confining the reaction mainly 

influences the entropy part of the enthalpy/entropy trade-off, leaving the enthalpy 

unchanged. We further found that this entropy contribution is only relevant at very 

small distances, where the “empty space” is of a similar size as the reactant molecule 

(< 3 Å for ammonia borane). This suggests that confinement effects observed over 

larger distances must be enthalpic in nature and involve electronic interactions to 

stabilize the transition state.  

In Chapter 4, we start our investigation on novel two-

dimensional MXene materials for catalysis. We show 

that etching and delamination of Ti3AlC2 MAX phase 

creates a partially-opened multilayer MXene material 

with different types of acid functionalities. These 

catalysts also feature some inter-layer confinement, 

but the size of the gap between the layers is very 

difficult to control. Our results show that both MXene 

and MXene-TiO2 composite materials can catalyse the ring opening and isomerisation 

of styrene oxide. We discovered that these catalysts contains both Lewis and Brønsted 

acidic sites. Post-modification of the MXene effectively changes the type and 

concentration of surface acidic sites, improving the yield of the mono-alkylated 

product up to > 80%. We hypothesize that our catalysts contains two types of acid sites: 

In the MXene samples, strong acid sites (both Lewis and Brønsted) catalyse both the 

ring opening and the isomerization reactions, while in the MXene-TiO2 composite 

weaker acid sites catalyse only the ring-opening reaction, increasing the selectivity the 

mono-alkylated product. This chapter shows how Ti3C2Tx MXene can be applied as an 

acid catalyst and how the acidic strength can be tuned by modifying the MXene surface.  
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In Chapter 5, we explored the use of MXene 

as a support for metallic nanoparticles. It 

turned out to be challenging to place the 

particles exclusively in the confined inter-

layer space within the MXene. So instead, 

we used wet impregnation to load the 

MXene with platinum nanoparticles on all 

available MXene surfaces. We found that Ti3C2Tx (Tx is –F, –O or =O) MXene and 

especially oxidized Ti3C2Tx MXene have a unique interaction with the Pt nanoparticles, 

influencing their electronic structure and subsequently their reactivity in the 

hydrolysis of ammonia borane. By leveraging the oxidation sensitivity of the Ti–F 

bonds in Ti3C2Tx, it was possible to grow a thin oxide layer (10 nm) on the surface of the 

MXene. This layer was different from the bulk oxides (rutile/anatase TiO2) and the 

ultra-thin oxide layer present on pristine MXene and helped stabilizing the fine Pt 

nanoparticles under reaction conditions. Finally, we show that by controlling the oxide 

layer we can control the interaction of the support surface with the Pt nanoparticles, 

creating efficient catalysts for on-demand hydrogen generation. This strategy offers 

new tools for catalyst design and helps us to create better catalysts for energy 

applications. 

To avoid the oxidation sensitivity of MXene, we 

investigated fluorine-free delamination methods. In 

Chapter 6, we applied alkaline etching to a MAX phase 

where aluminium is partially substituted by tin. We 

found that alkaline solutions can dissolve the Al 

interlayers at relatively low concentrations, whilst 

avoiding side-reactions producing sodium titanates. This creates ribbons of MXene 

and a bulk MAX phase with disordered interlayer spacing. Unfortunately, the layers are 

either separated completely or not at all, so we couldn’t control the interlayer spacing 

using this method. Nevertheless, we found this material was a good support for 

ruthenium nanoparticles, giving good results in the catalytic reduction of 4-

nitroanline. After alkaline etching, the surface of the disordered MAX phase contains 

Sn and Ti3+, both of which can interact with ruthenium to form metal-support 

interactions. We show that ruthenium impregnated on NaOH-treated materials 

outperform regular Ti3AlC2 MAX phase and MXene in both catalytic activity and 

stability, owing to the interaction of Ru with Sn.  

Overall, this thesis shows the importance of confinement effects in catalysis and 

provides a framework for analysing these effects. We developed a novel device that 

allows for highly precise kinetics measurements of several gas-producing model 

reactions. We gained important insights about the role of the pre-exponential factor in 

surface catalysis and the range over which confinement effects are important. Finally, 
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the thesis establishes MXenes and MAX phases as a new type of catalytic materials and 

supports in heterogeneous catalysis. The oxidation sensitivity of MXene provides a new 

tool for influencing the reactivity of these materials and by tuning the electronic 

structure at the active sites.  
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Samenvatting 
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Enzymen zijn zeer actieve en selectieve katalysatoren, en een prachtig voorbeeld waar 

opsluiting (‘confinement’) van het molecuul bijdraagt aan katalytische efficiëntie. 

Door de uitgebreide eiwitstructuren kunnen enzymen moleculen binden, deze naar de 

actieve site(s) geleiden, en vervolgens de overgangstoestand stabiliseren, waardoor 

zeer complexe reactiepaden door het reactant bewandeld kunnen worden. Het 

overzetten van enzymeigenschappen (zoals opsluiting) naar heterogene katalysatoren 

kan hun werking mogelijk aanzienlijk verbeteren. In dit proefschrift bestuderen we het 

effect van opsluiting op heterogene katalytische reacties met een experimentele 

benadering. Hiertoe gebruiken we twee verschillende methodes: één waarbij we actief 

opsluiting creëren door op een katalysator een barrière te plaatsen op verschillende 

afstanden van de katalytische site, en één waarbij we gebruikmaken van 

oppervlaktemodificatie om nieuwe tweedimensionale materialen te modificeren en 

zodoende opsluiting te creëren tussen de lagen. Deze nieuwe materialen hebben we ook 

bestudeerd als katalysator en als dragermateriaal voor katalytisch actieve metallische 

nanodeeltjes.  

Opsluiting van katalytische reacties is op vele 

manieren waargenomen. In hoofdstuk 1 hebben 

we de meest prominente gevallen van opsluiting in 

de literatuur bestudeerd en een structuur 

ontwikkeld om de waargenomen 

opsluitingseffecten te verklaren. Onze hypothese 

is dat deze effecten kunnen worden verklaard door 

drie fenomenen: (1) het verlagen van de 

activeringsenergie, (2) het verhogen van de lokale 

concentratie van reactanten (wat het verhogen van de reactiesnelheid als gevolg heeft), 

en (3) sterische effecten zoals pre-organisatie wat de toegang tot alternatieve 

reactiepaden kan ontzeggen. Deze effecten kunnen worden beschreven door een 

eenvoudig energie-reactiecoördinaat diagram. Het stabiliseren van de 

overgangstoestand verlaagt het enthalpiedeel van de Gibbs-vrije energie barrière 

(ΔG‡), en pre-organisatie (en dus ook opsluiting) beïnvloedt het entropie deel van deze 

barrière. Veranderingen in de lokale concentratie hebben geen invloed op de entropie 

of enthalpie. Hierdoor verwachten we dat opsluitingseffecten voornamelijk de entropie 

van de Gibbs-vrije energie in overgangstoestand zullen beïnvloeden. 

Veranderingen in de Gibbs vrije energie kunnen gemakkelijk 

worden bestudeerd met Arrhenius- of Eyring-analyses van 

experimentele kinetische data. Deze analyses scheiden de 

bijdragen van enthalpie en entropie op de reactiebarrière. We 

verwachten dat opsluitingseffecten de entropiebijdrage zullen 

beïnvloeden, wat uiteindelijk de pre-exponentiële factor van deze 

modellen zal beïnvloeden. Dergelijke analyses vereisen zeer 
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gedetailleerde kinetische gegevens van de reactie die we bestuderen. In hoofdstuk 2 

hebben we een nieuw apparaat ontwikkeld om gasproductie vanuit een chemische 

reactie te kwantificeren door het tellen van bellen. Het apparaat is eenvoudig, 

nauwkeurig en robuust, waardoor de reactiekinetiek met hoge precisie kan worden 

vastgesteld. Met behulp van deze ‘bellenteller’ kunnen we temperatuur-

reactiesnelheid-relaties bepalen en kunnen we Arrhenius- en Eyring-parameters snel 

en efficiënt berekenen. Het grote aantal datapunten maakt een grondige statistische 

analyse mogelijk en stelt ons in staat om subtiele fysisch-chemische veranderingen 

(zoals inductie-effecten of veranderingen in de snelheidsbepalende stap van de 

reactie) waar te nemen, iets wat tot nu toe niet goed mogelijk was. 

In hoofdstuk 3 hebben we dit apparaat toegepast om 

opsluitingseffecten te bestuderen bij Pt-nanodeeltjes op 

een aluminiumoxide dragermateriaal waarbij de mate van 

moleculaire opsluiting werd gevarieerd. We bedachten 

een drietraps synthesestrategie om de nanodeeltjes op te 

sluiten door een fysieke barrière (een "hek") te 

construeren op een gecontroleerde afstand van de Pt-

nanodeeltjes. Dit werd gedaan door de Pt-nanodeeltjes 

eerst te bedekken met organothiolen (om een gebied rond de deeltjes “af te zetten” of 

“te blokkeren”), gevolgd door een oppervlaktecoating van een organofosfonzuur. Ten 

slotte werden de thiolen verwijderd, waardoor de ruimte rond de actieve Pt-site werd 

geopend. Vervolgens hebben we de katalytische activiteit van deze katalysatoren 

vastgesteld met de hydrolyse van ammoniakboraan, welke werd gemeten met behulp 

van onze bellenteller. We ontdekten dat het opsluiten van de reactie voornamelijk het 

entropiegedeelte van de enthalpie/entropie-wisselwerking beïnvloedt, waarbij de 

enthalpie ongewijzigd blijft. We ontdekten verder dat deze entropiebijdrage alleen 

relevant is op zeer kleine afstanden, waar de "lege ruimte" een vergelijkbare grootte 

heeft als het reactant (<3 Å voor ammoniakboraan). Dit suggereert dat 

opsluitingseffecten, welke over grotere afstanden worden waargenomen, enthalpisch 

van aard zijn en dus elektronische interacties moeten omvatten waarmee de 

overgangstoestand gestabiliseerd wordt.  

In hoofdstuk 4 onderzoeken we het nieuwe 

tweedimensionale materiaal, MXene, voor gebruik in de 

katalyse. We laten zien dat etsen en delamineren van de 

Ti3AlC2 MAX-fase een halfopen meerlaags MXene 

materiaal creëert met verschillende soorten 

zuurfunctionaliteiten. Deze katalysatoren vertonen ook 

een geringe mate van opsluiting tussen de lagen, maar de 

laagafstand is erg moeilijk te beïnvloeden. Onze resultaten tonen aan dat zowel MXene 

als MXene-titania composieten de ringopening en isomerisatie van styreenoxide 
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kunnen katalyseren. We ontdekten dat deze katalysatoren zowel Lewis- als Brønsted-

zure sites bevatten. Postmodificatie van de MXene verandert het type en de 

concentratie van de zure sites aan het oppervlak, waardoor de opbrengst van het 

mono-gealkyleerde product tot > 80% kon worden verbeterd. Onze hypothese is dat 

onze katalysatoren twee soorten zure sites bevatten: de MXene-materialen bevatten 

sterk-zuurplaatsen (zowel Lewis als Brønsted) welke zowel de ringopening als de 

isomerisatiereactie katalyseren, terwijl de MXene-titania-composiet zwakkere 

zuurplaatsen bevat die alleen de ringopening katalyseren, waardoor de selectiviteit van 

het mono-gealkyleerde product toeneemt. Dit hoofdstuk laat zien hoe Ti3C2Tx MXene 

kan worden toegepast als zure katalysator en hoe de zuursterkte kan worden aangepast 

door het MXene-oppervlak te modificeren.  

In hoofdstuk 5 hebben we MXene gebruikt 

als dragermateriaal voor metallische 

nanodeeltjes. Het bleek een uitdaging te 

zijn om de deeltjes uitsluitend tussen de 

MXene lagen te plaatsen. Dus in plaats 

daarvan hebben we de deeltjes op het 

volledige beschikbare MXene oppervlak 

geïmpregneerd. We ontdekten dat Ti3C2Tx (Tx is –F, –O of = O) MXene en vooral de 

geoxideerde vorm hiervan een unieke interactie heeft met de Pt-nanodeeltjes, 

waardoor hun elektronische structuur (en vervolgens hun reactiviteit) wordt 

beïnvloed. Door gebruik te maken van de oxidatiegevoeligheid van de Ti-F-bindingen 

in Ti3C2Tx, was het mogelijk om een dunne oxidelaag (10 nm) op het oppervlak van de 

MXene te laten groeien. Deze laag was anders dan de bulkoxiden (rutiel / anatase TiO2) 

en de kleine oxidelaag zoals deze aanwezig is op het ongerepte MXene. Deze oxidelaag 

hielp bij het stabiliseren van de kleine Pt-nanodeeltjes onder reactieomstandigheden. 

Ten slotte laten we zien dat we door het beïnvloeden van de oxidelaag de interactie van 

het drageroppervlak met de Pt-nanodeeltjes kunnen regelen, waardoor efficiënte 

katalysatoren worden gecreëerd voor het genereren van waterstof vanuit 

ammoniakboraan. Deze strategie biedt een nieuw gereedschap voor 

katalysatorontwerp en helpt ons om betere katalysatoren voor energietoepassingen te 

creëren. 

Om de oxidatiegevoeligheid van MXene te vermijden, 

hebben we een fluorvrije methode van delamineren 

(alkalische etsen) onderzocht. In hoofdstuk 6 hebben 

we dit toegepast op een MAX-fase waar aluminium 

voor ongeveer 20% is vervangen door tin. We 

ontdekten dat alkalische oplossingen de Al-

tussenlagen bij relatief lage concentraties kunnen oplossen, terwijl nevenreacties zoals 

vorming van natriumtitnanaat konden worden vermeden. Hierdoor ontstaan een soort 
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linten van MXene en een bulk MAX-fase met een ongeordende tussenlaagafstand. 

Helaas zijn de lagen óf volledig óf helemaal niet gescheiden, dus we konden de 

laagafstand met deze methode niet sturen. Desalniettemin ontdekten we dat dit 

materiaal een goede drager is voor ruthenium nanodeeltjes, welke de reductie van 4-

nitroanline katalyseert. Na het etsen bevat het oppervlak van de ongeordende MAX-

fase zowel Sn en Ti3+, welke beide een interactie kunnen aangaan met de ruthenium 

deeltjes (een zogenaamde metaal-dragerinteractie). We laten zien dat het ruthenium 

geïmpregneerd op NaOH-behandelde materialen beter presteert dan de reguliere 

Ti3AlC2 MAX-fase en MXene op zowel katalytische activiteit als stabiliteit. Dit is dankzij 

de interactie van Ru met Sn. 

Dit proefschrift laat het belang zien van opsluitingseffecten in de katalyse en biedt 

handvaten voor het analyseren van deze effecten. We hebben een nieuw apparaat 

ontwikkeld dat zeer nauwkeurige kinetische metingen van gas-producerende reacties 

mogelijk maakt. We hebben belangrijke inzichten verworven over de rol van de pre-

exponentiële factor in heterogene katalyse en de afstanden waarbinnen 

opsluitingseffecten een belangrijke factor zijn. Ten slotte vestigt dit proefschrift 

MXenes en MAX-fasen als nieuwe typen katalytische- en dragermaterialen binnen de 

heterogene katalyse. Verder laten we zien dat de oxidatiegevoeligheid van MXene 

gebruikt kan worden als een nieuw instrument om de reactiviteit van deze materialen 

te sturen en om de elektronische structuur van katalytische sites te beïnvloeden. 
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