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Abstract 
Faced with the imminent depletion of fossil resources and the large 

environmental impact associated with their use, the 21st century society 

demands a gradual change from an economy based on fossil sources to one 

based on sustainable resources and processes compatible with the 

environment. In this respect, green ammonia (NH3) has been proposed as 

promising hydrogen (H2) carrier candidate for on-board application. However, 

since on-board space constraints represent a significant challenge facing the 

adoption of NH3 as a future fuel carrier, this work focused on the design and 

assessment of a pioneering technology for on-board H2 production via NH3 

decomposition, i.e. multifunctional catalytic hollow fibre-based reactors. 

Today, the most prominent technology for hydrogen production via NH3 

decomposition is a traditional catalytic packed bed reactor (PBR) that uses a 

precious metal-based catalyst. As a result, this expensive technology is 

outsized, thereby limiting its applicability to NH3-fuelled vehicles. The use of 

hollow fibre-based reactors represents a unique opportunity for innovative 

solutions in the development of a suitable technology for the production of H2 

on-board. This is because they can overcome the limitations of traditional 

PBRs and allow for decreased required catalyst loading and/or the operating 

temperatures when compared with a PBR.  

However, thermodynamic limitations of NH3 decomposition reaction at low 

temperature (i.e. 𝑥  = 100% at T ≥ 450°C) and the NH3 poisoning effect on 

the fuel cell installed on H2-fuelled vehicles, represent still a barrier for the 

adoption of NH3 as a future fuel carrier for vehicular applications. Therefore, to 

tackle these problems, the development of a hollow fibre palladium-based 

membrane hollow fibre reactor (MHFR) has been included in this study as well. 

In this respect, the MHFR would combine both the reaction and separation 

units integrating a palladium (Pd) membrane with a 100% selectivity to H2. The 

approach adopted in this work was to develop a MHFR able to achieve a 

99.99999% NH3 conversion in order to ensure an NH3 concentration at the 

exhaust lower than 0.1 ppm. By Le Chatelier’s principle, the membrane allows 
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increasing the NH3 conversion beyond thermodynamic equilibrium limits by 

continuously removing the produced H2, enabling the membrane reactor to 

produce high-purity H2 at lower temperatures than conventional catalytic 

reactors.  

This research work has been carried out at three different levels, i) materials 

development and characterisation (i.e. Chapters 2-5), ii) reactor design and 

performance studies during the NH3 decomposition reaction (i.e. Chapters 4-

6), and iii) feasibility study of the different reactors for on-board H2 production 

(i.e. Chapter 6).  

Chapter 2 describes the methods used to synthesise and characterise the 

catalyst supports proposed, i.e. one carbon xerogel (i.e. CX), two activated 

carbon xerogels (i.e. ACX1h and ACX5h), and two N-doped carbon xerogels 

(i.e. UCX and NCX). Similarly, the procedures adopted to synthesise and 

characterise three series of catalysts, i.e. un-promoted and sodium-promoted 

ruthenium-based catalysts (i.e. Ru and Ru/Na), and cobalt/molybdenum-

based catalysts (i.e. Co/Mo), were described in this chapter. 

Chapter 3 provides a detailed description of the textural, chemical and 

structural properties of the carbon xerogels. For example, the nitrogen 

adsorption and desorption isotherms at -196°C showed that carbon dioxide 

(CO2) activation treatment of the carbon xerogels lead to two distinct effects, 

depending on its duration. Furthermore, it was found that the N-doping of 

carbon xerogels induced a reduction of the specific surface area and total pore 

volume of both UCX and NCX due to the addition of heteroatoms to their 

carbon lattice. Likewise, the Temperature Programmed Desorption and X-Ray 

Photoelectron Spectroscopy experiments confirmed that due to the presence 

of fewer oxygen surface groups and more nitrogen groups on their surface, 

both UCX and NCX exhibit a more basic character compared to CX, ACX1h, 

and ACX5h. Finally, based on their higher burning temperatures, N-doped 

carbon xerogels were also found to be more thermally stable than their non-

doped counterparts. 
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Ru-based catalysts were extensively described in Chapter 4 of this thesis. 

Particular attention was paid to how the properties of the different carbon 

xerogels and the use of Na as catalyst promoter affected the performance of 

the catalysts during the NH3 decomposition reaction. In this respect, it was 

found that among all un-promoted catalysts, Ru-NCX exhibited the best 

performance due to, in part, the higher basicity and electron conductivity of 

NCX when compared to the other carbon xerogels. The performance studies, 

together with the Transmission Electron Microscopy results, showed that 

catalysts with a Ru average particle size higher than 2.5 nm exhibited higher 

reaction rates. Likewise, it was found that the addition of Na had a positive 

effect on the performance of all catalysts studied during the NH3 decomposition 

reaction (i.e. at least 3.7 and 1.5 times higher reaction rates at 450°C after the 

first and second reaction run, respectively). Finally, regardless of the use of 

Na, all Ru-based catalysts exhibited high thermal stability and catalyst 

preservability at the operating conditions (i.e. 450°C, 1 atm), as shown by 10 

h reaction experiments and elemental analysis performed after the stability 

test.  

Similarly, Chapter 5 provides a detailed description of the series of Co/Mo-

based catalysts studied in this work. It was found that Co/Mo-NCX was the 

most suitable catalyst candidate for the NH3 decomposition reaction and that 

the optimal metal particle size for Co/Mo-based catalysts is around 2.2 nm. 

Furthermore, also Co/Mo-based catalysts showed excellent thermal stability, 

as proven by the constant ammonia conversion achieved during the long-term 

stability tests (i.e. 100 h for Co/Mo-NCX and 10 h for the other Co/Mo-based 

catalysts). 

The design of the hollow fibre reactors (HFRs) and the hollow fibre membrane 

reactor (MHFR) used in this work was covered in Chapter 6 and Chapter 7, 

respectively. In order to develop the hollow fibre reactors, the best performing 

Ru-based and Co/Mo-based catalysts were deposited into a 4-channelled 

hollow fibre (HF) substrate by adopting a two steps approach that ensured a 

homogeneous distribution of the catalyst. More specifically, a single HF unit 10 
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cm long was used for the deposition of Ru/Na-NCX, whereas a module of 10 

HF units 5 cm long was used for the deposition of Co/Mo-NCX. Likewise, for 

the development of the MHFR, the HF was used as a support of a Pd 

membrane, and Ru/Na-NCX was packed in contact with the membrane in the 

shell side of the MHFR. The catalysts performance was assessed during the 

NH3 decomposition reaction between 100°C and 600°C using HFRs, and 

between 300°C and 450°C using the MHFR, to prevent damaging the Pd 

membrane. Furthermore, the thermal stability during the reaction experiments 

using HFRs was assessed at 450°C. 

To conclude, Chapter 6 and Chapter 7 include the feasibility study of the 

different catalytic reactors presented in this work for on-board H2 production. 

With this scope, the PBRs, HFRs, and MHFR were compared in terms of 

volume, catalyst loading, and efficiency. This investigation demonstrated the 

superiority of the HF-based reactors over the traditional PBRs, not only in 

terms of remarkably high NH3 decomposition reaction rates but also by their 

noteworthy advantages in terms of costs, volume occupied, and efficiency. 
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Lay summary  
Green hydrogen has been proposed as promising alternative to traditional 

automotive fuels to help mitigate their impact on climate change. However, due 

to safety concerns, a “hydrogen-carrier fuel” could be designed to avoid the 

direct use of hydrogen on-board. In this regard, green ammonia has been 

suggested as promising hydrogen-carrier fuel, since it carries hydrogen with 

the main advantage of a safer storage and handling for automotive 

applications. 

Nevertheless, the storage of ammonia on board would need a reactor to 

convert firstly the ammonia in hydrogen, and then send it to the fuel cell, which 

is the main motor of the system. Typically, the ammonia decomposition 

reactor, called packed bed reactor, is made of randomly packed beads coated 

with precious metals, and its size and cost outrange what economically viable 

for common vehicles. 

It is aim of this project to design and assess an innovative and more affordable 

technology for this application to make ammonia decomposition a viable option 

for automotive applications, i.e. multifunctional catalytic hollow fibre-based 

reactors using non-precious metals based catalysts. With this scope, two 

different hollow fibre-based reactors have been designed in this work, 

depending on the function of the hollow fibres as catalyst or a membrane 

support. In the first case, the hollow fibre structure allows for lower energy 

requirements to run the system and lower catalysts loading. In the second 

case, the use of a selective membrane able to separate the hydrogen from the 

reactant ammonia and some by-products allows to obtain the highest 

conversion of the ammonia even at mild operating conditions.  

The promising results obtained from the use of innovative elements of the 

catalysts, such as unexplored carbon materials as support and non-precious 

metals as the active phase, suggest that the low-cost catalysts developed in 

this work have good potential as effective alternative to the more common and 

more expensive catalysts used so far for the decomposition of ammonia. In 
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addition, this work demonstrates the advantages of using hollow fibre-based 

reactors for on board applications over conventional packed bed reactors, as 

evidenced by the higher efficiency, smaller size and lower costs of the former 

compared to the latter, when used under the same operating conditions (i.e. 

temperature, pressure and catalyst).  

To conclude, the pioneering Multifunctional Catalytic Hollow Fibre-based 

Reactors proposed in this thesis show superior performance if compared with 

the state-of-art reactors for ammonia decomposition, opening the doors to a 

new line of catalytic converters which can face the challenges of on-board 

hydrogen production.  
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Chapter 1 Introduction 

1.1 Research Background 

1.1.1 Hydrogen as automotive fuel 

Today the way energy is produced and consumed is under debate as it is 

increasing the emissions of GHGs, which dangerously interferes with the 

climate system. This means that a de-carbonisation of the global energy 

system is required. The need to move from an economy based on fossil 

sources to one based on sustainable resources to minimize the environmental 

impact caused by the energy production, lead the scientific community to 

investigate the use of alternative fuels to traditional carbon-based ones [2]. 

With this scope, the use of H2 as fuel for vehicular applications has been widely 

investigated over the past years, and it is now considered a promising 

mitigation solution for the environmental pollution and greenhouse gases 

emissions [3,7,8]. For instance, several vehicles manufacturers, such as 

Toyota, Aston Martin, BMW, Hyundai offer H2 fuelled-vehicles commercially 

[5,9–11].  

However, safety issues associated with the H2 storage, thereby its 

transportation, still represent one of the main challenges limiting its use as fuel 

for on-board applications [2,3,7,8]. In this respect, to store a functional amount 

of H2 on a vehicle, it has been reported that it must be stored to pressure of 

700 bar in approximately 90 L (volume data extrapolated from [5]), which not 

only represents a significant safety risk but also leads to refuelling issues. To 

face this challenge, it has been proposed to safely store and transport H2, by 

using either adsorptive storage materials or chemical storage molecules. 

Adsorptive storage materials, such as MOFs and porous carbon structures 

[12–14], are a group of materials exhibiting high surface area and porosity, 

which store H2 molecularly through physisorption by van der Waals interaction, 

whereas chemical storage molecules, such as hydrocarbons and NH3 [13,15], 

contain hydrogen atoms and form molecular H2 when releasing it. In particular, 

as will be discussed in more detail in the next sections, this work focuses on 
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the use of NH3 as an H2 storage and carrier molecule for on-board H2 

production.  

1.1.2 Ammonia as hydrogen-carrier molecule 

NH3 has been identified as a promising H2 storage and carrier molecule for on-

board applications due to its physical and chemical properties, including high 

H2 content (i.e. 17.8 wt.%), high gravimetric energy density (i.e. 4318 Wh·kg-

1), narrower flammability range in air (i.e. 16-25%) compared to H2 (i.e. 4-75%). 

Furthermore, NH3 can be stored in liquid form at ambient temperature and low 

pressure conditions (i.e. 108 kg of H2 per m3 at 20°C and 8.6 atm) [16–20]. In 

addition, NH3 has an extensive and well-developed manufacturing distribution 

infrastructure worldwide to guarantee uninterrupted fuel supply, and its 

production capacity continues to grow by more than 20% [21]. 

It is worthy to highlight that on-board H2 production via NH3 decomposition 

presents the advantage over steam reforming that it does not need to use an 

additional reactant such as steam. Hence, when NH3 as a H2 carrier, an 

additional infrastructure to fit the water tank and steam generator system in the 

vehicle is not needed [22,23]. This is particularly beneficial considering the on-

board space constraints of commercial vehicles to be respected (i.e. available 

volume of ~ 63L [5]). 

However, the use of NH3 for on-board applications presents some drawbacks. 

For instance, the fact that the most prominent technology for H2 production via 

NH3 decomposition is a traditional catalytic PBR that used a precious metal-

based catalyst, which is expensive and outsized [83]. Therefore, to implement 

this technology, a catalytic reactor configuration with a compact design and 

that satisfy the requirements for automotive applications needs to be 

developed. Likewise, the NH3 can poison the fuel cell installed into the H2-

fuelled vehicles with a threshold of <1 ppm affecting its efficiency, hence either 

a reactor able to achieve a minimum NH3 conversion of 99.9999% or suitable 

adsorbents and membranes needs to be used to produce high-purity H2 

[17,24,25].  
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1.1.2.1 Ammonia decomposition reaction – Thermodynamics and Kinetics 

NH3 decomposition into H2 and nitrogen (N2), shown in the equation below, is 

the reverse reaction of NH3 synthesis used in the well-known Haber-Bosch 

process: 

2𝑁𝐻 ⇆ 𝑁 + 3𝐻  1.1 

The NH3 decomposition is an endothermic reaction (i.e. ΔH(298K) = 46.2 

kJ·molNH3-1), which requires high temperatures and low pressures to proceed, 

as by Le Châtelier’s principle. In addition, the NH3 decomposition is a 

reversible reaction whose conversion at a given temperature is controlled by 

the thermodynamic equilibrium. In this respect, Yin et al. firstly proposed to 

adopt the following equation to express the relationship between the NH3 

thermodynamic equilibrium conversion and temperature at normal pressure 

[26]:  

40100 − (25.46𝑇𝑙𝑛𝑇) + (0.00917𝑇 ) −
103000

𝑇
+ 64.81𝑇

=  −𝑅𝑇𝑙𝑛
1.3𝑥

1 − 𝑥
 

1.2 

Likewise, with the scope of investigating the NH3 decomposition reaction, in 

1980 Ertl et al. studied the decomposition of NH3 on a single crystal of iron 

(Fe), and proposed the following mechanism [27]: 

𝑁𝐻 ⇆ 𝑁𝐻 ,  

𝑁𝐻 , → 𝑁𝐻 , + 𝐻  

𝑁𝐻 , → 𝑁𝐻 + 𝐻  

𝑁𝐻 , → 𝑁 + 𝐻  

2𝐻 → 𝐻  

2𝑁 → 𝑁  

1.3 

As schematically represented in Figure 1.1, a molecule of NH3 adsorbs on the 

surface (1) and H is sequentially cleaved and forms surface H species (2-4) 

before combining on the surface to form H2 and desorbing (5), and then two 

adsorbed N atoms recombine and desorb as N2 (6). Note that ∗ refers to an 

active site and X* refers to the species X adsorbed onto an active site. 
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Figure 1.1. NH3 decomposition reaction mechanism.  

Using this mechanism of reaction as a reference, several kinetic studies 

demonstrated that the final step, i.e. the recombinative desorption of N2, is the 

rate-limiting step and follows the first order kinetics [28,29]. Particularly, Tsai 

and Weinberg studied the kinetics of the reaction over a Ru(001) surface and 

observed that the reaction rate-limiting step was the cleavage of the N-H bond 

of adsorbed NH3 molecules at high temperatures (i.e. > 480°C), whereas it 

was the recombinative desorption of N2 at lower temperatures (i.e. < 480°C) 

[28]. Similarly, Shustorovich and Bell, which studied the decomposition of NH3 

on several transition metal surfaces (i.e. platinum Pt(111), Ru(001), Fe(110), 

and rhenium Re(001)), obtained similar results [29]. 

1.1.3 Catalyst for the ammonia decomposition reaction 

1.1.3.1 Selection of the active phase 

The most active and extensively studied catalysts reported in the literature for 

the decomposition of NH3 are Ru-based because Ru shows the optimum N2 

binding energy (i.e. 544–586 kJ·mol-1) to allow both NH3 adsorption and N2 

molecules desorption [7,26,30]. Likewise, it has been reported that the NH3 

decomposition reaction is structure sensitive, presenting a reaction rate 

dependent on the geometry of the Ru metal particles. As can be seen in Figure 

1.2, Ru particles can cluster into B3 or B4 sites, which consist of an ensemble 

of three or four coplanar atoms, respectively, or into B5 sites that consist of an 

ensemble of five edge atoms. In particular, the NH3 decomposition reaction 

rate-limiting step is promoted by the presence of B5 sites whose concentration 

depend on the Ru particle size, and it is maximised when the Ru metal particle 

size is between approximately 2.5 and 5 nm [31–34]. 
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Figure 1.2. B3, B4 and B5-type sites frequencies as a function of the particle size of Ru. 

Image adapted from [34]. 

However, the mass production of Ru is restricted by its high cost and scarcity. 

This has triggered the catalytic community to search for a potential substitute 

of Ru-based catalysts for the NH3 decomposition reaction [16,30,35]. In this 

regard, over the past years (see Figure 1.3), several non-noble metals have 

been investigated as potential substitutes for Ru, including Fe, cobalt (Co), and 

nickel (Ni) [30,35–40]. Even though Ni represents the most attractive 

alternative to Ru in terms of costs and accessibility, it has been determined 

that metallic nickel may be toxic and carcinogenic to humans. In addition to 

that, Ni-based catalysts necessitate higher working temperatures than Ru-

based ones to show the same catalytic performance, due to the relatively low 

activity in terms of moles of metal [35,38,40]. 

 
Figure 1.3. Number of research papers on NH3 decomposition per metal used. Source: Web 

of Science, 01/2022. 
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Likewise, previous studies have reported that exists a volcano-type 

relationship, shown in Figure 1.4, between the N2 binding energy to a metal 

surface and the NH3 decomposition reaction rate [41]. The N2 binding energy 

has a crucial influence on the catalytic activity because it affects the rate of N2 

desorption, which is the rate-limiting step of the NH3 decomposition reaction 

[42]. Specifically, according to the Sabatier principle, the interaction between 

the metal catalyst and the NH3 must not be too strong, otherwise, N2 will fail to 

dissociate, nor too weak, otherwise NH3 will not bind to the catalyst. 

 
Figure 1.4. Relationship between the turnover frequency (TOF) of different metals for the 

NH3 synthesis reaction at 400°C with respect to their N2 binding energy. Image adapted from 
Jacobsen et al. [41]. 

Based on the finding that the synergetic effect of two single metals is generally 

more active than the equivalent monometallic catalysts [43,44], this volcano-

type relationship has been widely used to investigate several bimetallic 

systems as potential substitutes for Ru. With this scope, according to the 

concept of periodic table interpolation, two metals with lower and higher N2 

binding energy than Ru were mixed to obtain similar electronic properties of 

Ru. For instance, Zhang et al. observed that FeCo/CNT are active as Co 

monometallic catalysts, but more stable under reaction conditions due to the 

addition of Fe [43].  

However, as can be seen in Figure 1.4, among the several alternatives 

proposed, the combination of Co and molybdenum (Mo) results in the 

bimetallic system of intermediate N2 binding energy that best mimics the 

electronic properties of Ru [45]. Particularly, Duan et al. Ji et al. shown, via 
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experimental and simulation studies, that the combination of these metals, in 

a Co/Mo atomic ratio of 7/3, shown a N2 binding energy that is as close to that 

of Ru one as can be achieved [36,41,45–47]. Therefore, based on that, the 

performance of both Ru-based and Co/Mo-based catalysts will be assessed 

during NH3 decomposition reaction experiments. 

1.1.3.2 Selection of the support 

Previous studies demonstrated that the performance of the catalysts during 

the NH3 decomposition reaction is support-dependent [26,35,48,49]. For 

instance, Ni-based catalysts were found to be inactive when supported on 

carbon materials, and highly active during the NH3 decomposition when 

supported on ceramic materials [26]. On the contrary, it has been reported that 

the ideal support of catalysts based on Fe, Co and Ru for the decomposition 

of NH3 should feature several properties, such as i) thermal stability under the 

reaction conditions, ii) large specific surface area, iii) electron conductivity, iv) 

low concentration of electron-withdrawing functional groups, and v) high 

basicity [16,26,50–52]. By these properties, carbonaceous materials, including 

active carbons (ACs), high surface area graphite (HSAG), carbon nanotubes 

(CNTs) and carbon nanofibers (CNFs) have been considered as the most 

suitable support for Ru-based catalysts for the NH3 decomposition reaction 

[16,33,53–56]. 

Raróg et al. proposed the use of ACs as catalyst support for this decomposition 

reaction due to their high surface area, responsible for an enhanced metal 

dispersion, which increases the catalytic activity during the reaction [53]. To 

improve the electronic conductivity of ACs, thermal treatment at high 

temperature in an inert atmosphere have been used [51,52]. Particularly, the 

thermal treatment resulted in ACs with higher graphitisation degree and fewer 

electron-withdrawing groups on the surface, which are requirements for the 

NH3 decomposition reaction [51]. Despite the AC-supported catalysts were 

found to be highly active for this reaction, their difficult reproducibility makes 

challenging their use as catalyst support [57]. 
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As an alternative to ACs, Sørensen et al. proposed HSAG as catalyst support 

for the NH3 decomposition reaction [56]. In addition to the high surface area, 

HSAG offers high conductivity and high thermal stability under reaction 

conditions, which is beneficial for the inhibition of the support gasification and 

the suitability of HSAG as catalyst support in wider temperature range 

applications. In this respect, Rossetti et al. [58] indicated that the gasification 

rate of the carbon support is reduced by increasing its graphitisation degree. 

Successively, Yin et al. proposed CNTs as optimal catalyst support for the NH3 

decomposition reaction, due to their excellent conductivity [16,26,48,54]. For 

instance, the CNTs-supported catalyst gave rise to an NH3 decomposition 

reaction rate three times higher than that of the AC-supported catalyst. This 

was mainly attributed to the higher electron transfer between CNTs and the 

metal, which promote the N2 desorption, known as the reaction limiting step 

[59]. However, CNTs present several drawbacks, including high cost, difficulty 

to synthesise on large scale, and support gasification at low temperature (i.e. 

423°C), which have always limited their use in industrial applications [60,61]. 

Based on their physical-chemical properties, Duan et al. proposed CNFs as 

promising alternative catalyst support to CNTs for this reaction [55]. Indeed, 

their study revealed that CNFs-supported Ru catalysts were highly active for 

H2 production via NH3 decomposition. Moreover, despite the lower 

graphitisation degree of CNFs compared to CNTs, the former lead to higher 

catalytic activities. This was attributed to the peculiar surface properties of 

CNFs, which enhanced the metal dispersion and the electronic properties of 

the catalyst, as well as their higher stability [55]. Even though CNFs could be 

considered as highly effective catalyst support for the NH3 decomposition, 

similarly to CNTs, their use in industrial-scale applications is hindered by their 

poor reproducibility and their high cost [57]. 

Recently, in order to enhance the physical and chemical properties of 

conventional carbon materials (i.e. basicity and electrical conductivity), their N 

functionalisation has been studied [33,62,63]. Stöhr et al. showed that N 

doping resulted in carbon materials with higher thermal stability and resistance 
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to oxidation [62]. Moreover, the incorporation of N atoms in the carbon lattice 

has been found to enhance surface basicity and graphitisation degree of 

carbon materials [64–67]. In this respect, García-García et al. showed that Ru 

catalysts supported on N-doped CNTs were more active than their non-doped 

counterparts [33]. This can be explained due to the electron donor effect of N 

atoms, which modify the electronic structure of the catalyst support enhancing 

its interaction with metal particles [33,68].  

Among the several carbon supports investigated so far, CNTs have been 

proposed as the most efficient catalysts support for this reaction due, in part, 

to their outstanding electrical properties [33,35,48,69]. However, in addition to 

their high cost/performance ratio, CNTs are challenging to uniformly deposit 

inside the hollow fibre due to their low-density sponge structure [61]. In this 

respect, although some impregnation methods allow the deposition of powder 

catalyst inside the hollow fibre substrate (i.e. dip coating for CNTs), the sol-gel 

Pechini impregnation method is preferred as it results in the catalyst being 

homogeneously dispersed [70,71]. 

A promising alternative to CNTs are carbon xerogels, which not only have been 

proven to be efficient catalyst supports but also offer a unique opportunity for 

addressing this challenge. As a matter of fact, due to their synthesis method, 

carbon xerogels could be deposited in the HF substrate via the sol-gel method 

and successively impregnated with the catalyst solution. Furthermore, carbon 

xerogels offer a wide range of textural and structural properties. Tailoring of 

these properties can be achieved by using different synthesis methods and 

post-synthesis treatments [63,72–74]. Over the last years, carbon xerogels 

have gained considerable interest in the catalysis research field due to their 

structure and surface versatility [63,75–79]. They are obtained from the 

carbonisation of organic xerogels, which are synthesised by the conventional 

sol-gel method originally proposed by Pekala, using resorcinol and 

formaldehyde as organic starting monomers [80]. Maldonado-Hódar et al. 

firstly proposed the use of carbon xerogels as catalyst support since they show 

large specific surface area, excellent electrical conductivity and high purity 
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[81]. These properties can be adapted according to the requirements of a 

specific application, which is indicative of a considerable advantage of carbon 

xerogels being a porous carbon material [81]. The hierarchical pore structure 

of carbon xerogels permits the fine-tuning of micro- and mesoporosity during 

synthesis and carbonisation processes, as well as by means of physical or 

chemical activation treatments [72,73,82], allowing to control their surface 

area, surface chemistry and conductivity. Additionally, several synthesis 

and/or post-synthesis methods can be employed to induce surface basicity via 

functionalisation and N doping, to improve their suitability as catalyst support 

for the NH3 decomposition reaction [63,74,78,83,84]. Despite the interest in 

utilising carbon xerogels as catalysts support for a wide range of reactions, 

including oxidation [76], hydrogenation [77,85,86], and ozonation [79], their 

use in the NH3 decomposition reaction, which is the case study investigated in 

this thesis, has never been reported. 

1.1.3.3 Selection of the promoter 

It is well known that high electron transfer from electropositive elements to the 

active metal surface is needed to promote the NH3 decomposition reaction 

rate-limiting step, i.e. the recombinative N2 desorption [35,87]. In this respect, 

the use of alkali promoters, such as caesium, barium, and sodium (Na), has 

been widely proposed in order to further improve the performance of catalysts 

based on Ru during the NH3 decomposition [35,52,53,88–90]. Particularly, it 

has been widely reported that the Na can act as both structural and electronic 

promoter, not only encouraging the recombinative N2 desorption but also 

avoiding sintering and agglomeration of Ru metal particles [87–89]. Based on 

that, although the Na possess a higher electronegativity than the cesium (i.e. 

0.93 and 0.79, respectively), thereby a weaker electronic promoting effect 

[53,88,91], the effects of using the Na as a promoter for Ru-based catalysts 

have been further investigated with the scope of synthesising highly stable 

catalysts.  

Three possible locations of the alkali promoters in the catalytic system were 

proposed by Tennison, where the promoter is i) adsorbed within the bulk of the 
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transition metal particle, ii) adsorbed on the support but in contact with the 

transition metal, or iii) adsorbed on the surface of the metal particle, as 

schematically represented in Figure 1.5 [92].  

 
Figure 1.5. Proposed locations for alkali metals: i) adsorbed within the bulk of the metal 

particle, ii) adsorbed on the support but in contact with the transition metal, or iii) adsorbed 
on the surface of the metal particle. 

1.1.4 Catalytic Reactors 

As mentioned before, the most prominent technology for H2 production via NH3 

decomposition consists of a catalytic PBR that uses Ru-based catalysts. As a 

result, this expensive technology is outsized and compromise its applicability 

to NH3-fuelled vehicles [4]. This scenario represents a unique opportunity for 

innovative solutions in the development of a suitable technology for on-board 

H2 production via NH3 decomposition.  

Over the past years, different reactors designs for NH3 decomposition such as 

monolithic and microreactors have received a lot of attention due to their 

compact design, reduced weight, and improved conversion compared to 

traditional PBRs [22,23,93,94]. For instance, Wang et al. developed a 

monolithic-base “miniature” NH3 cracker for portable fuel cell power supply. 

This cracker was able to produce roughly 158 W equivalents of H2 via NH3 

decomposition at high temperatures [22]. Likewise, Chiuta et al. developed a 

super-compact NH3-fuelled microchannel reactor unit (i.e. a plate consisting of 

80 microchannels) wash-coated with a commercial 8.5 wt% Ru-based catalyst 

for H2 production [94].  

More recently, the interest in continuous catalytic HF-based reactors has 

increased due, in part, to the narrower residence time distribution when 

compared with PBRs that suffer from recirculation and generation of 

preferential paths and stagnant regions. The high thermal/mechanical stability 

and large area/volume ratio of the HFs allow operation with a decreased 

Ru

Carbon support Carbon support

Na Na

Carbon support

Na

Ru Ru
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catalyst metal loading and/or lower operating temperatures compared to 

traditional catalytic PBRs, while easy control of reactant/catalyst contact time 

can be used to fine tune selectivity [70,95,96]. Moreover, the HF-based 

reactors exhibit exceptional area/volume ratio without compromising pressure 

drop and efficiency. Furthermore, the fact that the HFs are made of ceramic, 

generally alumina oxide (Al2O3), which is resistant to corrosive reaction 

environments [2], make them the most suitable candidate for developing 

innovative catalytic converters for on-board H2 production via NH3 

decomposition.  

1.1.4.1 Catalytic hollow fibre reactor 

Ceramic HFs, which can present symmetric, asymmetric, and “sandwich” 

porous structure, have been employed as a catalyst substrate and/or 

membrane support for the development of catalytic HFRs [70,71,95–101]. As 

schematically represented in Figure 1.6A, a symmetric HF consists of a 

sponge-like structure with small pore size, low porosity and high mass transfer 

resistance, an asymmetric HF consists of a sponge-like region and a finger-

like region consisting of a plurality of self-organised micro-channels 

perpendicularly distributed around the lumen of the HF, whereas the 

“sandwich” HF consists of a sponge-like region separating two finger-like 

regions in which the micro-channels are perpendicularly distributed also 

around the outer surface of HF. Note that the finger-like region greatly 

contributes to increasing its surface area to volume ratio. 

While the incorporation of the catalyst into a symmetric HF usually occurs via 

sol-gel method or incipient impregnation [102], the incorporation of catalyst into 

the micro-channels of an asymmetric (or “sandwich”) HF can be carried out 

also via dip coating and infiltration [71,97]. However, the sol-gel Pechini 

impregnation method is preferred as it results in the catalyst being 

homogeneously dispersed inside the HF substrate [70]. 
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Figure 1.6. Schematic representation of different (A) morphologies, (B) configurations, and 

(C) geometries of the HF substrates. 

In addition to the HF substrate structure, the performance of catalytic HFRs is 

also affected by the configuration (i.e. open-end or dead-end, see Figure 

1.6B), the morphology and the geometry (i.e. single-channel or multi-channel, 

see Figure 1.6C) of the HF substrate, the distribution and loading of the 

catalyst, and the operating conditions [71,97,98]. Generally, it was found that 

the enhanced performance of asymmetric and “sandwich” HFRs compared to 

the symmetric counterparts, was attributed to the improved heat and mass 

transfer efficiencies and higher mixing and contact between catalyst and 

reactant, ascribed to the presence of the finger-like region in the HF substrate. 

Based on that, in this work, 4-channel asymmetric Al2O3 HFs will be used as 

catalyst support in order to develop catalytic HFRs for H2 production via NH3 

decomposition. However, despite the several advantages that HFRs offer over 

traditional PBRs, the overall performance of HFRs is still limited by the 

thermodynamic behaviours of the catalytic reactions. 

1.1.4.2 Catalytic hollow fibre membrane reactor 

Membrane reactors combine a reaction and a separation process in a single 

unit, allowing to intensify a process and reduce its costs. The feasibility of 

membrane reactors depends on the properties of the membranes such as 

selectivity, permeability and stability under the operating conditions 

[8,103,104].  
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The classification of the membranes can be based on their i) geometry, i.e. 

disk, tubular or hollow fibre, ii) microstructure, i.e. dense or porous and 

symmetric or asymmetric, iii) positions with respect to the catalyst, and v) 

material, i.e. polymer, ceramic or metal [105], whereas the classification of 

membrane reactors can be based on the operation mode of the membrane, 

i.e. as an extractor, distributor or contactor (see Figure 1.7). Specifically for the 

NH3 decomposition reaction, the use of metallic membranes, preferred due to 

their high thermal stability [107], as an extractor would be beneficial for 

overcoming the thermodynamic limitations of the reaction, due to the 

preferential removal of the H2 from the reaction zone.  

 
Figure 1.7. Membrane reactors classification based on the membrane operation mode.  

The mechanism of H2 permeation through metallic membranes follows the 

multistep process illustrated in Figure 1.8. Hydrogen molecules (H2) from the 

feed are adsorbed on the membrane surface where they dissociate into 

hydrogen atoms (H), the hydrogen atoms diffuse through the membrane, and 

finally the hydrogen atoms emerging at the permeate side of the membrane 

reassociate to form hydrogen molecules, then desorb, completing the 

permeation process [106].  

 

Figure 1.8. H2 permeation through metallic membranes. Adapted from [106]. 

The steps involved in the hydrogen transport through the membrane are: i) 

diffusion of H2 from the bulk of the gas to the membrane surface, ii) dissociation 

of H2 to H and adsorption on the membrane surface, iii) dissolution of H into 
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the bulk metal, iv) diffusion of H through the bulk metal to the permeate side, 

v) association of H on the membrane surface at the permeate side, iv) 

desorption of H2 from the surface to bulk of the gas, and vii) diffusion to the 

bulk of the gas from the membrane surface (see Figure 1.8). Note that the bulk 

diffusion step can be enhanced either by increasing the temperature, which is 

known to accelerate the adsorption and desorption processes and increase 

the solubility of H2, or by reducing the membrane thickness, which reduces the 

diffusion distance [107]. 

 So far, for H2 separation, several metals have been extensively studied, 

including palladium, nickel, platinum, iron, silver, niobium, vanadium and 

tantalum [108]. The performance of a membrane is largely defined by the 

selectivity and permeability, which determine the purity and recovery of H2, 

respectively. Furthermore, the thermal and mechanical stabilities of the 

membrane at the desired operating conditions are crucial. Among all the 

metal membranes for H2 separation studied, Pd-based membranes have 

been reported with 100% selectivity to H2, as well as with high permeability 

due to the great solubility of H2 in Pd. However, Pd membranes suffer from 

several limitations such as α-β phase transition and H embrittlement 

phenomena [106–108]. As shown in Figure 1.9, at temperatures equal or 

lower than 295ºC and pressures less than 20 atm, dissociation and diffusion 

of H2 in Pd promote a phase transformation from an α-phase to a β-phase 

[109,110]. Since the β-Pd hydride has a lattice parameter bigger than α-Pd 

hydride, i.e. 0.410 nm and 0.389 nm, respectively, the Pd atoms tend to 

elongate, causing distortion and hardening of the bulk and, in turn, leading to 

the fracture of the membrane and loss of selectivity [106,109]. Therefore, in 

order to avoid such failure, the operating temperature must be kept above 

300 °C under an H2 atmosphere and the membrane should be carried out in 

an atmosphere H2-free. 
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Figure 1.9. Adsorption relationship in Pd-H2 systems. Adapted from [107]. 

As an alternative, the use of Pd-alloyed membranes has been suggested to 

improve the thermal and mechanical stability of the membranes without 

significantly compromise their selectivity, allowing for their use in a wider 

temperature range. For instance, Grashoff et al., which investigated the H2 

permeability and stability of several Pd-alloyed membranes, pointed out that 

palladium-silver alloys that contain ~23% of silver lead to i) a reduction in the 

critical temperature for the α to β hydride phase transformation from 300°C to 

25°C, ii) the possibility to work at higher temperatures than Pd-membrane 

(i.e. T > 550°C) without compromising the mechanical strength of the 

membrane, and iii) a higher permeability than Pd-membrane [107]. 

Nevertheless, Pd membranes were selected as the separation layer in this 

study since the membranes were not subjected to thermal or stress cycles; 

furthermore, the maximum operating temperature for the NH3 reaction 

experiments using the MHFR has been set at 450°C, which is lower than the 

maximum operating temperature of Pd membranes (i.e. 550°C) [110,111]. 

It is worthy to highlight that the morphological properties of the membrane 

support, i.e. pore size distribution, porosity, roughness of the substrate, 

mechanical and chemical stabilities, and thermal expansion coefficient play a 

crucial role in determining the permeability and the selectivity of a membrane, 

hence its efficiency [112,113]. For instance, according to Mardilovich et al., 

the selection of a defect-free substrate with an adequate pore size is crucial, 

being the optimal pore size at least three times smaller than the thickness of 

the membrane [114].  
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Several supports for Pd membranes have been already investigated, 

including ceramic, stainless steel and porous glass, whose properties have 

been listed in Table 1.1. It can be seen that despite porous stainless steel 

supports being mechanically and chemically stable, they exhibit large pore 

size and non-uniform pore size distribution, which are detrimental for the 

deposition of a thin, uniform and defect-free membrane. Hence, the thickness 

of metallic membranes supported on porous stainless steel is generally large 

[5]. In comparison, porous glass supports present a remarkably low thermal 

expansion coefficient, narrow pore size distribution and pore size between 4 

to 5 nm, but they offer lower mechanical strength and chemical stability [15]. 

Table 1.1. Properties of inorganic supports for Pd membranes. Adapted from [101]. 

Properties 
Porous 

Stainless Steel 
Porous Glass 

Ceramic 

Composite 

Al2O3 Hollow 

Fibre 

Mechanical 
stability 

High Low Medium Medium 

Chemical 
stability 

High Medium High High 

Expansion  
Coefficient 

~9.9-17.3 

ppm·ºC-1 
~0.8 ppm·ºC-1 

~0.1-10.5 

ppm·ºC-1 
~7.2 ppm·ºC-1 

Pore size 
distribution 

Large 
Dp = 5-10 μm 

Narrow 
Dp ≈ 0.3-0.5 μm 

Narrow 
Dp = 0.1-10 μm 

Narrow 
Dp ≈ 0.1 μm 

Production  
costs 

High 

(Multi-step 

fabrication) 

- 

High 

(Multi-step 

fabrication) 

Low 

(Single-step 

fabrication) 

Module 
fabrication 

Unsuitable 

(low S/V ratio) 
- 

Unsuitable 

(low S/V ratio) 

Suitable 

(high S/V ratio) 

Ceramic HFs represent a valid alternative as support for metallic membranes. 

Although they present a higher thermal expansion coefficient than the porous 

glass, ceramic HFs not only offer all advantages of a typical ceramic support 

in terms of mechanical and chemical stability and pore size distribution but 

also in terms of low production costs and high surface area to volume ratio, 

facilitating  to scale up the process.  

As already mentioned in the previous section, asymmetric Al2O3 HFs have 

been widely employed as membrane support to develop MHFRs for catalytic 

reactions with thermodynamic limitations [104,112,115,116]. As 
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schematically shown in Figure 1.10, two main configurations have been 

designed so far. In the first configuration (i.e. A) the catalyst, either in pellets 

or powder form, is packed in the shell side of the reactor and in contact with 

the membrane, whereas in the second configuration (i.e. B), the catalyst is 

deposited inside the micro-channels of the HF substrate.  

 
Figure 1.10. Schematic representation of the two configurations of a MHFR. Adapted from 

[70]. 

Despite both configurations leading to an improvement of the catalytic 

performance, exceeding the thermodynamic equilibrium limitations, 

configuration B offers additional advantages when compared to both a 

traditional PBR and configuration A. For instance, in agreement with what was 

discussed in Section 1.1.4.1, configuration B allows for improved internal mass 

transfer and kinetics of reaction, having the catalyst dispersed inside the micro-

channels of the HF substrate rather than packed in the shell side of the reactor 

[99–101,115,117]. In this respect, as per configuration A, the mass transfer 

limitations inside the catalyst bed cannot be neglected as they may affect the 

H2 diffusion through the membrane, thereby the membrane efficiency. 

Likewise, the use of HFs as support for both the catalyst and the membrane 

allows working at lower catalyst loading due to their large area/volume ratio of 

(i.e. > 1000 m2·m-3 [118]) and intensifying the contact between the reactant 

gases and the catalyst during the reaction. 
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However, in this work, only the MHFR in configuration A has been developed 

and tested for H2 production via NH3 decomposition. Due to the lower 

accessibility to the laboratory facilities and the higher difficulty in sourcing the 

HFs, together with the higher complexity of the development process of the 

MHFR presented in the configuration B, this decision relied on the willingness 

to prove at least in one scenario (i.e. configuration A) that MHFR can be 

effectively proposed as a potential technology for the on-board H2 production. 

In particular, in order to develop the MHFR schematically represented in the 

configuration B in Figure 1.10, it would have been necessary to conduct a 

series of experiments to find the best procedure to deposit the catalyst inside 

the HF and the Pd membrane on the outer surface of the HF substrate without 

damaging or compromising the properties of both, taking into account that the 

membrane can be exposed to temperatures of up to 550°C and the 

carbonisation of the xerogel takes place at 800°C. For example, if the catalyst 

were deposited first, the risk would be that the membrane's ELP solution would 

react with the catalyst, damaging it and compromising the membrane's 

deposition at the same time. Similarly, if the membrane were deposited first, 

the catalyst support's carbonisation temperature would have to be lowered, 

compromising its properties and the performance of the catalyst during the 

NH3 decomposition reaction. 

1.2 Research Objectives 

Although NH3 has been proposed as a promising H2 carrier candidate for 

vehicle applications [18–20], its commercial use is hindered by space 

constraints and the inefficiency in terms of volume, weight, and performance 

of the most common catalytic reactor employed for the NH3 decomposition 

reaction, i.e. PBRs [4]. This scenario offered an excellent opportunity for the 

development of new technologies for on-board H2 production via NH3 

decomposition. In this respect, the main objective of this study was to develop 

a series of Multifunctional Catalytic Hollow Fibre-based Reactors, which can 

satisfy the demands of NH3-fuelled vehicles. In order to fulfil this aim, the 

effects of each reactor component, i.e. catalyst active phase, support and 
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promoter, HF substrate and Pd membrane, in catalytic performance were 

investigated. 

With this purpose, this research work has been carried out following a bottom-

up approach, consisting of four stages. The first stage focused on the synthesis 

and characterisation of a series of carbon xerogels, in order to investigate the 

effect of their textural and structural properties on the catalytic performance 

and thermal stability of the catalyst during the NH3 decomposition reaction. The 

second and third stages consisted in the design, synthesis and 

characterisation of two series of catalysts (i.e. Ru-based and Co/Mo-based) 

supported on carbon xerogels and in the study of their catalytic activity and 

stability during the NH3 decomposition reaction in a PBR. Finally, in the fourth 

stage, the best performing Ru-based and Co/Mo-based catalysts were tested 

using HF-based reactors, which were first designed to target on-board H2 

production in an NH3-fuelled car, and then compared against the PBRs in 

terms of catalyst loading, volume and efficiency, in order to suggest the most 

suitable catalytic reactor for this application.  

1.3 Thesis structure and presentation 

As schematically represented below, this thesis consists of 8 chapters, which 

includes introduction (i.e. Chapter 1), experimental methods (i.e. Chapter 2), 

results and discussion chapters (i.e. Chapters 3-5), feasibility studies for on-

board H2 production (i.e. Chapters 6-7), and final conclusions (i.e. Chapter 8). 

 

Figure 1.11. Schematic representation of the thesis structure. 
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Chapter 2 Experimental methods 

This chapter provides an overview of the materials, techniques, and methods 

adopted in the experimental work carried out.  

The procedures followed to synthesise the catalyst supports are described in 

detail. The techniques used to characterise them, as well as the apparatuses 

and the procedures used, are extensively explained. Similarly, the description 

of the experimental procedure adopted to synthesise both the Ru-based and 

Co/Mo-based catalysts, and the techniques used to characterise them, are 

covered in this chapter.   

The following material characterisation techniques were implemented in this 

research project to thoroughly determine the textural and structural properties 

of the catalyst supports, and their effect on the catalytic activity of the catalysts 

during the NH3 decomposition reaction. In addition, this chapter addresses the 

development of catalytic HF based reactors for the NH3 decomposition 

reaction.  

2.1 Synthesis of the catalyst supports 

Resorcinol-formaldehyde xerogels were synthesised by the conventional sol-

gel method, originally proposed by Pekala [80]. A starting 60 ml solution of 

resorcinol, sodium carbonate, formaldehyde and water, containing 30 wt. % 

solids was prepared. The molar ratios of resorcinol to sodium carbonate (R/C) 

and resorcinol to formaldehyde (R/F) were fixed at 200 and 0.5, respectively.  

To begin making the xerogels’ precursors solution, 50 ml of deionised water 

were pipetted into a clean glass jar with a sealable lid. The required mass of 

resorcinol (SigmaAldrich, ReagentPlus, 99 %) was weighed out accurately and 

added to the jar along with a magnetic stirrer bar. After placing on a magnetic 

stirrer plate, the contents of the jar were stirred to encourage the complete 

dissolution of resorcinol. Once the resorcinol was dissolved, the sodium 

carbonate (Sigma Aldrich, anhydrous, ≥ 99.5 %) was added to the reaction 

mixture in the jar with continued stirring, again until complete dissolution was 
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achieved. Then, the remaining deionised water and required volume of 

formalin (SigmaAldrich, 37 wt. % formaldehyde and 10-15% methanol as a 

stabiliser) were added to the jar, which was tightly sealed and allowed to stir 

for 30 min to ensure thorough mixing. Afterwards, the solution was left in a 

ventilation oven (SciQuip Oven 55S) for 3 days at 85°C and 3 days at 100°C 

to allow for gelation, curing and drying, as shown in Figure 2.1.  

 
Figure 2.1. Schematic of the procedure followed to synthesise the resorcinol-formaldehyde 

xerogel. 

To obtain the carbon xerogels starting from the organic resorcinol-

formaldehyde xerogels, several methods have been adopted, as schematically 

represented in Figure 2.2. In particular, to study the influence of the support’s 

textural and structural properties on the catalysts’ performance during the NH3 

decomposition reaction, one carbon xerogel, two activated carbon xerogels 

and two N-doped carbon xerogels have been synthesised. 

 
Figure 2.2. Schematic of the treatments used to synthesise the different carbon xerogels 

here studied. 

The carbon xerogel labelled as CX, was obtained by carbonisation of the dried 

xerogel at 800°C in a N2 atmosphere (i.e. 100 cm3·min-1 (STP)) using a tubular 

furnace (MTI Corporation, OTF-1200X). The activated carbon xerogels 
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labelled as ACX
1h 

and ACX
5h

, were obtained by treating the CX in a CO2 

atmosphere (i.e. 100 cm3·min-1 (STP)) at 800°C for 1 h and 5 h, respectively. 

Finally, the two N-doped carbon xerogels were synthesised via (i) a co-

precursor method using urea as a N-containing source and (ii) a post-synthesis 

activation in NH3/Air atmosphere of CX, respectively. For the first method (i), 

R/F, R/C and Resorcinol/Urea (R/U) ratios were fixed at 200, 0.5, and 2, 

respectively. The solution was prepared, cured and dried following the same 

method described above. The N-doped carbon xerogel labelled as UCX, was 

obtained by carbonisation of the N-containing dried xerogel at 800°C for 1 h in 

a N2 atmosphere (i.e. 100 cm3·min-1 (STP)) using a tubular furnace (MTI 

Corporation, OTF-1200X) [119]. For the second method (ii), the N-doped 

carbon xerogel labelled as NCX, was obtained by activating CX in an NH3 and 

air atmosphere (i.e. 100 cm3·min-1 of NH3:Air = 1:3 (STP)) at 350°C for 3 h. 

2.2 Characterisation of the catalyst supports 

2.2.1 Nitrogen adsorption and desorption isotherms at -196°C 

Description of the technique  

Adsorption occurs whenever a solid surface is exposed to a fluid. Particularly, 

gas adsorption has become a wide-used procedure to determine the surface 

area and the pore size distribution of porous materials. The pores are classified 

depending on their diameter width in micropores (i.e. <2 nm), mesopores (i.e. 

2-50 nm) and macropores (i.e. >50 nm) [120–122].  

Experimental adsorption isotherms recorded so far could have different forms, 

depending on the interaction between gas molecules and the interface. They 

are conveniently grouped into six major classes, which are shown in Figure 

2.3A, according to the IUPAC classification [120,121]. Type I isotherms, called 

also rectangular or irreversible isotherms, are typical of the adsorbent-

adsorbate interactions occurring in microporous materials; their main feature 

is the long plateau, indicating a negligible multilayer adsorption on the surface. 

Type II isotherms occur with non-porous or macroporous adsorbents, with 

multilayer adsorption; as a matter of fact, point B indicates that the monolayer 
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coverage is complete, and the multilayer coverage has started. Type III 

isotherms are also obtained from the interaction between gas molecules and 

non-porous or macroporous adsorbent, but they are indicative of weak 

adsorbent-adsorbate interactions. Both type IV and V isotherms exhibit a 

hysteresis loop, that is indicative of the capillary condensation, whose lower 

and upper branches represent the adsorption and the desorption steps, 

respectively. Although Type IV isotherms are related to Type II as they show 

multilayer adsorption, they are typical of mesoporous materials. Instead, Type 

V isotherms are related to Type III, as they are representative of weak 

adsorbent-adsorbate interactions. Finally, Type VI isotherms, called also 

stepped isotherms, are associated with layer-by-layer adsorption on a uniform 

surface, therefore on non-porous materials. 

 
Figure 2.3. Classification of the (A) adsorption isotherms proposed and (B) hysteresis loops 

by IUPAC in 1985. 

As stated above, both Type IV and V isotherms show a hysteresis loop, whose 

shape depends on the geometry of the pores of the studied adsorbents. 

According to the IUPAC classification, four principal types of hysteresis loops 

are widely recognised [121], as shown in the Figure 2.3B. Type I hysteresis 

loops are associated with materials made by packed, uniform spheres, and 

therefore are indicative of narrow pore size distributions. Instead, Type II loops 

clearly show a wider pore size distribution. Finally, both Type III and IV loops 

are associated with slit-shaped pores, with the difference that in Type IV loops 

these slits are narrower [121]. 
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Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) are 

analysis theories widely used for determining the surface area and the porous 

structure of the sample material [122]. The BET mechanism is an extension of 

that proposed by Langmuir, which is a theory for monolayer molecular 

adsorption. Specifically, the BET method assumes that there is no limit in the 

formation of multilayers and that the Langmuir theory can be used for each 

layer. Hence, BET analysis examines the external area and pore area of the 

materials to determine the total specific surface area by N2 multilayer 

adsorption isotherms. 

Instead, BJH analysis is widely used to determinate the pore size distribution 

and the pore volume of mesoporous materials, and it is generally applied to 

the nitrogen desorption branch of the nitrogen isotherms at -196°C. In 

particular, this method relates the amount of adsorbate (N2) removed from the 

pores of the material, at decreasing values of the relative vapour pressure 

(P/P0), to the size of pores. 

Description of the experimental procedure 

The surface area and pore volume of each carbon xerogel synthesised in this 

work were determined by studying nitrogen adsorption/desorption isotherms 

at -196°C using an iQ autosorb by Quantachrome. In order to remove moisture 

from the mesopores of the carbon xerogels, the samples were degassed at 

150 °C for 150 min under nitrogen atmosphere prior to the analysis. 40 

adsorption points and 40 desorption points were taken for each measurement. 

The BET and BJH methods were used to calculate the specific surface area 

and the pore size distribution of the samples, respectively. 

2.2.2 Temperature Programmed Desorption 

Description of the technique  

In the case of carbon materials, Temperature Programmed Desorption (TPD) 

analysis is used to evaluate the amount and types of oxygen-containing 

surface groups formed on carbon surfaces. The key principle is to heat the 

sample at a linear heating rate under an inert atmosphere and record the 
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spectra of the released gases using a quadrupole mass spectrometer under 

ultrahigh vacuum conditions. During a TPD run, these oxygen surface groups 

are thermally decomposed to release CO2 and carbon monoxide (CO) at 

different temperatures, depending on the thermal stability of the groups. Then, 

to assess the surface chemistry of the carbon materials, recorded CO2 and CO 

TPD-spectra are deconvoluted separately into distinct peaks, which can be 

attributed to certain oxygen groups [123]. 

Description of the experimental procedure 

To perform TPD experiments, the sample was loaded into a U-shape quartz 

glass cell, connected to the analyser (iQ autosorb, Quantachrome), ensuring 

that there were no leaks, in order to guarantee under vacuum conditions. The 

analyser was connected in-line to a mass spectrometer (HAL-201, HIDEN 

ANALYTICAL). The experiment was performed from room temperature to 

700°C, under a 50 cm3·min-1 (STP) flow of pure helium. 

2.2.3 Thermal Gravimetric Analysis in nitrogen and air atmosphere 

Description of the technique  

Thermal Gravimetric Analysis under nitrogen flow (N2-TGA) can be used, in 

combination with the TPD analysis, to estimate the amount of various oxygen 

surface groups present on the surface of the carbon xerogels. The key 

principle is to heat gradually the sample under a N2 atmosphere and record 

the sample’s mass loss as a function of the temperature. The mass loss, in 

specific temperature ranges, corresponds to the amount in weight of the 

several oxygen surface groups identified via TPD analysis. 

Likewise, Thermal Gravimetric Analysis under airflow (Air-TGA) can be used 

to assess the thermal stability of a carbon material. The sample is step heated 

in an air atmosphere and its mass loss is recorded as a function of the 

temperature. The extent of the sample’s mass loss is inversely proportional to 

its thermal stability. Moreover, the first derivative of an Air-TGA profile is often 

studied to determine the burning temperature of the sample. Differently from 
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before, the higher the burning temperature, the higher the thermal stability of 

the sample.   

Description of the experimental procedure 

The oxygen surface groups were quantified by N2-TGA, using a METTLER 

TOLEDO thermogravimetric analyser (TGA/DSC 3+). Each sample was 

heated up to 700°C using a 10°C·min-1 temperature ramp. A N2 flowrate of 20 

cm3·min-1 (STP) has flowed throughout the experiment. The same 

experimental apparatus was used to study the thermal stability of the different 

carbon xerogels, by determining their burning temperatures via thermal 

gravimetric analysis in an air atmosphere (Air-TGA). For this experiment, the 

sample was step heated up to 700°C, under a 20 cm3·min-1 (STP) flow of air.  

2.2.4 X-Ray Photoelectron Spectroscopy 

Description of the technique  

X-Ray Photoelectron Spectroscopy (XPS) is a surface analysis technique that 

measures the energy of the electrons emitted from a sample material upon 

excitation from an X-ray [124–126], as schematically represented in Figure 2.4. 

 
Figure 2.4. Schematic representation of a XPS process. 

An X-ray photon is directed at the sample causing the emissions of the so-

called photoelectrons, which have a specific kinetic energy measured by the 

instrument during the analysis, from one of the atom’s core shells. Such energy 

corresponds to binding energy, which is the energy required to eject the 

electron from the atom’s core [124,126]. Based on the values of these binding 
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energies, the elements present within the sample, their chemical state, as well 

as the other elements they are bonded to, can be identified.  

Description of the experimental procedure 

The two N-doped carbon xerogels herein synthesised were analysed by X-ray 

Photoelectron Spectroscopy (XPS), using a X-ray photoelectron spectrometer 

(Thermo ESCALAB 250, USA) equipped with an Al-Kα X-ray source (1486.7 

eV), in order to obtain information about the nature and the amount of the N-

groups on their surface. The N1s envelopes were curve-fitted using Gaussian 

component profiles using the Origin peak-fitting software. A Shirley baseline 

was used for sloping backgrounds. 

2.2.5 Scanning Electron Microscopy 

Description of the technique  

Scanning Electron Microscopy (SEM) is one of the most common imaging 

techniques used to observe the surface morphology of a solid material, by 

investigating different length ranges, from nanometre to micrometre scale. A 

fine beam of primary electrons is directed at the sample via an electron gun, 

scanning across it by the scan coils. Different electronic signals can be emitted 

from the surface of the sample exposed to the incident beam, including 

secondary electrons, backscattered electrons, and photons (X-ray emissions). 

Then, the detector collects the signals of interest, which is in turn processed in 

order to obtain a 3D-like high magnification image of the sample’s surface 

[124,127]. A schematic representation of a SEM system is shown in Figure 

2.5. 

To allow the sample to be penetrated by the electron beam, and to prevent an 

electrons build-up on the sample surface, the sample ought to be electrically 

conductive. In this respect, prior to the analysis, non-electrically conductive 

samples are generally coated with a thin layer of gold by sputtering [127,128].  
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Figure 2.5. Schematic representation of the SEM mode. 

Description of the experimental procedure 

The surface morphology of the carbon xerogels was studied using a Jeol, Jsm-

it100 Scanning Electron Microscope (SEM), operated at 20kV. The samples 

were uncoated and the working distance ranged between 23 mm and 29 mm.  

2.3 Synthesis of the catalysts 

2.3.1 Synthesis of ruthenium-based catalysts 

Carbon xerogels here synthesised were used as supports of un-promoted and 

Na-promoted Ru-based catalysts. Un-promoted catalysts were prepared by 

the incipient wetness impregnation method, starting from a solution of 

Ru(NO)(NO3)3 to get 1.5 wt.% of Ru. After the impregnation, the catalysts were 

dried overnight at 110°C. The resulting catalysts were labelled as Ru-CX, Ru-

ACX1h, Ru-ACX5h, Ru-UCX, and Ru-NCX according to the impregnated 

supports. 

In order to get Na-promoted catalysts, a successive wetness impregnation was 

carried out, using a 1M water solution of NaOH to get 5 wt.% of Na. After 

impregnation, catalysts were dried overnight at 110°C. The resulting catalysts 

were labelled as Ru/Na-CX, Ru/Na-ACX1h, Ru/Na-ACX5h, Ru/Na-UCX, and 

Ru/Na-NCX according to the impregnated supports. 
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2.3.2 Synthesis of cobalt/molybdenum-based catalysts 

Co/Mo–based catalysts were synthesised by incipient wetness impregnation 

of carbon xerogels with an aqueous solution of (NH4)2MoO4·4H2O and 

Co(NO3)2·6H2O in order to obtain 1.5 wt.% of metal loading, and a Co/Mo ratio 

equal to 7/3. After impregnation, the catalysts were dried first overnight at 

120°C in a ventilation oven (SciQuip Oven 55S). The obtained catalysts were 

labelled as Co/Mo-CX, Co/Mo-UCX and Co/Mo-NCX, according to the 

impregnated catalyst supports. 

2.4 Characterisation of the catalysts 

2.4.1 Transmission Electron Microscopy 

Description of the technique  

Transmission electron microscopy (TEM) is an electron microscopy technique 

used for imaging samples at very high resolutions, up to atomic scales, probing 

their internal structure [128,129]. In the specific case of catalysts, TEM can be 

used to obtain information about the metal particles’ size and distribution over 

the catalyst support. For this scope, the use of a TEM is preferred over the use 

of a light microscope. Although TEM operates on the same basic principles as 

a light microscope, it uses electrons instead of light, which have a much 

smaller wavelength than that of light, resulting in higher resolution images 

[127–129]. 

As schematically shown in Figure 2.6, an electron gun at the top of the 

microscope transmits a high-energy (i.e. up to 200 kV) beam of primary 

through an ultrathin and conductive sample, and the interactions between the 

electrons and the sample material are generally recorded as an image. A 

system of condenser lenses controls the beam diameter as it hits the sample. 

The objective lenses form an intermediate magnified image, which is in turn 

enlarged by the projective lenses on a fluorescent screen [127,129].  
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Figure 2.6. Schematic representation of the TEM mode. 

Description of the procedure  

Metal particle size distribution was estimated by transmission electron 

microscopy (TEM) using a Jeol TEM-1400 Plus. The catalysts, supported on 

carbon xerogels, were dispersed by ultrasonic treatment in an ethanol solution, 

placed on the copper TEM grid coated with a carbon film, and finally, the 

solvent was slowly evaporated. Since a large number of nanoparticles is 

needed for a high-quality particle size distribution, about 300 nanoparticles 

were analysed for each catalyst. Particles shown in the TEM images were 

analysed using the ImageJ software. The diameter of metal particles, which 

are assumed spherical, was estimated using the Automated Counting function 

built-in the software, which has an accuracy of 98%. 

Moreover, the metal particles dispersion (𝐷) over the catalysts support was 

estimated from the TEM metal particle size distributions using Eq.2.1, 

assuming that the dominant crystal structure of ruthenium is a hexagonal 

closed pack (hcp) with lattice parameters equal to a= b= 0.27 nm and c= 0.43 

nm [130]. 

𝐷 (%) =  
∑ 𝑛 𝑑

∑ 𝑛 𝑑
×

6𝑎

√3
 2.1 

Where 𝑛  is the number of particles with diameter 𝑑 . 
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2.4.2 Scanning Transmission Electron Microscopy and Energy 

Dispersive X-Ray Analysis 

Description of the technique  

Scanning Transmission Electron Microscopy (STEM) is a powerful and 

versatile analysis widely used for mapping the location and identity of atoms 

in a sample material [127,128]. 

A fine electron beam is focused on the sample to a small point and it can be 

scanned over it in a raster pattern by exciting scanning deflection coils. 

Scattered electrons are detected and their intensity plotted as a function of 

probe position to form an image. Although the operating principle of a STEM 

is similar to the one of the SEM, the STEM requires a thinned, electron 

transparent specimen instead of a bulk sample typically used for the SEM 

analysis. In this respect, the most commonly used STEM detectors are placed 

after the sample and detect transmitted electrons [127]. The lens systems used 

in a STEM are comparable to those in a conventional TEM, since a high-

energy beam of electrons is used.   

The raster pattern of the beam across the sample makes STEM suitable for 

High-Angular Annular Dark-Field (HAADF) imaging, and spectroscopic 

mapping by Energy Dispersive X-Ray Spectroscopy (EDS) [131]. The HAADF 

mode in STEM allows to obtain atomic-resolution images and it can be used 

to map the location and species in the sample. Instead, the EDS analysis gives 

the elemental composition of the sample and even allows one to picture the 

elemental maps, measuring the electrons emitted from the sample upon 

excitation from an X-ray. Each element has its characteristic X-ray emission of 

energies. A detector measuring the signals, which can be successively 

interpreted, collects the X-rays emitted during the process.  

Description of the procedure  

To understand the composition and the distribution of Ru and Na particles on 

the catalyst support surface, as well as their mutual position, the Na-promoted 

catalysts herein studied have been analysed via Scanning Transmission 
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Electron Microscopy under high-angle annular dark field mode (HAADF-

STEM) and Energy Dispersive X-Ray Spectroscopy (EDS). The experiments 

were performed with a Titan Themis 200 microscope (FEI) equipped with an 

X-FEG Schottky field emission gun operated at 200 kV. Samples were 

prepared by dispersing the catalysts in ethanol; a drop of the suspension was 

then allowed to evaporate on a holey carbon-coated copper grid. 

2.4.3 X-Ray Powder Diffraction 

Description of the technique   

X-Ray Powder Diffraction (XRD) is a technique used to acquire 

crystallographic information of a material, by irradiating a material with incident 

X-rays and then measuring the intensities and scattering angles of the X-rays 

leaving the material [128,132], as shown in Figure 2.7.  

 
Figure 2.7. Schematic representation of the XRD mode.  

The output of an XRD scan is a spectrum with the y-axis being the intensity 

and the x-axis being 2𝜃, where 𝜃 is the angle of incident X-rays on the sample. 

The diffraction from a crystal follows Bragg’s law: 

𝑛 𝜆 = 2 𝑑 𝑠𝑖𝑛𝜃 2.2 

Where 𝑛 is an integer called diffraction order, 𝜆 the wavelength of the radiation, 

𝑑 is the spacing between crystal planes in the material, and 𝜃 is the angle of 

the incident light (see Figure 2.7). 

Various crystal planes and phases can be attributed to each value of 𝜃, then 

at each peak. Furthermore, the height and width of the peaks can provide 

further information about the relative amounts of each crystal type [128,132]. 
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In application to catalysts, XRD is particularly useful to determine the average 

size of metal particles in a catalyst sample using the Scherrer equation: 

𝐿 =  
𝐾 𝜆

𝛽 𝑐𝑜𝑠𝜃
 2.3 

Where 𝐾 is a constant, usually assumed to be ~0.9 [133], 𝛽 is the full-width 

half-max (FWHM) of the peak of interest, and 𝜆 and 𝜃 are the same as above. 

Using this equation, and fitting the peak of the XRD spectrum, we can 

determine the average particle in the sample. 

Furthermore, in application to carbon materials, XRD provides information 

about the graphitic structural order [133,134]. With this scope, interlayer 

distance (𝑑 ) and mean crystallite size (𝐿 ), indicating the thickness of 

crystallites along the normal to graphite planes, are calculated from peak 002. 

The smaller the 𝑑  value, the higher the graphitization degree. According to 

theoretical calculations, 𝑑  for the graphite is 0.3354 nm [133].  

Description of the procedure  

XRD analysis was carried out to determine the crystal phase and crystallinity 

of each of the Co/Mo-based catalysts here studied. A Bruker D8 Advance 

Diffractometer was used to record powder XRD patterns using CuKα radiation 

(λ = 1.5406 Å), with a step size of 0.02°, a 2θ range of 10°- 90° and a time step 

of 2°min-1. The samples were placed in a silicon substrate zero-background 

sample holder. The obtained diffraction patterns have been analysed using 

X’Pert HighScore Plus software and compared to the ICDD database Powder 

Diffraction Files (PDF-3). 

2.4.4 X-Ray Photoelectron Spectroscopy  

Description of the procedure  

The surface chemical composition of each catalyst was analysed by X-ray 

Photoelectron Spectroscopy (XPS), using an X-ray photoelectron 

spectrometer (Thermo ESCALAB 250, USA) equipped with an Al-Kα X-ray 

source (1486.7 eV). The bond energies were referenced to the adventitious 

C1s line (284.6 eV). The error in the determination of electron binding energies 
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and the line widths did not exceed 0.2 eV. The C1s, O1s, N1s, Ru3d and Na1s 

envelopes were curve-fitted using Gaussian component profiles using the 

Origin peak-fitting software. A Shirley baseline was used for sloping 

backgrounds. 

2.4.5 Temperature Programmed Reduction 

Description of the technique  

The temperature-programmed reduction (TPR) is a material characterisation 

process commonly used in heterogeneous catalysis to characterise metal 

oxides catalysts under varying thermal conditions. The key principle is to heat 

the sample at a programmed heating rate, generally linear, in a reducing 

atmosphere, such as H2, and to record the H2 consumption as a function of the 

temperature using a quadrupole mass spectrometer under ultrahigh vacuum 

conditions. The resulting TPR profile contains qualitative information on the 

oxidation state of the reducible species present in the catalyst sample, which 

allow determining the optimal temperature to reduce the precursor metal oxide 

into active metal for specific reactions.   

Description of the procedure  

TPR studies, between 25°C and 700°C, with a temperature ramp of 10°C·min-

1, using a 25 cm3·min-1 (STP) flow of 5% vol H2 balanced in argon (Ar), were 

carried out in the same apparatus used for TPD experiments.  

2.4.6 Inductively Coupled Plasma Mass Spectrometry 

Description of the technique  

Inductively coupled plasma mass spectrometry (ICP-MS) is an elemental 

analysis technology capable of detecting low and ultra-low concentrations (i.e. 

in the ppb and ppt range) of most of the periodic table of elements [128,135]. 

In application to catalysis, this technique is widely used to determine the 

elemental composition of a catalyst, hence its metal content.  
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The ICP is an ionisation source that atomises the sample into its constituent 

elements, which are in turn transformed into ions detectable by the MS. It 

mostly uses noble gases as plasma gas, typically Ar [135]. 

The fundamental parts of an ICP-MS are schematically represented in Figure 

2.8. This includes: i) an introduction system to carry the sample to the 

nebuliser, ii) a spray chamber in which the sample is nebulised, iii) a plasma 

torch to ionise the sample, iv) an interface in which a small amount of the free 

ions generated by the plasma are transmitted to a quadrupole mass 

spectrometer, and v) an electron-multiplier detector [135].  

 
Figure 2.8. Schematic of an ICP-MS system.  

Description of the procedure  

The metal loading of both un-promoted and Na-promoted catalysts was 

determined via Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

With this scope, samples were firstly leached in hot aqua regia (i.e. HCl/HNO3 

mix) for 48 h to dissolve the carbon substrate and analysed using a Thermo 

Scientific X-Series2 ICP-MS. 

2.5 Hollow fibre-based catalytic reactors 

2.5.1 Development of the hollow fibre-based reactors 

Asymmetric 4-channel α-Al2O3 HF substrates were fabricated using the phase 

inversion technique, followed by sintering at high temperatures [118]. 

In order to obtain an HF module, 10 HFs were glued together using a high 

temperature ceramic adhesive (Ceramabond 503, AREMCO). The HFs were 

first bound into a layer of four fibres and two layers of three fibres and then the 

layers were bound together. The module was left to air dry for 1 h and then 
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step cured at 100°C for 1.5 h, 250°C for 1.5 h, 400°C for 1.5 h and 600°C for 

1.5 h. The schematic representation of a single HF unit and the HF module is 

shown below.  

 
Figure 2.9. Schematic representation of the HF unit and the HF module. 

To use the HFs as catalyst support, the carbon xerogels were deposited in 

their substrate via the sol-gel method, following the same procedure adopted 

to synthesise the carbon xerogels, i.e. i) deposition of the xerogels’ precursors 

solution, ii) gelation, iii) curing and drying, and iv) carbonisation and eventual 

post-synthesis activation treatment. The amount of carbon deposited in the 

HFs substrate was calculated by measuring the difference in weight of both 

the single HF unit and HF module before and after the carbon xerogel 

deposition. Note that prior to their impregnation with the xerogels’ precursors 

solution, the HFs were wrapped with Teflon tape to avoid xerogels’ deposition 

on their outer surface. 

The impregnation of 10 cm long HFs with the Ru-based catalysts solution was 

carried out by pipetting the same solutions used for the carbon xerogels’ 

impregnation and following the same procedure. Based on the amount of 

carbon deposited in the HF substrate, the volume of both the Ru(NO)(NO3)3 

solution and 1M water solution of NaOH were calculated. A schematic diagram 

of the deposition of a Ru-based catalyst on the HF via the sol-gel method and 

incipient wetness impregnation is shown in Figure 2.10. The same procedure 

was used to impregnate the HF module with a Co/Mo-based catalyst. Again, 

based on the amount of carbon deposited in the HF module substrate, the 
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volume of Co/Mo catalyst solution required to achieve a metal loading of 1.5 

wt. % was calculated.  

 
Figure 2.10. Schematic diagram of the deposition of Ru-NCX into the Al2O3 HF substrate via 

the sol-gel method and the incipient wetness impregnation. 

The so-prepared catalytic reactors will be named HF reactors (HFRs). By 

measuring the difference in weight of the HF substrate before and after the 

catalyst impregnation, the catalyst loading for the Ru-based HFR was 

calculated to be 30 mg, whereas that of the Co/Mo-based HFR was calculated 

to be 150 mg. 

2.5.2  Development of the hollow fibre Pd-based membrane reactor 

A schematic overview of the experimental procedure followed to develop HF 

Pd-based membrane reactor (MHFR) is shown in Figure 2.11.  

 
Figure 2.11. Schematic overview of the MHFR development. 

Before the deposition of the Pd membrane, the outer surface of a 19 cm long 

HF, except for the central 6 cm, was coated with a gas-tight glaze in order to 

block the pores of that area sintered at 900°C for 30 min (see i) in Figure 2.11). 
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After the glazing, the HF was cleaned by sequential washings with ethanol and 

water for 30 min and were then dried overnight at 120°C. 

The Pd membrane was deposited on the outer surface of the asymmetric 4-

channel α-Al2O3 HF substrate through electroless plating (ELP) (see ii) in 

Figure 2.11), as described by Paglieri and Way [136], where the ELP is an 

autocatalytic technique in which a conductive or a non-conductive surface is 

coated with a metallic film by the reduction of metal salt complexes (i.e. 

ammine complexes) induced by a reducing agent (i.e. hydrazine) [106,108].  

The preparation of the Pd membrane on the HF substrate involved two steps, 

such as surface pre-treatment via sensitisation and activation of the support 

(i.e. HF substrate) and plating of a Pd layer. In the surface activation, Pd seeds 

are deposited on the HF outer surface, since they act a catalyst in the plating 

step fastening the formation of the membrane [106]. The HF substrate was 

activated with Pd seeds via sensitisation in an acidic tin (II) chloride (SnCl2) 

solution, followed by activation in an acidic palladium (II) chloride (PdCl2) 

solution. The formation of the Pd seeds on the surface of the HF occurs 

according to the following reactions (2.4), i.e. dissociation of SnCl2 and PdCl2 

into Sn2+ and Pd2+ cations, respectively, and deposition of Pd seeds by a redox 

reaction between Sn2+ and Pd2+: 

𝑆𝑛𝐶𝑙 → 𝑆𝑛 + 2𝐶𝑙  

𝑃𝑑𝐶𝑙 → 𝑃𝑑 + 2𝐶𝑙  

𝑆𝑛 +  𝑃𝑑 → 𝑆𝑛 + 𝑃𝑑  

2.4 

 

 

As schematically shown in Figure 2.12A, the sensitisation/activation process 

was carried out by immersing the glazed HF substrates sequentially in five 

chemical baths: i) acidic SnCl2 solution, ii) deionised water, iii) acidic PdCl2 

solution, iv) 0.01 M hydrochloric acid (HCl) solution, and v) deionised water. 

The sensitisation/activation process was repeated for 6 cycles. The 

composition of each bath is presented in Table 2.1. 
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Figure 2.12. Sequential baths for sensitisation/activation process. 

Deionised water was used to avoid the contamination of the activation bath 

(i.e. PdCl2) with the sensitisation bath (i.e. SnCl2) first, and then to avoid the 

contamination of the plating bath with both sensitisation and activation baths. 

Likewise, HCl was used to dissolve away excess tin and tin oxides after 

performing the sensitizing-activation procedure [136]. All chemical baths were 

homogenised using compressed N2. The use of N2 also ensured the stability 

of the Sn sensitisers during the sensitisation/activation process, by avoiding 

their oxidation, which is known to affect their efficiency [136].  

Table 2.1. Composition of sensitisation, activation and plating bath solutions. 

Step Compound Concentration 

Sensitisation 
SnCl2 

HCl (37%) 

1 g·L-1 

1 ml·L-1 

Activation 
PdCl2 

HCl (37%) 

0.1 g·L-1 

1 ml·L-1 

Rinsing HCl 0.01 M 

Electroless 

Plating 

Pd(NH3)4Cl2-H2O 

Na2EDTA-2H2O 

NH3-2H2O (28%) 

N2H4 (1M) 

4 g·L-1 

40.1 g·L-1 

198 ml·L-1 

5.6 ml·L-1 

Successively, the two ends of the glazed HF were closed with Teflon tape to 

prevent Pd deposition prior to immerging the HF substrate in the ELP solution. 

The ELP solution was prepared according to the composition presented in 

N2

SnCl2
5 min

PdCl2
5 min

H2O
5 min

H2O
2 min

HCl
3 min
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Table 2.1 and left to stabilize overnight before being used [137]. The volume 

of the ELP solution was fixed at 5.5 mL per cm2 of substrate surface area and 

the ELP procedure was performed twice. To obtain a uniform deposition of the 

membrane during the ELP, the solution was agitated with N2. Furthermore, the 

plating temperature was controlled at ~ 60-70°C, in order to deposit metallic 

Pd layers onto the activated surface, using a hot plate stirrer. Note that the 

wide temperature range of the ELP solution can be explained by the failure of 

the heating system in keeping the temperature constant at 60°C. The 

preposition of the Pd on the surface of the HF takes place according to reaction 

(2.5): 

2𝑃𝑑(𝑁𝐻 ) + 𝑁 𝐻 + 4𝑂𝐻 → 2𝑃𝑑 + 8𝑁𝐻 + 𝑁 + 4𝐻 𝑂 2.5 

Finally, as it can be seen in point iii) of Figure 2.11, a bed of catalyst, 

synthesised as earlier described in Section 2.1 and Section 2.3, was packed 

around the Pd membrane.  

2.6 Characterisation of the hollow fibre-based catalytic reactors 

2.6.1 Scanning Electron Microscopy and Energy Dispersive X-Ray 

Spectroscopy 

Description of the procedure  

The morphology of the HF substrate, after the carbon xerogel deposition and 

the catalyst impregnation, was studied using a Zeiss Crossbeam 550 SEM. 

The FIB probe voltage and current were 30 kV and 50 pA, respectively, and 

the working distance was set to 5.5 mm. EDS mapping using an Oxford 

Instruments X-Max 150 silicon drift detector, with an accelerating voltage of 

30kV and a beam current of 50 pA, studied the elemental composition of the 

samples. 

 

2.6.2 Mercury Intrusion Porosimetry 

Description of the technique  

Porosimetry is a term associated with the estimation of pore volume, size, and 

distribution, and density of a material. Mercury (Hg) porosimetry is widely used 
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in the catalyst for determining the pore size and pore volume of catalyst 

supports. Since Hg is a non-wetting liquid and will not spontaneously penetrate 

pores by capillary action, it needs to be forced into the pores applying an 

external pressure, which is inversely proportional to the pore size [138].  

The Washburn Equation relates the applied pressure to pore diameter using 

physical properties of the non-wetting liquid (i.e. Hg): 

𝐷 =  
−4 𝛾 𝑐𝑜𝑠𝜑

𝑃
 2.6 

Where 𝐷  is the pore diameter, 𝑃 is the applied pressure, 𝛾 is the surface 

tension of mercury (i.e. ≈ 0.56 N/m), and 𝜑 is the contact angle between 

mercury and the sample (140° is recommended) [139].  

Description of the procedure  

A detailed assessment of the pore structure and porosity of the HF, before and 

after catalyst impregnation, was carried out by Hg intrusion porosimetry 

(PoreMaster, Quantachrome). Hg intrusion data were collected over an 

absolute pressure range from 5.5x103 to 3.5x108 Pa and with a set stabilization 

time of 10 s. Prior to the Hg intrusion analysis, HFs were broken into sections 

of approximately 5 mm in length. 

2.6.3 Scanning Electron Microscopy 

The morphology of the Pd membrane after the reaction experiment was 

studied via SEM, using the same experimental apparatus adopted for 

characterising the carbon xerogels, i.e. a Jeol Jsm-it100 SEM, operated at 

15kV. The samples were coated with a thin layer of gold (i.e. 15 nm) and the 

working distance ranged between 16 nm and 23 mm.  

2.7 Ammonia decomposition reaction 

2.7.1 Experimental apparatus 

2.7.1.1 Packed Bed Reactor and Hollow Fibre Reactor 

The experimental apparatus used to carry out the NH3 decomposition reaction, 

shown in Figure 2.13, consisted on: i) one reactor unit (i.e. PBR, HFR for a 
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single HF for Ru-based catalysts or HFR for a module of HFs for Co/Mo-based 

catalysts), ii) a reactor furnace (Elite Thermal Systems Limited. Model No: 

TSV12/32/150), iii) a network of electrical line heaters, iv) a gas delivery 

system and vi) a mass spectrometer (EcoSys-PTM Mass Spectrometer). 

NH3 condensation within the lines was prevented by a network of electrical line 

heating tape and thermal insulating fabric, which kept the line temperatures 

above 150°C. The temperature of each of these lines was monitored using 

several k-type thermocouples distributed throughout the equipment. A 

computer was also connected to the mass spectrometer to get real-time 

readings of the gas composition circulating in the system.  

 
Figure 2.13. Schematic process diagram of the experimental rig for PBR and HFRs units.   

Note that the HFR designed in this work for a single HF unit (see Figure 2.13) 

is the first of his type. In this respect, the use of a graphite ferrule, which 

guarantees a perfect seal and give a greater accuracy for the mass 

spectrometry readings, allows multiple uses of the same reactor, contrary to 

the HFRs employed so far, which have been sealed using epoxy resin and 

were single-use. Furthermore, the features of the HFR used in this work made 

it possible to load smaller impregnated fibres while guaranteeing that the 

samples do not contain traces of epoxy. 

2.7.1.2 Hollow Fibre Membrane Reactor 

The experimental apparatus used to carry out the NH3 decomposition reaction, 

shown in Figure 2.14, consisted on: i) one MHFR reactor unit, ii) a network of 
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electrical line heaters, iv) a gas delivery system and vi) a mass spectrometer 

(EcoSys-PTM Mass Spectrometer). The reactor was heated up using an 

electrical line heater, which was controlled by an analogue power controller 

(Electrothermal™), and thermal insulating fabric, tightly wrapped around the 

reactor. 

 
Figure 2.14. Schematic process diagram of the experimental rig for the MHFR reactor unit.  

NH3 condensation within the lines was prevented by a network of electrical line 

heating tape and thermal insulating fabric, which kept the line temperatures 

above 150°C. The temperature of each of these lines was monitored using 

several k-type thermocouples distributed throughout the equipment. The HF 

was concentrically fixed inside a stainless steel tube using epoxy resin, and 

the sealings were kept outside the heating zone due to their low thermal 

stability. 

2.7.2 Experimental procedure 

2.7.2.1 Packed Bed Reactor and Hollow Fibre Reactor 

The catalyst loading for the reaction experiments was i) 300 mg when using 

the PBR, and ii) 30 mg and 150 mg when using the HFR for a single HF or for 

a module of HFs, respectively. The whole PBR experiment has been designed 

in such a way that internal and external diffusion limitations have been 

minimised. Firstly, to ensure that the internal diffusion limitations present within 

the PBR do not limit the reaction, the size of catalyst pellets (i.e. 𝑑  = 250 μm) 

we determined assuming the Thiele modulus (𝜙 ), which is a measure of the 

ratio of a surface reaction rate to a diffusion rate through a pellet, equal 0.4. 
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Indeed, it is well known that for small 𝜙 , or 𝜙 < 0.4, the pore diffusion 

resistance is negligible [140,141]. Then, to avoid external mass transfer 

limitations, the feed volumetric flow rate (i.e. 100 cm3·min-1) was carefully 

selected in order to minimise the boundary layer thickness (i.e. Reynolds 

number equal to 4.2X10-2) [140,141]. 

Before each catalytic test, Ru-based catalysts and Co/Mo-based catalysts 

were reduced in-situ at 450°C and 600°C, respectively, under a flow of 50 

cm3·min-1 (STP) of 50 vol% H2 in Ar. The same reaction conditions were used 

for all reaction experiments. The NH3 decomposition was performed at 

atmospheric pressure, between 100°C to 600°C, using a reactant flowrate of 

100 cm3·min-1 and the following reactant mixture: 10 vol% NH3 balanced in Ar. 

The gas mixture used in the reaction studies is custom made by BOC Ltd (UK). 

The composition of the exit gases was monitored by in-line the mass 

spectrometer, which was calibrated using pure Ar as a zero gas, and the 

reaction mixture (10% vol. NH3 in Ar) as a calibration gas. In addition, the ion 

currency of both the pure Ar and reaction mixture were used as references to 

calculate the range between 100% and 0% NH3 conversion, respectively.  The 

NH3 conversion, xNH3 (%), was estimated using the following equation: 

𝑥 =
𝐶 − 𝐶

𝐶  
× 100 2.7 

The turnover frequency (TOF) of each catalyst herein studied was estimated 

assuming that the metallic phase is responsible for the catalyst activity. The 

following equation was used to calculate the TOFs:  

𝑇𝑂𝐹 =  
𝐹𝑁𝐻3

̇

𝑛
×

1

𝐷
 2.8 

Where �̇�  is the molar flowrate of the NH3 converted, 𝑛  is the Ru loading 

in moles, which depends on both the metal and catalyst loadings (i.e. 𝑛  = 

(catalyst loading x Ru loading)/Ru molecular weight), and 𝐷 is the metal 

dispersion.  

In order to study catalysts’ stability, long-term reaction experiments were 

performed at 450°C for the both the Ru-based and Co/Mo-based catalysts 



Experimental methods 

  46 

when using the PBRs (i.e. 10 h and 100 h, respectively) and the HFRs (i.e. 

100 h and 300 h, respectively). It should be noted that longer stability tests 

were carried out for Co/Mo-based catalysts, as there is no information in the 

literature on their thermal stability during the NH3 decomposition reaction, 

contrary to the Ru-based catalysts that are the most studied for this reaction. 

Furthermore, ten thermal shock experiments were performed at atmospheric 

pressure and at 450°C to assess the effects of frequent start-up and shutdown 

cycles on the catalytic activity of Co/Mo-NCX and its peeling off resistance. 

During the thermal shock experiments, the HFR was heated using a ramp rate 

of 20°C·min-1, reaching 450°C in approximately 20 min. Note that these 

experiments were only performed for Co/Mo-NCX, which is considered the 

most suitable catalyst candidate for this technology due to its lower overall cost 

compared to Ru/Na-NCX. 

2.7.2.2 Hollow Fibre Membrane Reactor 

The catalyst loading for the MHFR experiment was 2 g. Before the catalytic 

test, the Ru/Na-based catalyst was reduced in-situ at 450°C under a flow of 50 

cm3·min-1 (STP) of 5 vol% H2 in Ar. Furthermore, Ar was flown through the 

membrane throughout this process in order to avoid damaging the Pd 

membrane due to the α-β Pd phase transition (i.e. T < 300°C, P < 20 atm, H2 

flow) [106,109,110]. The NH3 decomposition was performed at atmospheric 

pressure, between 300°C to 450°C, using the same reactant gas mixture and 

flowrate of the other reaction experiments. H2 produced in the NH3 

decomposition reaction was separated by means of the Pd membrane 

deposited on the outer surface of the HF, using a co-current flow of Ar (i.e. 100 

cm3·min-1 (STP)) as sweep gas to create a concentration gradient across the 

Pd membrane. The H2 recovery index was calculated as the ratio between the 

permeated H2 flow and the sum of the permeate and retentate H2 flows: 

𝑅  (%) =
𝑉

,
̇

𝑉
,

̇ + 𝑉
,

̇
× 100 2.8 

Where 𝑉
,

̇  and 𝑉
,

̇  is the flowrate of the H2 in shell and lumen of the reactor, 

respectively. 
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Chapter 3 Results and Discussion Part I: 

Catalysts’ supports 

This chapter provides a detailed description of the physical, chemical and 

structural properties of the carbon xerogels. Particularly attention was paid to 

understanding how the CO2 activation treatments adopted and the N-doping 

methods affected carbon xerogels properties. In this respect, as mentioned in 

the introduction of this thesis, both the activation treatments and the N-doping 

were performed in order to tune the properties of the carbon xerogels in order 

to optimise their thermal stability under the reaction conditions, specific surface 

area, electron conductivity, and basicity, which are known to be favourable for 

the NH3 decomposition reaction.  

3.1 Description of the carbon xerogels 

3.1.1 Nitrogen adsorption and desorption isotherms at -196°C 

N2 adsorption and desorption isotherms at -196°C and pore size distributions 

of carbon xerogels here studied are shown in Figure 3.1A and Figure 3.1B, 

respectively. According to the IUPAC classification, all supports showed Type 

IV N2 isotherms, which are typical for mesoporous materials [120–122]. 

Moreover, all samples presented a hysteresis loop which is due to capillary 

condensation, typically observed in pores wider than 4 nm [121]. Hence, ACX5h 

shows a hysteresis loop Type H4 according to the IUPAC classification, 

common for micro-mesoporous carbon material with slit-shaped pores. [120–

122]. 

However, the remaining supports show a hysteresis loop Type H2, indicative 

of a wide pore size distribution [120–122], which is characterised by an almost 

flat plateau and a steep desorption branch [120]. The extension of the N2 

hysteresis loops shown in Figure 3.1A, in a broad range of relative pressures 

(i.e. P/P0 between 0.40 and 0.85), indicates the existence of a network of 

interconnected ink-bottle-shaped or both ends-opened-shaped pores with 
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different shapes and sizes, ranging from micro- to mesopores, as can be seen 

in Figure 3.1B [120]. 

 

Figure 3.1. (A) N2 adsorption/desorption isotherms at -196°C and (B) pore size distributions 
of carbon xerogels here studied. 

The duration of the CO2 activation treatment had distinct effects on the surface 

area and total pore volume of ACX1h and ACX5h. In this respect, as listed in 

Table 3.1, ACX1h shows a higher surface area and total pore volume than CX 

(i.e. by 32% and 5%, respectively), whereas ACX5h presents a smaller surface 

area and total pore volume than CX (i.e. by 10% and 30%, respectively). 

Table 3.1. Textural and structural properties of carbon xerogels here studied. 

Support SBET (m2·g−1) 
Pore volume (cm3·g−1) 

Total  Micropores Mesopores  

CX 1050 0.39 0.20 0.19 

ACX1h 1385 0.41 0.23 0.17 

ACX5h 960 0.28 0.17 0.11 

UCX 550 0.24 0.11 0.13 

NCX 325 0.20  0.07  0.13  

As can be seen in Figure 3.1A, at low relative pressure (i.e. P/P0 < 0.1 bar), 

ACX1h 
adsorbed 20% more nitrogen than CX, indicating an increase of the 

microporosity after 1 h of CO2 activation treatment. This development of the 
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microporosity can be explained due to two factors; i) desorption of oxygen 

surface groups at the entrance of micropores, ii) opening of the micropores 

due to the reverse Boudouard reaction (i.e. CO2 + C ⇄ 2 CO) [142]. On the 

other hand, the low volume of N2 adsorbed by ACX5h confirms the significant 

decrease in the total pore volume of CX after 5 h of CO2 activation treatment. 

This phenomenon could be explained due to the partial crystallisation of the 

support, which led to a more ordered structure. This result agrees with previous 

studies, pointing out that carbon xerogels with a more ordered carbonaceous 

structure present lower surface area and pore volume [143]. 

It can be observed that the N-doping of carbon xerogels induced a reduction 

of the N2 adsorption uptake at very low relative pressure, suggesting a 

decrease in the total pore volume [120,144]. The fact that the isotherms of both 

UCX and NCX were simply shifted downwards with respect to CX, and the 

hysteresis position and shape did not significantly change, indicates that the 

N-doping reduced the micropores volume of the carbon xerogels but it did not 

alter their mesopores. Moreover, as reported in Table 3.1, both UCX and NCX 

exhibited lower specific surface area than CX (i.e. by around 50 % and 70 %, 

respectively). These results can be explained by the addition of heteroatoms 

to the carbon lattice during the N doping, as well as to the different thermal 

treatments applied for the synthesis of both UCX and NCX, which are known 

to affect the structural and textural properties of carbon xerogels [26,48].  

Likewise, a comparison between carbon xerogels here studied with those 

reported in the literature was carried out, as reported in Table 3.2 [82,83,145–

150]. It can be noticed that CX shows a higher surface area (i.e. 1050 m2·g-1) 

than carbon xerogels previously reported in the literature (i.e. 600-770 m2·g-1). 

This phenomenon could be explained due to the different R/C ratios used to 

prepare the xerogel precursors solution in this work (i.e. R/C = 200) compared 

to those used in other studies (i.e. R/C > 300). These discrepancies are also 

reflected in the different pH of the xerogel precursors solution, known to 

depend on the R/C ratio. 
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Table 3.2. Comparison between carbon xerogels here studied (TW) and those reported in 
the literature. 

Support R/F R/C pH 
Carbonisation & 

Activation 

SBET 

(m2·g−1) 
Ref. 

CX 0.50 200 7.11 800°C / 1 h / N2 950 TW 

CX 0.50 1000 - 900°C /3.25 h /N2 630 [82] 

CX650 0.50 - - 650°C / Ar 663 [150] 

CX850 0.50 - - 850°C / Ar 771 [150] 

CX-750 0.50 - 5.80 750°C / N2 644 [143] 

C-xerogel 0.50 - 6.40 800°C / N2 565-635 [149] 

C-xerogel 0.50 - - 600-1100°C / N2 600 [145] 

CX-Original 0.50 - 6.00 800°C / 2 h / N2 650 [148] 

CX-300 0.50 300 6.80 800°C / N2 636 [146] 

CX-1000 0.50 1000 5.50 800°C / N2 657 [146] 

13CX-UA 1.85 - 6.00 800°C / N2 687 [147] 

28CX-UA 1.85 - 5.50 800°C / N2 684 [147] 

XP350 0.50 350  800°C / 5 h  / N2 655 [83] 

ACX1h 0.50 200 7.11 
i) 800°C / 1 h / N2 

ii) 800°C / 1 h / CO2 
1384 TW 

ACX5h 0.50 200 7.11 
i) 800°C / 1 h / N2 

ii) 800°C / 5 h / CO2 
958 TW 

AX-1000 0.50 - 5.80 
i) 750°C / 1 h / N2 

ii) 1000°C / 2 h / CO2 
1460 [143] 

AC-xerogel 1.50 - - 
i) 600-1100°C / 1 h / N2 

ii) 1050°C / 3 h / CO2 
600 [145] 

CX-800-4 2.50 1000 - 
i) 900°C / 3.25 h / N2 

ii) 800°C / 4 h / CO2 
670 [82] 

UCX 0.50 200 6.02 800°C / 5 h / N2 550 TW 

NCX 0.50 200 7.11 
i) 800°C / 1 h / N2 

ii) 350°C / 3 h / NH3 
325 TW 

URF170 0.50 170 - 800°C / 5 h / N2 604 [63] 

CXU_5.3_700 0.50 - 5.30 700°C / N2 435 [78] 

CXU_6.0_700 0.50 - 6.00 700°C / N2 432 [78] 

CXU_6.9_700 0.50 - 6.90 700°C / N2 461 [78] 

CXU-6.9 0.50 - 6.90 450°C / N2 406 [84] 

XU200 0.50 200 - 800°C / 5 h / N2 258 [83] 

In this respect, as stated by Pekala et al., the R/C ratio can significantly 

influence the kinetic of the gelation reaction and thus the final properties of the 
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xerogel [80,151]. In particular, low R/C ratios result in xerogels with small pore 

sizes and larger surface areas, whereas high R/C ratios lead to xerogels with 

bigger pores and lower surface areas [151]. Furthermore, Salinas-Torres et al. 

found that the R/C ratio has a strong influence on the pore texture of the dried 

xerogels and, therefore on their carbonised counterparts [152]. Instead, UCX 

surface area (i.e. 550 m2·g-1) is in line with those reported in previous studies 

(i.e. 400-600 m2·g-1), in which N-doped carbon xerogels were synthesised 

under the same experimental conditions [63,78,83,84].  

3.1.2 Temperature Programmed Desorption 

Oxygen surface groups present on carbon xerogels surface were determined 

by TPD experiments. As it is well known oxygen surface groups decompose 

into CO2 and CO at medium and high temperatures [123]. The evolution of CO2 

and CO desorption profiles with the temperature are shown in Figure 3.2A and  

Figure 3.2B, respectively. As can be seen in  Figure 3.2A, CO2-TPD profiles 

can be deconvoluted into three components, corresponding to carboxylic acids 

(i.e. peak a: 230 - 300°C), anhydrides (i.e. peak b: 400 - 450°C), and lactones 

(i.e. peak c: 530 - 580°C). On the other hand, CO desorption profiles, shown 

in  Figure 3.2B, only exhibited one peak (i.e. peak d: 440 - 450°C), which can 

be associated with the presence of anhydrides on the surface of carbon 

xerogels [123].  

The nature of oxygen surface groups identified in carbon xerogels here studied 

(i.e. carboxylic, anhydride and lactone) agrees with the results of previous 

works in which the synthesis of carbon xerogels was conducted under similar 

experimental conditions [78,79,82].  
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Figure 3.2. (A) CO2-TPD and (B) CO-TPD profiles of carbon xerogels here studied. CO2 and 

CO intensity values scaled to the mass of the sample analysed. 

3.1.3 Thermal Gravimetric Analysis in nitrogen atmosphere 

The weight percentage of the different functional groups present on the surface 

of all supports here studied is reported in Table 3.3. Oxygen surface groups 

represent about 14%, 9%, 3%, 5% and 2% of the total mass of CX, ACX1h, 

ACX5h, UCX, and NCX, respectively. 

Table 3.3. Amount of oxygen surface groups of carbon xerogels here studied. 

Support 
Oxygen surface groups (wt.%) 

Total  Carboxylic Anhydrides Lactones 

CX 14.0  3.5  4.3  6.2  

ACX1h 9.2  2.1  2.7  4.4  

ACX5h 2.9  2.0  0.7  0.2  

UCX 4.6  3.2  0.9  0.5  

NCX 2.4 1.6 0.7 0.1 

The amount of oxygen surface groups presented in CX decreased because of 

the CO2 activation treatment. For instance, N2-TGA experiments showed that 

ACX1h and ACX5h exhibited 5 wt. % and 11 wt. % less oxygen surface groups 

than CX, respectively. This behaviour can be ascribed to the exposure of CX 

to a high temperature during the activation treatment (i.e. 800°C). Indeed, 

thermal treatments at high temperatures (i.e. > 700°C) are widely used to 
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remove functional groups from the carbon surface in order to enhance its 

physical and chemical properties (i.e. basicity and electrical conductivity) [51]. 

Despite the high temperature activation treatment, desorption of surface 

groups at low temperature was observed in both ACX
1h

 and ACX5h, which can 

be explained due to the re-oxidation of the supports after the activation 

treatment when exposed to the atmosphere. 

Likewise, the presence of N heteroatoms in the carbon xerogel caused a 

decrease in anhydride and lactone surface groups, regardless of the method 

used. Indeed, only the 0.9 wt. % and 0.5 wt. % of UCX weight were ascribed 

to anhydride and lactone surface groups, respectively. Likewise, NCX showed 

only 0.7 wt. % of anhydrides and 0.1 wt. % of lactone groups. For UCX, this 

behaviour can be explained due to the longer exposure to high temperatures 

during the carbonisation stage (i.e. up to 800°C for 8 h) compared to CX (i.e. 

up to 800°C for 1 h) [153,154]. This behaviour can be further attributed to the 

formation of various N functionalities during the carbonisation of the N-doped 

carbon xerogel precursor, which could avoid the formation of certain oxygen 

surface groups such as lactone surface groups (i.e 90% less in UCX than CX) 

[155,156]. In contrast, the complete absence of lactone groups and the overall 

decrease of oxygen surface groups in NCX is a consequence of the formation 

and desorption of amide surface groups during the NH3/Air activation 

treatment (i.e. R1-(C=O)-O-R2 + NH3  R1-CONH2 + R2-OH) [74,150,154]. 

3.1.4 X-Ray Photoelectron Spectroscopy 

To prove the efficiency of the N-doping methods used in this work, by 

confirming the addition of N functionalities to the carbon xerogels’ surface, both 

UCX and NCX were analysed via XPS. The type of N functionalities and their 

relative amount was then assessed. XPS spectra in the N1s region of UCX 

and NCX, shown in Figure 3.3A, were deconvoluted into three contributions 

associated with the presence of N functionalities, including  i) pyridine (i.e. 

399.5–398.5 eV), ii) pyrrole (i.e. 400.8–399.8 eV), and iii) graphitic or 

quaternary nitrogen (i.e. 403.0–401.0 eV) [33,79,119,150,157,158].  
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Figure 3.3. (A) XPS spectra in the N1s region of UCX and NCX. (B) Schematic diagram 

of typical N functionalities.  

As schematically represented in Figure 3.3B, pyridinic groups contain sp2-

hybridized N atoms located at the edges of graphene sheets, pyrrolic groups 

have a sp2-hybridized N atom as part of a five-member ring structure, and 

quaternary N is sp3-hybridized and replace a carbon atom located within a six-

member ring structure in the graphene sheet. 

As reported in Table 3.4, although UCX and NCX presented the same type of 

N groups, their total and relative amounts are different. For instance, UCX 

possessed almost half the amount of groups compared to NCX. Likewise, UCX 

exhibits higher relative contributions of pyrrolic and quaternary nitrogen (i.e. 

45% and 23%, respectively), whereas NCX showed more pyridinic nitrogen 

(i.e. 54%).  

Table 3.4. Amount of nitrogen functionalities of UCX and NCX determined by XPS. 

Support 
Nitrogen groups (wt.%) 

Tot Pyridine  Pyrrole Quaternary 

UCX 2.2 0.7 1.0 0.5 

NCX 3.9 2.1 1.4 0.4 

This result can be justified by the different N-doping methods used to 

synthesise UCX and NCX. In this respect, Kang et al. found that the relative 

amount of N functionalities can be controlled by changing the temperature at 
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which the N doping occurs [150]. Thus, longer exposure to high temperatures 

during the carbonisation led to a gradual conversion of pyrrolic to pyridinic N, 

which is consequently converted into quaternary N. Similarly, Abidin et al. 

reported that the carbonisation temperature significantly affects the formation 

of the N groups in the carbon xerogel structures [159]. Furthermore, Gorgulho 

et al. showed that the relative contributions of N groups in a sample are not 

only affected by the temperature at which N-doped carbon xerogels have been 

prepared but also by the N-containing precursor used [119].  

3.1.5 Thermal Gravimetric Analysis in Air atmosphere 

The Air-TGA profiles, and their first derivative curves, of the supports here 

studied, are shown in Figure 3.4A and Figure 3.4B, respectively. As shown in 

Figure 3.4A, among all the supports studied, CX shows the greatest drop in 

mass in air atmosphere, with a final mass loss of 63% at 700°C. On the 

contrary, UCX exhibits the smallest drop, with approximately 50% of its mass 

being lost after the treatment at 700°C. 

 
Figure 3.4. (A) Air-TGA profiles and (B) their first derivative curves for carbon xerogels here 

studied. 

It can be noted that after the CO2 activation treatment, the burning temperature 

of both ACX1h and ACX5h (i.e. 580°C and 600°C, respectively) was higher than 

that of CX (i.e. 535°C). The enhanced thermal stability observed in CO2 
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activated carbon xerogels can be explained due to an arrangement of carbon 

atoms into a more ordered crystal structure. This explanation is in line with the 

previous work of Zhong et al., which reported that the higher the crystallinity of 

carbon supports, the higher their thermal stability is [12]. 

Likewise, both UCX and NCX were associated with higher burning 

temperatures than CX (i.e. 640°C, 615°C, and 535°C, respectively), which 

suggest that the presence of N atoms on the surface of UCX and NCX 

enhanced their thermal stability. The positive effect of N doping on the thermal 

stability of both UCX and NCX can be attributed to the presence of carbon-

nitrogen bonds (615 kJ·mol-1) which are stronger than carbon-carbon bonds 

(602 kJ·mol-1) [63,78,79]. Similar behaviour was observed by Stohr et al., 

which reported that N-doped carbon materials exhibit higher oxidation 

resistance compared to non-doped counterparts [62]. Furthermore, the lower 

burning temperature observed for NCX compared to UCX can be explained by 

its larger amount of pyridine groups (see Table 3.4), which have been reported 

to exhibit lower thermal stability than pyrrole and quaternary N groups [158]. 

 

3.1.6 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) studied the morphology of the different 

supports. Different top surface SEM pictures from low to high magnification are 

depicted in Figure 3.5. As reported in the literature, carbon xerogels are 

composed of interconnected and semi-spherical particles, which form a three-

dimensional network [63,146]. 

As can be seen from the representative images below, the two activation 

treatments, i.e. either in CO2 or NH3/Air atmosphere, resulted in carbon 

xerogels with different textural and structural properties. For instance, after the 

activation with CO2, the surface becomes smoother, whereas activation with 

NH3 resulted in a more crystalline and shiny surface. Instead, the fact that both 

ACX1h and ACX5h presented a relatively similar surface morphology to UCX, 

suggests that both the CO2 activation treatment and N doping via the co-
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precursor method lead to carbon xerogels with similar textural and structural 

properties.   

 
Figure 3.5. SEM images of carbon xerogels at different magnifications. 

3.2 Conclusions 

The effects of the CO2 activation of carbon xerogels were investigated for 

different activation durations, i.e. 1 h and 5 h. The specific surface areas and 

pore volumes of ACX1h and ACX5h were different, depending on the duration 

of the CO2 activation treatment. For instance, the 1 h treatment resulted in a 

higher surface area and pore volume of ACX1h when compared to CX, whereas 

the 5 h treatment had a detrimental effect on the textural and structural 

properties of ACX5h. Despite this, as evinced by the Air-TGA and TPD result, 

the 5 h CO2 activation treatment offered the advantages of enhanced thermal 
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stability and basicity of ACX5h when compared to both ACX1h and CX (i.e. 5-

12% higher burning temperature and 70-80% less oxygen surface groups).  

The N-doping of carbon xerogels resulted in the production of carbon xerogels 

with a lower surface area, less developed microporosity, and enhanced 

thermal stability and basicity when compared to non-doped counterparts. 

Changing the N-doping method from the co-precursor method (i.e. UCX) to the 

post-synthesis NH3/Air activation (i.e. NCX) lead to the introduction of different 

N functionalities on the carbon xerogel surface. According to XPS spectra 

deconvolution, the pyrrolic N and quaternary N functionalities are predominant 

in UCX, whereas pyridinic N are predominant in NCX. This, in turn, affected 

the thermal stability of both UCX and NCX, being the former more stable than 

the latter due to the fewer pyridine groups on its surface.  
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Chapter 4 Results and Discussion Part II: 

Ruthenium-based catalysts 

This chapter includes a detailed description of both the un-promoted and Na-

promoted Ru-based catalysts, with a particular focus on how the properties of 

the different carbon xerogels used affected their catalytic activity. In addition, 

the effect of the promoter on the catalysts’ performance during the NH3 

decomposition reaction is analysed in this chapter as well.   

4.1 Description of the ruthenium-based catalysts 

4.1.1 Scanning Transmission Electron Microscopy and Energy 

Dispersive X-Ray Analysis 

Conventional STEM-HAADF images and corresponding EDS elemental maps 

of the Na-promoted catalysts herein studied are shown in Figure 4.1. From a 

visual inspection of the elemental maps, it can be seen an even distribution of 

both Ru and Na nanoparticles on the catalyst’s support surface, indicating the 

absence of apparent Ru aggregates.  

Based on Tennison et al. work, metallic Na and sodium oxide (Na2O) can be 

found in three different positions with respect to the Ru; i) absorbed in the bulk 

of the Ru particles, ii) around the Ru particles forming "hot rings", iii) decorating 

the surface of Ru particles [92]. However, looking at the STEM/EDS images in 

Figure 4.1, it is difficult to determine the exact relative position of Na oxide with 

respect to Ru particles. In this respect, it can be assumed that both the Na and 

Na2O can be found in any of the three different positions identified by Tennison 

et al.  
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Figure 4.1. Representative STEM-HAADF images and corresponding EDS elemental maps 

taken from the Na-promoted Ru-based catalysts after the reaction. 
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4.1.2 Transmission Electron Microscopy 

Representative TEM images of un-promoted and Na-promoted Ru-based 

catalysts here studied, before and after reaction, are shown in Figure 4.2 and 

Figure 4.3, respectively. In addition, Ru particle size distribution histograms 

before and after the first reaction run, for un-promoted and Na-promoted 

catalysts, are also shown in Figure 4.2 and Figure 4.3, respectively.  

 
Figure 4.2. TEM images before and after reaction of un-promoted Ru-based catalysts. Right: 

Particle size distributions before (grey) and after (black) the reaction. 
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Figure 4.3. TEM images before and after reaction of Na-promoted Ru-based catalysts. Right: 

Particle size distributions before (grey) and after (black) the reaction. 

Likewise, the standard deviation (SD) of Ru particle size distributions has been 

calculated for all catalysts herein presented. As can be seen from the data 

reported in Table 4.1, a similar SD trend can be identified for both un-promoted 

and Na-promoted catalysts before reaction; in this respect, it can be noticed 

that the catalysts supported on ACX5h and CX always present the narrowest 

and the widest particle size distribution, respectively. Furthermore, only the two 

catalysts supported on ACX1h presented a narrower particle size distribution 
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after the first reaction experiment (i.e. SD 25% and 10% lower for Ru- ACX1h 

and Ru/Na- ACX1h, respectively).  

Table 4.1. Ru-based catalysts here studied: Ru average particle size (Dm), SD of Ru particle 
size distributions, and metal particles dispersion (D(%)) before and after the reaction. 

Catalyst 

Dm  

(nm) 

SD 

(nm) 

D 

(%) 

Before After Before After Before After 

Ru-CX 2.4 2.8 0.93 1.06 29.9 26.9 

Ru/Na-CX 3.0 3.0 0.89 0.93 27 - 

Ru-ACX1h 2.2 2.6 0.82 0.63 33.7 31.3 

Ru/Na-ACX1h 2.8 2.8 0.89 0.80 27.6 - 

Ru-ACX5h 2.0 2.4 0.56 0.78 35.1 32.1 

Ru/Na-ACX5h 2.6 2.6 0.50 0.71 29.4 - 

Ru-UCX 1.9 2.5 0.80 1.05 34.9 32.6 

Ru/Na-UCX 2.5 2.6 0.69 0.84 29.9 - 

Ru-NCX 1.9 2.5 0.80 1.05 36.2 32.9 

Ru/Na-NCX 2.5 2.6 0.69 0.84 33.1 - 

It is widely accepted that oxygen surface groups can behave as anchoring 

sites for metal atoms, improving their dispersion throughout the support 

[34,50,52]. However, as can be seen in Table 4.1, despite Ru-CX presenting 

the highest amount of oxygen surface groups, it had the largest average 

particle size and the lowest metal particles dispersion (i.e. 2.4 nm and 30%, 

respectively), compared to the other un-promoted catalysts herein presented. 

Similar behaviour was observed by Van Dam et al. [50], which concluded that 

high temperature electron-withdrawing surface groups can weaken the 

interaction between the metal atoms and the support, facilitating their mobility 

and agglomeration into larger particles. This agrees with the fact that catalysts 

with the lowest average particle size, Ru-ACX5h, Ru-UCX, and Ru-NCX also 

showed the lowest amount of lactone groups.  

A similar trend was observed for Na-promoted catalysts; the lower the number 

of lactone groups, the smaller Ru average particle size. However, notice that 

the Ru average particle size of Na-promoted catalysts was larger than that of 
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un-promoted ones (i.e. 2.6 - 3.0 nm vs 1.8 - 2.4 nm). Despite the low contrast 

between Ru and Na, which make it very difficult to distinguish Ru particles from 

Na ones, this behaviour tentatively suggests that metal particles observed in 

Figure 4.3 are a mixture of Ru and Na atoms. 

Furthermore, as shown in Figure 4.2, the Ru particle size distribution of un-

promoted catalysts shifted to the right after the first reaction run. The increase 

in the average size of Ru particles (i.e. from 1.8 - 2.4 nm to 2.2 - 2.8 nm) can 

be explained by the sintering of Ru particles due to the high reaction 

temperature (i.e. 600°C) [89]. In contrast, as it can be seen in Figure 4.3, the 

Ru particle size distribution of Na-promoted catalysts did not change after the 

first run of reaction. This strongly suggests that Na oxide must be located 

around Ru particles, preventing their sintering and agglomeration. This 

hypothesis is based on Tennison et al. work aforementioned [92] and 

STEM/EDS analysis discussed before.  

4.1.3 Temperature Programmed Reduction 

TPR profiles of un-promoted and Na-promoted catalysts are shown in Figure 

4.4A and Figure 4.4B, respectively. The interpretation of these profiles has 

been done using the open literature [34,68,87,90]. As can be seen in Figure 

4.4A, three H2 reduction peaks were observed for the un-promoted catalysts 

here studied. The first peak observed at low temperature (i.e. peak a: 210 - 

245°C) corresponds to the reduction of the Ru oxide particles. The fact that 

reduction temperature here reported is higher compared with those reported 

in the literature (i.e. 130 - 180°C) [42,49,63], suggests a stronger metal-support 

interaction in the catalysts studied in this work. Similar behaviour was reported 

by Yin et al., who found that the interaction between the metal and the support 

can significantly influence the reduction temperature [3]. Moreover, as 

expected, the reduction temperature of Ru oxide particles increased with their 

average particle size, indicating that bigger metal particles are more difficult to 

be reduced. 
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Figure 4.4. Temperature Programmed Reduction profiles of (A) un-promoted and (B) Na-

promoted Ru-based catalysts.  

The second reduction peak observed at intermediate temperature (i.e. peak b: 

335 - 450°C), can be explained due to the H2 from Ru atoms onto the carbon 

surface. According to Psofogiannakis et al., the H2 spillover is facilitated when 

the carbon substrate is decorated with oxygen surface groups [64]. Moreover, 

Guerrero et al. found out that an increased surface density of carboxylic and 

lactones groups leads to a significant enhancement of the H2 spillover [65]. 

This is consistent with the fact that among all the catalysts Ru-CX, which had 

the highest amount of carboxylic and lactones groups among all catalysts 

studied, displayed the highest intensity H2 consumption peak attributed to the 

H2 spillover. Notice that under the NH3 decomposition reaction conditions the 

H2 spillover can occur, resulting in an H2 rich surface around the ruthenium 

particles that can affect the catalytic performance. 

The third reduction peak observed at high temperature (i.e. peak c: 500 - 

610°C) corresponds to the partial gasification of the carbon support to produce 

methane. The temperature range at which this peak is observed is higher than 

the values reported in the literature [5,6]. In this respect, it has been reported 

that the extent of the gasification process is determined by the nature of the 

carbon support. According to Forni et al. [66] and Kowalczyk et al. [67], the 

gasification process is less pronounced on more crystalline carbon support 
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structures. This could explain the fact that both CO2 activation treatment and 

N doping significantly improved the gasification resistance of Ru-ACX1h, Ru-

ACX5h, Ru-UCX, and Ru-NCX. 

Unlike un-promoted catalysts, only H2 consumption peaks corresponding to the 

reduction of the Ru precursors (i.e. peak d: 375 - 390°C) and the partial 

gasification of the support (i.e. peak e: 540 - 630°C) were observed in the TPR 

profiles of Na-promoted catalysts. This suggests, in accordance with the 

STEM/EDS and TEM results discussed before, that Na2O act as a barrier 

around Ru particles, which avoids the diffusion of H2 atoms from the metal to 

the support [68]. Hence, the H2 consumption peak at the intermediate 

temperature corresponding to H2 spillover was not observed in any of Na-

promoted catalysts here studied. Moreover, the addition of Na increased in the 

reduction of the Ru oxide particles and the partial gasification of the support 

temperatures. This behaviour can be explained due to the electronic promoter 

effect of Na, which enhances the interaction between Ru particles and the 

carbon support [13,42]. Likewise, it is important to highlight that the addition of 

Na improved the thermal stability of Na-promoted catalysts, which allows their 

use in a wider temperature range. 

A schematic diagram reporting the evolution of both the un-promoted and a-

promoted catalysts surface during the H2 TPR experiments is shown in Figure 

4.5. 

 
Figure 4.5. Schematic representation of the surface evolution of (A) un-promoted and (B) 

Na-promoted Ru-based catalysts during TPR experiments. 
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4.1.4 X-Ray Photoelectron Spectroscopy  

XPS spectra of C1s, O1s and N1s regions, for un-promoted and Na-promoted 

Ru-based catalysts, before their activation, are reported in Figure 4.6A and 

Figure 4.6B, respectively. The chemical composition of the surface of carbon 

xerogels here studied is in agreement with the results of previous works 

[33,63,150,160–163]. As expected, the treatments used to modify the 

properties of carbon xerogels affected the nature of the chemical components 

on their surface. 

 
Figure 4.6. XPS spectra of C1s, O1s and N1s regions for the (A) un-promoted and (B) 

Na-promoted Ru-based catalysts here studied. 

About the C1s region, four contributions were identified in the XPS spectra of 

all catalysts: dehydrogenated carbon species bound to a metal ion (i.e. around 

281 eV), amorphous carbon (i.e. 284.6–284.9 eV), carbon in lactone groups 

(i.e. 286.2–286.7 eV), and carbon in carboxylic groups (i.e. 288.6–288.8 eV). 
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An additional contribution (i.e. around 283eV) was identified in the XPS spectra 

of the C1s region of all Na-promoted catalysts, which can be attributed to the 

formation of C-Na bonds [33,63,150,163]. Moreover, as a consequence of the 

N doping, both un-promoted and Na-promoted catalysts supported on UCX 

and NCX exhibited a further contribution in the C1s region, due to the C-N 

bond [63,150,162].  

It can be seen that Ru-ACX5h, Ru-UCX and Ru-NCX presented the two lowest 

contributions of amorphous carbon (i.e. 19%, 18%, and 19%, respectively), 

which is indicative of the higher order of their carbonaceous structure 

compared to the other catalyst supports studied in this work. This is in 

agreement with the results of the N2 adsorption (BET) and Air-TGA 

experiments, which provided evidence of the lower surfaces areas and higher 

burning temperatures, thus higher crystallinity, of ACX5h, UCX and NCX, 

compared to CX and ACX1h. Furthermore, as shown in the deconvolutions of 

the XPS spectra of C1s and O1s regions, Ru-ACX5h, Ru-UCX and Ru-NCX did 

not present any contribution that could be ascribed to the presence of lactone 

groups on their surface. These results are in congruence with the TPD profiles 

shown in Figure 3.2, and the N2-TGA data reported in Table 3.3, which 

suggested a scarce presence of lactone groups on their surfaces. 

Likewise, monitoring the Ru3d XPS region, which overlaps with the C1s one, 

an additional peak, ascribed to the presence of the Ru oxide (i.e. Ru(IV)) on 

the catalysts’ surface (i.e. about 280.7 eV) [160], is included in the 

deconvolution of the C1s XPS spectra of all catalysts herein studied.  

As shown in Figure 4.6A and Figure 4.6B, the deconvoluted O1s region XPS 

spectra can be related to the following contributions [33,162]: Ru oxide (i.e. 

approx. 529 and 531 eV), oxygen in lactone groups (i.e. 532.7–533.0 eV) and 

oxygen in carboxylic groups (i.e. 533.8–534.4 eV). Moreover, an additional 

peak is included in the deconvolution of the O1s region of all Na-promoted Ru-

based catalysts (see Figure 4.6B), which suggests the presence of Na oxide 

on the catalyst surface (i.e. about 530 eV) [161].  
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Similarly, for all N1s region XPS spectra, N components at high binding energy 

(i.e. around 402.4 and 406 eV) were identified, which can be attributed to NOx 

groups generated by the thermal decomposition of the Ru precursor 

RuNO(NO3)3 used in the synthesis of the catalyst [164]. As expected, the N1s 

region XPS spectra of all catalysts supported on N-doped carbon xerogels 

presented three additional N contributions, accounting for pyridinic nitrogen 

(i.e. 399.5–398.5 eV), pyrrolic nitrogen (i.e. 400.8–399.8 eV), and quaternary 

nitrogen (i.e. 403.0–401.0 eV) [33,63,150,160]. 

Finally, the deconvolutions of the XPS spectra of Na-promoted catalysts 

reported in Figure 4.6B, of the C1s, O1s and N1s regions, exhibited the same 

trend as their un-promoted counterparts. However, in the C1s and O1s 

regions, all Na-promoted catalysts showed an additional contribution 

corresponding to the presence of carbon-metal bonds and Na2O [161], 

respectively, in agreement with the results of the TEM, STEM/EDS and TPR 

experiments wherein the presence of Na particles on the catalyst surface was 

hypothesised.  

4.2 Performance of ruthenium-based catalysts during the 

ammonia decomposition reaction 

4.2.1 Effect of the support 

The performance of un-promoted catalysts during the NH3 decomposition 

reaction is shown in Figure 4.7A. Two reaction runs were carried out not only 

to assess the reproducibility of the performance of the catalysts during the NH3 

decomposition reaction, but also to demonstrate the formation of Ru B5 sites 

after the first reaction run and study their effect on the catalysts performance 

during the second reaction run.  
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Figure 4.7. (A) NH3 decomposition reaction rates of un-promoted Ru-based catalysts using a 
PBR, (B) Arrhenius’ plot at differential conditions, (C) Long-term stability study of the PBR at 

450°C. 

The H2 spillover effect observed on un-promoted Ru-based catalysts during 

TPR experiments could explain, in part, their higher catalytic activity compared 

with similar catalysts reported in the literature [33,34,48,90], as pointed out in 

Table 4.2.  It has been reported that the H2 spillover can enhance the catalytic 

activity during the NH3 decomposition reaction since it affects the number of 

active sites available for the adsorption of NH3 oncoming molecules. In 

particular, a large H2 spillover effect encourages the migration of H2 species 

over the surface, increasing the number of active sites available for the 

reaction [54,165]. 

It was observed that the CO2 activation treatment had a positive effect on the 

performance of both Ru-ACX1h and Ru-ACX5h, which showed higher reaction 

rates than Ru-CX during the NH3 decomposition reaction. This behaviour can 

be explained due to the higher crystallinity of ACX1h and ACX5h compared to 

CX. The higher activity of Ru-ACX5h compared to both ACX1h and CX can be 

justified by the lower amount of oxygen surface presented by ACX5h compared 

to ACX1h and CX. It has been stated by Aika et al. [52] and Zhong et al. [51] 

that oxygen surface groups withdraw electrons from Ru atoms, lowering the 

catalytic activity during the NH3 decomposition reaction. Similar behaviour has 

been reported by Yin et al., which showed that the catalytic performance of Ru 

catalyst is support-dependent, observing that supports with strong basicity, 
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thus with less acidic oxygen functional groups, are beneficial for the NH3 

decomposition reaction [16]. 

Table 4.2. Comparison between the performances of the Ru-based catalysts studied in this 
work (TW) and those of the literature during the NH3 decomposition reaction. 

Catalyst 
Ru 

(wt. %) 

GHSV 

 (mlNH3·gcat
-1·h-1) 

TOF 

(molNH3·molRu
−1·h−1) 

Ref. 

Ru-CX 1.5 2000 65a TW  

Ru-ACX1h 1.5 2000 103a TW 

Ru-ACX5h 1.5 2000 190a TW 

Ru-UCX 1.5 2000 163a TW 

Ru-NCX 1.5 2000 107a TW 

Ru/Na-CX 1.5 2000 169a TW  

Ru/Na-ACX1h 1.5 2000 185a TW 

Ru/Na-ACX5h 1.5 2000 326a TW 

Ru/Na-UCX 1.5 2000 236a TW 

Ru/Na-NCX 1.5 2000 470a TW 

Ru/AC 5.0 6000 19b [48] 

Ru/CNT 5.0 6000 45b [48] 

Ru/AC0 2.0 2000 75b [34] 

Ru/AC1 2.0 2000 75b [34] 

RuCNTs-0 2.0 2000 13a [33] 

RuCNTs-N 2.0 2000 17a [33] 

RuCNTs-1 2.0 2000 25a [33] 

RuCNTs-2 2.0 2000 128a [33] 

Ru/CNT 7.0 5200 11c [90] 

Ru/GCNT 7.0 5200 77c [90] 

a 1 atm, 350°C; b 1 atm, 400°C; c 1 atm, 327°C 

Likewise, the N doping led to higher reaction rates of both Ru-UCX and Ru-

NCX when compared with Ru-CX. The hypothesis formulated to justify this 

result is that the promoting effect of N atoms overcame the electron-

withdrawing effect of the oxygen surface groups (i.e. carboxyl, anhydride, 

lactone), leading to a more basic catalyst support, thus to an improved catalytic 

activity. In this regard, it has been reported that N atoms in the carbon lattice 

enhance the local basicity and electron density of the support, which improve 
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the catalytic activity during the NH3 decomposition reaction [33,54,64]. Figure 

4.8 shows a schematic diagram of the electrons transfer mechanism in the 

presence of the basic and acidic surface functionalities. 

 
Figure 4.8. Schematic diagram of the electrons transfer mechanism in presence of both 

basic and acidic surface functionalities decorating the carbon xerogels surface.  

In addition, it is well known that high electron transfer from electropositive 

elements to the active metal surface is needed to promote the NH3 

decomposition reaction rate-limiting step, i.e. the recombinative N2 desorption 

[9]. Therefore, it was expected that the higher charge density of N-doped 

carbon xerogels compared to their non-doped counterparts would enhance the 

catalytic activity of metal particles performing in the NH3 decomposition 

reaction. 

As shown in Figure 4.7A, all un-promoted catalysts exhibited higher reaction 

rates during the second reaction run. This behaviour could be tentatively 

explained due to the formation of ruthenium B5 sites after the exposure of the 

catalysts at high temperature (i.e. 600°C). It is well established that the NH3 

decomposition reaction is structure sensitive, presenting a reaction rate 

dependent on the geometry of the metal particles [31–33]. Ru B5 sites consist 

of an ensemble of five edge atoms which encourage the NH3 decomposition 

reaction by speeding up the N2 desorption [31,32]. According to Van Hardeveld 

and Van Montfoort, the amount of B5 sites is maximised when the Ru metal 

particle size is between 2.5 and 5 nm [31]. This is in line with TEM results, 

which showed that the Ru particle after the first reaction run is higher than 2.5 

nm in all the catalysts.  

It is worth to mention that the performance of the catalysts during the NH3 
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consequence of the increase in the number of B5 sites formed under the 
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reaction conditions. However, in this work, only two reaction experiments were 

carried out, which were sufficient to demonstrate the formation of B5 sites and 

their effect on the performance of the various catalysts presented here.  

The reaction rate constant (𝑘) for the NH3 decomposition reaction of the un-

promoted catalysts was calculated under differential conditions (i.e. gradient-

less NH3 concentration along the reactor), and the regressed parameters 

shown in the Arrhenius’s plot in Figure 4.7B were used to determine the 

reaction rate constant at the operating conditions and the apparent activation 

energy (see Table 4.3). It is important to highlight that the relative increase in 

reaction rates after the first reaction run is not the same for the different 

catalysts. This result can be tentatively explained by the relative decrease in 

the metal dispersion for the different catalysts (see Table 4.1). In this respect, 

it is hypothesised that the greater the reduction in metal dispersion, the higher 

the formation of B5 sites, thus the relative increase in the reaction rate.  

Table 4.3. Un-promoted Ru-based catalysts here studied: rNH3 at 450°C, Ea, and T10 before 
and after the first reaction run, and metal loading after the long-term stability test. 

Catalyst 

rNH3,450°C 

(mol·m-3·h−1) 

Ea 

(kJ·mol−1) 

T10 

(C) 

Metal  

(wt.%) 

1st 2nd 1st  2nd  1st 2nd Ru 

Ru-CX 5.2X103 2.0X104 102.6 81.2 380 355 1.35 

Ru-ACX1h 9.8X103 2.2X104 93.3 80.0 360 345 1.37 

Ru-ACX5h 1.8X104 5.3X104 88.2 76.6 360 325 1.38 

Ru-UCX 1.6X104 3.7X104 90.9 80.7 350 325 1.32 

Ru-NCX 2.0X104 6.4X104 76.1 75.5 345 320 1.32 

Finally, results in Figure 4.7C and Table 4.3 show that all catalysts here studied 

showed constant NH3 conversions during the 100 h reaction experiment, 

proving their stability throughout the whole reaction experiment under the 

operating conditions adopted (i.e. 450°C, 1 atm). Furthermore, after the 

stability test, all catalysts here studied showed approximately 1.5 wt.% of Ru 

with a difference in metal loading within the measurement error (i.e. ± 3%), 

showing a high catalyst-preservability. 



Results and Discussion Part II: Ruthenium-based catalysts 

  74 

Key parameters characterising all catalysts here studied, such as i) reaction 

rate (i.e. rNH3), ii) activation energy (i.e. Ea), iii) 10% conversion temperature 

(i.e. T10), and iv) metal loading, are listed in Table 4.3.  

4.2.2 Effect of the promoter 

The performance of Na-promoted catalysts during the NH3 decomposition 

reaction is shown in Figure 4.9A. It can be seen that the addition of Na had a 

positive effect on the performance of all the catalysts here studied, as also 

reflected in their reaction rate and activation energy, as listed in Table 4.4. 

Furthermore, in contrast with the behaviour of the un-promoted catalysts, the 

catalytic activity of Na-promoted catalysts did not improve after the first 

reaction run.  

Table 4.4. Na-promoted Ru-based catalysts here studied: rNH3 at 450°C, Ea, and T10 before 
and after the first reaction run, and metal loading after the long-term stability test. 

Catalyst 

rNH3,450°C 

(mol·m-3·h−1) 

Ea 

(kJ·mol−1) 

T10 

(C) 

Metal  

(wt.%) 

      Ru Na 

Ru/Na-CX 5.0X104 82.3 340 1.32 5.31 

Ru/Na-ACX1h 5.3X104 81.9 330 1.36 5.35 

Ru/Na-ACX5h 7.8X104 76.1 300 1.42 5.38 

Ru/Na-UCX 5.9X104 82.0 305 1.34 5.33 

Ru/Na-NCX 8.7X104 71.8 305 1.33 5.36 

The enhanced catalytic activity of Na-promoted catalysts can be attributed to 

the electron donor effect of Na on Ru particles. In particular, it was found by 

Rarog et al., that Na modified the electrostatic potential around B5 sites, 

making them more active for the N2 dissociation [88]. Moreover, the fact that 

the catalytic activity of Na-promoted catalysts did not change during the 

second reaction run suggests that Na2O particles acted as a structural 

promoter, which avoided sintering and agglomeration of Ru particles, as also 

shown by TEM and STEM results previously discussed. 

Like before, the reaction rate constant (𝑘) for the NH3 decomposition reaction 

at the operating conditions and the apparent activation energy were calculated 
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for each Na-promoted catalysts, using the data taken from the Arrhenius’ plot 

in Figure 4.9B. Similarly to their un-promoted counterparts, all Na-promoted 

catalysts showed constant NH3 conversions during the long-term stability test 

(see Figure 4.9C) and approximately 1.5 wt.% of Ru and 5.0 wt.% of Na with 

a difference in metal loading within the measurement error (i.e. ± 3%). These 

results indicate that the Na-promoted catalysts have high thermal stability 

under the operating conditions adopted (i.e. 450°C, 1 atm) and high catalyst-

preservability. 

 
Figure 4.9. (A) NH3 decomposition reaction rates of Na-promoted Ru-based catalysts using a 
PBR, (B) Arrhenius’ plot at differential conditions, (C) Long-term stability study of the PBR at 

450°C. 

4.3 Conclusions 

This study has proved that carbon xerogels are efficient catalyst supports for 

the NH3 decomposition reaction and that the performance of Ru-based 

catalysts is affected by several factors, including textural and structural 

properties of the catalyst support, Ru particle size distribution and use of Na 

as catalyst promoter.  

For instance, it has been found that despite the highest H2 spillover 

contribution, Ru-CX exhibited the worst catalytic performance when compared 

to the other catalysts herein studied. This result can be justified due, in part, to 

the enhanced crystallinity of the CO2 activated and N-doped carbon xerogels 

when compared to CX. Nevertheless, the improved catalytic performance of 

0 2 4 6 8 10

92

94

96

98

100

N
H

3
 C

o
nv

e
rs

io
n 

(%
)

Time (h)

300 400 500 600
0

100

200

300

400

500

600

700

800
 CX (1st)
 CX (2nd)
 ACX1h (1st)

 ACX1h (2nd)

 ACX5h (1st)

 ACX5h (2nd)

 UCX (1st)
 UCX (2nd)
 NCX (1st)
 NCX (2nd)

r N
H

3
 (

10
3  m

ol
·m

-3
·h

−
1
)

Temperature (°C)

Differential conditions

10 h Stability
450 °C

ACX5h ≈ 99.8

UCX ≈ 95.4

ACX1h ≈ 93.8

CX ≈ 92.9

NCX ≈ 99.7

A B C
1.76 1.78 1.80 1.82 1.84 1.86

5

6

7

 CX
 ACX1h

 ACX5h

 UCX
 NCX

ln
 (

k 
(1

/h
))

1/T (10-3K-1)



Results and Discussion Part II: Ruthenium-based catalysts 

  76 

both Ru-ACX5h, Ru-UCX and Ru-NCX can be justified by the higher basicity 

and electron donor effect of ACX5h, UCX and NCX compared to the other 

supports.   

Likewise, higher NH3 conversion levels were observed in catalysts with a Ru 

average particle size higher than 2.5 nm, confirming that the NH3 

decomposition reaction is sensitive to the structure, and suggesting the 

presence of B5 sites in the aforementioned catalysts. 

Finally, the addition of Na had a remarkably positive effect on the performance 

of all catalysts studied during the NH3 decomposition reaction. In this respect, 

metallic Na acted as an electronic promoter due to its electron donor effect on 

the Ru particles, whereas Na2O acted as a structural promoter, preventing the 

sintering of Ru particles during the reaction.  
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Chapter 5 Results and Discussion Part III: 

Cobalt/molybdenum-based catalysts 

This chapter includes a detailed description of the Co/Mo-based catalysts 

synthesised in this work, paying particular attention to the effect of the 

properties of the different carbon xerogels on the catalysts’ performance during 

the NH3 decomposition reaction. 

5.1 Description of the cobalt/molybdenum-based catalysts 

5.1.1 Transmission Electron Microscopy 

TEM images of Co/Mo-based catalysts before and after the reaction 

experiments are shown in Figure 5.1. Note that the catalysts studied before 

the reaction were reduced before the TEM analysis. For all the catalysts, there 

was an even distribution of metal nanoparticles decorating the support surface. 

As shown by the histograms in Figure 5.1, the average metal particle size 

decreased by 15% and 20-35% after the CO2 activation treatment and the N-

doping, respectively. Likewise, it can be noted that the average metal particle 

size did not change upon the reaction experiment, suggesting that all catalysts 

are stable under reaction conditions.  

As already discussed in Section 4.1.2, it is well known that both oxygen surface 

groups and N groups can act as anchoring sites for metal atoms, improving 

their dispersion throughout the support’s surface [34,50,52,166,167]. Similarly 

to what has been evidenced by the TEM analysis of Ru-based catalysts, 

Co/Mo-CX exhibited a larger average particle size (i.e. 3.3 nm) compared to 

Co/Mo-ACX5h, Co/Mo-UCX, and  Co/Mo-NCX (i.e. 2.8 nm, 2.7 nm, and 2.2 nm 

respectively), even though CX presents the highest amount of oxygen surface 

groups. 
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Figure 5.1. TEM images before reaction and particle size distributions of Co/Mo-based 

catalysts before and after the reaction. 

For Co/Mo-UCX and Co/Mo-NCX, this result can be explained by a 

combination of two factors. On one hand, the large amount of acidic high 

temperature electron-withdrawing oxygen surface groups on CX weakens the 

interaction between the metal atoms and the support, thereby facilitating their 

mobility and agglomeration into larger particles [50]. This supports the fact that 

catalysts with the lowest average particle size, i.e. Co/Mo-UCX and Co/Mo-

NCX, also showed the lowest amount of lactone groups. On the other hand, 

the presence of basic N functionalities in both UCX and NCX encourages the 

anchorage and dispersion of the metal active phase on the support surface 

due to the higher electronegativity of the support [158,166]. It is worth noticing 

that NCX showed a 10% lower average particle size than UCX, even though 

both catalyst supports were N-doped. This result, according to the XPS results 



Results and Discussion Part III: Cobalt/molybdenum-based catalysts 

  79 

shown in Figure 3.3, can be justified by the different N speciation of NCX and 

UCX, which could affect the metal-support interaction [158,168,169].  

Likewise, for Co/Mo-ACX5h, the smaller average particle size compared to 

Co/Mo-CX (i.e. 2.8 nm and 3.3 nm, respectively), is indicative of stronger 

interactions of metal particles and support, thereby of an enhanced metal 

particles dispersion, as confirmed by the lower amount of lactone groups 

shown by ACX5h compared to CX (i.e. by 96 %).    

Finally, it was found that, after the reaction, the metal particle size distributions 

did not change significantly, and the average particle size remained the same 

for all the catalysts. These results suggested that no side reactions 

considerably affecting the amount of both the nitrogen functionalities and the 

oxygen groups (i.e. hydrogenation), thereby the metal particle size, occurred 

during our reaction experiments.  

 

5.1.2 X-Ray Powder Diffraction 

The open literature and the ICDD database Powder Diffraction Files (PDF-3) 

have been considered in the interpretation of the XRD diffractograms of 

reduced Co/Mo-based catalysts supported on carbon xerogels, which are 

shown in Figure 5.2 [46,133,134,144].  

The main sharp diffraction peak centred at around 26° corresponds to the 

(002) basal plane diffraction along the graphitic structure [133,134,144]. Its 

sharpness and high intensity suggest that all carbon xerogels show a high 

crystallisation degree. In this respect, both the apparent crystallite size along 

the c-axis (𝐿 ) and interlayer spacing along the c-axis (𝑑 ) have been 

calculated by applying the Scherrer’s equation to the (002) peak. 
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Figure 5.2. XRD diffractograms of Co/Mo-based catalysts. 

As revealed by the data in Table 5.1, after N doping, this diffraction peak 

shifted to slightly higher angles and its intensity increased, evidencing a 

shrinkage in the carbon-to-carbon layer distance of both UCX and NCX. This 

behaviour suggests that the incorporation of N into the carbon xerogels lattice 

did not induce a significant increase in the structural order, as evidenced by 

the minimal changes in the crystallite size of CX after N doping (i.e. 11% bigger 

for UCX and 10% bigger for NCX). These results agree with the previous work 

of Kicίnski et al., which studied the effect of the xerogel starting solutions and 

their carbonisation temperature on the crystallite size and the amount of 

stacked graphitic layers [133,144]. Similarly, Peikolainen et al. reported that 

the textural and structural properties of carbon xerogels directly affect the 

degree of order in their carbonaceous structure [134]. 
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Table 5.1. Structural properties of CX, ACX5h, UCX and NCX determined by XRD analysis. 

Support 
2θ 

(°) 

LC 

(Å)  

d002 

(Å) 

CX 25.9 4.3 3.44 

ACX5h 26.0 4.3 3.42 

UCX 26.1 4.7 3.41 

NCX 26.0 4.8 3.42 

The other major diffraction peaks identified using the ICDD database Powder 

Diffraction Files (PDF-3) evidenced that the active phase of the three Co/Mo-

based catalysts is predominantly composed of a mixture of Co3O4, CoMoO4 

and Co2Mo3O8. Despite the high reduction temperature (i.e. 600°C), no legible 

diffraction peaks associated with Co and Mo were observed, suggesting the 

re-oxidation of the catalysts when exposed to the atmosphere prior to the XRD 

analysis. Nevertheless, the absence of Co, Mo and CoO nanoparticles 

diffraction peaks, and the significantly lower intensities of Co3O4, CoMoO4, 

Co2Mo3O8 and MoO3 diffraction peaks compared to the distinct diffraction peak 

associated with the carbon support, can be also attributed to a high metal 

particles dispersion, which is in agreement with the TEM results. 

5.1.3 Temperature Programmed Reduction 

The TPR profiles of Co/Mo-based bimetallic catalysts are shown in Figure 5.3. 

The open literature in combination with the Co-Mo-O2 phase diagram provided 

in Figure 5.3A were used as references to interpret the TPR profiles of the 

catalysts studied in this work [37,46,170–173]. 
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Figure 5.3. (A) Phase diagram of the Co-Mo-O2 (generated using FactSage 

thermochemical software) and (B) Temperature Programmed Reduction profiles of 
Co/Mo-based catalysts.  

Overall, as shown in the schematic diagram in Figure 5.4, the TPR profiles 

showed five H2 consumption peaks: a) reduction of Co3O4 to CoO (i.e. 280-

300°C), b) reduction of CoO to Co (i.e. 430-450°C), c) reduction of CoMoO4 to 

Co2Mo3O8 (i.e. 520-540°C), d) partial gasification of the carbon support (i.e. 

580-600°C), and e) reduction MoO3 to MoO2 (i.e. from 700°C onwards). The 

decrease in the intensity of peak d, corresponding to the partial gasification of 

the carbon support, after both the support’s activation treatments and the N-

doping, can be attributed to the higher thermal stability of ACX5h, UCX and 

NCX compared to CX, as evidenced by Air-TGA analysis discussed in Section 

3.1.5.  

 
Figure 5.4. Schematic representation of the surface evolution of Co/Mo-based catalysts 

during the TPR experiments. 
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5.2 Performance of the cobalt/molybdenum-based catalysts 

during the ammonia decomposition reaction 

The performance during the NH3 decomposition reaction of the four Co/Mo-

based catalysts studied in this work is shown in Figure 5.5A. It was observed 

that both Co/Mo-UCX and Co/Mo-NCX exhibited a higher catalytic activity than 

Co/Mo-CX during the reaction. This behaviour can be explained by a 

combination of two factors, including the lower amount of oxygen surface 

groups exhibited by both UCX and NCX, as well as the presence of N groups 

incorporated in their carbon lattice. In this respect, it has been widely 

acknowledged that acidic oxygen surface groups (i.e. carboxyl, anhydride, 

lactone) can withdraw electrons from metal atoms, negatively affecting the 

catalytic activity during the NH3 decomposition reaction [51,52]. In contrast, the 

presence of N groups benefits the NH3 decomposition reaction by enhancing 

the local basicity and electron density of the carbon support [33,79,158].  

 
Figure 5.5. (A) NH3 decomposition reaction rates of Co/Mo-based catalysts using a PBR, (B) 
Arrhenius’ plot at differential conditions, (C) Long-term stability study of the PBR at 450°C. 

In addition, it is well known that high electron transfer from electropositive 

elements to the active metal surface is needed to promote the NH3 

decomposition reaction rate-limiting step, i.e. the recombinative nitrogen 

desorption [35]. Therefore, it was expected that the higher charge density of 

N-doped carbon xerogels compared to their non-doped counterparts would 
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enhance the catalytic activity of metal particles performing in the NH3 

decomposition reaction. 

The reaction rate constant (𝑘) for the NH3 decomposition reaction of the four 

Co/Mo-based catalysts was calculated under differential conditions (i.e. 

gradient-less NH3 concentration along the reactor), and the regressed 

parameters shown in the Arrhenius’ plot in Figure 5.5B were used to determine 

the reaction rate constant at the operating conditions and the apparent 

activation energy. As expected, it was found that Co/Mo-ACX5h, Co/Mo-UCX, 

and Co/Mo-NCX exhibited higher reaction rate constants and lower apparent 

activation energy than Co/Mo-CX. 

Finally, results in Figure 5.5C show that all catalysts here studied exhibited 

constant NH3 conversions during the 100 h reaction experiment, proving their 

stability throughout the whole NH3 decomposition reaction under the operating 

conditions adopted (i.e. 450°C, 1 atm). Key parameters characterising all 

Co/Mo-based catalysts here studied, such as i) metal particle size, ii) reaction 

rate, iii) activation energy, and iv) 10% conversion temperature, are listed in 

Table 5.2.  

Table 5.2. Co/Mo-based catalysts here studied: metal average particle size (Dm), k at 
450°C, Ea, and T10. 

Catalyst 
Dm 

(nm) 

k450 C 

(h-1·gcat-1) 

Ea 

(kJ·mol-1) 

T10 

(C) 

Co/Mo-CX 3.3 1.4X103 68.2 430 

Co/Mo-ACX5h 2.8 2.1X103 59.6 430 

Co/Mo-UCX 2.7 2.5X103 62.3 430 

Co/Mo-NCX 2.2 3.6X103 53.3 365 

It is noteworthy that, although both UCX and NCX are N-doped carbon 

xerogels, Co/Mo-NCX performed better in the NH3 decomposition reaction. 

This behaviour, according to the XPS and TEM results previously discussed, 

can be ascribed, in part, to the higher N content of NCX compared to that of 

UCX. Moreover, this work evidenced an inverse relationship between the 

performance of the Co/Mo-based catalysts during the NH3 decomposition 
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reaction and their average metal particle size since Co/Mo-NCX, which had 

the smallest metal average particle size, exhibited the highest catalytic activity. 

According to the TEM images in Section 3.1.5, this result can be explained due 

to the different degrees of dispersion of the metal particles over the carbon 

support. Contrary to the Ru-based catalysts, whose activity is maximised when 

the Ru metal particle size is between 2.5 nm and 5 nm [52], the optimal metal 

particle size for a Co/Mo-based catalyst is found to be around 2.2 nm.  

5.3 Conclusions 

This study has shown that the basicity and electrical conductivity of the support 

positively affect the catalytic activity of the Co/Mo-based catalysts during the 

NH3 decomposition reaction. In this respect, Co/Mo-NCX was identified as the 

most suitable catalyst candidate for the NH3 decomposition reaction, due to 

the improved basicity and electrical conductivity of NCX compared to CX, the 

lowest presence of oxygen groups on NCX surface, and promoting effects of 

the N atoms. Likewise, the metal particles size played an important role in 

influencing the catalysts’ performance, being 2.2 nm the optimal particle size 

for Co/Mo-based catalysts for the NH3 decomposition reaction.  
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Chapter 6 Results and Discussion Part IV: Design 

of hollow fibre reactors for on-board 

hydrogen production 

This chapter provides a detailed description of the morphology of the 

asymmetric 4-channel α-Al2O3 hollow fibre (HF) used in this work to develop 

the hollow fibre reactors (HFRs). The analysis of the catalysts dispersion onto 

the HFs is reported in this chapter as well. 

In addition, this chapter covers the effects of using a HFR on the catalysts’ 

performance during the NH3 decomposition reaction, and it includes a 

feasibility study that compares the traditional PBRs and the HFRs for on-board 

H2 production via NH3 decomposition. 

6.1 Characterisation of the hollow fibre catalytic units  

Based on the results collected during the NH3 reaction experiments using the 

PBR (i.e. Chapter 4 and Chapter 5), among all Ru-based and Co/Mo-based 

catalysts here studied, Ru/Na-NCX and Co/Mo-NCX were identified as the 

most suitable catalyst candidates for deposition in the HF substrate. Before 

performing the reaction experiments, the HF substrates were characterised at 

different stages of the catalyst deposition procedure, i.e. after the carbon 

xerogel (i.e. NCX) and the metal catalyst deposition into the HF substrate. 

Figure 6.1A provides representative SEM images of the HF unit before the 

carbon xerogel deposition, which show that the 4-channel asymmetric HF 

exhibits an asymmetric pore structure, as particularly noticeable in Figure 6.1A 

(ii-iii), called “sandwich” structure. The “sandwich” structure consists of a 

sponge-like porous region (teal, approximately 20% of the cross-section area) 

separating two finger-like regions (white, remaining 80% of the cross-section 

area). The sponge-like region in between finger-like regions consists of a 

porous α-Al2O3 layer, whereas the finger-like region is comprised of hundreds 
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of conical micro-channels (i.e. length 80-100 m) perpendicularly distributed 

around the four lumens and the outer surface of the fibre. 

 
Figure 6.1. (A) SEM images of the HF substrate before NCX deposition, and (B) Cross-

section of the HF at different stages of the NCX deposition process.  

Furthermore, representative images of the HF unit, at different stages of the 

NCX deposition process are shown in Figure 6.1B. As can be seen, the HF 

showed homogeneous colouration after the sol-gel impregnation with the 

precursor xerogel solution, as well as after carbonisation and NH3/Air 

activation treatments, proving the efficiency of this impregnation method. 

SEM and EDS images presented in Figure 6.2A show the morphology and the 

elemental analysis of the HFRs, upon impregnation with Ru/Na-NCX and 

Co/Mo-NCX. In particular, the EDS surface mapping images show that the 

morphology of the HF substrate and the use of a precursor liquid solution 

results in the catalyst being uniformly dispersed over the support’s surface. 

This is in contrast with the catalyst dispersion when traditional monoliths are 

employed as catalyst supports, being the accumulation of catalyst in the 

corners of the substrate the major limitations faced by traditional monoliths 

substrate [95]. 

Based on these results, and being the Ru/Na-NCX catalyst loading of 30 mg 

in a single HF 10 cm long and the Co/Mo-NCX catalyst loading of 150 mg in 
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the HF module, it can be assumed that the amount of catalyst per cm of hollow 

fibre (𝑊 ) is 3 mg. 

 
Figure 6.2. (A) Ru/Na-NCX and Co/Mo-NCX SEM images of the hollow fibre substrate and 
EDS surface mapping after the catalyst impregnation, (B) Hg porosimetry of the hollow fibre 

before and after the catalyst deposition. 

In addition to the SEM/EDS analysis, the Hg pore size distributions of the α-

Al2O3 HF provide further details of the asymmetric pore structure of the HF, 

before and after the catalyst deposition. As can be seen in Figure 6.2B, before 

the catalyst deposition, two different pore size distributions can be identified, 

corresponding to the sponge-like region (i.e. DP = 1.0 μm) and the entrance of 

the fingers (i.e. DP = 2.2 μm), respectively [118]. After the deposition, the pore 

size distribution in the sponge-like region and finger-like region decreased from 

1.0 to 0.6 μm and from 2.2 to 1.2 μm, respectively. The reduction in the pore 

sizes of both regions can be explained due to the formation of a layer of 

catalyst around the pores and on the wall of the fingers of the HF substrate 

[70,71,115]. Given both the EDS and the Hg porosimetry results, it is expected 

that the thin catalyst layer has a thickness ranging between 0.4 and 1 μm. 
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6.2 Performance studies during the ammonia decomposition 

reaction using hollow fibre catalytic reactors  

Based on the results collected during the reaction experiments using the PBR, 

Ru/Na-NCX and Co/Mo-NCX showed the best performance in the NH3 

decomposition reaction (see Chapter 4 and Chapter 5). In order to study the 

effect of using the HF as catalyst support on the catalysts’ performance, the 

catalytic activity of both Ru/Na-NCX and Co/Mo-NCX during the NH3 

decomposition reaction was assessed using HFRs, and then compared to the 

one achieved using traditional PBRs. The beneficial effect of using the HFR 

on the catalytic activity of both catalysts can be seen in Figure 6.3A, which 

shows for instance that, at 450°C, the normalised NH3 reaction rate in the HFR 

is 10 times higher than that in the PBR for Ru/Na-NCX, and 3.6 times higher 

for Co/Mo-NCX. 

 
Figure 6.3. (A) NH3 decomposition reaction rates in the PBR and HFR, (B) NH3 diffusion 
mechanism in both the PBR and HFR, (C) Long-term stability study of Ru/Na-NCX and 

Co/Mo-NCX at 450°C, and (D) Co/Mo-NCX thermal shocks at 450°C after the stability study. 
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These results can be ascribed to the unique geometry of the HF substrate [9–

11]. For instance, as can be seen from the diffusion mechanism of the reactant 

gases in a PBR and an HFR sketched and presented in Figure 6.3B, the 

granular structure of the catalyst in the PBR gives rise to unavoidable gas flow 

obstacles quantified as porosity, constriction factor and tortuosity. These 

obstacles slow down the internal diffusion of the reactants, giving an effective 

diffusion coefficient less than the bulk diffusion coefficient, and resulting in 

slower reaction kinetics (see Table 6.1) [140,141]. In contrast, using an HF as 

catalyst support bypasses diffusion limitations and overcomes problematic 

flow patterns such as fluid channelling, fluid recirculation and stagnant regions 

which are regularly observed in packed bed units [140,141], resulting in 

reaction kinetics that is as close to ideal kinetics as can be achieved [70,96]. 

This is because here the NH3 diffuses into the micro-channels of the finger-like 

region of the HF, which are assumed to possess a porosity, tortuosity and 

constriction factor equal to one, giving an effective diffusion coefficient 

approximately equal to the bulk diffusion coefficient.  

Table 6.1. Rate of reaction and reaction rate constant (𝒌) for the NH3 decomposition reaction 
in the PBR and HFR at differential conditions (*) and at 450 °C. 

 
Ru/Na-NCX Co/Mo-NCX 

𝑻 

(°C) 

𝒌𝑷𝑩𝑹 

(h-1·gcat-1) 

𝒌𝑯𝑭𝑹 

(h-1·gcat-1) 

𝒌𝑷𝑩𝑹 

(h-1·gcat-1) 

𝒌𝑯𝑭𝑹 

(h-1·gcat-1) 

280* 8.0x102 1.4x104 2.4x102 5.6x102 

290* 1.1x103 1.7x104 2.9x102 6.8x102 

300* 1.4x103 2.2x104 3.5x102 8.2x102 

450 3.1X104 3.5x105 2.1X103 7.6X103 

To assess the stability of both catalysts during the reaction experiments, a 100 

h and 300 h reaction runs were carried out in an HFR using Ru/Na-NCX and 

Co/Mo-NCX, respectively. In this regard, as can be seen in Figure 6.3C, steady 

NH3 conversions were achieved at 450°C in the HFR during the stability test 

using either Ru/Na-NCX or Co/Mo-NCX. In addition, for both catalysts, the HF 

presented a homogeneous colouration after the stability test, suggesting that 

this catalytic system is stable under operating conditions.  
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Furthermore, since developing a viable and competitive technology for on-

board H2 production is the main objective of this work, the effects of frequent 

start-up and shutdown cycles on the catalytic activity of Co/Mo-NCX and its 

peeling off resistance were studied in order to best mimic the operating 

conditions of a catalytic converter in a car. With this scope, 10 thermal shocks 

at 450°C were carried out. Similarly to the results obtained after the stability 

test, steady NH3 conversion values were observed after each thermal shock 

(see Figure 6.3D), suggesting not only that this catalytic system is stable under 

operating conditions, but also that it has a high catalyst adherence, which 

prevents the catalyst from peeling off from the HF substrate.  Finally, to 

corroborate these results, the Co/Mo-based HFR was weighed before the 

stability test and after the thermal shock tests, leading to a difference in weight 

within the measurement error (i.e. ± 0.01%). 

Note that, the thermal shock experiments were performed only for Co/Mo-NCX 

as it was considered the most suitable candidate for this technology. In this 

respect, despite the lower performance of Co/Mo-NCX compared to Ru/Na-

NCX under the same operating conditions, the significantly lower price of the 

Co/Mo system than Ru/Na system (i.e. 17.36 $·g-1 for the Ru, 0.07 $·g-1 for the 

Co and 0.04 $·g-1 for the Mo [6]) allows working at higher catalysts loading to 

increase the catalyst performance during the NH3 decomposition reaction 

without detriment to the overall costs of this technology. This makes Co/Mo-

NCX a more attractive than Ru/Na-NCX solution for developing an on-board 

H2 production systems.  

6.3 Design of the hollow fibre catalytic reactors for on-board 

hydrogen production 

The design feasibility study of both a PBR and HFR for on-board H2 production 

via NH3 decomposition presented in this work was carried out following the 

assumptions and constraints reported in Table 6.2, and using the parameters 

listed in the same table. In order to design both the PBR and HFR, several 

steps were followed. 
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Firstly, the reaction rate constant (𝑘) during the NH3 decomposition reaction 

for Ru/Na-NCX and Co/Mo-NCX in both reactors was calculated at the 

operating conditions (i.e. 450°C, 1 atm). Then, targeting a power demand of 

100kW (i.e. 72 m3·h-1 (STP) of H2 supply [174]), the flow rate of NH3 required 

(𝑉 ̇ ) to meet the target was calculated to be 48.2 m3·h-1 (STP). 

Table 6.2. Assumptions, constraints and parameters for the design of both the PBR and HFR 
for on-board H2 production. 

Assumptions 

i. Isothermal catalytic process. 

ii. The NH3 decomposition reaction is irreversible and 

follows first order kinetics under operating conditions 

[28]. 

iii. Flow rate and fluid properties are uniform over any 

cross-section normal to the fluid motion. 

iv. Negligible axial mixing due to either diffusion or 

convection 

v. HF hexagonally packed into the module   

Constraints 

i. Operating conditions: 𝑇 = 450°C, 𝑃 = 1 atm. 

ii. NH3 conversion at the equilibrium 𝑥  = 99.5% 

under operating conditions.  

iii. On-board space constrains: 𝐿  = 0.9 m, 𝑑  = 0.3 

m [5], and 𝑉 = 63 L. 

Parameters 

i. Density of the bed 𝜌 = 300 kg·m-3. 

ii. Bed porosity 𝜀  = 0.3. 

iii. Area of one HF channels 𝐴  = 3x10-6 m2.  

iv. Area of both the sponge-like and finger-like regions 

of a single HF unit A = 6.1x10-6 m2. 

v. HF porosity 𝜀  = 0.43 [118]. 

vi. NH3 density 𝜌  = 0.3 kg·m-3 (450°C, 1 atm). 

vii. Dynamic viscosity of NH3 𝜇  = 2.5x10-5 Pa·s (450°C, 

1 atm). 

viii. Effective diffusion 𝐷  = 6.1x10-6 m2s-1 (450°C, 1 atm). 
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Successively, to estimate the catalyst loading needed, to achieve an NH3 

conversion 𝑥 = 99.5% under the operating conditions adopted, thereby the 

required volume of both the PBR and HFR, the following NH3 mass balance 

over a differential element of catalyst loading (i.e. 𝑑𝑊) was used: 

𝐼𝑛𝑝𝑢𝑡 − 𝑂𝑢𝑡𝑝𝑢𝑡 − 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 6.1 

Where: 

 𝐼𝑛𝑝𝑢𝑡 − 𝑂𝑢𝑡𝑝𝑢𝑡 is the difference between the molar flowrate of NH3 at the 

inlet and at the outlet of the differential element (i.e. −𝑑�̇� ). 

 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 is the NH3 disappearance due to the reaction (i.e. 𝑟 𝑑𝑊). 

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is equal to zero because we are assuming that, at the operation 

conditions, the reaction is irreversible. 

 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 is equal to zero because both reactors are at steady state. 

Substituting each of these terms in the Eq. 6.1 the NH3 mass balance over a 

differential element of catalyst loading was rewritten as below: 

−𝑑�̇� − 𝑟 𝑑𝑊 = 0 6.2 

Upon integration of the Eq. 6.2, it was obtained that the design equation for 

both PBR and HFR can be written as: 

𝑊 = −𝜌
𝑉 ̇

𝑘
𝑙𝑛 1 − 𝑥  6.3 

Finally, as last step, the pressure drop through the PBR and HFR was 

estimated using the Ergun equation (Eq. 6.4) and the Hagen–Poiseuille 

equation (Eq. 6.5), respectively, and the mass transfer limitations for both 

reactors were estimated by using the definition of the Thiele modulus 𝜙  (Eq. 

6.6) reported below: 

−∆𝑃

𝐿
= 150

𝜇 𝑈(1 − 𝜀 )

𝑑 𝜀
+ 1.75

𝜌 𝑈 (1 − 𝜀 )

𝜀
 6.4 

∆𝑃

𝐿
= 8

𝜋𝜇 �̇�

𝐴
 6.5 

𝜙 =
𝑁𝐻  𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑁𝐻  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=

𝑘𝐶 𝑟

𝐷
 6.6 

Where 𝑑  and 𝑟  the diameter and the radius of the catalyst pellet, respectively. 
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As it can be seen from the data reported in Table 6.3, unsurprisingly for both 

catalysts, the use of the HFR to perform the NH3 decomposition reaction 

resulted in improved reaction kinetics (i.e. more than 3.5-fold) and minimised 

mass transfer limitations (i.e. around 95% lower) compared to the use of a 

traditional PBR. As already discussed in the previous section, this 

phenomenon can be justified by the unique geometry of the HF substrate, 

which allows overcoming typical problems associated with the use of PBRs 

[9–11]. In addition to that, both HFRs occupy a lower volume than the 

corresponding PBRs (i.e. more than 65% smaller) and lead to lower ∆𝑃. 

Table 6.3. Comparison between the PBR and HFR for on-board H2 production at 450°C 
using Ru/Na-NCX and Co/Mo-NCX. 

 PBR HFR 

 Ru/Na Co/Mo Ru/Na Co/Mo 

𝒌 (h-1·gcat-1) 3.1X104 2.1X103 3.5X105 7.6X103 

𝒅𝒑 (mm) 1.1 0.8 0.1 0.1 

𝝓𝟐 0.40 0.4 <<0.01 <<0.01 

𝑽  (L) 62.7 350.0 3.4 79.3 

𝑾𝒄𝒂𝒕 (kg) 8.1 71.1 1.0 23.8 

L (m) 0.9 1.6 0.9 1.6 

d (m) 0.3 0.5 - - 

NHF (-) - - 315 4030 

∆𝑷 (bar) 1.1 0.9 5.1X10-3 2.2X10-3 

Similarly, this design study showed that the Ru/Na-based HFR offers the 

advantages of requiring smaller volume (i.e. by around 95%), thus fewer HF 

units (i.e. around 13 times less), and lower catalyst loading (i.e. by around 

95%) than the Co/Mo-based one. In addition to that, it is worthy to notice that 

despite leading to a negligible ∆𝑃, the so-designed Co/Mo-based HFR is 

unfeasible for on-board H2 production since it does not meet the on-board 

space constraints (i.e. V>Vmax = 63 L [5]). Likewise, the remarkably high 

number of HF units required to develop the so-designed Co/Mo-based HFR 

(i.e. NHF = 4030) would make the HF module assembly difficult.  If it is assumed 

that the HF used for the two HFRs is of the same length (i.e. LHFR = 0.9m), the 
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number of units required by the Co/Mo-based one would be even greater, i.e. 

7225 units.  

Note that, in order to minimise the ∆𝑃 through the reactor, avoiding mass 

transfer limitations (i.e. 𝜙  ≤ 0.4), dense pellets thinly coated with a catalyst 

layer were considered when designing the PBRs. In this respect, as can be 

seen in Figure 6.4, for the design study at 450°C, the pellet size of Ru/Na-NCX 

has been optimised without exceeding the on-board space limits, obtaining 

𝑑 = 1.1 mm and VPBR = 62.7L.  On the contrary, to minimise the ∆𝑃 through 

the Co/Mo-based PBR a minimum pellet size of 0.8 mm, thereby a reactor 

volume VPBR = 350 L, is required, making it unfeasible to fit the reactor on-

board.  

 
Figure 6.4. Effect of the 𝑑  on the ∆𝑃 through the (A) Ru/Na-based and the (B) Co/Mo-based 

PBRs and their volume.  

As mentioned in the introduction of this thesis, the large surface area/volume 

ratio typical of the HF substrates (i.e. > 1000 m2·m-3 [118]) allows increasing 

the loading of Co/Mo-NCX to the extent that the catalytic performance of 

Ru/Na-NCX is matched without significant detriment to mass transfer 

limitations and costs. Based on that, the effect of the catalyst loading (i.e. 

Co/Mo wt.%) on the reactor volume was investigated, assuming that the 

performance changes linearly with it. With this scope, the Co/Mo wt.% used 

were 1.5 wt.%, 3.0 wt.%, and 6.0 wt.%. The effect of changing the operating 
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temperature (i.e. 450°C and 500°C) on the reactor volume was also studied 

for the different catalyst loadings, in order to find the best combination of 

Co/Mo wt.%, operating temperature and reactor volume (see Figure 6.5).  

Like before, the reactor volume and the catalyst loading required were 

estimated using the NH3 mass balance in Eq. 6.3. Similarly, the ∆𝑃 through 

the different reactors was estimated using either the Ergun equation (Eq. 6.4) 

or the Hagen–Poiseuille equation (Eq. 6.5), and the mass transfer limitations 

were estimated by using the definition of the Thiele modulus 𝜙  (Eq. 6.6).  

As can be seen in Figure 6.5A, only two PBRs have a smaller volume than the 

maximum volume allowed by the on-board space constraints. Note that, for 

each PBR, the pellet size of Co/Mo-NCX catalysts has been optimised in order 

to minimise the ∆𝑃 through the reactors and avoid internal mass transfer 

limitations (i.e. 𝜙  ≤ 0.4). As shown in Figure 6.5B, the use of 6.0 wt.% metal 

loading requires a PBR of 62.1 L and 17.8 kg of catalyst at 450°C, and a PBR 

of 63.0 L and 11.2 kg at 500°C. However, despite both reactors would occupy 

a similar volume, the optimal Co/Mo-based PBR designed is the one working 

at 500°C using 6.0 wt.% Co/Mo, since working at 450°C leads to a significantly 

higher ∆𝑃 through the reactor (i.e. ~4 times bigger) and requires a higher 

catalyst loading compared (i.e. ~1.5 times more) than working at 500°C (see 

Figure 6.5D). 

On the other hand, as per Figure 6.5C, five HFRs meet the on-board space 

constraints. Note that for all design studies, the LHFR has been set equal to the 

length of the optimal Co/Mo-based PBR, i.e. LPBR = 0.9 m. To ease the 

assembly of single HF units into a larger module, the HFR requiring the lowest 

NHF has been identified as the most suitable for on-board applications (see 

Figure 6.5B). This choice took also into account that the ∆𝑃 through the HFRs, 

and so their efficiency, did not change significantly with the operating 

temperature and/or the catalyst loading. Hence, as shown in Figure 6.5D, the 

optimal Co/Mo-based HFR designed is the one working at 500°C and with 6.0 

wt.% Co/Mo. 
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Figure 6.5. (A-C) Effect of the temperature and the catalyst metal loading on the volume of 

both the PBR and HFR, (D) Optimal design of a PBR and HFR for a car with a power 
demand of 100 kW (i.e. 72 m3·h-1(STP) of H2 supply). 

 

As expected, from the direct comparison between the optimally designed 

Co/Mo-based PBR and HFR in Figure 6.5D, the latter is more advantageous 

than the former in terms of cost (i.e. 65% less catalyst), space occupied (i.e. 

80% smaller), and efficiency (i.e. >95% less pressure drop). Similarly to before, 

the use of a traditional PBR for on-board applications turned out to be 

unfeasible due to its high ∆𝑃.  

It is important to emphasise that this study demonstrates the superiority of 

HFRs not only over conventional PBRs, but also over the more innovative 

microreactors (see Table 6.4). In this respect, as mentioned before in the 

introduction of this thesis, over the past years, different reactors for NH3 

decomposition have been designed as an alternative to PBRs with the aim of 

reducing the reactor size and improving the kinetic of the NH3 decomposition 

reaction [22,23,93,94]. 

To cite an instance, Wang et al. developed a monolithic-base “miniature” NH3 

cracker (i.e. overall weight of ≈195 g and volume of ≈50 cm3) able to produce 

roughly 158 W equivalents of H2 via NH3 decomposition at high temperature 
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[22]. Despite the “miniature” NH3 cracker presents a lower ∆𝑃 compared to the 

traditional PBRs, its relatively large size (i.e. ~30 L to produce ~100 kW 

equivalents of H2), and high operation temperature (i.e. conversion of >99.9% 

at 600°C), make it disadvantageous for on-board H2 production compared to 

the HFRs proposed in this work. Furthermore, the accumulation of unused 

catalyst in the corners of channels is an unavoidable issue in monolithic-base 

reactor technology, such as the “miniature” NH3 cracker, which increases their 

cost and decreases their efficiency, thereby limiting their use [96].  

Table 6.4. Comparison between the PBR and HFR herein designed for on-board H2 
production and the reactors reported in the open literature.  

 Ru/Na-HFR Co/Mo-HFR 
“Miniature” 

cracker [22] 

Microchannel 

reactor [94]  

𝑽  (L) 3.4 11.5 30.0 0.6 

𝑾𝒄𝒂𝒕 (kg) 1.0 3.4 0.8 ~ 5.2 

NHF (-) 315 1040 - - 

𝝓𝟐 <<1 <<1 - - 

∆𝑷 (bar·m-1) 5.7X10-3  5.3X10-3 0.39 0.45 

Met. loading (wt.%) Ru/Na – 6.5 Co/Mo - 6.0 Ce/Ni – 20 Ru – 8.5 

Operating T (°C) 450°C 500°C 600°C 600°C 

Likewise, Chiuta et al. developed a super-compact NH3 -fuelled microchannel 

reactor unit (i.e. a plate consisting of 80 microchannels) wash-coated with a 

commercial 8.5 wt% Ru-based catalyst for H2 production [94]. Like the HFR, 

this type of microchannel reactor presents the advantage of an easier power 

scale-up via integration of units [23,94]. However, despite its exceptionally 

small size (i.e. <1 L to produce ~100 kW equivalents of H2), its high operation 

temperature (i.e. conversion of >99.8% at 600°C), high ∆𝑃 (i.e. 0.45 bar·m-1), 

and the large noble metal content (i.e. 8.5 wt% Ru is far from the current low 

loading noble metal target) challenge its use for on-board applications. 

6.4 Conclusions 

This work provided critical information to advance the uptake of H2 as an 

alternative to traditional carbon-based automotive fuels, thus contributing 
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towards the decarbonisation of our energy system during the transition 

towards 100% renewable energy. The HFRs for NH3 decomposition open the 

door for a new line of worthwhile catalytic converters, which will be a sound 

alternative to traditional catalytic PBRs. 

In this respect, it was found that the HFRs offered noteworthy advantages 

compared to the traditional PBRs, in terms of cost (i.e. 70-80% less catalyst), 

space occupied (i.e. 80-95% smaller), and efficiency (i.e. lower ∆𝑃 and mass 

transfer limitations). Likewise, all the HFRs showed high thermal stability and 

catalyst adherence, as demonstrated by the 100 h and 300 h reaction 

experiments. Furthermore, the tailorable nature of the HFR technology and the 

easy power scale-up via integration of units facilitates its adoption for 

automotive applications, without compromising the design flexibility of 

vehicles. In addition to that, based on the feasibility studies herein carried out, 

it can be said that the Co/Mo-based HFR represents the most convenient 

option for on-board H2 production due to the lower cost of the Co/Mo-NCX 

compared to Ru/Na-NCX (i.e. 17.36 $·g-1 for the Ru, 0.07 $·g-1 for the Co and 

0.04 $·g-1 for the Mo [6]). Finally, HFRs have been proved to be favourable 

compared to the latest micro-reactors developed for the NH3 decomposition, 

allowing to work at lower temperatures, ensuring a homogeneous catalyst 

distribution on the supports, and resulting in lower pressure drop.  
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Chapter 7 Results and Discussion Part V: Design 

of a hollow fibre membrane reactor for 

on-board hydrogen production 

This chapter provides a description of the morphology of the palladium 

membrane synthesised in this work to develop the hollow fibre membrane 

reactor (MHFR) and a kinetic study of the palladium deposition rate. 

In addition, this chapter shows the advantages of using the MHFR over a 

traditional PBR the catalysts’ performance during the NH3 decomposition 

reaction, and it includes a feasibility study that compares the traditional PBR, 

the HFR and the MHFR for on-board H2 production via NH3 decomposition. 

7.1 Characterisation of the Pd membrane  

Representative images of the HF unit after the deposition of the glaze are 

shown in Figure 7.1A. Similarly, pictures of the glazed HF after each 

sensitisation/activation loop and corresponding SEM images of their outer 

surface are shown in Figure 7.1B.  

 
Figure 7.1. Images of the HF unit (A) after the glaze deposition and (B) after each 

sensitisation/activation loop with corresponding SEM images of their outer surface. 
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As can be seen, the colour of the outer surface of the HF turned darker after 

each sensitisation/activation loop as a consequence of the higher amount of 

Pd seeds deposited onto its surface [136]. This is corroborated by the SEM 

images in Figure 7.1B which clearly show that the more the number of 

sensitisation/activation loops are, the higher the number of Pd seeds deposited 

on the HF substrate. 

Likewise, pictures of the HF unit after the two electroless plating (ELP) cycles 

shown in Figure 7.2A indicated that a homogeneous layer of Pd was 

successfully deposited on the HF outer surface after each ELP. Similarly, the 

SEM images of the cross section of the deposited Pd membrane in Figure 

7.2B, confirmed the homogeneity of the deposited Pd layer and allowed to 

estimate its thickness, found to be ~ 11-13 μm.  

According to Mardilovich et al, this thickness ensures the absence of leaks on 

the surface of the Pd membrane, being at least three times bigger than the 

maximum pore diameter of the HF substrate (i.e. ~1.0 μm) [114]. In this regard, 

before assessing the performance of the MHFR during the NH3 decomposition 

reaction, the suitability for H2 separation of the obtained Pd membrane was 

tested under Ar atmosphere to ensure the absence of leaks. 

 
Figure 7.2. (A) Images of the hollow fibre unit after the first and the second ELP (B) SEM 

images of the deposited Pd-membrane cross section after the second ELP. 

However, it can be seen that the membrane obtained in this work is thicker 

than that reported in the literature (i.e. 1 μm - 4.6 μm) for Pd membranes 
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obtained following the same experimental procedure and using similar 

supports (i.e. ceramic support with comparable porosity) [175,176]. In order to 

explain these results, the Pd deposition rate under the experimental conditions 

adopted in this work was determined by carrying out a plating kinetic study, 

which consisted in estimating the amount of Pd deposited at different ELP 

times. With this scope, a constant plating area (i.e. 6.6 cm2), ELP solution 

volume (i.e. 36.3 cm3), and ELP temperature (i.e. ~64°C) were maintained 

during the experiments.  

As can be seen in Figure 7.3A, the amount of Pd deposited on the outer 

surface of the HF substrate increased linearly with the ELP time (i.e. deposition 

rate = 3.7 μm·h-1). Based on that, the minimum membrane thickness required 

to avoid leaks on the surface of the Pd membrane (i.e. ~3.0 μm) can be 

obtained after approximately 50 minutes of ELP. Nevertheless, in this work, 

two 90-minute ELP cycles were performed in order to make sure that a 

uniform, defect-free membrane, and thermal resistant under the adopted 

operating conditions, was deposited on the HF substrate. Assuming that the 

Pd deposition rate does not change after the first ELP cycle, predicted (i.e. 

Figure 7.3A correlation) and experimental Pd membrane thickness (i.e. SEM 

images in Figure 7.2B) show good agreement, being ~11.2 μm and ~ 11-13 

μm, respectively, as well as it is thicker than the theoretical minimum thickness 

(i.e. ~ 3 μm). 

 
Figure 7.3. (A) Pd deposition rate for different Pd membrane supports and (B) 

Representative photo and corresponding SEM image of the Pd-layer deposited on the HF 
outer surface after 10 minutes and 50 minutes of ELP. 
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A similar linear relationship between ELP time and Pd deposition rate was 

obtained Mardilovich et al., which found that the Pd deposition rate on a 

stainless steel support, at 60°C and using an ELP solution volume to plating 

surface area equal of 3.5, is constant with the time (i.e. 1.83 μm·h-1) for 

approximately 1 h before depletion of Pd seeds [177]. Similarly, Yeung et al. 

found that the Pd deposition rate on Vycor at 60°C is maximised in the first 20 

minutes of plating (i.e. 1.5 μm·h-1) before rapidly decreasing with the plating 

time when an ELP solution volume to plating surface area of 2.85 is used [178]. 

The absence of an induction period in the Pd rate deposition profiles shown in 

Figure 7.3A can be explained by the activation of the membrane support in the 

case of the HF and the Vycor, which is a process known to effectively reduce 

or eliminate the induction time for nucleation of Pd seeds during the deposition 

of the Pd layer on the support via ELP, or by the conductive nature of the 

stainless steel [178,179].   

Despite the linear trend of the Pd deposition rates reported in Figure 7.3A, the 

Pd rate of deposition obtained in this work is at least twice the ones reported 

in other works. These results can be explained due to different factors. For 

instance, it is well known that the membrane support can affect the Pd 

deposition kinetic and the membrane thickness, as also confirmed by the 

different Pd deposition rates observed by Mardilovich et al. and Yeung et al., 

which used two different membrane supports but similar experimental 

conditions; therefore it is reasonable to assume that the use of an Al2O3 HF as 

membrane support influenced the Pd rate of deposition. 

Likewise, although the Pd to support surface area ratio used in this work for 

the ELP and those reported in the literature differ [177,178,180], the 

concentration of Pd in the ELP solutions is the same, suggesting that the 

significant discrepancy between the rate of Pd deposition here reported and 

those reported elsewhere can be ascribed to the temperature at which the ELP 

was carried out. In this respect, as mentioned in Section 2.5.2 of this thesis, 

the system used in this work to heat the ELP solution to 60°C (i.e. a hot stirrer 
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plate) failed to maintain a constant temperature, resulting in an average 

temperature of 64-65°C.  

Finally, as shown in Figure 7.3B, already after 10 min of ELP, the HF substrate 

was found to be fully covered by a layer of Pd presenting the typical 

“cauliflower type” morphology of pure Pd membrane deposited on porous 

supports [181,182].  Furthermore, it can be seen that the initial Pd clusters up 

to 2 μm big formed after 10 minutes of ELP increased in size with the ELP 

time, being up to 20 μm big after 50 minutes.  

7.2 Performance studies during the ammonia decomposition 

reaction using the Pd-based hollow fibre membrane reactor 

From the preliminary performance studies of both Ru-based catalysts during 

the NH3 decomposition reaction using the PBR (i.e. Chapter 4), Ru/Na-NCX 

has been found to be the most active catalyst. Based on that, and based on 

the thermodynamic limitations of the NH3 decomposition reaction, the catalytic 

activity of Ru/Na-NCX was assessed also using a Pd-based hollow fibre 

membrane reactor (MHFR) in order to show the effects of using a membrane 

on the NH3 conversion levels and prove the possibility to overcome the NH3 

decomposition thermodynamic limitations by means of an H2 selective 

membrane. A schematic representation of the MHFR used in this work, which 

consists of a packed catalyst bed around the Pd membrane deposited on the 

outer surface of the hollow fibre, is shown in Figure 7.4. 

 
Figure 7.4. Schematic representation of the MHFR. 

Figure 7.5A shows the comparison between the performance of both the PBR 

and the MHFR under the same conditions. The advantage of the membrane 

reactor is clearly shown, given that throughout the entire temperature range 
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studied, the NH3 conversion in the MHFR is higher than that in the PBR. For 

instance, at 300°C, the NH3 conversion in the MHFR is about 2 times higher 

than that in the PBR. This result can be explained due to the extraction of H2 

through the membrane, which according to Le Chatelier’s principle, lead to a 

shift in the thermodynamic equilibrium of the reaction towards higher NH3 

conversions. In this regard, it is well known that the membrane is used to 

increase NH3 conversion beyond the limits of thermodynamic equilibrium, 

enabling membrane reactors to operate at lower temperatures than 

conventional PBRs. As can be seen on the right side of Figure 7.5A, at 

temperatures ranging between 300°C and 450°C, the NH3 conversion in the 

MHFR exceeds the thermodynamic equilibrium conversion.  

 
Figure 7.5. (A) NH3 conversion in the PBR, in the MHFR, and at the thermodynamic 

equilibrium, (B) H2 flowrate: total, retentate and permeate, and (C) 𝑅  at different reaction 
temperatures. 
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As expected, the H2 recovery (𝑅 ) increased with the temperature (see Figure 

7.5B and Figure 7.5C) following an exponential behaviour, going from 10.3% 

at 300°C to 64.5% at 450°C. In this regard, it is well known that the H2 

permeation through Pd membranes can be promoted by increasing the 

temperature, due to the increased solubility of H2, resulting in higher values of 

𝑅  [106].  

It is important to point out that permeability tests were not performed on the 

membrane in this work, although they could have provided additional 

information on the H2 permeance, as they were not deemed essential. This 

decision was based on the fact that, as the permeability of the membrane is 

mainly influenced by its thickness and composition, as well as by the 

deposition method used, the H2 permeance values could be extrapolated from 

our previous work in which Pd membranes were obtained using the same 

deposition method as in this work [101,102,115,117].  

Finally, the conversion in the MHFR was predicted using the experimental 𝑅  

and the pseudo-equilibrium constant of the MHFR in Eq. 7.1, which has been 

defined as the ratio between the reaction products retained and the reactants: 

𝐾 =
𝐶 , × 𝐶 ,

𝐶 ,

=
𝐶 ×

𝑥 ,

2
× 𝐶 ×

3𝑥 ,

2
× (1 − 𝑅 )

𝐶 × (1 − 𝑥 , ) 

=  

𝑥 ,

2
×

3𝑥 ,

2
× (1 − 𝑅 )

(1 − 𝑥 , ) 
 

7.1 

Where 𝑥 ,  is the predicted NH3 conversion at the equilibrium in a MHFR. 

It is interesting to notice that, by using the 𝑅  values obtained from the NH3 

decomposition reaction experiment using the MHFR and the 𝑥  values 

achieved during the reaction experiment using the PBR (pink and green light-

off in Figure 7.6, respectively), the “predicted MHFR” NH3 conversion coincides 
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with the NH3 conversion attained during the reaction experiment using the 

MHFR. This result suggested that, given the NH3 conversion achieved in a 

PBR, it is possible to predict the NH3 conversion achievable in a MHFR for 

different 𝑅  values.  

 
Figure 7.6. Comparison between NH3 conversions achieved i) in the PBR, ii) at the 

thermodynamic equilibrium, iii) in the MHFR, and the predicted NH3 conversion in a MHFR. 

7.3 Design of the Pd-based hollow fibre membrane converter for 

on-board hydrogen production 

The design feasibility study for on-board applications of the MHFR was carried 

out adopting the same assumptions and constraints used for the PBRs and 

HFRs designed in Section 6.2 (see Table 6.2). In addition to that, it was 

assumed that the NH3 decomposition reaction in the MHFR follows the same 

kinetic as in the PBR. Based on the results reported in the previous section, 

the design of the MHFR was carried out at 450°C since it ensures an 𝑥 ,  

= 99.9999 %. In this regard, as discussed in the introduction of this work, the 

use of a MHFR relies on the possibility to produce high-purity H2 in order to 

avoid poisoning the fuel cell installed into the H2-fuelled vehicles with a 

threshold of NH3 <1 ppm. 

As for both the PBRs and HFRs, the MHFR volume and the catalyst loading 

required to produce 72 m3·h-1 (STP) of H2, were estimated by using the NH3 

mass balance in Eq. 6.3. Likewise, the ∆𝑃 through the MHFR and the mass 

transfer limitations were estimated by using the Ergun equation (Eq. 6.4) and 
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the definition of the Thiele modulus 𝜙  (Eq. 6.6), respectively. The results 

obtained at different operating temperatures were reported in Table 7.1. 

Table 7.1. Design parameters for the MHFR for on-board H2 production at 450°C and 1 atm, 
with and without H2 streams mixing.  

 Mixing NO Mixing Optimised 

𝒙𝑵𝑯𝟑,𝒑𝒓𝒆𝒅 (%) 99.9999 99.9999 99.99999 

𝑹𝑯𝟐
 (%) 64.5 64.5 85.0 

𝑽𝑵𝑯𝟑
̇  (m3·h-1 (STP)) 48.0 74.5 48.0 

𝒅𝒑 (mm) 1.2 0.7 1.1 

𝑾𝑴𝑯𝑭𝑹 (kg) 3.2 4.9 3.7 

𝑽𝑴𝑯𝑭𝑹 (L) 61.8 62.1 63.0 

𝑳𝑴𝑯𝑭𝑹 (m) 0.89 0.89 0.90 

NPd-HF (-) 107 165 95 

∆𝑷 (bar) 0.9 2.3 1.1 

𝝓𝟐 (-) 0.4 0.4 0.4 

As can be seen in the schematic representation in Figure 7.7A, since the 𝑅  

= 64.5% at 450°C, only 46.4 m3·h-1 (STP) of the produced H2 permeate through 

the membrane, which is lower than the H2 required to supply a power demand 

of 100kW (i.e. 72 m3·h-1 (STP)). Nevertheless, given that the NH3 

concentration at the exit of the reactor is lower than 1 ppm, thus low enough 

to avoid poisoning H2 fuel cell, the two outlet streams of H2, i.e. retentate and 

permeate, can be mixed before feeding them to the fuel cell.  

Alternatively as can be seen in Figure 7.7B, to avoid mixing the two outlet 

streams of H2, the 𝑉 ̇  can be increased to the extent that 𝑉
,

̇  = 72 m3·h-1 

(STP). Based on that, given 𝑅  = 64.5% at 450°C, the new 𝑉 ̇  was 

calculated to be equal to resulting equal to 74.5 m3·h-1 (STP). However, as 

reported in Table 7.1, despite this configuration allows meeting the on-board 

space constraints, to avert the mix of the two outlet streams of H2, a higher 

catalyst loading (i.e. ~ 50% more ) and a bigger set of Pd-plated HFs (i.e. ~ 60 

units more) are needed compared to the MHFR in which the two streams are 

mixed. In addition to that, despite the catalyst pellets size optimisation (i.e. 𝜙  
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≤ 0.4 and V ≤ Vmax = 63 L [5]), the ∆𝑃 through the MHFR would increase from 

0.9 bar to 2.3 bar if the two outlet streams of H2 are not mixed. It is also 

important to point out that this configuration (i.e. 𝑉 ̇  = 74.5 m3·h-1 (STP) and  

𝑅  = 64.5%) result in the wasting of as much as 40 m3·h-1 (STP) of H2. 

 

Figure 7.7. Effect of the inlet NH3 flowrate 𝑉𝑁𝐻3
̇  on the permeated H2 flowrate 𝑉

,
̇ . 

Therefore, to avoid wasting pure H2, without compromising the ∆𝑃 through the 

MHFR, a new reactor design was considered for on-board H2 production 

assuming 𝑅  = 85%, which is the highest so far reported for Pd membranes 

working at 450°C and 1 atm [176].  As can be seen in Figure 7.7C and Table 

7.1, this MHFR not only represents a feasible solution for on-board 

applications (i.e. V ≤ Vmax = 63 L [5]), but it also ensures that there will be 

negligible traces of NH3 at the exit of the reactor (i.e. less than 0.1 ppm). In 

addition, it demands the use of fewer Pd-plated HF units than the configuration 

in Figure 7.7A (i.e. 95 vs 107 units), partly reducing its manufacturing costs. 

Note that in order to get a 𝑅  = 85% at 450°C either a higher sweep gas flow 

or a thinner Pd membrane compared to those in this work can be used 

[107,115,175,176]. As mentioned in the previous section, the Pd membrane 
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herein synthesised, which lead to a 𝑅  = 64,5% at 450°C, has a thickness 4 

times bigger than the minimum theoretical thickness required to avoid leaks 

(i.e. ~ 11-13 μm and 3 μm, respectively) since two 90-minutes ELP cycles were 

performed to ensure the deposition of a uniform, defect-free membrane, and 

thermal resistant under the adopted operating conditions, deposited on the HF 

substrate. However, from the kinetic studies reported in Figure 7.3, a uniform 

and defect-free membrane with smaller thickness, but less thermal resistance, 

can be easily obtained already after one ELP cycle of 50 minutes.  

Figure 7.8 shows a comparison between the optimised MHFR and both the 

PBR and the HFR designed in Section 6.3, given that Ru/Na-NCX is the 

catalyst used and the operating temperature is 450°C. Foremost, it is important 

to highlight that the MHFR allows achieving a higher NH3 conversion than both 

the PBR and HFR under the same operating conditions (i.e. 450°C and 1 atm), 

thereby it presents the advantage over both reactors that it does not need to 

use an additional refining unit for the products stream to ensure the absence 

of NH3 traces in the fuel-cell feed gas. Hence, when using a MHFR for on-

board H2 production, additional infrastructure to fit the adsorption unit in the 

vehicle is not needed. 

Then, from the design studies herein carried out, it was found that the MHFR 

occupies a similar volume of the PBR (i.e. ~ 63 L) and leads to comparable ∆𝑃 

thought the reactor. Furthermore, although the MHFR entails high 

manufacturing costs due to the use of a set of Pd-plated HFs (i.e. 95 units), it 

requires less catalyst loading compared to the PBR (i.e. 65% less).  

Likewise, it was found that the MHFR requires more space and catalyst (i.e. ~ 

18 times bigger volume and ~4 times more catalyst) than the HFR, and leads 

to remarkably higher ∆𝑃 through the reactor. These results suggest that, 

despite the disadvantage of the HFR of requiring an additional H2 purification 

unit in order to achieve an NH3 concentration lower than 1 ppm in the exhaust, 

the HFR could still represent a promising technology for on-board applications, 

being a good compromise between costs and efficiency.  
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Figure 7.8. Comparison between the design of the PBR, HFR and MHFR for a power 

demand of 100 kW (i.e. 72 m3·h-1(STP) of H2 supply) using Ru/Na-NCX. 

Note that the use of an adsorption unit downstream of the HRF cannot be 

avoided. In this respect, based on the NH3 thermodynamic limitations [26], to 

achieve 99.9999% NH3 conversion using an HFR, a minimum operating 

temperature of 1000°C is required. However, working at such high temperature 

represents a severe safety risk due to the possibility of NH3 auto-ignition (i.e. 

T> 651°C) if in contact with air. Likewise, at this high temperature, the catalysts 

designed in this work might not be stable.  

To conclude, further evaluations on the overall costs and the total volume of 

both catalytic systems, i.e. i) MHFR and ii) HFR plus adsorption unit, has to be 

considered when comparing them to determine the optimal solution for on-

board applications. Similarly, both thermal stability and thermal shock tests 

need to be performed to further understand the effects of the frequent start-up 

and shutdown cycles on the efficiency of the Pd membrane, thus further 

assessing the feasibility of the MHFR for on-board H2 production.   

7.4 Conclusions 

Similarly to the findings obtained in Chapter 6, this feasibility study 

demonstrated the advantages of using a HF-based reactors, specifically in this 
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chapter a MHFR, over conventional PBRs for the NH3 decomposition reaction 

for on-board applications. 

In this respect, the MHRF was proved to be advantageous compared to the 

PBR leading to higher levels of NH3 conversion under the same operating 

conditions. The feasibility study showed that also the MHFR herein designed 

represents a viable technology for the on-board H2 production due to the 

advantage of combining in a single unit both the production and the purification 

of the H2 outlet stream. However, both thermal stability and thermal shock tests 

need to be performed to further understand the effects of the frequent start-up 

and shutdown cycles on the efficiency of the Pd membrane.  
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Chapter 8 Final conclusions  

With climate change heading towards an irreversible increase in global 

temperature, due in part to rising levels of CO2 in the atmosphere, carbon-free 

alternatives to fossil fuels are needed. H2 is a clean and renewable energy 

source for on-board applications, with the only product of its use in fuel cells 

being water. However, its use still presents some challenges due to its storage 

and transport limitations; therefore, the attention has turned to NH3 as a 

potential H2 storage and carrier molecule. 

In this respect, this work aimed to design and assess the performance of a 

pioneering technology for on-board H2 production for automotive applications 

via NH3 decomposition, i.e. Multifunctional Catalytic Hollow Fibre-based 

Reactors. In this work, the effects of five different catalyst supports, two active 

phases and the use of a promoter, on the catalysts’ performance during the 

NH3 decomposition reaction were investigated. The performance of each 

catalyst was firstly investigated in a PBR, then the best catalyst from each of 

the two catalytic systems developed (i.e. Ru-based and Co/Mo-based), was 

chosen to be deposited inside the HF substrate to assess the performance of 

three HFRs and one MHFR. Each component of the catalysts, i.e. support, 

active phase and promoter, was developed separately and investigated in the 

individual chapters (i.e. Chapter 3-5), before being assembled in the HF-based 

reactors for performance evaluation (i.e. Chapter 6).  

The work in Chapter 3 included how the five carbon xerogels employed as 

catalyst support, i.e. CX, ACX1h, ACX5h, UCX and NCX, have been 

synthesised and characterised, as well as how their structural, textural and 

chemical properties changed with their synthesis method. Investigating the 

effects of  the CO2 activation treatment on the properties of the supports, it was 

observed that after 1 h of CO2 activation treatment, ACX1h exhibited increased 

surface area and pore volume due to the opening of its micropores via the 

reverse Boudouard reaction (i.e. CO2 + C ⇄ 2 CO). On the contrary, after 5 h 

of CO2 activation treatment, ACX5h exhibited a more ordered structure, thereby 

a lower surface area and pore volume, due to its partial crystallisation. 
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Nevertheless, according to the Air-TGA and TPD results, ACX5h offered the 

advantages of enhanced thermal stability and basicity of ACX5h when 

compared to both ACX1h and CX (i.e. 5-12% higher burning temperature and 

70-80% less oxygen surface groups). Likewise, the N-doping of carbon 

xerogels resulted in carbon materials with a lower surface area, less developed 

microporosity, and enhanced thermal stability and basicity when compared to 

non-doped counterparts. Furthermore, based on the N-doping method 

adopted, i.e. co-precursor method for UCX and post-synthesis NH3/Air 

activation for NCX, the relative amount of the N functionalities introduced on 

the carbon xerogel surface changed.  As per the XPS spectra deconvolution, 

the pyrrolic and quaternary N functionalities are predominant in UCX, whereas 

pyridinic N is predominant in NCX. These differences affected the thermal 

stability of both UCX and NCX, being the former more stable than the latter 

due to the fewer pyridine groups on its surface.  

In Chapter 4, a comprehensive description of both the un-promoted and Na-

promoted Ru-based catalysts was provided. Particular attention was paid to 

the effect of the properties of the different carbon xerogels used and the 

addition of Na as a promoter on their catalytic activity during the NH3 

decomposition reaction. This study proved that all carbon xerogels 

synthesised herein are efficient catalyst supports for the NH3 decomposition 

reaction. However, it was found that the enhanced crystallinity, thermal stability 

and basicity of ACX5h, UCX and NCX lead to an enhanced catalytic 

performance Ru-ACX5h, Ru-UCX and Ru-NCX, i.e. 3.5, 3.2 and 3.9 times 

higher reaction rates, respectively, compared to Ru-CX. These results 

suggested that, for the NH3 decomposition reaction, NCX is the optimal 

catalyst support for Ru-based catalysts. In addition, higher reaction rates for 

the NH3 decomposition during the second reaction experiment were observed, 

indicating that Ru metal particles with an average particle size higher than 2.5 

nm are beneficial for the reaction. Finally, since the metallic Na acted as an 

electronic promoter due to its electron donor effect on the Ru particles and the 

Na2O acted as a structural promoter, preventing the sintering of Ru particles 
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during the reaction, it was found that the use of Na as a promoter favourably 

affected the performance of Na-promoted Ru-based catalysts.  

Chapter 5 covered the description of the Co/Mo-based catalysts studied in this 

work. The performance studies showed that all Co/Mo-based catalysts are 

highly active during the NH3 decomposition reaction. In particular,  Co/Mo-NCX 

was identified as the optimal catalyst for the NH3 decomposition reaction, due 

to its higher basicity and electrical conductivity than CX, lowest presence of 

oxygen groups on NCX surface, and promoting effects of the N atoms. In 

addition, this result suggested that, unlike Ru-based catalysts, the ideal metal 

particle size for Co/Mo-based catalysts is around 2.2 nm.  

Based on the results from Chapter 4 and Chapter 5, the design and the 

assessment of several HF-based reactors have been carried out in Chapter 6, 

as well as their feasibility study for on-board H2 production. Specifically, 

Co/Mo-NCX have been deposited in the HF substrate to develop an HFR, 

whereas Ru/Na-NXC have been used to develop both an HFR and a MHFR. 

This study showed, under the same operating conditions and using the same 

catalyst, all HFRs outperformed traditional PBRs. This result was attributed to 

the unique geometry of the HF substrate, which is known to improve the 

efficiency of the catalytic process due to a combination of factors: i) uniform 

distribution of the catalyst on the substrate, ii) narrower residence time 

distribution, and iii) minimised internal and external diffusion limitations. 

Similarly, it was found that the MHFR performed better than the corresponding 

PBR due to the use of the Pd membrane, which allowed to selectively separate 

H2 during the NH3 decomposition reaction and to achieve higher NH3 

conversion levels.  

Likewise, from the feasibility study for on-board applications, it was observed 

that the HF-based reactors designed in this work, i.e. the two HFRs and the 

MHFR, offer a potential solution for on-board H2 production via NH3 

decomposition, representing a more compact, efficient and affordable 

alternative to traditional PBRs. In the first case, despite both reactors needing 

to be fitted in a vehicle together with an additional NH3 desorption unit to avoid 
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poisoning the fuel cell, the HFR was found to increase the efficiency of the 

catalysts in comparison to the PBR. Furthermore, the HFR showed high 

thermal stability and catalyst adherence, and offered noteworthy advantages 

compared to the PBR, in terms of cost (i.e. up to 80% less catalyst), space 

occupied (i.e. up to 95% smaller), and efficiency (i.e. >99% less pressure drop 

and mass transfer limitations). In addition, compared to the latest technologies 

developed for the NH3 decomposition (i.e. microreactors), it allows working at 

lower operating temperatures and catalyst loading, without compromising the 

∆𝑃.  

In the second case, it was found that although the MHFR results in higher 

manufacturing costs due to the use of a set of Pd-plated HFs (i.e. 95 units), it 

requires remarkably less catalyst than the PBR (i.e. 65% less) for a similar 

reactor volume. In addition to that, the MHFR presents the benefit over the 

PBR that it does not need to use an additional refining unit for the products’ 

stream to ensure the absence of NH3 traces in the fuel-cell feed gas. 

However, further studies need to be done in order to suggest the more 

convenient on-board H2 production technology between the HFRs and the 

MHFRs. In this respect, the overall costs and the total volume of both catalyst 

systems need to be taken into consideration, including the cost of the catalyst 

and of the membranes, as well as the volume needed to fit an NH3 adsorption 

unit downstream of the HFR. Similarly, both thermal stability and thermal shock 

tests need to be performed to further understand the effects of the frequent 

start-up and shutdown cycles on the efficiency of the Pd membrane, thus 

further assessing the feasibility of the MHFR for on-board H2 production. To 

conclude, to exploit the advantages of the HFs as support of both the catalyst 

and the Pd membrane, combining the advantages of the HFRs with membrane 

separation, an additional reactor could be developed and assessed during the 

NH3 decomposition reaction, in which the catalyst and the membrane are 

deposited inside and on the outer surface of the HF substrate, respectively 

(see the Configuration B of the HFMR in Figure 1.10). 
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