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Summary

Microfabrication techniques are increasingly used in different fields of chemistry to
realize structures with capabilities exceeding those of conventional macroscopic
systems. Microfabricated chemical systems have a number of advantages for chemical
synthesis, chemical kinetics studies and process development. Currently, there is
tremendous interest to develop microstructured catalytic reactors for multiphase and/or
heterogeneously catalyzed liquid phase reactions, comprising modified catalytic
coatings on their internals. The use of structured catalyst supports, Ze. rigid, orderly
arranged support materials such as carbon nanofibers (CNFs), is a prospective option in

this respect.

This thesis describes various aspects of the development of carbon nanofiber
supported catalyst layers on structured internals of microreactors made from silicon
technology based materials (e.g. fused silica and/or silicon). These microreactors are
intended to be used for heterogeneously catalyzed liquid phase reactions, in this case for
aqueous phase removal of nitrite and bromate to evaluate the performance of such

systems and demonstrate their benefit over conventional catalyst support material.

The synthesis of stable carbon nanofiber layer on flat substrates (representing
surfaces of microreactor channel walls) is a requisite for obtaining the know-how to
translate it for preparing these layers inside microreactor channels. Chapter 2 is a
detailed study of CNF synthesis using thin metal film configurations with nickel (Ni) as
growth catalyst and different metals (Ze. Ti, Ti-W and Ta) as adhesion layer between
nickel and fused silica substrates. Although CNFs could be synthesized on 25 nm nickel
with a titanium adhesion layer (10-200 nm), titanium is not a good adhesion material.
The use of a 10 nm thick adhesion layer of titanium-tungsten or tantalum resulted in the
formation of well-attached CNF-layers. The carbon nanofibers in these layers were
entangled, quasi-crystalline and showed tip-type growth mode. Although for both metal
layer configurations, Ze. Ni/Ti-W and Ni/Ta, the thickness of the CNF layer was similar
under the same growth conditions, the diameter of the fibers was smaller in case of
Ni/Ta (20-50 nm) compared to Ni/Ti-W (80-125 nm). This is found to be related to the
grain size of the nickel nanoparticles formed during the reduction treatment prior to the

CNF synthesis step.
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The work presented in chapter 3 describes essential understanding about tuning
and/or optimization of the overall CNF layer morphology, by evaluating the influence of
various growth parameters during catalytic thermal chemical vapour deposition of
Ni/Ti-W and Ni/Ta on fused silica and oxidized silicon substrates. It was found that the
most important parameters were ethylene concentration and addition of hydrogen to
the reactant mixture. Open, structured CNF layers with entangled morphology were
formed for ethylene concentrations > 25 vol.%. Moreover, addition of hydrogen to
ethylene significantly enhanced the rate of formation of CNFs, and at the same time
resulted in reduced average diameter of the fibers. Additionally, the choice of adhesion
layer material (ie. Ti-W and /or Ta) in combination with feed composition during C-
TCVD wasfound to play a crucial role in the existence of a thick ‘dense’ C-layer between
the substrate and the ‘open’” CNF layer.

Thus optimized CNF layers can be used as a structured catalyst support in
microreactors. Chapter 3 further illustrates the effective utilization of structured features
such as arrays of micromachined pillars, to fill the volume of microreactor channel with
CNF layers. Eventually, the suitable combination of interpillar spacing and CNF layer

thickness demonstrated successful filling of channel volume.

In chapter 4 the preparation and characterization of a CNF supported catalyst
layer on flat surfaces and inside microchannels has been shown. Ruthenium catalytic
nanoparticles on carbon nanofiber support layers were realized vzia homogeneous
deposition precipitation and pulsed laser deposition. CNF layers are functionalized by
oxidation with nitric acid to facilitate Ru deposition. Besides removal of exposed nickel
(used for CNF-growth), an acid treatment forms oxygen-containing groups on the
surfaces of CNFs (mainly carboxyl and hydroxyl groups). Ruthenium was anchored on
oxidized CNF layers by means of HPD and PLD. Critical issues for a good dispersion of
the particles and a sharp size distribution are the pH of the precursor solution (HDP)
and the reduction treatment after deposition (PLD). Both optimized deposition
methods resulted in a ruthenium loading of 2.3 + 0.1 wt.% (HDP had a narrower
particle size distribution). The presence of nanoparticles across the complete thickness
of the CNF layers was found to be uniform when HDP was used to deposit Ru on CNF
layers. A catalytic microreactor module containing Ru particles attached to carbon
nanofibers which fill the entire reactor volume keeping the highly porous and/or open

structure, is achieved.
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In chapter 5, Carbon nanofiber supported palladium (Pd) catalyst layers
synthesized inside silicon based microreactors were used for studying the reduction of
aqueous nitrite solution. Nitrite hydrogenation is known to be kinetically fast reaction,
hence ideal for demonstrating performance of synthesized CNF layers inside
microreactor systems. The catalyst layers were prepared via incipient organic
impregnation method using palladium acetylacetonate precursor solution in toluene. A
relatively large average particle size of Pd (~7-9 nm) was obtained with uniform
distribution across the CNF layers. The mass transfer properties, both external and
internal, were probed and the intrinsic rates of nitrite conversion (TOF) were found to
be independent of the, (7)linear velocity higher than 90 cm/min (flow rate of 50 uL/min
for the current microreactor module), and (77) CNF layer thickness below ~13 um,
indicating the absence of any mass transfer limitations. Thus optimized CNF layers were
applied for performing a heterogeneously catalyzed liquid phase reaction, Ze. aqueous

phase bromate reduction.

Chapter 6 presents results of systematic study of aqueous phase bromate
reduction using carbon nanofiber supported ruthenium catalyst layers integrated in
silicon based microreactors. These results clearly show a promising catalytic
performance in eliminating bromate contamination from aqueous solutions via red-ox
mechanism of ruthenium based catalyst. It was demonstrated that a CNF based catalyst
is indeed highly active for bromate reduction, resulting in TOFs larger in comparison to
conventional powdered catalyst ie Ru/activated carbon. This enhanced catalytic
performance is due to improved mass transfer properties of entangled CNF layers with
macroporous (open) structure, which offer low tortuosity and subsequently enhanced
accessibility to all the Ru active sites, in contrast to the poor accessibility of active sites in
the case of microporous AC support material. This benefit is crucial to in particular
heterogeneously carried liquid phase reactions where mass transfer limitations are
important factor. Although a high catalytic activity was shown, a gradual deactivation of
the Ru/CNF catalyst was observed under current experimental conditions. Further
investigation of used catalyst showed that severe sintering took place and confirmed no
deposition of coke or amorphous carbon on Ru catalyst. Specific characterization using
XPS indicate the formation of Ru(OH)y species as an additional cause of deactivation.
The use of higher alcohols indeed limited the extent of deactivation by controlling

hydroxylation of Ru.
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It is proposed that aqueous phase bromate removal is carried out by
heterogeneous redox catalysis via bromate reduction to bromide, mainly by RuO, which
itself gets oxidized to a higher oxidation state and react with alcohol to be recycled after
being reduced in the process. In general, Ru supported on CNF layers inside
microreactor systems offers a promising option in terms of efficiency and offer a “green”

method for removal of drinking water pollutants such as bromate.

It is expected that this novel approach of constructing microreactors comprising
stable and well-defined layers of carbon nanofibers as a structured catalyst support will
allow efficient use of catalysts in fluid-solid reactions carried within microreaction

systems.



Samenvatting

In meerdere gebieden van de chemie worden steeds vaker systemen gebruikt die
gemaakt zijn met microfabricage technieken, daar met deze technieken structuren
gemaakt kunnen worden die de capaciteiten van conventionele macroscopische
systemen overtreffen. Ten opzichte van conventionele systemen hebben deze
zogenaamde microsystemen een aantal voordelen, welke vooral gebruikt kunnen
worden voor chemische synthese, kinetiek studies en proces ontwikkeling. Momenteel is
er grote interesse in het ontwikkelen van katalyische microreactoren die toegepast
kunnen worden voor meer-fasige en heterogeen gekatalyseerde vloeistof reacties,
waarbij de katalysator aan de wanden van de microreactor is aangebracht. Voor dit
laatste is het gebruik van sterke, geordende ondersteunings-materialen zoals koolstof

nanofibers een veelbelovende optie.

In dit proefschrift zijn verschillende aspecten van de ontwikkeling van op koolstof
nanofibers gebaseerde katalysator ondersteuningsmaterialen beschreven, die vervolgens
geintegreerd zijn in de interne structuren van microreactoren gemaakt van silicium
en/of kwartsglas. Deze microreactoren zijn bedoeld voor het efficiént uitvoeren van
heterogeen gekatalyseerde vloeistof reacties, bijvoorbeeld de verwijdering van nitriet en
bromaat. Dergelijke toepassingen tonen tevens het voordeel aan van deze

koolstofmaterialen ten opzichte conventionele materialen.

De synthese van stabiele koolstof nanofibers op vlakke substraten (die de wanden
van kanalen in een microreactor representeren) is beschreven in hoofdstuk 2. In dit
hoofdstuk wordt in detail de synthese van fibers op verschillende dunne metaallaagjes
beschreven, waarbij nikkel (Ni) de groeikatalysator is voor nanofibers en tantaal (Ta),
titaan (Ti) of titaan-wolfraam (Ti-W) het adhesie metaal tussen het kwartsglas en de
nikkel laag. Hoewel het mogelijk is om nanofibers te groeien op 25 nm nikkel met een
hechtlaag van titaan (dikte 10-200 nm), is titaan geen goed hechtmateriaal: de
nanofibers laten los van het kwartsglas. Bij toepassing van tantaal of titaan-wolfraam
blijven de gesynthetiseerde nanofibers vastzitten op het substraat. In beide gevallen zijn
de fibers in elkaar verstrengeld, quasi-kristallijn en gegroeid volgens het punt/top
principe. Hoewel voor beide metaallagen (Ni/Ta en Ni/Ti-W) de dikte van de

nanofiberlaag identiek is voor gelijke synthese condities, is de diameter van de fibers in
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het geval van Ni/Ta kleiner dan voor Ni/Ti-W, te weten 20-50 nm en 80-125 nm. Dit
verschil is nauw gerelateerd aan de grootte van de nanodeeltjes die gevormd worden

tijdens de reductie behandeling van de metaallaag.

In hoofdstuk 3 wordt opgedane kennis beschreven omtrent de groei en
optimalisatie van de morfologie van de laag van koolstof nanofibers. De invloed van
verschillende parameters van het katalytisch-thermische chemical vapor deposition
proces voor de synthese van nanofibers is onderzocht voor Ni/Ti-W en Ni/Ta op
kwartsglas en geoxideerd silicium. Gebleken is dat de ethyleen concentratie en het
toevoegen van waterstof aan ethyleen de parameters zijn die de grootste invloed hebben
op het groeiproces. Ethyleen concentraties > 25 vol.% leiden tot het ontstaan van
verstengelde koolstof fibers, waarbij het geheel een ‘open’ netwerk van nanofibers is. Het
toevoegen van waterstof aan ethyleen heeft een sterke toename van de groeisnelheid van
de nanofibers tot gevolg, en tevens een afname van de gemiddelde diameter van de
fibers. Verder beinvloedt de gebruikte hechtlaag (Ti-W of Ta) in combinatie met
genoemde parameters het al dan niet aanwezig zijn van een zogenaamde ‘dichte’ C-laag
tussen het substraat en de ‘open’ laag van nanofibers. Met deze optimale parameters is
vervolgens een efficiént bed van nanofibers gemaakt in de vloeistofkanalen van een
microreactor. Door het wederzijds afstemmen van de groeiparameters en afstand tussen
micropilaren (welke in geordende arrays in het kanaal aanwezig zijn), is het mogelijk
om de ruimtes tussen de pilaren volledig te vullen met genoemde ‘open’ laag van
nanofibers, die vervolgens gebruikt kunnen worden als ondersteuningsmateriaal voor

katalysatoren.

In hoofdstuk 4 is beschreven hoe dergelijke nanofiberlagen gebruikt kunnen
worden als drager van een katalysator. Het aanbrengen van ruthenium (Ru)
nanodeeltjes is gedaan door middel van homogene depositie-precipitatie (HDP)
alsmede gepulseerde laser depositie (PLD). Alvorens Ru te deponeren zijn de nanofibers
gefunctionaliseerd met salpeterzuur. Naast het oplossen van vrijliggende nikkeldeeltjes
(die gebruikt zijn voor het groeien van de nanofibers), leidt een dergelijke
zuurbehandeling de vorming van zuurstofbevattende groepen aan het oppervlak van de
fibers (voornamelijk carboxyl en hydroxyl groepen). Aan deze geoxideerde fibers is
ruthenium gekoppeld met genoemde technieken. Kritische zaken voor een goede
dispersie van de deeltjes en een juiste distributie zijn de zuurgraad van de precursor

oplossing (HDP) en een reductiestap na depositie (PLD). Met beide technieken is een
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ruthenium lading van 2.3 + 0.1 wt.% bereikt, waarbij de HDP-methode een smallere
verdeling van de deeltjesgrootte had. In het geval van HDP zijn de Ru-nanodeeltjes
homogeen verdeeld over de gehele dikte van de nanofiberlaag. Ru-depositie middels
HDP is tevens succesvol uitgevoerd op nanofiberlagen in kanalen van microreactoren,

welke middels plaatsing in een module getest kunnen worden.

In hoofdstuk 5 is aangetoond hoe nanofiberlagen in microreactoren
gefunctionaliseerd kunnen worden met palladium (Pd), en vervolgens hoe deze
toegepast zijn voor de reductie van een waterige nitriet oplossing. Daar het bekend is dat
nitriet hydrogenering een kinetisch snelle reactie is, is deze reactie ideaal voor het
aantonen van de kwaliteit en bekwaamheid van microreactoren met daarin nanofibers
als ondersteuning voor katalyse materialen. Op de fibers is palladium aangebracht
middels een organische impregnatie methode, waarvoor een precursor oplossing van
palladium acetylacetonaat in tolueen gebruikt is. Dit leidt tot een relatief grote Pd-
deeltjes (7-9 nm), maar de deeltjes zijn homogeen verdeeld over de dikte van de
nanofiberlaag. Vervolgens zijn massa-overdracht eigenschappen in een microreactor
onderzocht, en daaruit bleek dat de intrinsieke snelheden van nitriet omzetting constant
zijn (d.w.z. afwezigheid van massa-overdrachts beperkingen) voor lineaire

vloeistofsnelheden tot 90 cm/min en nanofiber-laagdiktes tot ~13 um.

Microreactoren met daarin nanofiberlagen die gefunctionaliseerd zijn met
ruthenium zijn gebruikt voor vloeistoffase bromaat reductie, welke beschreven is in
hoofdstuk 6. De resultaten tonen een veelbelovende katalytische performance voor het
verwijderen van bromaat vervuiling uit wateroplossingen middels het redox
mechanisme van de ruthenium katalysator. Aangetoond is dat de ruthenium
gefunctionaliseerde nanofiberlagen een hoge activiteit hebben voor het reduceren van
bromaat, en hogere TOF-waarden hebben dan conventionele poeder katalysatoren.
Deze betere katalytische performance is het gevolg van verbeterde massa-overdracht
eigenschappen van de verstengelde nanofibers, en dus goede toegankelijkheid van de
actieve Ru deeltjes (dit is niet het geval voor meer conventionele katalysatordragers). Dit
is met name van belang voor heterogeen gekatalyseerde vloeistof reacties waarin
normaliter massa-overdracht beperkingen een rol spelen. Hoewel een initieel hoge
katalytische activiteit gevonden is, daalt deze activiteit als gevolg van sintering en niet
vanwege de vorming cokes of amorf carbon op de Ru-deeltjes. Daarnaast is met XPS

aangetoond dat het ontstaan van Ru(OH), ook een reden van deactivatie, en kan door
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het gebruik van andere alcoholen de mate van deactivitie van de katalysator beperkt
worden. Geponeerd is dat het verwijderen van bromaat (in vloeistoffen) geschiedt door
heterogene redox katalyse: bromaat reduceert tot bromide, in hoofdzaak door RuO,
welke zelf tot een hogere toestand oxideert en met alcohol reageert na reductie in het

proces.

Geconcludeerd is dat microreactoren met ruthenium-gefunctionaliseerde
nanofiberlagen een veelbelovend alternatief zijn voor het efficiént en ‘groen’ verwijderen
van vervuilingen uit drinkwater, zoals bromaat. Het is de verwachting dat dergelijke
nieuwe benaderingen van het gebruik van stabiele en goed-gedefinieerde koolstof
nanofiberlagen in microreactoren als dragermateriaal voor katalysatoren leiden tot een

efficiént gebruik van katalysatoren voor meerfasige reacties.



1.

Contents

General Introduction

1.1 Catalysis - at the heart of modern chemical industry

1.2 Conventional multiphase reactor technology

1.3 Microreaction technology - General introduction

1.4 Integration of catalyst layer (solid phase) inside multiphase
microreactors

1.5 Carbon nanofibers (CNF) - Novel structured catalyst support
1.5.1 General introduction
1.5.2 CNF as a catalyst support for liquid phase reactions in

microreactors

1.5.3 Synthesis of CNFs on fused silica and silicon based substrates

1.6 Nitrite and bromate removal from aqueous solutions

1.7 Scope of the thesis

References

Growth of Stable Carbon Nanofiber Layers on Fused Silica Substrates:

On the Use of Ti, Ti-W and Ta as Adhesion Layers

2.1
2.2
2.3
2.4

Introduction
Experimental
Results and discussion

Conclusions

References

Carbon Nanofiber Layers to be used in Silicon based Microreactors:

Influence of Growth Parameters on Carbon Nanofiber Morphology

3.1
32
3.3
34

Introduction
Experimental
Results and discussion

Conclusions and outlook

References

O A\ B W

\©

12

13
15
17
19

25

27
28
31
40
41

45

47
50
53
65
66



X

Contents

4. Ruthenium Catalyst on CNF Support Layers for Si-based Structured

Microreactors, Part I: Preparation and Characterization
4.1 Introduction

4.2 Experimental

4.3 Results and discussion

44 Conclusions

Appendix

References

Palladium Catalyst on Carbon Nanofiber Support Layers for Si-based
Structured Microreactors: Catalytic Reduction of Nitrite
Contaminants in Aqueous Phase

5.1 Introduction

5.2 Experimental

5.3 Results and discussion

5.4 Conclusions

References

Ruthenium Catalyst on CNF Support Layers for Si-based Structured
Microreactors, Part II: Catalytic Reduction of Bromate Contaminants
in Aqueous Phase

6.1 Introduction

6.2 Experimental

6.3 Results and discussion

6.4 Conclusions

References

Conclusions and Recommendations

References

List of Publications and Conference Presentations

Acknowledgements

71

73
74
77
89
90
92

95

97
98
101
107
107

109

111

112

114

126

127

131
138

139

143



Chapter

General Introduction

Abstract

Microfabrication techniques are increasingly used in different fields of chemistry to realize
structures with capabilities exceeding those of conventional macroscopic systems.
Microfabricated chemical systems are expected to have a number of advantages for chemical
synthesis, chemical kinetics studies and process development. Currently, there is
tremendous interest to develop microstructured catalytic reactors for multiphase and/or
heterogeneously catalyzed liquid phase reactions, comprising modified catalytic coatings on
their internals. The use of structured catalyst supports, i.e. rigid, orderly arranged support

materials such as carbon nanofibers (CNFs), is a prospective option in this respect.
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1.1 Catalysis — at the heart of modern chemical industry

In the chemical industry the ability to carry out chemical reactions at a large scale with
high yields of useful products and at the same time achieving economic efficiency is
extremely important. Generally, chemical processes convert readily available starting
materials to more valuable product molecules. At the heart of most of these processes
are catalytic materials, which are utilized to accelerate chemical transformations so that
reactions proceed in a highly efficient manner, achieving high yields of desirable
products and avoiding unwanted by-products. Catalysts often allow more economical
and environmentally benign production routes compared to classical stoichiometric
procedures. Approximately 85-90% of the products of the chemical industry are made
applying catalysts. Catalysis is so pervasive that subareas are not readily classified.
However, the three main fields of applications where catalysts are crucial can be
identified as (Z) production of transportation fuels, (7)) production of bulk and fine
chemicals, and (7)) abatement of pollution in end-of-pipe solutions (such as automotive
and industrial exhaust). The total annual catalyst demand from chemical, petroleum
refining, and polymer firms in 2007 was close to $ 13.5 billion, with an expected increase
of 6% per year to $16.3 billion by 2012 [1].

Industrial chemical reactions involving more than one phase have become rather
a rule than exception. Catalytic multiphase reactions involving fluid-fluid
(homogeneously catalyzed), fluid-solid and three phase reactions (heterogeneously
catalyzed) account for more than 85% of industrial chemical processes. Typical
application areas include the manufacture of petroleum-based products and fuels,
production of commodity and specialty chemicals, pharmaceuticals, polymers,
herbicides and pesticides, refining of ores and pollution abatement. The reactors utilized
to perform such reactions are categorized as multiphase reactors. These are reactor
systems in which gas and/or liquid phase reactants are contacted with solid phase which
mostly is a catalyst.

Selection of a multiphase reactor configuration for a given reaction system
requires various parameters to be considered such as, (7) the number of phases involved,
(i) the differences in the physical properties of the participating phases, (7i) the
inherent nature of reaction (described by stoichiometry of reactants, intrinsic reaction
rates, isothermal or adiabatic conditions etc.), (7v) post-reaction separation, (v) required
residence time, and (vi) the heat and mass transfer characteristics of the reactor. The

initial four aspects are usually controlled to a limited extent only, while the remaining
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aspects are helpful as design variables for optimizing the reactor performance [2].
Higher rates of heat and mass transfer improve effective rates and selectivities, in
particular for fast catalytic reactions. Transport processes can be made efficient by
enhanced heat and mass exchange, which depend upon higher interfacial surface areas
and short diffusion paths. These are easily attained in microstructured reactors
comprising fluid channels with lengths in the millimeter-to-centimeter range and cross-
sectional dimensions in the range sub-micrometer to sub-millimeter [3, 4]. A
comparison between conventional multiphase reactor systems and microstructured
reactors illustrates the benefits of latter, in particular for heterogeneously catalyzed

multiphase reactions.

1.2 Conventional multiphase reactor technology

Conventional multiphase reactor technologies, involving liquid and gas phase reactants
and solid phase catalyst, comprise different types of reactors. Among them most
commonly used are the agitated tank slurry reactor, the bubble column slurry reactor
and the packed/trickle bed reactor (Fig.1.1). The general advantages as well as their
limitations are listed in 7able 1.1. Slurry reactors (agitated tank and/or bubble column)
comprise small catalyst particles suspended in liquid phase reactant through, which
reactive gas is dispersed. The small catalyst particles (diameter ~ tens of microns) ensure
short diffusional distances, providing better mass transfer properties for multiphase
reactions and hence efficient utilization of the catalyst. However, catalyst separation is
difficult and a filtration step is necessary for separating the fine catalyst particles from
the products. Moreover, attrition of catalyst particles can lead to loss of active metal and
consequently deteriorate the performance of the catalyst over time. Trickle bed reactors
are relatively simple and essentially consist of packed bed of catalyst pellets through
which gas and liquid reactants flow co- or countercurrently. They are easy to operate
and more suitable for the reactions which require relatively high amounts of catalyst; in
contrast to slurry reactors which can hold relatively smaller amounts of catalyst. The
relatively longer residence time in the reactor (owing to plug flow behavior) makes it
suitable for achieving higher conversions, an advantage particularly for slow reactions
[2, 5]. The catalyst pellet size typically used to prepare a packed bed is relatively large (4-
10 mm) as a precaution for avoiding large pressure drops across the packed bed.
However, this also leads to poor performance in terms of intraparticle mass transfers

due to long diffusional distances existing in larger catalyst particles. Additionally, heat
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management and liquid flow misdistribution are two common problems observed in

this type of reactor [6], which could lead to local ‘hot spots’ resulting not only into a

decreased selectivity of the reaction and reduced catalyst life, but also to side reactions

which may cause reactor runaway [7].

Slurry reactors
(Agitated and bubble)

L

Packed/trickle
bed reactor

Figure 1.1: Most commonly used conventional multiphase reactor configurations

Table 1.1: General advantages and limitations of slurry and packed bed reactors [2]

Reactors Advantages Limitations
Slurry reactors o efficient utilization of catalyst e moderate gas-liquid
(agitated tank e good liquid-solid mass transfer mass transfer
and bubble ¢ good heat transfer e catalyst separation is
column) characteristics difficult and a filtration
step is necessary
o low selectivity in
continuous mode due
to back mixing
Packed bed e easy to operate e flow misdistribution
reactor e can accommodate high e higher pressure drop

amounts of catalyst
suitable for slow reactions

possibilities of hot spot
formation
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1.3 Microreaction technology - General introduction

Advances in MEMS (micro-electromechanical systems) have enabled selected ‘Zab-on-
a-chip’ technologies and microfluidics to be instrumental for recent developments in
analytical chemistry and molecular biology, which have also coincided with the efforts
on research in chemical process miniaturization [8]. That is, reducing the characteristic
length scale of the unit operation to improve mass and heat transfer, and consequently
the whole process performance. Recently developed microfabrication technologies can
now be applied to many disciplines, which have all contributed to the rapidly moving
miniaturization of chemical and biotechnological processes. Up to now, the greatest
research efforts in the field of microscale devices were in the analytical area [9, 10]. For
the electronics industry, silicon microchips were an ideal subject for miniaturization,
with the added possibility of increasing their capacity and functionality. The same
approach has been implemented in chemical and biochemical engineering, so that
sample preparation, mixing, reactions and separations can all be performed on an
integrated microfabricated device. Miniaturization, in conjunction with integration of
multiple functionalities can enable the construction of structures that exceed the
performance of traditional macroscopic systems, can provide a number of new
functionalities, and offer the potential of low-cost mass production [11].

Microreactors are nowadays regarded as a separate class of chemical reactors,
characterized by small dimensions, Ze. reactors with a channel hydraulic diameter of
100 - 300 pm and a channel length of 1 - 50 mm [3, 4]. Microfabricated chemical reactor
technology offers numerous advantages in processing of fine chemicals when compared
with traditional batch-wise synthesis in stirred vessels. The improved mass and heat
transfer properties (see Fig. 1.2 /2]) typical of microfluidic systems (due to their small
dimensions, producing high surface-to-volume ratios in the order 10* m?*/m?®), enable
the use of more intensive reaction conditions that result in higher yields than those
obtained with conventional size reactors [12, 13]. Residence time and heat management
can be properly tuned in microreactors to avoid secondary reactions and preventing
thermal runaway during reactions Ze. safer operation. This leads to a higher selectivity
to desired products, and thus to higher quality products [14, 15]. In this way,
microreaction technology contributes to reducing the size of (fine) chemical
manufacturing plants, which reduces risks and hazards, an important aspect of ‘green’
chemistry, Ze. chemistry designed to reduce or eliminate the use and generation of

hazardous substances.
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Figure 1.2: Benchmarking of the microreactor [2]

Generally, microreactors are operated in the laminar flow regime where the
internal hydrodynamics, including heat and mass transfer characteristics, are well
known. Therefore, under such circumstances, microreactors are also very suitable for
measuring intrinsic reaction kinetics because mass and heat transport limitations can
either be circumvented or they can be accurately accounted for. In this way,
microreactors have also great potential in scientific research and in process development
(eg, high throughput screening and synthesis, and small scale experimentation). For
the production of fine chemicals and pharmaceuticals, many novel process routes and
processing architectures can be envisaged [16, 17]. Major incentives for this can be
found in the need for considerable shorter time-to-market, as well as improving the
product/waste ratio for the current chemical routes, which is often below 0.01.
Moreover, the future fine chemicals industry needs to become more flexible to be able to
manufacture products in various quantities just in time and close to the raw materials
source or at the location of use. Microreactors offer this capability to carry out flexible
on-site production of fine chemicals at the point of demand. This is especially
important, when products are not stable. Various industries can directly benefit from

the use of microreactor technology: an example is the fine chemicals industry which
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often involves multiphase reactions. Multifluid microreactors encompass gas-liquid,
liquid-liquid and gas-liquid-liquid reactors [18]. An important class of multiphase
reactors is fluid-solid reactors used to perform gas-liquid-solid (G-L-S) reactions which
essentially involve a solid phase catalyst where the reaction takes place, which is
generally incorporated inside the structured internal of reactor, such as microchannels
either as a packed bed or a coating. These catalytic reactions, however, pose a substantial
challenge in achieving an efficient contact between the different phases and mass
transfer [19-21].

1.4 Integration of catalyst layer (solid phase) inside

multiphase microreactors

Conventionally, integration of a (solid) catalyst layer inside microreactor channels can
be achieved in two ways, Ze. (Z) by using a micro packed-bed of powdered catalyst [22-
24], or (i) by using a thin layer of catalyst coated on the inner wall of a microchannel
[25-27]. However, use a powdered catalyst packed-bed might result in large pressure
drops across the bed since the size is scaled down, as predicted by the Ergun equation
[28]. Also, channeling at the wall-particle interface becomes increasingly likely for
creeping flow in microreactors. Nevertheless, one benefit of packed bed reactors is that
commercial catalyst formulations that have already been optimized can be used. An
alternative approach to the use of a catalyst packed bed is deposition of a thin catalyst
film, typically via very-large-scale integration (VLSI) manufacturing methods used for
mass production of integrated circuits (ICs), such as physical and/or chemical vapor
deposition (PVD/CVD)[29]. However, a thin catalyst coating usually fails to utilize the
entire volume of the reactor channel effectively and may not provide the high surface
area required for catalytic reactions. Most of these problems can be overcome by
introducing nanoscale structural features in the microchannels. For microsystems,
various possibilities have been explored, such as use of porous anodic alumina layers
[30, 31], walls coated with porous materials such as zeolites [32, 33], and black or porous
silicon [8, 34]. However, these methods of creating porous structures are mostly limited
to sub micron layers. 7able 1.2 enlists various techniques reported in literature to
enhance the catalytic surface area in microreactors.

An exciting option in this regard is the use of rigid, porous and orderly arranged
catalyst supports based on nanofibers, which due to their tunable morphology and

surface properties can be an effective material to be used as catalyst support material.
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Carbon nanostructures, such as carbon nanofibers and/or tubes (CNFs/CNTs), are
promising candidates for this purpose, onto which metallic catalytic active phase (e.g.

platinum (Pt) or palladium (Pd) nanoparticles) can be deposited.

Table 1.2: Various techniques used to enhance the catalytic surface area in
microreactors [2]

Techniques Coating layer
Metal oxide coatings
¢ Anodic oxidation of aluminum - Alumina®!
¢ Anodic oxidation of AIMg microreactor wall - Alumina®!
e Sol-gel technique - Alumina®, silica®),
titanial®®!
¢ High temperature treatment of Al containing steel - Alumina®)
e Wash-coating - y-alumina
e Electrophoretic deposition - ALOs, ZnO, CeO, !
e Zeolite coated microchannel reactors - Zeolite!*>*]
e Direct formation of zeolite crystal on metallic structure - Zeolite ¢!
e Chemical vapor deposition - Alumina’
e Flame spray - Au/TiO, 18!
Carbon based coatings
e Carbonization of polymers - Carbon coating 1**!

1.5 Carbon nanofibers (CNF) — Novel structured catalyst support
1.5.1 General introduction

The deterministic synthesis of nanomaterials with predefined structure and
functionality plays a pivotal role in nanotechnology [50]. Out of several potential
nanomaterials, nanostructured carbon materials such as carbon nanofibers and/or
nanotubes (CNFs/CNTs) have emerged as the most promising candidates for various
nano- and microsystem based applications due to their wide ranging properties [51].
Applications of carbon nanofibers (CNFs) and/or carbon nanotubes (CNTs) include
emitters for field emission displays [52], composite reinforcing materials [53], hydrogen
storage [54], bio- and chemical sensors [55, 56], nano- and microelectronic devices [57,
58].

The history of CNFs dates back to a U.S. patent published in 1889 [59], which
reports the growth of carbon filaments and possibly that of carbon nanofibers from

carbon-containing gases using iron as catalyst. In 1969, Robertson [60] recognized that
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the interaction of metal surfaces and methane led to formation of graphitic carbon at
relatively low temperatures. Baker et al further showed inl1972 that carbon
nanostructured materials can be synthesized using supported transition metal catalyst
such as Ni, Co and Fe [61]. In 1976, Oberlin, Endo and Koyama reported CVD growth
of nanometer-scale carbon fibers [62]. In following years detailed studies of CNFs were
essentially motivated due to undesirable deposition of carbon on the surface of steam
crackers during the production of olefins [63]. Two foremost events significantly
boosted the research in carbon nanostructure field on global scale. The first was in 1985
when a new form of carbon, Buckminsterfullerene Cq was discovered by Robert Curl,
Harold Kroto and Richard Smalley [64]. The second event was the discovery of multi-
wall carbon nanotubes (MWCNTs) by Iijima in 1991[65].

In principle, CNFs are filamentous nanostructures which are grown by the
diffusion of carbon, vza catalytic decomposition of carbon containing gases or vaporized
carbon from arc discharge or laser ablation, through a metal catalyst following its

subsequent precipitation as graphitic filaments (see Fig. 1.3 /66)).

Figure 1.3: High resolution SEM image of entangled carbon nanofibers [66]

Based on their structural features, carbon nanofibers (CNFs) can be described as
cylindrical or conical structures that have diameters varying from a few to hundreds of
nanometers (0.4 to 500 nm) and lengths ranging from less than a micron to millimeters.
They have varying internal structures depending on the arrangements of “graphene
sheets”. The graphene sheets can be defined as a hexagonal network of covalently
bonded sp* hybridized carbon atoms or a single two-dimensional (2D) layer of a three-
dimensional (3D) graphite (Fig. 1.4a). The angle between the fiber axis and the graphene

sheets determines two distinct types of carbon nanofibers that are commonly observed.
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The first type of carbon nanofiber consists of stacked curved graphene layers that form
cones or cups. The stacked cone structure is often described as herringbone (or
fishbone) due to their resemblance with fish skeleton with the graphene sheets stacked
at an angle of ~45° to the fiber axis (Fig. 1.4b, [51)). The second type of CNF consists of
graphene sheets stacked on top of each other at an angle of ~90° to the fiber axis (Fig.
1.4c [67)).

Figure 1.4: Schematic structure of carbon nanofibers, (a) Graphene layer, (b) stacked
cone herringbone nanofiber (a= ~ 45°) and a high-resolution micrograph of the same
[51], (c) the arrangement of the graphite platelets stacked in a direction perpendicular to
the fiber axis (a= ~ 90°) [67]; in both cases the distance between two stacked graphene

sheets is 0.34 nm.

The synthesis of carbon nanostructures can be achieved via arc discharge [68],
laser ablation [69] and chemical vapor deposition (CVD) methods (e.g. catalytic thermal
CVD and plasma enhanced CVD) [51, 70, 71]. The catalytic thermal chemical vapor
deposition (C-TCVD) method is a versatile technique and a relatively cheap method for
large-scale applications [63, 72, 73], and therefore most often used for CNF-synthesis.
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The C-TCVD method utilizes decomposition of carbon-containing gases on
catalytically active components, e.g. transition metals such as nickel (Ni), cobalt (Co)
and iron (Fe) or alloys of these materials (due to their ability to dissolve carbon and/or
form metal carbides) [51]. Hydrocarbon gases such as methane (CH,), acetylene (C,H,),
ethylene (C,H,), ethane (C,Hs), or other C-sources as carbon monoxide (CO) or
synthesis gas (CO + H,) can be used to obtain CNF growth on these metal catalysts at
temperatures between 400 and 1000 °C [63].

1.5.2 CNF as a catalyst support for liquid phase reactions in microreactors

Carbon nanostructures offer numerous advantages as catalyst supports for chemical
reactions viz., (I) corrosion resistance to acid or base medium, (77) high length (um)-to-
diameter (nm) ratio and high surface area, (7i) absence of micro porosity, (7v)
possibility to tune the surface chemistry, and (v) easy recovery of precious metal
catalysts supported on them by simply burning the carbon skeleton [74-76]. Moreover,
it has also been claimed that the performance of CNF supported catalysts can be
influenced by adsorption of reactants on the CNF support. For example, for the liquid
phase hydrogenation of cinnamaldehyde over Pt/CNF catalyst, it was demonstrated that
catalytic action of Pt is influenced by the amount of cinnamaldehyde adsorbed on the

support in the vicinity of Pt particles [72].

Washcoat layer Vs Nano fiber layer
s Reactant flow & s =
] \ J \ 7 [l
Microchannel Microchannel
® Active sites HEl  Solid [ void space

Figure 1.5: A schematic representation of reactant flow inside microchannel coated
with washcoat layer (left) versus carbon nanofiber layer (right), illustrating a virtually

reverse configuration in term of accessibility of the supported active sites
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The small dimensions of carbon nanostructures and the above-mentioned
advantages as catalyst support motivate integration of CNFs and/or CNTs as structured
catalyst support layers in miniaturized reaction systems, ie. microreactors. Figure 1.5
exemplifies the advantage of integrating a layer of carbon nanostructures in a
microreactor channel as an alternative to a washcoated layer. A CNF layer has easier
accessibility of active sites for reactant molecules due to its open structure, as a
consequence of which diffusion problems are avoided, particularly in the case of liquid
phase reactions which exhibit relatively lower values of mass transfer coefficients (by a
factor of 10*[77])than gas phase reactions [78, 79].

1.5.3 Synthesis of CNFs on fused silica and silicon based substrates

A range of structured materials including monoliths [80], foams [76, 79, 81, 82], filters
[83], glass and carbon fibers [84, 85] and cloths [86] have been used for the synthesis of
CNF layers for catalytic application in conventional reactor systems. However, a
microstructured reactor, especially that are silicon-technology based (ie. made from
materials such as silicon, Pyrex, Borofloat glass, quartz, fused silica efc.) requires the
application of techniques which are suitable for deposition and/or synthesis of stable
and uniform CNF layers on microreactor channel wall surfaces. However, synthesis of
CNF/CNT based catalyst layers has rarely been achieved [87]. Thus, details on
synthesizing stable and well-defined CNF layers in microreactor channels, their
subsequent functionalization and deposition of catalytic phase for liquid phase
reactions, are missing. An abundant amount of literature is available on the synthesis of
carbon nanostructures on flat substrates using thin metal films of growth catalyst (eg
Ni, Fe, Co etc.). These metal films are deposited using typical physical vapor deposition
(PVD) techniques, e.g e-beam evaporation and/or sputtering [51, 88, 89]. Figure 1.6
schematically illustrates CNF synthesis on flat substrates using metal thin films. It
primarily involves three major steps viz. (i) deposition of a stable metal thin film, (7))
dewetting (disintegration) of the as-deposited continuous metal film to create
nucleation sites (nanoparticles) for facilitating CNF growth, (7ii) catalytic thermal
chemical vapor deposition (C-TCVD) of carbon containing gas at elevated temperatures
to synthesize the CNFs. The C-TCVD step individually involves three sequential sub-
steps based on a general mechanism proposed by various researchers ie, (i)
decomposition of a carbon-containing gas exposed to the surface of a metal particle, (71)
dissolution of carbon in the metal particle (since transition metals have the ability to

dissolve carbon and form metal carbide, mentioned earlier in section 1.5.1), and
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diffusion of the dissolved carbon through the particle, and (7)) precipitation and/or
growth of stacked layers of graphene sheets in the form of CNF on the opposite side of
metal particle (as shown in Fig. 1.6-step 3).

@

@ ©,

C-TCVD of
carbon containing gases
at T= 400-1000°C
(e.g. C,H,, CH,, CO etc.)

As-deposited
metal thin film
(e.g. Ni, Fe, Co)

Metal particles as
nucleation sites for CNFs
(e.g. after reduction
at high T°C)

H,/
H,0/

Precipitated

stacked
graphene
sheets

X &

Substrate
(e.g. Fused silica, Silicon)

Figure 1.6: Schematic representation of CNF synthesis on flat surfaces via three
essential steps viz. (i) metal thin film deposition, (ii) creation of metal particles as
nucleation sites for CNF growth, (iii) C-TCVD of carbon containing gas at elevated

temperatures to synthesize CNFs.

Good adhesion of synthesized CNF layers on structured internals of silicon
microreactors is important to ensure that attrition losses of CNFs due to shear forces
exerted by fluids flowing through the entangled CNF layers are minimized. Prior to
formation of such stable CNF layers, the stability of thin metal film on substrates itself
can be a critical issue. It is known that thin films of physical vapor deposited metal, such
as nickel, do not adhere well to materials commonly used for silicon-technology based
microreactors (Ze. silicon, Pyrex, Borofloat glass, quartz, fused silica), as a consequence
of which an intermediate layer between the nickel and the substrate material has to be
used [51].

Detailed studies of CNF synthesis using thin metal film configurations, including
various aspects such as adhesion layer thickness, stability at high CNF growth
temperatures and subsequent influence on the morphology of CNF layer formed, still
needed to be carried out and is one of the objectives of research performed in this work.

There are, however, additional critical issues which have to be addressed in order to
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obtain microreactors of which the flow channels are filled with an efficient CNF-based
catalyst support, Ze. a layer of entangled CNFs ‘jungle’ as shown in Fig. 7.3. These are,
() deposition of a well adhered metal layer (e.g Ni [25, 51]) required for the synthesis of
CNFs, (7i) good attachment of the synthesized CNF layer to the microchannel walls, (777)
controllable CNF growth, (7v) efficient utilization of the microchannel volume to obtain
a high surface area for active metal deposition, (v) preparation of CNF-based catalyst
layer by deposition of stable and well dispersed active metal particles, and finally (vz)
evaluation of the catalytic performance of these synthesized and functionalized CNF

layers by means of appropriate aqueous phase reactions.

1.6 Nitrite and bromate removal from aqueous solutions

There is continuous and strict demand to achieve high water purity levels for both
industrial and domestic use. Recent increase in the levels of concentration of nitrate
and/or nitrite and bromate has raised concerns. The sources of these contaminants in
water originate from excessive fertilization, industrial effluents efc. in the case of
nitrate/nitrites, whereas bromate contamination is a consequence of undesirable
disinfection by-products generated during water purification treatment processes.
Bromate is frequently detected in drinking water, and originates from ozonation of
bromide-containing source waters [90-92].

Even though nitrate ions (NOs;) do not exhibit toxicity, their further
transformation to nitrite (NO;") by reduction, however, can be detrimental for human
health. It is known to be a cause of blue baby syndrome in addition to hypertension, and
is a precursor for the carcinogenic nitroso amine [93-95]. European Commission
directives have restricted the nitrate and nitrite concentration levels in drinking water to
50 mg/L and 0.5 mg/L, respectively [95]. Various physicochemical techniques such as
ion exchange, reverse osmosis, and electrodialysis are available for removal of nitrate
ions contamination from water. However, they only accumulate and are not able to
convert these ions into less harmful products/materials. The biological process, on the
other hand, is slow and complicated [95].

It is known from literature that most of the drawbacks of above mentioned
conventional methods can be overcome via application of catalytic de-nitrification of
nitrates and nitrites from aqueous solution using hydrogenation over noble-metal solid
catalysts [96]. Recent work in Lefferts’ group on catalytic hydrogenation of nitrites (an

intermediate in nitrate hydrogenation) to nitrogen by using hairy foam based thin layer
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Pd/CNF catalyst has shown promising results in terms of catalytic performance
compared to the conventional catalyst, inside fixed bed reactor [97]. It is understood
from literature that nitrite reduction to nitrogen Eg. (1.2), which is the second step of
nitrate hydrogenation Eq. (1.1), is extremely fast and hence can easily induce internal

concentration gradients due to mass transfer limitations.

2NO,” +5H, —% 5 N, + 20H ~ + 4H,0 (1.1)
2NO, + 3H, —% 5 N, + 20H ~ + 2H,0 1.2)

Thus this is an ideal reaction system for testing the diffusion limitations along the
CNF layers and hence suitability of them as catalyst support when synthesized inside
microreactor channels. Tested CNF layers with optimized mass transport properties and
exhibiting intrinsic catalytic activity can be evaluated additionally for another
contaminant Ze. bromate using ruthenium (Ru) as active phase.

As mentioned earlier, bromate concentration levels have also been limited by
various global agencies/organizations. The World Health Organization (WHO) and the
United States’ Environmental Protection Agency (EPA) have strictly regulated the
bromate level in drinking water as the International Agency for Research on Cancer
(IARC) has classified bromate as a Group 2B substance (ie. possibly carcinogenic to
humans) [98, 99]. This indeed demands development of an effective treatment method
for the removal of bromate from drinking water [100]. Various techniques, such as
biological [101, 102], photocatalytic [103, 104], electrochemical reduction [105] and
more recently, catalytic hydrogenation [106], are available. A promising alternative for
the removal of bromate pollution from drinking water is v7a heterogeneous redox

catalysis without the requirement of using hydrogen [107, 108].
2BrO, —==, 30, + 2Br- (L3

The main advantage of catalytic routes is the efficient and faster removal of water
contaminants such as bromate under ambient conditions, particularly when compared
to the conventional physicochemical methods. Furthermore, conventional methods
concentrate removed contaminates in a secondary waste streams, which requires further
treatment [97].

A review of literature cites only limited articles [13, 14] regarding the catalytic

removal of BrOs from aqueous solutions. It is reported by Gritzel et al [13] that BrOs
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ion decomposition is thermodynamically allowed via red-ox reactions involving

oxidation of water and subsequent reduction of bromate as below,
2H,0 >0, +4H" + 4e” E=123-0.059pH (1.4)
BrO; + 6H" +5¢" — % Br, + 3H,0 E=149-0.071pH (L5
BrO; + 6H" + 6e" —» Br~ + 3H,0 E =1.44-0.059pH (1.6)

However, bromate jons are very stable in aqueous solutions, especially in the
absence of oxidizable impurities or when protected from UV light. A dilute aqueous
HBrO; solution does not undergo any decomposition even after several months of
storage. The slow kinetics of the bromate reduction vi7a the above redox cycle is due to
the difficulty in the transfer of charges, which can be facilitated by the presence of
connected electrodes. Accordingly, in the presence of typical electrode materials, in this
case a Ru catalyst, RuO,/TiO, [13], oxygen evolution was observed. Based on their
studies with labeled oxygen (80% H,'*O and 20% H,'®O) and that 20% **O, was formed,
they concluded that water is oxidized and is the source of oxygen.

However, Mills et al [14] show that kinetics of the oxidation of water even in the
presence of a RuO, catalyst is kinetically very slow (0.05-10° mol dm™ s at 30°C).
Presence of an easily oxidizable water soluble organic component, e,g MeOH, EtOH
efc., in the reaction medium enhances the rate of bromate decomposition. For example,
Mills et al. reports that in the presence of MeOH a forty times improvement in rates in
bromate conversion was observed compared to the situation when only water was
present [14]. Carbon nanofiber supported ruthenium catalyst layers (Ru/CNF) present a
novel option for treating bromate polluted water resources. In such a reactor, Ru metal
particles are placed in space in the porous CNF layer, as in a frozen fluidized bed. Such
an arrangement is expected to offer enhanced contact between bromate, reductant and

Ru catalyst.

1.7 Scope of the thesis

The research objective of the work described in this thesis is to develop carbon
nanofiber supported catalyst layers on structured internals of microreactors made from
silicon technology based materials (e.g fused silica and/or silicon). These microreactors
are intended to be used for heterogeneously catalyzed liquid phase reactions, in this case

for aqueous phase removal of nitrite and bromate.
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The synthesis of stable carbon nanofiber layer on flat substrates (representing
surfaces of microreactor channel walls) is a requisite for obtaining the know-how to
translate it for preparing these layers inside microreactor channels. Chapter 2 is a
detailed study of CNF synthesis using thin metal film configurations with nickel (Ni) as
growth catalyst and different metals (Ze. Ti, Ti-W and Ta) as adhesion layer between
nickel and fused silica substrates. The study investigates various aspects such as stability
of deposited metal films on the substrates and their interaction at elevated temperature
(Ze. during treatment for obtaining Ni nanoclusters/particles and subsequent CNF
growth). It will be illustrated further how the choice of adhesion metal influences and/or
determines the morphology of CNF layers.

Chapter 3 describes the further investigation of CNF layer synthesis on oxidized
silicon substrates towards their application in silicon technology based microreactors.
The influence of various growth parameters on CNF morphology was investigated, e.g.
ethylene concentration and addition of hydrogen to the reaction mixture, to be able to
tune it for effective translation of CNF layer growth inside microreactor channels as a
catalyst support. Moreover, implementation of this knowledge on the structured
internals, 7.e. well-defined arrays of Si-micropillars, of microreactors has been shown.

Thus prepared well-defined CNF layers were functionalized by depositing
ruthenium active phase, the details of which are the described in chapter 4. The
functionalization of CNF layers and the subsequent effect of it on physicochemical
properties of CNFs has been illustrated in detail, followed by the details of preparation
and characterization of ruthenium catalyst deposition on CNF layers via aqueous phase
as well as physical vapor deposition based techniques. Chapter 5 provides preliminary
results of aqueous phase nitrite reduction, which is a kinetically fast reaction, hence
probing the performance of CNF layers in terms of mass transfer properties in
microreactor channels. Chapter 6 discusses the results of testing Ru/CNF catalyst layers
inside microreactors for aqueous phase bromate removal. These results highlight the
better catalytic performance of CNF supported Ru catalyst when compared to the
conventional powdered catalyst support such as activated carbon. Chapter 7
summarizes the conclusions of the research towards development of stable and well-
defined structured catalyst layers based on carbon nanofibers in microreactors, in order
to perform liquid phase reactions, and is followed by recommendations for future

applications.
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Chapter

Growth of Stable Carbon Nanofiber Layers on
Fused Silica Substrates: On the Use of Ti,
Ti-W and Ta as Adhesion Layers

Abstract

Carbon nanofiber (CNF) layers were synthesized on fused silica substrates using a catalytic
thermal chemical vapor deposition process (C-TCVD). The effects of various adhesion
layers: titanium, titanium—tungsten and tantalum—under the nickel thin film on the
attachment of carbon nanofibers and their morphological properties are presented. The
diameter and the thicknesses of the CNF-coatings were analyzed by scanning electron
microscopy, whereas the microstructure and crystallinity of the synthesized carbon
nanofibers were investigated by transmission electron microscopy and Raman spectroscopy,
respectively. Specific surface areas of CNF-coatings were determined with nitrogen
adsorption—desorption isotherm measurements.

Using C-TCVD of ethylene at 700 °C (1 h), well-attached, entangled, quasi-
crystalline platelet carbon nanofibers were synthesized with tip-type growth mode on 25
nm thick nickel films with an adhesion layer of 10 nm Ta or Ti—-W. The thickness of CNF-
coating was ~3.5 um, and the diameter of the fibers depended on the composition of the
metallic thin film stack: 20-50 nm for Ni/Ta and 80-125 nm for Ni/Ti-W.
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2.1 Introduction

Due to their exceptional mechanical, electrical, physical and chemical characteristics
carbon nanostructured materials are attractive for a variety of applications [1-5].
Applications of carbon nanofibers (CNFs) and carbon nanotubes (CNTs) include
emitters for field emission displays [6, 7], composite reinforcing materials [8], hydrogen
storage [9, 10], bio- and chemical sensors [11, 12], nano- and microelectronic devices
[13, 14], and as catalyst support [15, 16]. The latter is because these structures offer
numerous advantages as catalyst support, of which the most important ones are (7)
corrosion resistance to acid or base medium, (7Z) high surface area, (i) absence of micro
porosity, and (7v) the possibility to tune the surface chemistry of CNFs and CNTs [17-
19].

Goal of this work was to investigate and control the properties of coatings of CNF
layers synthesized via catalytic thermal chemical vapor deposition (C-TCVD) on nickel-
based thin films deposited on flat fused silica substrates with different adhesion metals.

The C-TCVD method utilizes decomposition of carbon-containing gases on
catalytically active components such as transition metals (e.g nickel (Ni), cobalt (Co) or
iron (Fe)) [20]. Hydrocarbon gases such as methane (CH,), acetylene (C;H,), ethylene
(C:H,), ethane (C;Hg), or other C-sources as carbon monoxide (CO) or synthesis gas
(CO + H,) can be used to obtain CNF growth on these metal catalysts at temperatures
between 400 and 1000 °C [20-22]. Controlled carbon nanofiber growth essentially
concerns optimizing length, shape and diameter of the fibers, which influences the
extent of fiber entanglement required for layer stability and the porosity of the layer. An
efficient CNF-based catalyst support is a jungle’ of entangled CNFs as shown in Fig. 2.7
[23]. Good adhesion of these CNF-coatings is important to ensure that attrition losses of
CNFs due to shear forces exerted by fluids flowing through the CNF-coating are
minimized.

Thin films of physical vapor deposited nickel do, however, not adhere well to
materials commonly used for silicon-technology based microreactors (Ze. silicon, Pyrex,
Borofloat glass, quartz, fused silica), as a consequence of which an intermediate layer
between the nickel and the substrate material has to be used [20]. Detailed studies on the
adhesive strength of metallic thin films show that the optimal thickness of the adhesion
layer is about 10-20 nm [24, 25]. Titanium (Ti) and tantalum (Ta) are proper adhesion
metals for applications where the temperature exceeds 500 °C, Ze. the C-TCVD process
used in this work (see section 2.2) [26-28]. In this work Ti, Ta and Ti-W are used as
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adhesion metals for Ni thin-films onto which CNFs will be grown. Ti and Ti-W are
selected because the synthesis of well-adhesive CNF-coatings is reported for Ni/Ti and
Ni/Ti-W [29, 30], whereas Ta is selected because it is the best adhesion metal for high-
temperature applications. Knowledge and control of the characteristics of CNF-coatings
(Ze. fiber morphology, fiber diameter, thickness CNF-coating, specific surface area,
adhesion quality of CNF-coating to substrate) synthesized on Ni-based thin films are
essential for the development of efficient multiphase microreactors with CNF-based

catalyst supports.

Figure 2.1: SEM image of entangled (‘jungle’) carbon nanofibers [23].

2.2 Experimental

2.2.1 Preparation of nickel-based thin films
Ni-based thin films for the synthesis of CNFs were deposited on fused silica substrates
(Corning, UV Grade 7980F; diameter 100 mm, thickness 500 + 25 pm, roughness as-
fabricated <1 nm). The substrates were ultrasonically cleaned in demineralized water
(10 min), followed by immersion in fuming 100% nitric acid (Selectipur 100453, BASF)
for 10 min, and boiling in 69% nitric acid (VLSI 116445, BASF) for 15 min, followed by
quick dump rinsing in de-mineralized water and dry spinning. Within 30 minutes after
these cleaning sequences the substrates were loaded into metal deposition systems.
Deposition of metals in a configuration shown in Fig 2.2 was done via
evaporation and sputtering. On a Balzers BAK600 electron-gun evaporation system
Ni/Ti and Ni/Ta films were deposited at pressures below 107 mbar. The purity of Ni
target material was 99.99%, and at least 99.95% for adhesion metals Ti and Ta.
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Evaporation rates for Ti and Ta were in the range 1-5 A/s, whereas the growth rate for
Ni was 10-15 A/s. The thicknesses of evaporated films were controlled using an in-situ
thickness monitor. Ni/Ti-W films were sputter-deposited on an AJA ATC 1500
sputtering system at an argon pressure of 6.7x10* mbar. The purity of the Ni target was
>99.99% and >99.9% for Ti-W (target alloy composition: 30 at.% Ti and 70 at.% W),
with sputter rates of ca. 2 nm/min (Ni: 200 W RF power, Ti-W: 200 W DC power). The
thicknesses of sputtered metal films were controlled based on calibration runs

performed prior to the actual deposition runs.

<«— Nickel layer

“le— Adhesion layer

«— Fused silica substrate

Figure 2.2: Schematic representation of the confiquration of metal films for CNF-

synthesis.

In order to avoid chipping, damaging and/or peeling of the thin films at locations
where the substrates are cleaved during dicing, the substrates were lithographically
patterned prior to metal deposition: squares of 8 mm x 8 mm were defined in spin-
coated photoresist (Olin, 907-12). The unmasked areas were etched in buffered
hydrofluoric acid (NH,F:HF 1:7; VLSI 101171, BASF; etch rate of fused silica 60
nm/min). The depth of the recessed areas was identical to the thickness of the thin film
to be deposited in the areas. After metal deposition, an ultrasonic lift-off step in acetone
(>20 min; VLSI 100038, BASF) was carried out, followed by immersion in isopropanol
(10 min; VLSI 107038, BASF), quick dump rinsing in de-mineralized water (10 min)
and dry spinning. Finally, the substrates with the thin metal films were diced into
samples of 1 cm x 1 cm (Disco DAD-321 dicing machine). An overview of all prepared

metal film configurations is given in 7able 2.1.
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Table 2.1: Specifications of metal films deposited on fused silica substrates by

evaporation or sputtering.

Nickel layer Adhesion layer
Sample hick
Thickness [nm] Material Thickness [nm]
L. 25 None —
2. 25 Ti 10
3. 25 Ti 200
4. 25° Ti-W? 102
5. 25 Ta 10

« Sputtered metals

2.2.2 Synthesis of carbon nanofibers
Prior to CNF synthesis the nickel-based thin-film samples were first cleaned
ultrasonically in acetone (5 min, Branson 200 ultrasonic cleaner) to remove organic
contaminants, followed by washing with flowing deionized water (25 °C) and dried with
pressurized technical air. Subsequently, the samples were reduced in a mixture of 20
vol.% H, in N, (99.999%, INDUGAS) with total flow rate of 50 ml/min, while increasing
the temperature to 500 °C (ramp up 5 °C/min) and maintained at 500 °C for 2 h. This
pretreatment is essential for the dewetting of the Ni thin film to produce nanoparticles
which act as nucleation sites for CNF growth. After cooling down to room temperature,
the samples were transferred to the CNF synthesis set-up for carrying out CNF
synthesis. This procedure was selected because it is reported that reduction of ‘metal
oxide’ during CNF synthesis to pure metallic phase produces smaller metal particles
(compared to that obtained directly from pure metallic phase) as carbon is being
deposited, which consequently resulted in thinner fibers and increased formation rates
[31]. In the case of nickel thin films, exposure to environmental air after reduction
pretreatment can be interpreted as (mild) oxidation of nickel nanoparticles: such an
oxidation step prior to CNF synthesis is preferred, because it is assumed this leads to
smaller grains, and thus smaller diameters of CNFs. The latter aspect is important for
catalyst supports, because it results in high specific surface areas.

CNF synthesis was performed in a quartz reactor heated by a vertical furnace. The
samples were heated in N, from room temperature to 700 °C at a rate of 5 °C/min, and
at 700 °C exposed to a reactive gas mixture of 25 vol.% C,H,in N, (99.95%, PRAXAIR)

at a total flow rate of 100 ml/min. The reaction time at this temperature was one hour,
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after which the samples were cooled down in N, to room temperature. The amount of

carbon deposited on each sample was determined by measuring the increase in weight.

2.2.3 Characterization of metal and CNF-coatings

Prior to CNF-synthesis surface elemental analyses of as-deposited and reduced metal
films were performed on a Quantera XPS system (Physical Electronics). The
morphology of the synthesized CNF-coatings was investigated by scanning electron
microscopy (HRSEM; LEO 1550) in conjugation with energy dispersive X-ray analysis
(EDX; Thermo Noran Vantage system). Transmission electron microscopy (TEM;
Philips CM300ST-FEG equipped with Gatan Ultrascan 1000 CCD camera) was used to
study the nanostructure of the fibers. The surface area of the CNF-coatings was
determined with the BET-method on data from N, adsorption-desorption isotherm
(Micromeritics ASAP 2400 system). Room temperature Raman spectroscopy, (Senterra
Raman microscope spectrometer), was used to determine the crystallinity of the CNF-
coating [32, 33]. The adhesion of CNF-coatings to the fused silica substrate was tested
separately using severe fluid flow conditions, Ze. air and water flows over CNF-coatings
with a linear velocity of 100 m/s for 5 min and 2 m/s for 1 hour, respectively. Samples
with CNFs were positioned and fixed in plastic tubing in such a way that the air/water
flows were guided through/over the CNF-coating. After exposure to the fluid flows, the
samples were removed from the tubing, and the weight of the samples was determined:
the difference between the mass of the samples before and after the flowing air/water
experiments is the loss of CNFs, and is used to qualify the mechanical attachment of the
fibers to the substrates. These fluid flows (m/s-range) are much higher (six orders of
magnitude) than typical fluids flows in microfluidic devices (pl/min-range; in our case
this equals 10°® m/s range), such as microreactors in which the CNF-coatings will be

used as catalyst support.

2.3 Results and discussion
2.3.1 Nickel/titanium

Since a nickel film of 25 nm thickness deposited on fused silica without an adhesion
layer did not have an acceptable adhesion, the use of an adhesion layer was necessary (in
fact, severe peeling of the as-deposited nickel layer occurred). Indeed, when 10 nm Ti
was used no peeling of the as-deposited 25 nm Ni/10 nm Ti film was observed. CNF-

synthesis experiments were performed on this metal configuration. Although CNFs
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were formed, the CNF-coating was completely detached from the substrate and
fragmented extensively. SEM images (Fig. 2.3a-2.3b) of the CNF-layer fragments show
extensive fiber formation with an entangled morphology. Ni-particles at the tips of the
fibers indicate tip-type growth of fibers [17].

The use of a significantly thicker Ti layer, 200 nm, resulted in a ‘CNF carpet™ a
CNF-layer formed on the 25 nm Ni/200 nm Ti film and no fragmentation of the CNF
coating occurred, but the whole stack is detached from the substrate (Ze. CNF-layer +
metal films). SEM images of a CNF carpet revealed extensive growth of tip-type CNFs
on one side of the carpet, whereas the other side appeared to be shiny (Fig. 2.3b). EDX
analysis of this ‘shiny’ side of the carpet indicated a very high concentration of Ti (Fig.
2.3¢). Although these CNF carpets are mechanically rather stable (the carpets do not
fragment during the CNF-synthesis), the adhesion to the fused silica substrate is

insufficient/poor. Details of these CNF carpets are presented elsewhere [34].
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Figure 2.3: SEM image of: (a) fragments of the CNF-layer synthesized on 25 nm Ni/10
nm Ti, and (b) CNF-carpet synthesized on 25 nm Ni/200 nm Ti, and (c) EDX spectrum
of the area marked in SEM image.
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In order to understand the formation of CNF carpets, SEM imaging and XPS
analyses were carried out at two stages prior to the CNF-synthesis process. SEM images
show that the as-deposited 25 nm Ni/200 nm Ti film is reasonably uniform and dense
(with some larger clusters) (Fig. 2.4a), while after reduction the surface morphology
changes into a discontinuous film, indicating a re-organization of the metal components
(Fig. 2.4b).

Figure 2.4: SEM images of 25 nm Ni/200nm Ti: (a) as-deposited, and (b) after

reduction.

XPS analyses revealed that the as-deposited samples have almost exclusively Ni on
the surface, while after the reduction step mostly Ti is detected at the surface of the
sample (7able 2.2).

Table 2.2: Surface elemental concentrations of Ni and Ti for an as-deposited and a reduced 25

nm Ni/200 nm Ti thin film. Oxygen and carbon were other elements observed in balance

concentrations.
Atomic concentrations [%]
Elements
As-deposited Reduced
Ni 10 2
Ti 0.1 214

Thus, during the high temperature treatment in hydrogen extensive segregation of
Ti to the surface occurs. The data shown in this work is in agreement with Sieber et al
[35], who reported inter-diffusion of titanium and nickel, as well as formation of mixed

phases during the reduction of Ni/Ti thin films in hydrogen atmospheres. In our case,
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this results in poor adhesion of the tip-type mode grown CNF-coatings on fused silica
substrates during/after CNF-synthesis for two reasons: (i) high temperatures used cause
the distinct Ti adhesion layer to be relocated on top of the nickel layer to a large extent,
thereby losing its adhesive function, and (i) CNF-growth on the Ni/fused silica
interface enhances the detachment of the CNF carpet.

It has to be mentioned here that for Ni/Ti thin films deposited on silicon
substrates, the C-TCVD method (590 °C; growth time 18 min. using CH,) resulted in
well-adhesive vertically aligned multi-wall carbon nanotubes (MWCNTs) [36]. The
root-grown MWCNTSs on Ni/Ti/Si were firmly adhered due to the formation of Ti-Ni-C
alloy, which is absent in case of Ni/Ti/SiO,. For Co/T1i thin films Hsu et al found similar
differences in the CNT growth-mode as found by us and reported by Chuang et al (ie.
tip-type growth on Ni/Ti/SiO, vs. root growth on Ni/Ti/Si): using the microwave
PECVD method, cobalt (Co) catalytic particles were driven up on the tips of CNTs in
case of Co/Ti/Si0,/Si, and pinned down on the substrate in case of Co/Ti/Si [37]. Thus,
interlayer reactions and/or alloying seems to have a significant influence on the growth
mode of carbon nanostructures, as well as the adhesion of these structures to the
substrate.

In conclusion, Ti is not a suitable adhesion layer for Ni when this Ni/Ti thin-film
deposited on a SiO, surface is subjected to high temperatures (> 500 °C), which is the
case for the investigated C-TCVD CNF-synthesis process.

2.3.2 Nickel/titanium—tungsten

SEM images of as-deposited and reduced 25 nm Ni/10 nm Ti-W samples are shown in
Fig. 2.5(a) and (b), respectively. It can be seen that the as-deposited film is smooth, in
the reduced film and small grains are visible that are homogeneously distributed on the
surface. This is in contrast with the reduced 25 nm Ni/200 nm Ti film, where significant
restructuring was observed. XPS analysis also confirmed that there were hardly any
compositional changes at the metal surface and Ni remained the main element at the

surface before and after reduction ( 7able 2.3).
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Figure 2.5: SEM images of 25 nm Ni/10 nm Ti-W: (a) as deposited, and (b) after

reduction.

Table 2.3: Surface elemental concentrations of Ni, Ti and W for an as-deposited and a
reduced 25 nm Ni/10 nm Ti-W thin films. Oxygen and carbon were other elements

observed in balance concentrations.

Atomic concentrations [%]

Elements
As-deposited Reduced
Ni 33 28
Ti 0.3 0.5
W 3.0 6.0

The presence of W seems to prevent migration of Ti to the surface during
reduction of Ni/Ti-W films. In detail, Ti-W is a good adhesion material for Ni/Ti-W
films because Ti-W preserves its adhesive function and the as-deposited Ni/Ti-W-
configuration is not affected by the reduction at 500 °C. The C-TCVD CNF-synthesis
procedure resulted in well-attached, entangled CNF-fiber coatings on Ni/Ti-W thin
films (Fig. 2.6a). The average CNF-coating thickness is ~3.5 pum. The SEM image (Fig.
2.6D) shows that the fibers constituting the layer have a diameter of 80-125 nm, and
have a nickel particle at the top of the fibers. The specific surface area of a CNF-coating

grown on 25nm Ni/10 nm Ti-W was found to be 32 m?/g.
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Figure 2.6: SEM images of a CNF-layer grown on 25 nm Ni/10 nm Ti-W: (a) cross-
sectional view, and (b) surface view showing entangled morphology of tip-type fibers
(Ni particles visible at the tips of the fibers).

Thus, Ti-W is a suitable adhesion material for Ni thin films that are exposed to
700 °C: Ti-W fulfills its function as adhesion layer at this temperature. As a consequence
CNF-coatings that are well-attached to fused silica can be synthesized on Ni/Ti-W thin-
films. In fact, for increasing synthesis times the thickness of the CNF-layers on Ni/Ti-W
films increases, whereas the growth time does not influence the diameters of the fibers
significantly [34].

To our best knowledge, this is the first time that Ti-W is used attempted as an
adhesion layer on fused silica substrates to synthesize CNFs using Ni as growth catalyst.
There are only a few papers which report the use of Ti-W as an adhesion or an anti-
diffusion layer between the Ni catalyst and silicon. Merkulov et a/[38] and Caughman et
al. [39] have synthesized CNFs with a very high degree of alignment using dc-plasma
enhanced chemical vapor deposition (dc-PECVD) and inductively coupled plasma-
enhanced chemical vapor deposition (both at 700 °C, and with C,H,/NH; or C,H,/H,,
respectively). Since their intension was to produce carbon-based nanostructures for field
emission device applications, which desires vertically aligned CNFs or CNTs, they opt
for plasma-based synthesis techniques. These techniques produce highly aligned carbon
nanostructures in preferred orientation, Ze. according to the direction of the electric
field. However, the application of CNFs as catalyst support requires different properties
of CNF coatings, such as a high degree of fiber entanglement. Entanglement of fibers
increases the rigidity of CNF-based catalyst supports, and leads to higher specific surface

areas compared to vertically aligned fiber layers (under similar growth conditions) due
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to longer lengths of entangled fibers. This is of prime importance for the application of

CNFs as efficient catalyst support in terms of better dispersion of active phase.

2.3.3 Nickel/tantalum

The use of tantalum as adhesion layer for nickel films resulted in the synthesis of CNF-
coatings with excellent attachment to the fused silica substrate. Figure 2.7a shows
images of a CNF-layer grown on 25 nm Ni/10 nm Ta. The CNF-coating is ~3.6 um
thick, and composed of tip-type fibers with diameters ranging between 20-50 nm.

Figure 2.7: SEM image of a CNF-layer grown on 25 nm Ni/10 nm Ta: (a) cross-
sectional view, and (b) cross-sectional view showing dense layer near the interface of the
CNF layer and the substrate.

The specific surface area of these CNF-coatings is 87 m?/g, the average pore
diameter 40 nm (total void volume 0.2 cm?®/g), and there is nearly no microporosity (i.e.
pores <2 nm) (note that porosity means the space between entangled fibers, the
individual fiber is considered as nonporous). The mean diameter of the fibers can be
calculated from the surface area, density of CNF and assuming cylindrical shape. Fiber
diameters obtained from such calculations are ~40 nm, which is within the range of
values measured from HR-SEM (20-50 nm range). Thus, for a nearly identical CNF-
layer thickness the specific surface area of the layer grown on Ni/Ta is ca. 2.7 times
higher than for a CNF-coating grown on Ni/Ti-W, which is due to the smaller diameter
of the fibers of the CNF-coating on Ni/Ta. Interestingly, CNFs grown on Ni/Ti-W have
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a larger diameter (80-125 nm) than those grown on Ni/Ta (20 -50 nm). It is believed this
difference in diameter is due to different sizes of Ni-crystallites formed during
reduction. Although it is yet not clear why this happens, this phenomenon gives a
possibility to control CNF diameters by choosing an appropriate adhesion metal under
the Ni thin-film.

The Raman spectrum of a CNF-layer grown on 25 nm Ni/10 nm Ta is shown in
Fig. 2.8. Two clear bands are visible, centered on 1340 and 1570 cm™. It is known that
the Raman spectrum of single-crystal graphite, as well as of highly oriented pyrolytic
graphite have a single band at 1582 cm™ (G-band), which is addressed as graphite mode.
Less ordered carbon materials also have a band at about 1335 cm™', which is a defect-
induced Raman band named the defect mode (D-band) [40, 41]. The ratio (R) of the
relative intensity of the D-band and G-band (R = Ip/Is) can be used to asses the degree
of graphitization and the alignment of the graphite planes [21]. The R-value for the CNF
layer synthesized on Ni/Ta is 1.33, which indicates the presence of interstitial defects or

quasi-crystalline nature of the CNF [42].
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Figure 2.8: Raman spectrum of a CNF-layer synthesized on 25 nm Ni/10 nm Ta.

The TEM images shown in Fig. 2.9 confirm the Raman data on the quasi-
crystallinity of the CNF. Fjgure 2.9a shows the tip-type growth of the CNF with a Ni
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particle at tip of fiber and Fig 2.9b illustrates stacking of graphene sheets showing
formation of platelet type CNFs.

The attachment of CNF-layers grown on 25 nm Ni/10 nm Ta to the fused silica
substrate was evaluated by applying fluid flows, typical for catalytic applications, to the
samples. CNF-layers exposed to an air flow showed a weight loss of 6%, whereas no
further weight loss was found when exposed to a water flow. These experiments indicate
a good adhesion of the CNF-coating to fused silica substrates: clearly, tantalum is an
excellent adhesion layer for CNFs grown on Ni/Ta thin-films. It has to be mentioned
that SEM images show that a dense(r) C-layer is present in the CNF-coating near the
substrate surface (Fig. 2.7b). Although the exact nature of this sub-layer is not clear, it is
believed this sub-layer might act as anchoring points for grown fibers, similar as for

fibers synthesized on nickel foams [23].

Figure 2.9: TEM images of a CNF-layer grown on 25 nm Ni/10 nm Ta: (a) nickel
particle at the tip of a fiber, and (b) close-up of a fiber showing semi-crystalline

graphene planes and interstitial defects.

The use of Ta as an adhesion layer has been reported by Lee et al [43], who
investigated the influence of different adhesion metal layers on the growth of carbon
nanostructures. Cassell et al [44] and Ng et al [45] have also reported CNF synthesis
using combinations of various growth metal catalysts and adhesion metals, including
Ni/Ta. Although these groups synthesized carbon nanostructures on silicon substrates,
we observed similar morphological features of CNFs on fused silica (ie. high density

CNF growth with entangled or random morphology) as the synthesis methods of Ng et
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al. (C-TCVD at 750 °C using C,H,/Ar) and Lee et a/. (hot filament-CVD at 700 °C using
CH./H,). Although these groups discuss the outcome of CNF synthesis in general terms,
information on the influence of different adhesion layers on the properties of CNF
coating is incomplete. By wusing various characterization techniques we have
systematically highlighted the variation in CNF morphology corresponding to the
choice of adhesion layer, and the properties of the coatings when to be used as catalyst
support.

In order to use CNF-layers as efficient, rigid catalyst supports, it is essential to
anchor catalytic sites to the fibers constituting the CNF-layer, such as metal particles of
palladium (Pd) or platinum (Pt). This is possible: in previous work Pd metal particles
were deposited on CNF synthesized on Ni foam material via adsorption of a Pd
precursor in toluene [46]. Figure 2.10 shows a SEM image of a CNF-layer with Pd-
particles attached to the fibers.

Figure 2.10: SEM image of catalytic Pd-particles anchored on CNFs [46].

2.4 Conclusions

In this work the synthesis of carbon nanofibers on fused silica substrates coated with
nickel based thin-films using thermal catalytic chemical vapor deposition of ethylene
(700 °C, 1h growth time) is investigated, for three different adhesion layers under the
nickel layer. Although CNFs could be synthesized on 25 nm nickel with a titanium
adhesion layer (10-200 nm), titanium is not a good adhesion material. The use of a 10

nm thick adhesion layer of titanium-tungsten or tantalum resulted in the formation of
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well-attached CNF-layers. The carbon nanofibers in these layers were entangled, quasi-
crystalline phased, tip-type growth mode. Moreover, for both metal layer configurations
the thickness of the CNF-coating was ~3.5 pum, whereas the diameter of the fibers was
smaller in case of Ta (20-50 nm) compared to Ti-W (80-125 nm), which most likely is
related to the grain size of the nickel nanoparticles formed during the reduction
treatment prior to the CNF synthesis step. The presented results on the adhesion and
properties of CNF-coating synthesized on nickel based thin-films on fused silica yields
important knowledge for the fabrication of CNF-based catalyst support layers to be used

in microreactors for multiphase reactions.
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Chapter

Carbon Nanofiber Layers to be used in Silicon
based Microreactors: Influence of Growth
Parameters on Carbon Nanofiber Morphology

Abstract

Carbon nanofiber (CNF) layers have been synthesized on flat fused silica and silicon
substrates, as well as inside flow channels of silicon-technology based microreactors by
thermal catalytic chemical vapor deposition of ethylene using nickel thin-film catalyst.
These CNF layers are to be used as structured catalyst support. The influence of the
ethylene concentration and addition of hydrogen to the carbon-containing gas on the
morphology of CNF layers was studied. Very low amount of CNFs were produced at low
ethylene concentrations (<25%) due to the restricted supply of carbon species. Addition of
hydrogen during the CNF growth resulted in significant enhancement of the CNF-yield,
producing thicker layers of CNFs and CNFs with smaller diameters. Channels containing
silicon micropillars covered with these CNFs have a significantly enhanced surface-to-
volume ratio compared to bare microreactor channels (3-4 orders of magnitude). Deposition
of well distributed platinum nanoparticles was carried out on these CNF layers,

exemplifying their functionality as structured catalyst support to be used in microreactors.
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3.1 Introduction

Currently, there is a growing interest in the design and use of microscale reactors as
efficient systems for the synthesis of specific, low volume, high value fine and specialty
chemicals such as pharmaceuticals and additives. Microreactors are small-scale fluidic
systems comprising fluid channels with lengths in the millimeter-to-centimeter range
and cross-sectional dimensions in the range sub-micrometer to sub-millimeter [1, 2].
Due to these small dimensions microreactors have high surface-to-volume ratios (in the
order 10* m?*/m’) that result in improved heat and mass transfer characteristics, which
are critical for carrying out chemical reactions efficiently [1-4]. Enhanced heat transfer
rates prevent thermal runaway during reactions (Ze. safer operation), and improved
mass transfer rates (ie. small diffusion distances) avoid issues as concentration
gradients and secondary reactions resulting in bye products/waste [5]. Various
industries can directly benefit from the use of microreactor technology: an example is
the fine chemicals industry which often involves multiphase reactions (gas-liquid-solid),
where the solid phase is mostly a catalyst. These catalytic reactions, however, pose a
substantial challenge in achieving efficient contact and mass transfer between different
phases [6-8].

The integration of a solid catalytic phase (heterogeneous catalyst) in microreactors
is a challenging task. Conventionally, it is achieved in two ways, Ze. (7) by using a micro
packed-bed of powdered catalyst [9-11], or (7i) by using a thin layer of catalyst coated on
the inner wall of a microchannel [12-14]. However, a powdered catalyst packed-bed
might result in high pressure drops along the length of reaction-channel, whereas a thin
catalyst coating usually fails to utilize the entire volume of the reactor channel
effectively. Most of these problems can be overcome by introducing nanoscale structural
features in the microchannels. For microsystems various possibilities have been
explored, such as use of porous anodic alumina layers [15, 16], walls coated with porous
materials such as zeolites [17, 18], and black or porous silicon [19, 20]. An exciting
option in this regard is the use of rigid, porous and orderly arranged catalyst supports
based on carbon nanostructures, such as carbon nanofibers, onto which a metallic
catalytic active phase (eg platinum (Pt) or palladium (Pd) nanoparticles) can be

deposited.
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Theory

Since the landmark paper by Iijima in 1991 [21], carbon nanostructured materials such
as carbon nanofibers (CNFs) and carbon nanotubes (CNTSs) have received a tremendous
interest. This is due to their exceptional mechanical, electrical, physical and chemical
characteristics [22-25], which makes them attractive for variety of applications.
Applications of CNFs and CNTs include emitters for field emission displays (FED) [26],
composite reinforcing materials [27], hydrogen storage [28], bio- and chemical sensors
[29, 30], nano- and microelectronic devices [31, 32], and as a catalytic support
electrodes for fuel cells [33, 34].

Carbon nanostructures offer numerous advantages as catalyst supports for
chemical reactions viz., (I) corrosion resistance to acid or base medium, (77) high length
(um)-to-diameter (nm) ratio and high surface area, (77) absence of micro porosity, (iv)
possibility to tune the surface chemistry, and (v) easy recovery of precious metal
catalysts supported on them by simply burning the carbon skeleton [35-37]. A range of
structured materials including monoliths [38], foams [37, 39-41], filters [42], glass and
carbon fibers [43, 44] and cloths [45] have been used for the synthesis of CNF layers.
The small dimensions of carbon nanostructures and the above mentioned advantages as
catalyst support motivate integration of CNFs and/or CNTs as structured catalyst
support layers in miniaturized reaction systems 7.e. microreactors.

The synthesis of carbon nanostructures can be achieved via arc discharge [46],
laser ablation [47] and chemical vapor deposition (CVD) methods (e.g. catalytic thermal
CVD and plasma enhanced CVD) [48-50]. The catalytic thermal chemical vapor
deposition (C-TCVD) method is a versatile technique and a relatively cheap method for
large scale applications [51-53], and therefore most often used for CNF synthesis. The
C-TCVD method utilizes decomposition of carbon-containing gases on catalytically
active components such as transition metals such as nickel (Ni), cobalt (Co) and iron
(Fe) or alloys of these materials (due to their ability to dissolve carbon /or form metal
carbides) [49]. Hydrocarbon gases such as methane (CH,), acetylene (C,H,), ethylene
(C;H,), ethane (C,Hs), or other C-sources as carbon monoxide (CO) or synthesis gas
(CO+H,) can be used to obtain CNF growth on these metal catalysts at temperatures
between 400 and 1000 °C [51].

There are, however, critical issues which have to be addressed in order to obtain
microreactors of which the flow channels are filled with an efficient CNF-based catalyst
support, Ze. a layer of entangled CNFs ‘jungle’ as shown in Fjg. 3.1 [54]. These are, (7)
deposition of well adhered metal catalyst layer (eg Ni [12, 49]) required for the
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synthesis of CNFs, (i) good attachment of the synthesized CNF layer to the
microchannel, (777) obtaining controlled CNF growth, (7v) efficient utilization of the
microchannel volume to obtain a high surface area for active metal deposition, and (v)
preparing CNF based catalyst layer by depositing stable and well dispersed active metal

particles.

Figure 3.1: High-resolution SEM image of entangled (‘jungle’) carbon nanofibers [54].

In previous chapter, issues concerning the preparation of stable metallic layers for
CNF-synthesis (Ze. Ni based thin-films) on fused silica substrates as well as
improvement of the attachment of CNF-coatings were addressed [54, 55]. It was
demonstrated that presence of a metal adhesion layer is necessary for the stability of the
deposited Ni thin-film on the substrate, and the choice of a proper adhesion material
(Ze. Ti-W and Ta) not only improves the attachment of synthesized CNF-coating, but
also helps to tune morphological properties such as the diameter of CNFs.

In this chapter, new results are presented to probe the influence of some of the
crucial CNF growth parameters on their growth as well as the resulting morphology.
Furthermore, an approach to efficiently utilize the microchannel volume for reaction is
shown, Ze micromachined channels filled with arrays of pillars covered with a CNF-
coating, as shown in Fig. 3.2,

The growth parameters investigated in this work are the hydrocarbon gas
concentration and the addition of hydrogen during CNF-synthesis. A systematic
approach has been followed to obtain knowledge on CNF growth via the use of a flat
substrate-based model system mimicking the channel surfaces, which is then translated

towards structured microchannels into which CNFs have to be anchored as catalyst
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support. CNF layers were functionalized as catalytic support by depositing an active

metal, such as Pt, by pulsed laser deposition.

(o]

Liquid+Gas Product

Silicon Pillars

Figure 3.2: (1) SEM image of array of micromachined silicon pillars, (b) schematic
cross-section of pillared microchannel with CNFs that act as catalyst support (not on

scale).

3.2 Experimental
3.2.1 Preparation of nickel based thin-films on flat fused silica and

silicon substrates

Ni-based thin films for the synthesis of CNFs were deposited on fused silica substrates
(Corning, UV Grade 7980F; diameter 100 mm, thickness 500 + 25 pm, roughness as-
fabricated <1 nm) and oxidized silicon substrates (standard p-type silicon substrates
(<100>-oriented, p-type, resistivity 5-10 Qcm, 100 mm diameter, thickness 525 pm,
single side polished; Okmetic, Finland - ~250 nm SiO, using steam oxidation).

Post to nitric acid cleaning sequence and lithography, deposition of metals was
done via evaporation (Ni/Ta) and sputtering (Ni/Ti-W). Experimental details of these
procedures can be found elsewhere [54]. The thickness of the deposited adhesion layer
was 10 nm, with on top 25 nm nickel. Finally, the substrates with the thin metal films
were diced into samples of 1 cm x 1 cm, with a centered 8 mm x 8 mm area of metal

thin-film.

3.2.2 Fabrication of microchannels containing ordered arrays of pillars
Microchannels of 30 x 1 mm containing ordered arrays of elongated hexagonal pillars

were defined in standard p-type silicon substrates (<100>-oriented, p-type, resistivity 5-
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10 Qcm, 100 mm diameter, thickness 525 pm, single side polished; Okmetic, Finland).
Prior to processing, the substrates were cleaned by immersion in fuming 100% nitric
acid and boiling 69% nitric acid followed by quick dump rinsing in de-mineralized
water and dry spinning. With standard UV-lithography microchannels with pillars
(pillar specifications: length 15 um, width 3 pm, and spacing 3 pm) were defined in
photoresist, which was postbaked for 30 min at 120 °C (in air) after development. The
photoresist acted as a masklayer during deep reactive ion etching (DRIE; Adixen AMS
100DE) of silicon with a Bosch process, Ze. a cyclic process which uses sulfur
hexafluoride for etching of silicon and octafluorocyclo-butane for sidewall passivation.
The height of the pillars (thus the depth of the channel) was ~20 um. Post to etching the
mask was stripped with an oxygen plasma and immersion in 100% nitric acid, followed
by rinsing and drying. Fluorocarbons resulting from the DRIE process were removed by
a wet oxidization step, followed by immersion in 1% hydrofluoric acid, rinsing in DI-
water and drying. A second wet oxidation step (45 min, 1000 °C) was used to deposit a
~250 nm thick SiO, layer on the etched microchannel. A thin-film of Ni/Ta (25 nm / 10
nm) was deposited on the micropillars using electron-beam evaporation (Balzers
BAKG600 system) in combination with a home-built stainless-steel shadowmask, using
identical settings as for evaporation of Ni/Ta films on flat substrates. Finally, the

substrates were diced into samples of 40 x 3 mm.

3.2.3 CNF layer synthesis

3.2.3.1 Reduction pretreatment

Prior to CNF synthesis the nickel-based thin-film samples, both flat substrates and
microchannels with arrays of pillars, were first cleaned ultrasonically in acetone (5 min,
Branson 200 ultrasonic cleaner) to remove organic contaminants, followed by washing
with flowing deionized water (25 °C) and dried with pressurized technical air.
Subsequently, the samples were reduced in a mixture of 20 vol.% H, in N, (99.999%,
INDUGAS) with total flow rate of 50 ml/min, while increasing the temperature to 500
°C (ramp up 5 °C/min) and maintained at 500 °C for 2 h. This pretreatment is essential
for the dewetting of the Ni thin film to produce nanoparticles which act as nucleation
sites for CNF growth. After cooling down to room temperature, the samples were

transferred to the CNF synthesis set-up for carrying out CNF synthesis.
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3.2.3.2 CNF growth

CNF synthesis was performed in a quartz reactor heated by a vertical furnace and
horizontal furnace for flat substrates and microreactor chips, respectively. The use of
different furnaces was simply for the better handing of samples with different sizes. Flat
fused silica samples with Ni-based thin-films were heated in N, in vertical furnace from
room temperature to 700 °C at a rate of 5 °C/min, and at 700 °C exposed to a reactive
gas mixture of CH, in N; (99.95%, PRAXAIR) and/or H, at a total flow rate of 100
ml/min. The reaction time at this temperature was one hour, after which the samples
were cooled down in N, to room temperature. Two different sets of experiments were
carried out to probe the influence of growth parameters on CNF growth and their
morphology: (7) variation of ethylene concentration (5-15-25-30 vol.%) balanced with
N, at 100 ml/min total flow rate, and (7)) H, addition during CNF growth (6.25-12.5-25
vol.%), using 25 vol.% C,H, balanced with N, at 100 ml/min total flow rate. These
hydrogen concentrations were chosen to obtain three different H,/C2H, ratios, viz. 1:4,
1:2 and 1:1. The amount of carbon deposited on each sample was determined by
measuring the increase in weight.

CNFs were synthesized inside microchannels with arrays of pillars by positioning
samples on a quartz boat in a horizontal quartz reactor heated by an outer furnace. The
samples were heated in N, from room temperature to 635 °C at a rate of 5 °C/min, and
at 635 °C exposed to a reactive gas mixture of C;H,in N;(99.95%, PRAXAIR) and H, (0
and 6.25 vol.%) at a total flow rate of 100 ml/min. The reaction time was one hour or 2

h, after which the samples were cooled down in N, to room temperature.

3.2.4 Active metal deposition on CNF layers

Platinum (Pt) film was deposited by pulsed-laser deposition (PLD) using a KrF excimer
laser beam with a wavelength of 248 nm. The spot size of the laser beam was 1.95 mm?,
with an energy density of 4.5 J/cm?. A Pt target with a density of 21.45 g/cm® (99.99%)
was used. The distance between the platinum target and CNF-coated samples was 42
mm. The deposition rate was 0.04 nm/pulse, and the film thickness achieved on a fiber
body was about 2.5 nm, which corresponds to ~3.5 wt. % loading of Pt (based on weight
of deposited CNF layer). The deposition was carried out at room temperature in Ar
atmosphere at a pressure of 0.01 mbar. The Pt film was further annealed at 500 °C for 2
h in N, atmosphere for thermal disintegration of the film to generate well dispersed

nanoparticles.
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3.2.5 Characterization

The morphology of the synthesized CNF-coatings was investigated by scanning electron
microscopy (HRSEM; LEO 1550). Cross-sectional SEM analysis was performed on
samples after cleaving manually with pliers. In case of CNF layers synthesized inside
pillared microchannels, ultrasonication in water (5 min, Branson 200) was used to verify

the attachment of CNF layers, followed by drying and SEM-inspection.

3.3 Results and discussion

Incorporation of a metal adhesion layer ensures good adhesion of the Ni thin-film to the
fused silica substrate. Previously, it is shown that the use of Ta or Ti-W underneath Ni
resulted in well-attached CNF-coatings, even under intense fluid flow conditions (Ze.
flow in the m/s range). Moreover, the type of adhesion material influences the diameter
of the fibers constituting this coating: Ta yields fibers with smaller diameter than Ti-W
[54]. When synthesized in microchannels, control of the morphology of CNFs - ie.
average diameter of CNFs and CNF layer thickness - is important to be able to optimally
fill the volume of the microchannels (efficient catalyst support), for example the spacing
between pillars (see Fig. 3.2b).

It is known from literature that a variety of growth parameters can influence the
morphology of CNFs. Important parameters are the growth catalyst, synthesis
temperature, type of C-source gas and its concentration, gas velocity and partial
pressures, growth duration and addition of hydrogen during CNF growth [53, 56-60].
Opverall, the most crucial parameters in CNF synthesis are the concentration and flow
rate of the C-source, the concentration of hydrogen, and the synthesis temperature [53].
In this work the influence ethylene concentration and addition of hydrogen on the C-
TCVD CNF growth process is studied.

3.3.1 Influence of growth parameters on CNF synthesis

3.3.1.1 Ethylene concentration

Fused silica samples with a metal thin-film of Ni/Ti-W were exposed to the C-TCVD
process. The ethylene concentration in the reacting mixture was varied from 5 vol.% to
30 vol.%. Figure 3.3 shows top-view SEM images of the samples for increasing C,H,
concentrations, and table 3.1 presents the amount of deposited carbon deposited as well
as the average CNF diameters CNFs for different concentrations of C,H,. The SEM
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images clearly show a change in the CNF morphology as a function of the C,H,
concentration. For 5 vol.% C,H, nearly no CNF growth is observed (Fig. 3.3a): only a
small amount of carbon is deposited with a scattered growth of CNF resembling
structures. For 15 vol.% C,H; a small amount of CNFs is found with an average
diameter of 150 nm (Fig. 3.3b). In case of 25 and 30 vol.% C,H, rather large amounts of
uniform layers of entangled CNFs are seen (Fjg. 3.3c and 3.3d). The amount of
deposited carbon increased with increasing C,H, concentration, but seems to level off at
high C,H, concentrations. Cross-sectional SEM-images (not shown here) revealed the
presence of a ‘dense’ C-layer at the metal interface (ie underneath the open, entangled

jungle CNF layer).

Figure 3.3: Top-view SEM images illustrating CNF morphology for different C:Ha
concentrations (total flow rate of 100 ml/min; fused silica samples with 25 nm Ni and
10 nm Ti-W): (a) 5 vol.%, (b) 15 vol.%, (c) 25 vol.%, and (d) 30 vol.%.

In Fig. 3.4 the thicknesses of this ‘dense’ C-layer as well as the CNF layer are
plotted as a function of the C,H, concentration. For increasing ethylene concentrations

the thickness of both layers increases, and only for C,;H4 concentrations exceeding 15
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vol.% significant CNF-growth is visible (for lower concentrations only deposition of

carbonaceous species).
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Figure 3.4: Influence of the ethylene concentration on the average thicknesses of the

CNF layer and the ‘dense” C-layer between the CNF layer and the substrate.

From literature it is known that the concentration of the C-source gas influences
both the CNF growth rate and the rate of deactivation [56]. At lower concentrations
insufficient supply of C-species restricts deposition of carbon and hence the CNF
growth rate, whereas at very high concentrations the rate of deposition of carbon on the
nickel particles is becoming so high that carbon consumption via CNF growth is not
able to keep up. As a consequence, excess carbon on the nickel surface leads to
encapsulation of the nickel particle, deactivating the particle for CNF growth. Data in
Fig. 3.3and 3.4 and table 3.1 shows that such a deactivation effect is not yet prominent
for the conditions used in this study and CNF deposition comply increase with increase
in ethylene concentration. However, since the C-layer underneath the CNF-layer is at
most microporous (Ze. poresize <2 nm), this material cannot be classified as ‘open’
catalyst support (in contrast to entangled CNF layers). Therefore, the thickness of this
C-layer should not be too large (Ze. <2 um), which motivates why to use 25 vol.% C,H,

for further experiments.
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Table 3.1: Amounts of deposited carbon and average diameter of CNFs for different
ethylene concentrations (total flow rate = 100 ml/min; X vol. % C:Ha balanced with N2)

C,H, concentration C-deposition Avg. CNF diameter ®
[Xvol.% balanced with N] ug C/ pg Ni [nm]
5 1.4 52
15 4.3 150
25 12.9 100
30 15.7 71

« Avg. of ~50 fibers from HR-SEM images

3.3.1.2 Addition of hydrogen during CNF growth
Ni/Ti-W thin-film samples exposed to the C-TCVD synthesis process during which H,

was added to the reacting mixture contained significantly thicker CNF layers. This is
clearly visible from SEM images (Fig. 3.5). From the cross-sections it can also be seen
that the overall morphology of the CNF layer has changed: underneath the ‘open’
entangled jungle of CNFs a dense(r) but amorphous C-layer can be distinguished, of
which the porosity is (much) lower than of the CNF layer. Furthermore, near the metal
surface a dense but rather ordered C-layer is visible, with a nearly vertical alignment of
the carbon material. The morphology of this material is very similar to tungsten oxide
nanowires synthesized on W-based thin-films with a similar C-TCVD process [61], as a
consequence of which it is assumed that the structured layer visible near the metal
interface is composed of tungsten-based species.

Figure 3.6 shows the thicknesses of the CNF-coating and the dense C-layer
(summation of the amorphous and ordered sublayers) as a function of the hydrogen
concentration, and fable 3.2 contains the amounts of deposited carbon and average CNF
diameter. It is well known that addition of hydrogen during CNF-synthesis affects the
carbon yield, as well as the morphology of produced carbon nanostructures [62-64].
Hydrogen is usually added to slow down the hydrocarbon decomposition, and to
achieve better control on carbon formation by rehydrogenating the reactive carbon
species in the gas phase as well as reduction of the formation of undesired carbon

deposits from the pyrolysis of the carbon feedstock [57]. Due to a lower deactivation
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rate it also results in higher yields of carbon, resulting in the formation of longer fibers.
Data on the amount of deposited carbon (table 3.2) and Fig. 3.6 are in agreement with
this theory. However, the fact that thick dense C-layers are formed with hydrogen
concentrations above 6.25 vol.% (Ze. > 12 um) makes CNF-coatings synthesized with

high H,-concentrations unattractive as structured, open catalyst support in the case of
Ni/Ti-W thin film samples.

Figure 3.5: HR-SEM images illustrating CNF layer morphology for different H:
concentrations (total flow rate of 100 ml/min; fused silica samples with 25 nm Ni and
10 nm Ti-W): (a) top-view of CNF layer grown with addition of 6.25 vol.% H:
(H2:C2Ha = 1:4 v/v); Inset: higher magnification image of CNFs, (b) cross-sectional view
of this CNF layer (inset: CNF layer with vertical alignment), (c) top-view of CNF layer
grown with addition of 25 vol.% H: (H2:C2Hs = 1:1 v/v); Inset: higher magnification
image of CNFs, and (d) cross-sectional view of this CNF layer.

The diameters of fibers constituting the CNF layers decrease with increasing
hydrogen content. Park et a/ have suggested that presence of hydrogen in the reactant
responsible for inducing reconstruction/fragmentation of the Ni-particles, ie. the

generation of a set of smaller particles with faces that favor the precipitation of carbon in
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the form of graphite: for increasing hydrogen concentrations in the reactant gas, the
associated metal particles tend to become progressively more faceted. During this
reconstruction process, the metal particles also undergo a wetting-and-spreading action
on graphite at temperatures above 600 °C, Ze. incorporation of particles in the fibers.
This reconstruction process, thus the formation of smaller metal particles, is responsible
for the reduction of the average fiber diameter with increasing hydrogen content [62]. In
this work a decrease in carbon yield was found for 25 vol.% H, (fable 3.2), which is in
agreement with literature [63, 65, 66]. This stresses the fact that there is an optimal
hydrogen concentration for achieving the maximum growth of CNFs: for Ni/Ti-W thin-
films this is 6.25 vol.% H, in 25 vol.% C,H..
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Figure 3.6: Influence of the addition of hydrogen to ethylene on the average thicknesses
of the CNF layer and ‘dense’ C-layer(s) between the CNF layer and the substrate (total
flow rate of 100 ml/min; fused silica samples with 25 nm Ni and 10 nm Ti-W).

The presence of (a) dense C-layer(s) between a layer of entangled CNFs and the
fused silica substrate is undesired in case of catalyst support applications, and can be
avoided by using Ta as adhesion layer instead of Ti-W. On fused silica with Ni/Ta no
dense C-layers were found for any of the investigated C-TCVD settings as used for
Ni/Ti-W (Fig. 3.7) [54]. Moreover, CNFs synthesized on Ni/Ta have smaller diameters

than CNFs on Ni/Ti-W (for similar synthesis conditions), resulting in higher surface-
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areas, which is beneficial for the amount of catalytically active species to be anchored to
the CNF-based catalyst support. However, the stability of thus synthesized layer was
found similar to the similar when tested for typical fluid flow conditions as described in

chapter 2 of this thesis.

Table 3.2: Amounts of deposited carbon and average diameter of CNFs for different
hydrogen concentrations (total flow rate = 100 ml/min; X vol. % Hz in 25 vol. % C2Ha
balanced with N2)

H, concentration

[Xvol.% in 25 vol. % C,H, C-depositio.n Avg. CNF diameter *
balanced with N,] ug C /g Ni (nm]
0° 12.9° 100°
6.25 35.0 47
12.5 65.0 32
25 59.3 17

“ Avg. of ~50 fibers from HR-SEM images
b Tabulated for comparison (no hydrogen added during CNF growth)

Figure 3.7: HR-SEM image showing the morphology of a CNF layer grown on 25 nm
Ni and 10 nm Ta on fused silica. Synthesis conditions: 25 vol.% C2Hs balanced with N>
at 700 °C for 1h, total flow rate 100 ml/min (inset: underneath the CNF layer no dense

C-layer(s) are present).
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3.3.1.3 CNF layer synthesis on silicon based flat substrates

Samples with Ni/Ta deposited on oxidized silicon were exposed to the C-TCVD
synthesis process. The ‘optimal’ CNF growth settings as described in 3.3.1.1. and 3.3.1.2.
were used, Ze. 25 vol.% C,H, and at most 6.25 vol.% H,. Fig. 3.8a and 3.8b show SEM
images of a CNF layer grown without hydrogen, and Fig. 3.8c and 3.8d, a CNF layer

synthesized with H, added to the reaction mixture.

Figure 3.8: HR-SEM images illustrating the morphology of a CNF layer grown on 25
nm Ni and 10 nm Ta on oxidized silicon (total flow rate 100 ml/min): CNF layer
synthesized without addition of hydrogen to 25 vol.% C:Has (a) top-view, (b) cross-
sectional; CNF layer synthesized with 6.25 vol.% H: added to 25 vol.% C:Has

(H2:C2He=1:4 v/v) (c) top-view, (d) cross-sectional view.

There is no noticeable difference in the morphology of CNFs compared to CNFs
grown on fused silica, Ze. the diameters and CNF layer thicknesses are similar.
Moreover, the presence or absence of hydrogen during synthesis affects the CNF layers
in an identical way. Chinthaginjala et al [66] recently published results describing the

influence of hydrogen addition on the formation of thin CNF layers on Ni foam
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material. Although in their case the amount of nickel available for CNF growth is
different compared to thin films used in this work, they have similar observations
concerning the change in CNF morphology (ie. their diameter and CNF layer
thickness) when hydrogen is present during the growth of CNFs. They indicated that
carbon deposition is reduced by adding hydrogen (Ze. H, suppresses the encapsulation
of Ni particles with carbon (which leads to deactivation), thereby obtaining thicker CNF
layers), which is in agreement with our results. In addition, they not only observed the
formation of thinner fibers on addition of hydrogen to the reaction mixture (which in
excellent agreement with our observations), but also concluded this based on BET-
measurements: for increasing concentrations of hydrogen the BET-area increased,
which is due to increasing amounts of thin fibers. Thus, hydrogen improves the balance
between graphene precipitation and carbon deposition in small Ni particles, limiting
their encapsulation and extending formation of thin CNFs.

The similar results of CNF growth morphology obtained in case of fused silica and
oxidized silicon flat substrates show that the morphology of CNF-layers on Ni/Ta does
not depend on the type of the substrate, which implies that morphological data of CNF-
synthesis on flat substrates will be (nearly) similar to morphological properties of CNF-

coatings grown on microchannels filled with oxidized silicon pillars.

3.3.2 Carbon nanofiber based catalyst supports in microreactors

3.3.2.1 Microchannels with high specific surface areas

As mentioned earlier microreactors offer high surface-to-volume ratios (= 10* m*/m?)
which make them attractive for not only performing reactions that require better heat
and mass transfer characteristics, but also for processes that require better interphase
contact such as gas-liquid-solid reactions. In general, the surface-to-volume ratio is
defined as the ratio of surface area [m?*] (where for example catalyst can be anchored) of
a system and its internal (void) volume [m’] (Ze. the amount of volume accessible to
liquids/gases). For example, when a change is made from a 30m’ stirred vessel to 1L
laboratory reactor, this ratio increases a factor 30. If these macrosystems are changed
into a microchannel having fluidic channels with a diameter of 30 pum, this ratio rises by
a factor of 3000 [67]. The specific surface area available for catalyst deposition inside
microreactors can be further improved by washcoatings or a layer of porous material
[15, 16, 68, 69]. For example, Urbiztondo ef al have reported in their work on the

development of microstructured zeolite films as highly accessible catalytic coatings for



62 || Chapter 3

microreactors, that such coatings can exhibit values of the external surface-to-volume
ratio in the 400,000-700,000 m*/m’ range depending on the preparation conditions.
Roumanie et a/ [68] have shown that use of arrays of micropillars in microchannels
results in a 13 fold increase of specific wall area. In our case of flow channels filled with
hexagonal solid pillars (Fig. 3.2a), the surface-to-volume ratio is ca. 10° m?%m>
Nevertheless, the use of a microporous catalyst support layer (such as an alumina
washcoat) might cause internal mass transfer problems in microsystems, particularly for
reactions involving liquid-solid mass transfer [41]. However, when these pillars are
covered with carbon nanofibers, in such a way that the spacing between the pillars is
completely filled with ‘open’ CNFs, remarkable surface-to-volume ratios, up to 108
m*m’. This value is in good agreement with the values estimated by Popp and
Schneider [70], who demonstrated the use of a monolithic porous carbon nanotube
structure as a chemical reactor that exhibited a surface-to-volume ratio of 5-10° to 2-10’
m?*/m?® Such large surface-to-volume ratios provide a considerably higher catalytic
activity per unit volume of the channels (assuming homogeneous distribution of
catalytic material on the rigid, open CNF-based catalyst support), without facing any
internal diffusion limitations for reactant molecules, or hydrodynamic problems for
fluid flow, which is essential for performing gas-liquid-solid reactions in an efficient
way.

In this work CNF-based catalyst supports are grown in microchannels with arrays
of elongated hexagonal silicon pillars containing a thin-film of Ni/Ta, using the optimal

CNF-synthesis parameters described in section 3.3.1.

3.3.2.2 Synthesis of CNFs in microchannels containing arrays of micropillars
Flow channels in silicon containing arrays of oxidized silicon micropillars covered with
a thin-film of Ni/Ta were exposed to the C-TCVD CNF synthesis process. Figures 3.9a
and 3.9b show cross-sectional SEM images of micropillars prior and post to a CNF
growth procedure using 25 vol.% C,H, for 1 hour. The entangled morphology of the
CNFs is visible, however, the thickness of the CNF layer is not uniform across the height
of the pillars. This non-uniformity can be prevented (to a large extent) by adding
hydrogen to the reaction mixture, combined with a longer growth time. In Fig. 3.9cand
3.9d, SEM images are shown for a growth procedure using 25 vol.% C,H, with 6.25
vol.% H, and a growth time of 2 h. The thickness of the CNF layer is uniform over the
height of the pillars. Furthermore, the addition of hydrogen and lengthened growth time
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resulted in (nearly) complete filling of the pillar spacing, and the CNF layer maintained

its open structure.

Figure 3.9: Cross-sectional SEM images showing arrays of micromachined silicon
pillars (a) prior to CNF-synthesis, (b) post to CNF-synthesis without hydrogen (25
vol.% C:Ha for 1 hour), (c) post to CNF-synthesis with 6.25 vol.% H:z added to C:Ha
(growth time 2 hour): the CNF layer fills the complete pillar spacing, and (d) the grown
CNF-coating exhibits the open structure of entangled CNFs.

The thickness non-uniformity of the CNF layer across the height of the
micropillars (as seen in Fig. 3.9b) is a consequence of two issues. Firstly, the (rather)
mono-directional origin of the used metal deposition technique plays a role. Like any
other PVD-deposition technique, electron-beam evaporation is subject to the ‘cosine
effect’ [71], which means that more material is deposited on planes facing the vapor flux
(Ze. planes perpendicular to the flux), than on inclined planes (ie. planes non-
perpendicular to the flux). In fact, due to this effect a metal film deposited on the
sidewall of a trench exhibits a thickness gradient: near the top of the trench the layer is

thicker than on the sidewalls in deeper areas of the trench, as well as on the bottom of
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the trench [72]. For Ni deposited in a microchannel filled with arrays of pillars this
implies that the metal layer thickness on top of the pillars will be thicker than the layers
at the bottom of the trench and at the sidewalls of the pillars. Moreover, the metal film
at the sidewalls of the pillars will have a thickness gradient: the thickness will reduce
towards deeper areas of the channel. Since the thickness of the Ni-layer can affects the
growth rate of CNFs this will result in a CNF layer thickness non-uniformity on the
pillar sidewalls.

Secondly, gradients in the hydrocarbon gas across the depth of the microchannel
due to close packing of the micropillars can negatively affect the CNF growth rate at
deeper areas of the channel. For high-aspect ratio arrays, ie. high pillars with small
spacing, gas diffusion limitations can become an issue during CNF growth, similar to
gas diffusion problems that occur during deep reactive ion etching of narrow, deep
trenches [73].

The presented non-uniformity of the CNF-layer on the pillar sidewalls (Fig. 3.95)
can be reduced/avoided by increasing the pillar spacing, reduction of the pillar
height/channel depth, or by using deposition technique other than conventional PVD-
techniques (Ze. more multi-directional methods). However, for the pillar array
configuration used in this work, the CNF-thickness uniformity can also be significantly
improved by adding hydrogen to the hydrocarbon source (as shown in Fig. 3.9c and
3.9d).

3.3.3 Deposition of catalytic active metal sites on CNF layers

In order to use CNF-layers as efficient, rigid catalyst supports, it is essential to anchor
catalytic sites to the fiber bodies, such as metal particles of platinum (Pt). In this work
pulsed laser deposition (PLD) is used to deposit a Pt thin-film on CNFs synthesized on
silicon based substrates. Post to PLD the samples were annealed at 500 °C in nitrogen
for 2 h to generate Pt nanoparticles. Figure 3.10 shows high-resolution SEM images of a
CNF-layer with Pt-particles attached to the fibers: well-distributed Pt-particles with a
size distribution from 5 to 10 nm are visible as white dots (indicated by arrows).

For the application of CNFs as a structured catalyst support in the aqueous phase,
modification (and control) of the surface hydrophobicity of the fibers is crucial. It is
important to increase the hydrophilicity of the fibers, which can be obtained by
oxidation of the surface of the fibers (e.g. by immersion in HNO;), in order to increase
the amount of oxygen containing groups such as carboxylic acid functional groups [74].

The presence of these groups also helps to obtain a higher degree of dispersion of the
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active phase, particularly when the catalyst preparation will be performed via
conventional aqueous phase catalyst preparation methods, such as impregnation and/or
homogeneous deposition precipitation. A study of the use of these catalyst preparation

methods for CNF-based supports is the subject of next chapter 4.

Figure 3.10: HR-SEM images of Pt particles deposited onto CNFs: (a) the particles are
uniformly distributed of along the thickness of the CNF layer, and (b) well dispersed Pt
catalyst particles (5-10 nm) cover each fiber (Pt particles are white spots, and are

indicated by arrows).

3.4 Conclusions and Outlook

In this work the synthesis and characterization of carbon nanofiber (CNF) layers on
fused silica and oxidized silicon substrates using nickel-based thin-films (i.e. Ni/Ti-W
and Ni/Ta) is described. By means of high-resolution SEM imaging the influence of
various growth parameters on the morphology of catalytic thermal chemical vapour
deposited CNF-coatings is studied.

It was found that the most important parameters are the variation in ethylene
concentration and addition of hydrogen to the reactant mixture. In case of Ni/Ti-W and
Ni/Ta thin-films (25 nm Ni, 10 nm Ti-W or Ta) on flat fused silica or oxidized silicon
substrates, open, entangled ‘jungle’ CNF layers were found for ethylene concentrations
> 25 vol.%. Moreover, addition of hydrogen to ethylene significantly enhances the rate
of formation of CNFs, and reduces the average diameter of the fibers. When Ti-W is
used as adhesion material for Ni, the concentrations of ethylene and hydrogen should
not exceed 25 vol.% and 6.25 vol.%, respectively, in order to avoid the existence of a
thick ‘dense’ C-layers between the substrate and the ‘open’ CNF layer. However, for

similar synthesis conditions this C-layer is absent when Ta is used as adhesion material.
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CNF layers are to be used as a structured catalyst support in microreactors. The
‘optimal’ C-TCVD conditions (25 vol.% C,H, with 6.25 vol.% H, and a Ni/Ta thin-film)
resulted in a good thickness uniformity of CNFs synthesized on the sidewalls of oxidized
silicon micropillar arrays. The CNF layers filled the complete space between the pillars,
which is important for performing gas-liquid-solid reactions. Catalytic metal particles
were successfully pulsed laser deposited on such rigid, open-structure CNF-coatings,
and the particles were homogeneously dispersed over the complete CNF layer. Despite
the visually ‘open, entangled jungle’ character of the CNF layer and the homogeneous
distribution of the nanoparticles across its thickness, prior to use of functionalized CNFs
in microreactors issues such as mass transfer need to be verified experimentally. These
aspects will be investigated for liquid phase reactions with Pd and/or Ru anchored to the
CNF-layer.
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Chapter

Ruthenium Catalyst on CNF Support Layers for
Si-based Structured Microreactors,
Part I: Preparation and Characterization

Abstract

The preparation and characterization of ruthenium catalytic nanoparticles on carbon
nanofiber (CNF) support layers via homogeneous deposition precipitation (HDP) and
pulsed laser deposition (PLD) is presented. Prior to ruthenium deposition the CNF layers
were functionalized via liquid phase oxidation treatment using nitric acid at 90 °C. This
acid treatment not only effectively removed accessible CNF-growth catalyst, but also
resulted in the formation of oxygen containing functional groups on the external surface of
CNFs. A variety of characterization techniques, viz. TEM, XRD, XRF, XPS, and point-of-
zero-charge (PZC) measurements were used to analyze the influence of the oxidation
pretreatment on physico-chemical properties of CNF layers qualitatively and quantitatively.
HDP yielded a very sharp size distribution (~85% of the particles had a diameter of 1.0-1.5
nm), whereas PLD had a less narrow distribution (the diameter of ~75% of the particles
was 1-3 nm). Both methods yielded a ruthenium loading of 2.3 + 0.1 wt.%, and in
particular HDP showed uniform anchoring of particles throughout the thickness of the
CNF layer. Using optimal conditions, the space in a silicon-based microreactor channel was
efficiently filled with open, entangled CNF layer, which were used as anchor points for Ru
using HDP and PLD.
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4.1 Introduction

Microreactors have achieved a great deal of attention in recent years [1, 2]. They are
miniaturized continuous flow reaction systems or reaction vessels with typical channel
or chamber widths in the range of 10-500 um [1]. Smaller diffusion distances in
microreactors result in enhanced mass transfer rates and allow reactions to be carried
out more efficiently. Microreactors also have high surface area-to-volume ratios (~10*
m?*/m?) that lead to improved heat transfer rates, and hence safer operation conditions,
e.g., avoidance of thermal runaways in case of highly exothermic reactions [2, 3]. These
benefits are advantageous for the production of, for example, fine and/or specialty
chemicals, which often involves multiphase reactions (fluid-solid) where the solid phase
is mostly a catalyst. However, the integration of a solid catalytic phase (heterogeneous
catalyst) in multiphase microreactors is a challenging task.

There are two ways which are explored previously for incorporating a solid phase
catalyst inside the microreactor channels: () by using a micro-packed bed of powdered
catalyst, and (Z7) by using a thin layer of catalyst coated on the inner wall of a
microchannel [2-8]. In the first case, high pressure drop(s) across the packed bed and
diffusion limitations might arise, whereas in the latter case the thin catalyst coating
usually fails to efficiently utilize the entire volume of the reactor channel. Most of these
problems can be overcome by introducing nano- and/or microscale structural features
in the microchannels. An attractive option is the use of carbon nanostructures onto
which catalyst clusters are deposited, e.g. Ru, Pd or Pt metal particles.

Since the landmark paper by Iijima in 1991 [9], carbon nanostructured materials
such as carbon nanofibers (CNFs) and carbon nanotubes (CNTs) have generated
tremendous interest due to their exceptional mechanical, electrical, physical and
chemical characteristics [10-13]. One promising application is the use of carbon
nanostructures as catalyst support. They offer numerous advantages over conventional
supports, viz. (i) corrosion resistance to acid or base medium, (77) sufficiently high
surface areas and absence of micro porosity, and (7iZ) easy recovery of precious metal
catalysts supported on them by simply burning the carbon skeleton [14-16], moreover it
has also been claimed that performance of CNF supported catalyst can be influenced by
adsorption of reactants on the CNF support. For example, for the liquid phase
hydrogenation of cinnamaldehyde over Pt/CNF catalyst it was demonstrated that
catalytic action of Pt is influenced by the amount of cinnamaldehyde adsorbed on the

support in the vicinity of Pt particles [17, 18].
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The synthesis of carbon nanostructures can be achieved via a variety of
techniques, of which details are reported elsewhere [17-26]. The catalytic thermal
chemical vapor deposition (C-TCVD) method uses metals (e.g. Ni, Co, Fe) to catalyze
CNEF-growth from “C” containing gases (e.g. C{H, and CO) [19]. C-TCVD is a versatile
technique and a relatively cheap method for large scale applications [19, 20, 21, 27].
Figure 1.5 in chapter 1 exemplified the advantages of integrating a layer of carbon
nanostructures in a microreactor channel as an alternative to a washcoated layer. A CNF
layer has easier accessibility of active sites for reactant molecules due to its open
structure, as a consequence of which diffusion problems are avoided [22, 23].

There are, however, critical issues in incorporating CNF layer as catalyst support
in microreactors. The most important issues are the attachment of the CNF layer to the
microreactor channel walls, and the deposition of stable and well dispersed active metal
particles on the CNF layer. We have shown previously that a vapor deposited nickel
layer can be stabilized with an adhesion layer of tantalum. In presence of C;H, around
635-700 °C well attached CNF layers can be formed on fused silica and oxidized silicon
substrates [24-26]. These CNF layers, typically with thickness of 10-20 pm and fiber
diameters in the range 20-70 nm, are suitable for incorporation in microchannels [26].

In this work, we address the issue of anchoring catalyst clusters, Ze. ruthenium
nanoparticles, on CNF layer by means of homogeneous deposition precipitation (HDP)
and pulsed laser deposition (PLD). Deposition experiments and analysis are performed
on oxidized silicon samples as well as with silicon-based microchannels containing
ordered arrays of cylinders. The latter are to be used as microreactors for aqueous phase

catalytic reduction applications.

4.2 Experimental

4.2.1 Fabrication of flat samples and microchannels with arrays of cylinders

Flat samples of 10 mm X 10 mm and microchannels were prepared from standard
silicon substrates (<100>-oriented, p-type, resistivity 5-10 Qcm, 100 mm diameter,
thickness 525 um, single side polished; Okmetic, Finland). Channels of 30 mm x 1 mm
contained ordered arrays of cylinders arranged on an equilateral triangular grid. Prior to
processing, the silicon substrates were cleaned by immersion in fuming 100% nitric acid
(10 min) and boiling 69% nitric acid (15 min), followed by quick dump rinsing in de-
mineralized water and dry spinning. In case of microchannels standard UV-lithography

was used to define the pattern in 1.7 um thick photoresist, which was postbaked for 30
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min at 120 °C (in air) after development. The photoresist acted as a masklayer during
deep reactive ion etching (DRIE; Adixen AMS 100SE) of silicon with a Bosch process,
Le. a cyclic process which uses sulfur hexafluoride for etching of silicon and octa-fluoro-
cyclobutane for sidewall passivation [28]. An etchtime of ca. 13.5 min was required for
40-45 pm high cylinders (outer diameter 20 pum, inner diameter 10 um; pillar spacing 20
or 50 um). Post to etching the mask was stripped with an oxygen plasma and immersion
in 100% nitric acid, followed by rinsing and drying. Fluorocarbons resulting from the
DRIE process were removed by a wet oxidization step (30 min, 800 °C), followed by
immersion in 1% hydrofluoric acid (1 min), rinsing in DI-water and drying. A second
wet oxidation step (45 min, 1000 °C) was used to deposit a ~250 nm thick SiO, layer on
the etched microchannel. This latter oxidation step was also used for the preparation of
flat samples.

Thin films of nickel/tantalum (25nm/10nm) were deposited on the oxidized
substrates using electron-beam evaporation (Balzers BAK600 system). In case of
substrates with etched microchannels a home-built stainless-steel shadow mask was
used to deposit Ni/Ta in the channels. The purity of the Ni target material was 99.99%,
and >99.95% for Ta. Evaporation rates (at pressures below 107 mbar) were in the range
1-5 A/s for Ta and 10-15 A/s for Ni. The thicknesses of evaporated films were controlled
using an in situ thickness monitor [25]. Finally, the substrates were diced into samples
of 10 mm x 10 mm (flat samples) or 35 mm X 5 mm (microchannel samples) (Disco
DAD-321 dicing machine).

4.2.2 CNF layer synthesis

Prior to CNF synthesis the samples were cleaned ultrasonically in acetone (5 min,
Branson 200 ultrasonic cleaner) to remove organic contaminants, followed by washing
with flowing deionized water (25°C) and dried with pressurized technical air.
Subsequently, the samples were reduced in a mixture of 20 vol.% H, in N; (99.999%,
INDUGAS) with total flow rate of 50 ml/min, while increasing the temperature to 650
°C (ramp up 5°C/min) and maintained at 650 °C for 1 h. This pretreatment is essential
to produce Ni nanoparticles which act as nucleation sites for CNF growth. After
reduction the samples were cooled in N, from 650 to 635 °C (5°C/min), and exposed for
1h to a gas mixture of C;H, (and H, in case of CNF-growth in microchannels) in N,
(99.95%, PRAXAIR; total flow rate 100 ml/min), followed by cooling down to room
temperature in N,. The amount of carbon deposited on each sample was determined by

measuring the increase in weight.
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4.2.3 Oxidation of CNF layers and ruthenium deposition
Samples with CNF layers were refluxed in concentrated (65 wt.%) as well as diluted (10
wt.%) nitric acid at 90 °C for different time intervals (Z.e. 30, 60, 90 and 120 min). After
the reflux the samples were washed thoroughly with de-mineralized water and dried at
110 °C for 2 hours.

Two methods were used to incorporate ruthenium in the CNF layers: HDP and
PLD. In the case of HDP, oxidized CNFs were exposed to a RuNO(NO;);.nH,O solution
(Ru 32.16% w/w, Alfa Aesar; 0.022 g/l). The pH of the solution was adjusted to 1 by
adding droplets of HNO; (65 wt.%, Merck) and a N, flow was used to expel CO, from
the solution. The pH value of the solution was monitored during the whole process. The
solution with immersed substrates was heated to 75 °C and urea (1.75g, 99.5%, Sigma-
Aldrich) was added. Afterwards, the samples were washed thoroughly with de-
mineralized water, dried at 110 °C and reduced at 500 °C in a mixture of 20% H,/N,
gases (50 ml/min) for 90 minutes. In case of PLD, oxidized CNFs were exposed to a Ru
flux at room temperature. The target size was 0.25 cm?, the target-substrate distance 45
mm, the spot size of the laser beam 1 mm? and the energy density 5 J/cm? After
deposition the samples were calcined at 500 °C for 90 minutes under a 20% H,/N,

stream (total flow 50 ml/min, heating rate 5 °C/min, cooling rate 10 °C/min).

4.2.4 Characterization of CNF layers

CNF layers synthesized were analyzed by a variety of techniques. The morphology of the
CNF layer and the particle size of Ru were investigated by scanning electron microscopy
(SEM; LEO 1550) and transmission electron microscopy (TEM; Philips CM300ST-FEG
equipped with Gatan Ultrascan 1000 CCD camera), respectively. X-ray diffraction
(XRD; Philips PW1830) and Raman spectroscopy (Senterra, Bruker Optik GmbH) were
used to analyze the structure/ crystallinity of CNFs. X-ray fluorescence spectrometry
(XRF; Philips PW1480) was used to determine the nickel and ruthenium contents in/on
CNFs, and X-ray photoelectron spectroscopy (XPS; Quantera SXM Physical Electronics)
to obtain information on the surface composition of CNFs. PZC measurements were
performed according to the procedure described by Mullet et al [29]. In case of PLD,
the presence of Ru on CNF layers was evidenced via energy-dispersive X-ray

spectroscopy (EDX) coupled with TEM.
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4.3 Results and Discussion

4.3.1 Synthesis of carbon nanofibers

In order to synthesize CNFs, the as-deposited nickel-based thin film needs to be
dewetted (ie formation of nanoparticles), which is usually done via a pretreatment in
hydrogen [20, 30, 31]. In previous work we have described in detail the pretreatment of
nickel-based thin films, and subsequent synthesis of well-attached CNFs on oxidized
silicon using a Ni/Ta (Ni/Ta:25 nm/10 nm) film and C-TCVD of C,H, [25, 26]. Figure
4.1 shows typical CNF-synthesis results [26]. The top view SEM-image reveals a highly
entangled morphology, and that the fibers are ‘tip-type’ grown (nickel particles are
visible on the tips). The diameter of the fibers ranges from 20 nm to 80 nm. The cross-
sectional view shows that the CNF layer is ~2-3 um thick and has an open structure.
Near the substrate surface a denser C-layer is visible. Although the exact composition
and origin are not clear yet, this layer benefits the stability and adhesion of the CNF
layer to the substrate [25, 32], which allows them to be used as support for catalyst

under reactant flow typical for microsystems [25].

Figure 4.1: SEM images illustrating (a) top-view and (b) cross-sectional view of the
synthesized CNF layer on silicon based flat substrates using C-TCVD of ethylene [26].

4.3.2 Oxidation treatment of CNF layers

Carbon nanofibers are graphitic in nature and thus hydrophobic. This limits the choice
of methods to deposit/anchor catalyst material on them. Moreover, their intrinsic
hydrophobic nature can also influence the performance of CNF-supported catalysts in
aqueous phase reactions. In order to deposit Ru with the HDP method, it is essential
that the surface of CNFs is hydrophilic: an oxidative treatment can be applied to

introduce polarity on the CNF surface [19]. Oxidation with nitric acid is the most
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common method, and results in the formation of oxygen-containing groups on the CNF
surface (eg -COOH, -CHO, -OH, -CO) that make the surfaces polar and hydrophilic
[15, 33, 34]. These functional surface groups can be used to enhance the chemical
interaction of the surfaces of CNFs, leading to anchoring of catalyst precursor
complexes during the deposition of an active phase [35]. The CNF layers were oxidized
with concentrated nitric acid (65 wt. % HNO;) at 90 °C for different time intervals (e.g
30, 60, 90 and 120 minutes).

A qualitative analysis of the functional groups formed on CNF surface was
performed by following the PZC of CNF layers. PZC was estimated by measuring initial
pH (pHo) and final pH (pH;; after introducing CNF into solution) of the solution. The
PZC value is identified as the pH at which a surface has no net charge, i.e. when ApH (=
pH: - pHo) is zero. Figure 4.2 shows that the PZC value for pristine CNFs is 6.22, and
4.87 for oxidized CNFs 4.87 after a nitric acid treatment of 90 minutes.

02+ 02+
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Figure 4.2: PZC measurements of (a) pristine CNF layers, and (b) oxidized CNFs (90
min. in 65 wt.% HNOs at 90 °C).

XPS was also used to analyze the surface chemistry of oxidized CNFs. Fjgure 4.3
shows the fitting curves of the deconvoluted O1s peak of oxidized CNF layers, which are
assigned to: (7) to carbonyl oxygen in esters and anhydrides (530.96-530.98 V), (i) to
oxygen in hydroxyl or ethers (532.26-532.28 eV), (i) to oxygen in carboxyl groups
(533.66-533.68 V), and (7v) to adsorbed water (534.96-534.98 eV) [36]. In table 4.1, the
results of curve fitting are given for two different oxidation times for different nitric acid
concentrations. Acidic groups such as carboxyl and hydroxyl groups are the dominant
oxygen-containing groups on the surfaces of oxidized CNFs, which is the reason for the

reduction of PZC value after oxidation treatment.
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Oxidation with nitric acid has an additional advantage. Nickel is a commonly used
catalyst for a variety of reactions, such as hydrogenation and steam reforming. Since the
Ru-functionalized CNFs in this work are intended to be used for the catalytic reduction
of bromate, nickel remaining from the CNF-growth process might influence this
reaction. However, nitric acid can leach out nickel, such that this material does not
interfere with subsequent catalytic experiments: thus HNO; treatment ‘purifies’ the
CNFs.

T T T
Oxygen | : carbonyl in esters/anhydrides
- 01 s Oxygen Il : hydroxyl or ethers .
Oxygen Il carboxyl
Oxygen |V: adsorbed water i

Intensity [a.u.]

Il 1 Il Il Il 1 Il
538 536 534 532 530 528 526
Binding Energy [eV]

Figure 4.3: XPS spectrum of oxidized CNFs (90 min in 65 wt.% HNOs at 90 °C):
deconvoluted Ols peak

XRF spectrometry was used to determine the nickel content in pristine and
oxidized CNF layers. Figure 4.4 shows the amount of nickel present in CNF layers after
various oxidation times. After 30 minutes the nickel content is decreased significantly
(~75 % of the initial amount is dissolved). Longer treatment times further reduce the
nickel content, but after 90 minutes the amount of nickel remains at a fixed value and
the O/C atomic ratio reaches a stable value of ~0.04. Moreover, there is only a marginal

difference between the use of concentrated (65 wt.%) and diluted (10 wt.%) nitric acid.
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Table 4.1: Binding energies (B. E.) of various oxygen participating into the O1s peak of
oxidized CNF layers (90 min in 65 wt.% and 10 wt.% HNOs at 90 °C), and

corresponding O/C ratios.

Nitric acid Oxidation Ols O/C atom
Concentration time B.E. (eV) O-type % Area ratio
530.98 Carbonyl 13.83
90 532.28 Hydroxyl or ethers ~ 33.31
. 0.0415
minutes 533.68 Carboxyl 45.94
534.98 Adsorbed H,O 6.92
65 wt.%
530.96 Carbonyl 13.59
120 532.26 Hydroxyl or ethers ~ 33.49 0.0411
minutes 533.66 Carboxyl 43.31 '
534.96 Adsorbed H,O 9.61
530.98 Carbonyl 13.79
90 532.28 Hydroxyl or ethers ~ 33.19
. 0.0386
minutes 533.68 Carboxyl 45.62
534.98 Adsorbed H,O 7.40
10 wt.%
530.96 Carbonyl 13.48
120 532.26 Hydroxyl or ethers ~ 33.37
. 0.0392
minutes 533.66 Carboxyl 43.20
534.96 Adsorbed H,O 10.95

[—_1Conc. HNO, (65 wt.%)
I Dilute HNO, (10 Wt.%)

Counts [a.u.]

Pristine CNF 30 60 90 120
Time [min.]

Figure 4.4: Influence of duration of oxidation treatment on the amount of nickel

present in CNF layers
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TEM analysis of samples after 90 min oxidation (Fig. 4.5) revealed the presence of
encapsulated nickel particles (solid circle) at CNF-tips and along its length, as well as a
location where a nickel particle apparently was dissolved (dotted circle). Since fully-
encapsulated nickel particles cannot be dissolved by the acid, XRF will give a stable non-
zero signal after long oxidation times. Encapsulated Ni is also not expected to interfere
in catalytic measurements. Pristine and oxidized CNF layers were also subjected to
XRD, to analyze the effect of the oxidation treatment on the graphitic structure. From
diffraction patterns it followed that the 20-peak at 44.36° (attributed to Ni) of pristine Ni
loaded CNFs undergoes considerable changes in terms of intensity: after oxidation it
was difficult to identify this peak. In contrast, the sharpness and intensity of the 26-peak
of graphite (26.42°) did not alter after oxidation.

Figure 4.5: TEM image of oxidized CNFs (90 min in 65 wt.% HNQO:s at 90 °C).

SEM-images (Fig. 4.6a-c) indicate only a subtle change in the morphology of CNF
layers after treatment with concentrated HNO;. Thinner carbon nanofibers seem to be
affected by concentrated nitric acid (Fig. 4.6b): their structure is destroyed, thereby
slightly altering the morphological appearance. Since this only happens with very small
diameter fibers, there is no measurable weight loss found of samples prior and post to
the oxidation treatment. In their review on the use of CNFs and CNTs for catalytic
applications, Serp et al [15] highlight the role of various oxidation treatments for the

functionalization of these materials. Factors that can affect the degree of
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functionalization and morphology of CNFs during liquid phase oxidation are discussed,
of which the most important are: (7) the oxidizing agent, (7)) the temperature of the
agent, and (77) the treatment time. The use of diluted HNO; (10 wt.%) revealed that
these CNF layers indeed show a better preservation of the morphological structure of
pristine CNFs: Fig. 4.6¢ shows that the structural features remain unaffected during
oxidation with 10 wt.% nitric acid (in contrast to the use of concentrated HNQO;). The
BET surface area was estimated around 136 m?/g after oxidation with 10 wt.% nitric
acid, which is similar to the surface area value of 132 m?/g for pristine CNFs. This is in
contrast to the relatively lower value of 115 m*/g for CNFs treated with 65 wt.% nitric
acid and caused by the loss of thin CNFs.

Figure 4.6: High resolution SEM images of (a) pristine CNF layer, (b) oxidized CNF
layer in concentrated HNOs (90 min in 65 wt.% HNOs at 90 °C), (c) oxidized CNF
layers in diluted HNOs (90 min in 10 wt.% HNOs at 90 °C)

The nickel removal rate is not influenced by the nitric acid concentration (see Fig.
4.4). Raman spectroscopy showed that the degree of crystallinity of oxidized CNFs did
not depend on the nitric acid concentration: the ratio Ip/Ig was 1.34 (Ip and I are the
intensities of the D-band and G-band, respectively), which is consistent with a
previously reported value of 1.33 [25]. The observed change in morphology in case of
oxidation with concentrated nitric acid without affecting the crystallinity of CNFs is in
agreement with works reported by Ros et a/ and Toebes et al. [35, 37]. In their works on
surface oxidation of CNFs using HNO; or H,SO,, both indicate that the morphology of
CNFs can alter due to liquid phase oxidation treatments without sacrificing the
graphitic nature of CNFs. From XPS analysis (7able 4.1), it was found that neither the
O/C ratio on the surfaces of CNFs was influenced by the nitric acid concentration. This
observation is in line with the work of Serp et al [15], who proved that 80-90 °C is
adequate to generate oxygen-containing groups on fibers, and that the acid

concentration is not a critical factor [38-40].
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From PZC-measurements, XPS, XRF, TEM, SEM and XRD the following issues
can be concluded regarding the oxidative treatment of CNFs, resulting in hydrophilic
CNFs. There is a loss in nickel content after oxidation due to dissolvation of non-
encapsulated particles at fiber tips, but fully-encapsulated particles in the fiber bodies
and/or tips remain unaffected. Whereas concentrated nitric acid influences the
morphology of the CNF layers, the use diluted nitric acid (10 wt.%) avoids this because
in the latter solution small diameter fibers are not destroyed. Nevertheless, the
crystallinity of oxidized CNFs is not influenced by the acid concentration, neither the
surface chemistry of the fibers. The dominant oxygen-containing groups on the fibers
are carboxyl and hydroxyl groups. Hence the layer of entangled CNFs synthesized on
flat substrates can be functionalized by oxidation treatment with nitric acid without
affecting the anchoring of the layers on the surface and preserving the mechanical
stability. Based on the these findings the CNF layers oxidized using 10 wt.% HNO; will
be utilized further.

4.3.3 Deposition of ruthenium on oxidized CNFs via HDP

Supported noble metal catalysts are often prepared v7a techniques such as impregnation
or ion-exchange in the aqueous phase. Impregnation is the most commonly used
method to deposit metals on CNFs, such as Pt or Pd [15]. However, the desired active
phase distribution, loading and/or dispersion can not always be achieved with this
technique [41]. Homogeneous deposition precipitation helps to overcome the above
problems and has been employed effectively for synthesizing CNF-supported metal
catalysts [42]. In this work, ruthenium incorporation by HDP using an aqueous solution
of ruthenium nitrosyl nitrate is performed.

Figure 4.7 shows the variation in pH during the HDP process. After introducing
the samples in a Ru precursor solution (pH ~ 3.2), during deposition precipitation the
presence of an oxidized CNF layer clearly influences the precipitation process: the slope
of the curve of the precipitation on an oxidized CNF layer is smaller than the slope of
the curve of precipitation without a CNF layer. This can be explained by the
neutralization of acidic groups on the surfaces of CNFs by OH" ions produced from
urea, see Eq. (4.1); this effect is more pronounced in the initial stages (Ze. till the pH
reaches ~5). The amount of deposited Ru reaches its maximum when the pH
approaches 7.0. Around 2.2-2.4 wt.% of Ru could be loaded with this HDP procedure.
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—a— Without CNF support
4 —e— With CNF support

pH

0 . ; . ; . ; . ; . ,
0 20 40 60 80 100

Deposition time [min]

Figure 4.7: The pH as function of the deposition time in the presence and absence of an
oxidized CNF layer

For HDP a metal precursor and urea are dissolved in water and homogeneously
distributed. Upon heating to 70-90 °C, urea decomposes to produce OH" locally Zq.
(4.1).

CO(NH,) —™*2 5 2NH; +CO,+20H" (4.

OH hydrolyzes metal salts and precipitates as metal hydroxide species. It has been
shown earlier that of all known Ru precursors RuNO(NOs):;.nH,O yields the smallest
particle size on CNF layers via HDP [42]. The hydrolysis of the metal cation and the
reaction with the precipitation agent are Eq. (4.2) - (4.5).

RUNO (NO, ), —2— [Ru(H,0),1* (4.2)
[Ru(H,0),]* + OH ~ < [Ru(OH )(H,0).]1** + H,0 (4.3)
[RU(OH )(H,0).1** + OH " «<>[Ru(OH),(H,0),]" + H,O (4.4)

[RuU(OH ),(H,0),]* + OH < RuU(OH), I +4H,0 (4.5)
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Interactions between [Ru(OH),]*! precursor species and oxidized CNFs are
schematically shown below. As the pH of solution progressively change from ~3.2 to 7.0,
variation of reactions pathways can occur during the HDP. If the pH is below the PZC
of the oxidized CNFs (ie pH < 4.87) then situation depicted in Eq. (4.6) occurs. For
example, in the case of a carboxylic acid group, deprotonation occurs and the Ru

precursor is anchored to the carboxylic acid.

JOHH /O-Ru(OH)n_l+3'"
C + [HORu(OH), ]?" —» C
\\o -H,0 \\o (4.6)

When the pH is above the PZC of oxidized CNFs, the reaction is as in £q. (4.7):

o“‘* /O-Ru(OH)n”'"
+ [Ru(OH) e c\\o (4.7)

Further reactions that take place during drying and/or reduction are given in £q. (4.8):

ORU(OH)z +H,,T°C
———»  RW/CNF (4.8)
-H,0

After drying the samples at 110 °C and reduction in hydrogen at 500 °C

(reasonably higher temperature than reported in literature for obtaining reduced Ru
metal [42]), Ru nanoparticles were well dispersed over the surface of entangled CNFs.
However, Ru in fresh Ru/CNF catalyst still consists of oxidized Ru species, Ze. RuO..
Even though the catalyst was prereduced at 500 °C, exposure to air at ambient oxidizes
Ru, in agreement with literature [43]. This has also been confirmed using XPS analysis
(not shown here). TEM was used to determine the average size of Ru particles deposited
on CNF (Fjg 4.8a): a narrow particle size distribution was found (see the histogram
depicting particle size distribution in Fig. 48a alongside TEM image), estimating the
diameter of about 150 particles in total. It was observed that around ~87% of the
particles had a diameter in the range 1.0 - 1.5 nm (~10% 1.5 - 2.0 nm, ~3% > 2.0 nm).
When samples with Ru deposited CNF layers were exposed to high(er) reduction

temperatures, Ze. 800 °C, sintering of Ru nanoparticles occurred, which resulted in the
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formation of larger particles (diameter of ~8 nm) throughout the thickness of the CNF
layer (Fig. 4.8b and 4.8¢). The presence of Ru particles near the interface with the
substrate indeed evidences that the oxidized CNF layer exhibits highly porous structure:
the aqueous precursor solution penetrated during HDP experiment into the deepest
areas of the CNF layer, resulting in a good distribution of Ru nanoparticles throughout
the thickness of the CNF layer.

80

60 -

40|

Number of particles [%]

115 152 >2
Ru-particle diameter [nm]

Figure 4.8: (1) TEM image of oxidized CNFs alongside a particle size distribution
histogram after Ru deposition using HDP: well distributed nanoparticles are visible on
the fibers; cross-sectional SEM images of (b) top area and (c) bottom area of a CNF

layer: arrows indicate Ru nanoparticles after sintering at 800 °C.

Other alternatives for deposition of metal particles in microsystems are chemical
and physical vapor deposition methods [44, 45].
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4.3.4 Deposition of ruthenium on oxidized CNFs via PLD

In order to deposit Ru via the PLD method, the same oxidized CNFs were used, since
this oxidation treatment is essential for removing Ni. After deposition a continuous thin
film mask of Ru metal with a thickness of ca. 2.7 nm was observed while probing with
TEM/EDX (see EDX spectrum shown in Fig. 4.9a).

¥

a 140 Ru

80

o ¥ /

40+

Ru
20 /
Cu
Cu \‘ | Ru
o gt e g Mg | Mot
15 20 25 30
keV

50

Counts [a.u]

40

30

20 -
10
) _J - - -
<1 1-2 2-3 3-4 4-5 >5

Avg. particle diameter [nm]

Number of particles [%]

Figure 4.9: (1) TEM-EDX spectrum indicating presence of PLD deposited Ru thin film
on CNFs; TEM image of CNFs showing well-distributed Ru nanoparticles after
reduction of Ru thin film, (b) Ru particle size distribution after reduction of PLD layer
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With XRF spectrometry a Ru loading of 2.3 wt.% was estimated. Hydrogen
reduction at 500 °C (90 min) caused fragmentation of the film mask into nanoparticles
(Fig. 4.9a). The size distribution (Fig. 4.9b) shows that the particle diameter is 1 to 5 nm.
Compared to HDP, PLD method yields a less sharp particle size distribution and the
average particle size is larger. However, it has to be mentioned that a major advantage of
PLD is that it is possible with this method to perform multi-component deposition,
maintaining required stoichiometry to obtain bi-metallic/oxidic catalytic materials [46,
47].

4.3.5 CNF supported Ru catalyst inside silicon-based microreactor channels
CNF layers were synthesized inside microchannels using the same experimental
conditions as for flat substrates. SEM image (Fig. 4. 10a) reveals similar morphology of
the CNF layer for both microchannel and flat substrates. The thickness of CNF layer was
in the same range as that of flat substrates (Ze. ~2-3 um). In the case of microchannels
the spacing between the cylinders is not completely filled (despite the uniform CNF-
coverage of the channel bottom and cylinder sidewalls). In order to use the complete
volume of the microchannel efficiently, the thickness of the CNF layer has to be
enlarged. Complete filling of the spacings between cylinders in microchannels can be
obtained by two ways, (7) reducing the cylinder spacing, and (2) adding hydrogen to the
reactant gas during CNF growth. The latter results in thicker CNF layers while
preserving the CNF morphology and fluid accessibility [26]. Accordingly, the spacing
between the cylinders was reduced to 20 pm, and 25 vol.% hydrogen was added to
ethylene. It is known that spacing between pillars down to 12 um does not give rise to
significant pressure drop issues for microchannels with 50 um high pillars [48]. A
growth time of 10 minutes resulted in a CNF layer of ~10 um on each wall. Figure 4.10b
and ¢, shows the results: with these settings the CNF layers cover the cylinder and filling
completely the void space is obtained.

In order to functionalize CNF layers in the microchannels, the reactor chips were
immersed in dilute nitric acid (10 wt.%) for 1.5 h (90 °C). The HDP method resulted in
a good particle size distribution and a loading of 2.2 wt.%, which is in excellent
agreement with results on flat samples (identical experimental settings were used).
Figure 4.10d shows a high-resolution SEM image of a CNF with anchored Ru particles
after reduction treatment: the particles are uniformly distributed on the fiber. Oxidized

CNF layers in microchannels, also yielded similar Ru loading and particle size
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distribution with PLD as obtained previously with flat substrates (Ze. ca. 2.3 wt.% and 1-
5 nm, respectively).

Performance of such a microreactor, incorporating Ru on CNF layers and its
advantages over a conventional supported ruthenium catalyst is presented in chapter 6.

Catalytic reduction of bromate in aqueous solutions is studied and details discussed.

Figure 4.10: SEM images of oxidized CNF layer in microchannel with array of
cylinders: (a) 50 um spacing between cylinders and 1h C-TCVD at 635 °C with C:Ha,
(b) 20 um spacing between cylinders and 10 min C-TCVD at 635 °C with H2/C2Hs, (c)
top-view of CNF layers uniformly covering the microchannel, (d) HR-SEM image of
well distributed HDP deposited Ru nanoparticles on CNFs in microchannel (after

reduction).

4.4 Conclusions

In this work of ruthenium catalytic nanoparticles on carbon nanofiber support layers
are realized via homogeneous deposition precipitation and pulsed laser deposition. CNF
layers are functionalized by oxidation with nitric acid to facilitate Ru deposition. Besides
removal of exposed nickel (used for CNF-growth), acid treatment forms oxygen-

containing groups on the surfaces of CNFs (mainly carboxyl and hydroxyl groups).
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Ruthenium was anchored on oxidized CNF layers by means of HPD and PLD.
Critical issues for a good dispersion of the particles and a sharp size distribution are the
pH of the precursor solution (HDP) and the reduction treatment after deposition
(PLD). Both optimized deposition methods resulted in a ruthenium loading of 2.3 £ 0.1
wt.% (HDP had a narrower particle size distribution). The presence of nanoparticles
across the complete thickness of the CNF layers was found to be uniform when HDP
was used to deposit Ru on CNF layers. Using the optimal CNF-growth settings such that
the spacings between cylinders in a silicon-based microreactor channel were completely
filled with an open, entangled jungle CNF layer, these CNF layers were successfully
functionalized and well dispersed ruthenium clusters grown. A catalytic microreactor
module containing Ru particles attached to carbon nanofibers which fill the entire

reactor volume keeping the highly porous and/or open structure, is achieved.
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Appendix

Determination of Ru loading on CNF layers

X-ray fluorescence spectrometry (XRF) was used to determine the amount of Ru
deposited on CNF layers. A systematic approach was utilized for this: firstly, Ru film was
deposited on “fresh” Si substrate through a shadow-mask, which was clamped on top of
the substrate to make the step-wise thin film deposition (with increasing number of
laser pulses), secondly the thickness of Ru film was checked by using atomic force
microscopy (AFM). The graph (Fig. 4.11) depicting the dependence of Ru-layer
thickness on the number of pulses (or deposition time) indicated the linear dependence
of Ru-layer thickness on the number of pulses. This implies that the deposition occurs
consistently, resulting in a homogenous distribution of Ru over the whole area of

sample.
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Figure 4.11: Thickness of Ru-layer versus number of deposition pulses

This deposition procedure assures the precise thickness of Ru deposited, which
means the desired mass/loading of Ru can be accurately achieved which then can

calculated from the equation:

Mg =dx Ax 9 (4.9)

u

Where,
d = density of Ruthenium (ca. 12.45 g/cm?)
A = area of sample (Ze. 0.64 cm?*/substrate)
8 = thickness of Ru-film (cm)

The Ru deposited silicon test samples were then analyzed with XRF. The intensity
of Ru peak in XRF spectrum corresponds to a given amount of Ru. Also, the weight of
Ru deposited on CNFs by PLD is known. Therefore, the values of intensity of Ru peaks
obtained from XRF analysis of above samples were used to establish the correlation
between the intensity and the weight of Ru deposited on sample (Fig. 4.12). This
correlation then can be directly used to determine the amount of Ru deposited on CNFs

not only by PLD based preparation but also by HDP based preparation procedure.
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Figure 4.12: Graphical correlation between Ru loading deposited on CNF layers and
intensity of counts of Ru determined by XRF analysis.
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Chapter

Palladium Catalyst on Carbon Nanofiber
Support Layers for Si-based Structured
Microreactors: Catalytic Reduction of Nitrite
Contaminants in Aqueous Phase

Abstract

Carbon nanofiber layers containing palladium particles were synthesized inside the
channels of a silicon based microreactor. This module was used to study the kinetics of
hydrogenation of nitrite ions in aqueous phase. Nitrite hydrogenation is known to be
kinetically facile reaction, thus chosen to evaluate the performance and efficiency of the Pd
containing CNF layers inside the microreactor module. Pd catalyst was prepared via dry
impregnation using palladium acetylacetonate precursor solution in toluene. Relatively
large Pd particles uniformly distributed across the CNF layers were obtained. The mass
transfer properties, both external and internal, were probed. In the case of CNF layer
thickness below ~13 pm, hydrogenation was under kinetic control indicating absence of
mass transfer limitations. Thus optimized CNF layers then can be applied for performing

relevant aqueous phase reactions.
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5.1 Introduction

There is continuous and strict demand to achieve high water purity levels for both
industrial and domestic use [1]. The sources of these contaminants in water originate
from excessive fertilization; industrial effluents [2]. Even though nitrate ions (NO3’) do
not exhibit toxicity, their further transformation to nitrite (NO,') by reduction process,
however, can be detrimental for human health. It is known to be a cause of blue baby
syndrome in addition to hypertension, and is a precursor for the carcinogenic nitroso
amine [3-5]. European Commission directives have restricted the nitrate and nitrite
concentration levels in drinking water to 50 mg/L and 0.5 mg/L, respectively [5].
Various physicochemical techniques such as ion exchange, reverse osmosis, and
electrodialysis are available for removal of nitrate ions contamination from water.
However, they only accumulate and are not able to convert these ions into less harmful
products/materials. The biological process, on the other hand, is slow and complicated
[5].

It is known from literature that most of the drawbacks of above mentioned
conventional methods can be overcome via application of catalytic de-nitrification of
nitrates and nitrites from aqueous solution using hydrogenation over noble-metal solid
catalysts [6]. Recent work in our group on catalytic hydrogenation of nitrites (an
intermediate in nitrate hydrogenation) to nitrogen by using nickel foam based thin layer
Pd/CNF catalyst has shown promising results in terms of catalytic performance
compared to the conventional catalyst, inside fixed bed reactor [7]. It is understood
from literature that, nitrite reduction to nitrogen, £q. (5.2), is extremely fast and hence
can easily induce internal concentration gradients due to mass transfer limitations [8-
11].

2NO,” +5H, —*“» N, + 20H "~ + 4H,0 (5.1
2NO, +3H, —» N, + 20H ~ + 2H,0 (5.2)

Thus it can be ideal reaction system for testing the diffusion limitations along the
CNF layers and hence suitability of them as catalyst support when synthesized inside
microreactor channels. Thus tested CNF layers with optimized mass transport
properties and exhibiting intrinsic catalytic activity can then be applied for

heterogeneously carried out liquid phase reactions inside microreactors.



98 || Chapter 5

5.2 Experimental

5.2.1 Fabrication of microchannels with arrays of pillars

Microchannels were prepared from standard silicon substrates (<100>-oriented, p-type,
resistivity 5-10 Qcm, 100 mm diameter, thickness 525 um, single side polished;
Okmetic, Finland). Channels of 30 mm x 1 mm contained ordered arrays of pillars.
Prior to processing, the silicon substrates were cleaned by immersion in fuming 100%
nitric acid (10 min) and boiling 69% nitric acid (15 min), followed by quick dump
rinsing in de-mineralized water and dry spinning. A standard UV-lithography was used
to define the pattern in 1.7 pm thick photoresist, which was postbaked for 30 min at 120
°C (in air) after development. The photoresist acted as a masklayer during ‘deep reactive
ion etching’ (DRIE; Adixen AMS 100SE) of silicon with a Bosch process, Ze. a cyclic
process which uses sulfur hexafluoride for etching of silicon and octa-fluoro-
cyclobutane for sidewall passivation [12]. An etchtime of ca. 13.5 min was required for
40-45 pm high pillars (diameter 20 pm, pillar spacing 20 um). Post to etching the mask
was stripped with an oxygen plasma and immersion in 100% nitric acid, followed by
rinsing and drying. Fluorocarbons resulting from the DRIE process were removed by a
wet oxidization step (30 min, 800 °C), followed by immersion in 1% hydrofluoric acid (1
min), rinsing in DI-water and drying. A second wet oxidation step (45 min, 1000 °C)
was used to deposit a ~250 nm thick SiO; layer on the etched microchannel.

Thin films of nickel/tantalum (25nm/10nm) were deposited on the oxidized
substrates with etched microchannels using home-built stainless-steel shadow mask by
electron-beam evaporation (Balzers BAK600 system). The purity of the Ni target
material was 99.99%, and >99.95% for Ta. Evaporation rates (at pressures below 107
mbar) were in the range 1-5 A/s for Ta and 10-15 A/s for Ni. The thicknesses of
evaporated films were controlled using an in situ thickness monitor [13]. Finally, the
substrates were diced into samples of 35 mm x 5 mm (microchannel samples) (Disco
DAD-321 dicing machine).

5.2.2 CNF layer synthesis

Prior to CNF synthesis the samples were cleaned ultrasonically in acetone (5 min,
Branson 200 ultrasonic cleaner) to remove organic contaminants, followed by washing
with flowing deionized water (25°C) and dried with pressurized technical air.
Subsequently, the samples were reduced in a mixture of 20 vol.% H, in N; (99.999%,
INDUGAS) with total flow rate of 50 ml/min, while increasing the temperature to 650
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°C (ramp up 5°C/min) and maintained at 650 °C for 1 h. This pretreatment is essential
to produce Ni nanoparticles which act as nucleation sites for CNF growth. After
reduction the samples were cooled in N, from 650 to 635 °C (5°C/min), and exposed to
a gas mixture of 25 vol.% C,H, and 25 vol.% H, in N, (99.95%, PRAXAIR; total flow rate
100 ml/min) followed by cooling down to room temperature in N,. It was shown in
chapter 3, that the thicknesses of CNF layers on substrates can be manipulated by
varying, (Z) feed composition, such as addition of hydrogen to reactant mixture, and (7z)
growth time. The knowledge obtained from this exercise was applied to vary the
thickness of the CNF layers in present study to investigate their mass transfer properties
when synthesized inside microreactor channels. 7able 5.1 shows the properties of the
materials used. The amount of carbon deposited on each sample was determined by

measuring the increase in weight.

5.2.3 Preparation of Pd/CNF catalyst layers inside microreactor chips

Palladium deposition on oxidized CNF layers (Ze. with 10 wt.% HNOs, as described in
chapter 4) was performed wia incipient phase impregnation using palladium
acetylacetonate dissolved in toluene. The appropriate amount of Pd was deposited by
injecting precursor solution vza microsyringe from a 0.5 mL stock solution. Toluene was
completely evaporated by placing the microreactor chips in vacuum oven at 50°C for 3
hrs, leaving behind the Pd precursor on CNF layers. The CNF supported Pd precursor
was further calcined for 1 hour at 250°C (gas Flow: 100 mL/min of tech. air) with ramp
of 5°C /min. Afterwards reduction was carried out at the same temperature for 2 hours
under hydrogen atmosphere using 20 % H, in N, at total flow rate of 100 mL/min. The
Pd/CNF microreactors were then cooled down to room temperature in nitrogen at a

ramp of 10 °C /min.

5.2.4 Fluidic set-up and procedure

Catalytic hydrogenation of nitrite was performed in microreactor chips, containing
Pd/CNF layer, and fixed in a homemade Teflon (PTFE) holder provided with inlet and
outlet fluid flow connections (Fjgure 5.1 a-d). The module was placed in an oven
(Binder GmbH) and the reaction temperature was maintained accurately at 25°C (£ 0.5
°C). The Nitrite concentration in the aqueous reactant solution was always maintained
at 40 mg/L (1087 pmol/L). The aqueous solution was pre-saturated with H, (Flow Rate:
100mL/min; 1bar).
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Figure 5.1: (a) Schematic representation of silicon-based microreactor with an array of
micromachined cylindrical pillars, (b) Cross-sectional view of pillard microchannel with
CNF layers uniformly covering the microchannel (20 um spacing between pillards and
10 min C-TCVD at 635 °C with H2/C:Ha, (c) microreactor channel positioned inside a
Teflon (PTFE) holder provided with fluid flow connections, (d) the assembled
microreactor holder with a channel with a Pd/CNF catalyst layer that is ready for use

for the aqueous nitrite reduction reaction.

Aqueous nitrite solution saturated with hydrogen was pumped through the
microreactor module with the HPLC pump (Dionex, Ultimate 3000) v7a flexible fused
silica capillary tubing (Polymicro Technologies; outer diameter 360 pm, inner diameter
250 um). the pressure drop measured across the module was less than 0.4 bar. The
reactor bed volume was varied by connecting two identical reactor module in series
(0.00165 cm? each). The linear velocity was estimated equal to 90.9 cm/min for a single
module and 181.8 cm/min for two module in series at the flow rate of 50 uL/min and
100 pL/min, respectively, maintaining the space velocity at 0.22 min™. The total amount

of Pd catalyst used was varied between 0.08 to 0.28 pmol when varying Pd loading from
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3 to 10 wt.%. Nitrite and ammonium concentrations in the reactants and/or products
were measured with Ton Chromatography (IC) (DIONEX, ICS 1000) system. Before
starting the reaction measurements, the initial concentration was measured by sending

the Nitrite solution directly to the IC system.

5.2.5 Characterization

X-ray fluorescence spectrometry (XRF) [Philips PW 1480] was used to determine the Pd
loading on CNF layers. The Pd particle size distribution was determined using
transmission electron microscopy (TEM) [Philips CM300ST-FEG quipped with Gatan
Ultrascan 1000 CCD camera]. The average particle size estimated from TEM was based
on the analysis ca. 20 images, estimating the diameter of about 150 particles in total, and
this average size was used to calculate dispersion values assuming spherical shapes using
the formula described by Scholten et al [14],

6-M " Psite
d “Prmetal N

D=10%. (5.3)

where, D is dispersion (Pdurace/Pdiowar), M is the atomic mass (106.42 g/mol for
Pd), psie is the palladium surface site density (10.2 Pd atoms/nm?), d is particle size
(nm), pmeta is the metal density (12.02 g/cm? for Pd) and N is the Avogadro’s constant.
This estimates the correlation for the Pd catalysts,
D 0.9
d (nm)

64

Investigation of CNF layer morphology and qualitative study of Pd distribution
across the CNF layer thickness was carried out using scanning electron microscopy
(SEM) [LEO 1550] equipped with energy dispersive X-ray analysis (EDX) [Thermo
Noran Vantage system]. Cross sectional analysis was facilitated simply by breaking the
microreactor chips after Pd deposition on CNF layers, allowing ananlysis with EDX at

isolated spots in lateral direction.

5.3 Results and discussion

5.3.1 Characterizations of Pd/CNF layers in microcreactor channels
Previously optimized growth settings were used to effectively fill microchannel volume

with CNF layers. For example, Fig. 5.2 (reproduced for clarity) shows the morphology of
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entangled CNF layers with thicknesses of ~13 pm (with ~300 pg of carbon deposited
over 10 min. of CNF growth time, see 7able 5.1 for details).

Table 5.1: Properties of CNF deposits in the microreactor channels

Time of Average Weight of Average
rowth CNF layer carbon Pd Pd particle Dispersion
& . thickness deposited [wt.%]? diameter [%]°
[min.] b
[pm] (ug] @ [nm]
5 11 256 2.94 8 11.3
3.12 9 10.0
5.10 7 12.9
10 13 305 6.92 8 11.3
10.15 7 12.9
15 17 460 3.04 7 12.9
40 20 536 2.88 8 11.3
60 21 598 3.08 7 12.9

“Determined from XRF, °Determined from TEM, “Estimated using derivation of
Scholten et al. [14]

Figure 5.2: SEM images showing top view of microchannel with a CNF layer on the
internals (with interpillar spacing of 20 umy), and (b) cross sectional view: complete
filling of the chanel volume with CNFs (CNF growth conditions: 25% C2Hs and 25%
H: in balance N2at 100 mL/min total flow rate, T = 635 °C, growth time = 10 min).
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The Pd loading on CNF layers was varied between 3 to 10 wt.% with a ~13 pm
thick CNF layer. Further CNF layers of different thicknesses loaded with ca. 3 wt.%
palladium were also prepared. Table 5.1 illustartes the Pd loading and corrosponding
dispersion values for all samples. In all samples the dispersion was below 15% and the
average Pd particle size estimated to be ~7 nm. Fjgure 5.3 shows well distributed Pd

particles on CNF layers.

Figure 5.3: Secondary electron detector (SE) image obtained using SEM, shows well
distributed Pd nanoparticles (visible as bright spots) deposited on CNF layers inside

microreactor channels (Top-view).

Distribution of Pd within the CNF layer was also probed qualitatively using SEM-EDX
analysis [7]. Figure 5.4a shows a typical cross-sectional view of Pd deposited CNF layer
inside microreactor channel. EDX analysis was carried out at three different locations in
lateral direction. The ratio of palladium to carbon is shown as a function of the position
along CNF layer thickness in figure 5.4b. The Pd concentration is slightly higher in the
top part (indicated by location ‘1) compared to the deeper part i.e. near the interface of

CNF layer and microchannel surface (indicated by location ‘3’).
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Figure 5.4: (a) Cross-sectional secondary electron detector (SE) image obtained using
SEM highlighting lateral distribution of Pd across CNF layer with well distributed Pd
particles (as probed by EDX analysis), (b) qualitative representation of Pd distribution
across a ~13um thick and with ca. 3 wt.% Pd loaded CNF layer in a microchannel

5.3.2 Aqueous phase reduction of nitrite by Pd/CNF catalyst layers inside
fixed space time by increasing the linear velocity of the nitrite solution stream, at the
same time increasing the amount of Pd catalyst proportionally. This was achieved by
two separate experiments, (7) with a single microreactor module consisting microchip
with Pd/CNF layer at flow rate of 50 pL/min (linear velocity = 90.9 cm/min), and (%) by
adding second module in series to the first one with microchips having identical
properties of Pd/CNF layers at flow rate of 100 uL/min (linear velocity = 181.8 cm/min).
The series arrangement of two microreactor modules, with identical Pd/CNF catalyst
layers, results in the proportional increase of Pd, maintaining a space velocity of 0.22
min”. Fjgure 5.5 shows the nitrite conversion as a function of the linear velocity of
reactant solution. It can be observed that nitrite conversion remains constant in both the
experiments, indicating absence of external mass transfer limitations at the selected
linear velocity value ie 90.9 cm/min, for a single module. Hence, it would be
appropriate to carry out further experiments with the same linear velocity using single

microreactor module.
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Figure 5.5: Nitrite conversion at fixed space time on a 13 um thick CNF layer with ca.
3 wt.% Pd on CNF layers, at a space velocity of 0.22 min.

The turn-over-frequency (TOF) of nitrite hydrogenation, ie rate of nitrite
conversion per mole of surface palladium over CNF layers inside microreactor, remains

stable till CNF layer thickness of ~13 pm (see Fig. 5.6, 10 min growth time).
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Figure 5.6: Rate of nitrite conversion per mole of surface palladium on CNF layers
inside microreactor channels with thicknesses between 11 and 21 pum and Pd loading ca.
3 wt.%, measured at linear velocity of 90.9 cm/min and space velocities between 0.26 to

0.11 minL.
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For larger thicknesses TOF decreases, indicating the presence of internal mass
transfer limitations. The Pd loading was kept constant in these experiments at ca. 3 wt.%
based on weight of deposited carbon, implying that the total amount of Pd varies
proportionally with the CNF layer thickness. Further, when Pd loading is varied at
constant CNF layer thickness of 13 pm, the TOF does not change (see Fjg. 5.7). Thus,
CNF layer thickness up to ~13 um provide better accessibility of deposited Pd without
any internal mass transfer limitations for reactant molecules. The TOF of 0.003 sec™! was
determined under the present experimental conditions when measured for CNF layer
thickness <13 pm. This is typically in the range reported for the reduction of nitrite on
various Pd catalysts [7, 15]. Chinthaginjala et a/. reported a higher value Ze. 0.02 sec”,
with hairy foam based thin layer CNF catalysts [7] for the reduction of nitrite. The main
difference between these studies is that in our case the CNFs were pre-oxidized in nitric
acid to remove nickel (see chapter 4). Surface oxygen functionalities are known to
influence catalytic activity of CNF supported metal particle. Toebes et al [16] studying
Ru/CNF showed that the degree of oxidation of the CNF can have tremendous influence
on the catalytic activity. For example, oxidized CNF layers showed an order of
magnitude lower TOF for the hydrogenation of cinnamaldehyde compared to a non-
oxidized CNF supported catalyst. The exact reasons for this are not discussed [7, 16] and

is not directly relevant for the current discussion.
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Figure 5.7: Rate of nitrite conversion per mole of surface palladium on CNF layers
inside microreactor at Pd loading between 3 and 10 wt.% and a CNF layer thickness of

13 um, measured at linear velocity of 90.9 cm/min and space velocity of 0.22 min.
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The results in Fig. 5.6 and Fig. 5.7 indicate that internal mass transfer limitations
are indeed absent for CNF layers with thicknesses <13 pm and support the assumption
that Pd is homogeneously distributed across CNF layer in microreactor channels in the
context of intrinsic catalyst activity. Catalytic performance of thus tested Pd/CNF layers
inside microreactors showed mostly <30 % selectivity for N, and the selectivity for
ammonia was normally greater than 70%, typically in the range reported for nitrite
reduction using Pd/CNF catalyst [17].

5.4 Conclusions

Carbon nanofiber supported palladium (Pd) catalyst layers synthesized inside silicon
based microreactors were used for studying the reduction of aqueous nitrite solution.
Nitrite hydrogenation is known to be kinetically fast reaction, hence ideal for
demonstrating performance of synthesized CNF layers inside microreactor systems. The
catalyst layers were prepared via incipient organic impregnation method using
palladium acetylacetonate precursor solution in toluene. A relatively large average
particle size of Pd (~7-9 nm) was obtained with uniform distribution across the CNF
layers. The mass transfer properties, both external and internal, were probed and the
intrinsic rates of nitrite conversion (TOF) were found to be independent of the, (7)
linear velocity higher than 90 cm/min (flow rate of 50 pL/min for the current
microreactor module), and (77) CNF layer thickness below ~13 pm, indicating the
absence of any mass transfer limitations. Thus optimized CNF layers then can be
applied for performing relevant aqueous phase reactions, such as aqueous phase

bromate reduction.
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Chapter

Ruthenium Catalyst on CNF Support Layers for
Si-based Structured Microreactors,

Part 1l: Catalytic Reduction of Bromate
Contaminants in Aqueous Phase

Abstract

Carbon nanofiber supported ruthenium (Ru/CNF) catalyst layers prepared using
homogeneous deposition precipitation method, inside a structured channel of silicon based
microreactor are used to remove traces of aqueous bromate by heterogeneous redox catalysis.
It is demonstrated that CNFE based catalyst are highly active for bromate reduction,
resulting in turn over frequencies (TOF) at least two times larger in comparison to the
tested conventional powdered catalyst i.e. activated carbon (AC). This enhanced catalytic
performance is due to improved mass transfer properties of entangled CNF layers with
macroporous (open) structure, which offer low tortuosity and subsequently enhanced
accessibility to all the Ru active sites in contrast to the poor accessibility of active sites in
the case of AC support material.

Although promising catalytic activity of Ru/CNF catalyst was observed for bromate
reduction, a continuing deactivation was observed during 5 h time on stream operation. A
variety of characterization techniques including TEM, XPS, TPR, ICP probed that along
with catalyst sintering, formation of catalytically inactive Ru(OH)x phase on catalyst
surface was an important reasons of this deactivation behavior. Use of higher alcohols
proved to be beneficial for achieving sustainable activity of Ru/CNF catalyst for bromate
reduction, however with reduced levels of overall activity. It is expected that hence
developed highly porous open structured catalyst layers based on CNF support inside
microreactor systems will provide a promising option particularly for liquid phase reactions
to be carried out efficiently.
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6.1 Introduction

As mentioned in chapter 5, high water purity levels in both industrial and domestic use
have been strictly regulated and continuously monitored. As a consequence, presence of
undesirable and possibly toxic disinfection components in water purification treatment
processes will have to be controlled. One such problem of concern is bromate, which is
frequently detected in drinking water especially originating from process involving
ozonation of bromide-containing source waters [1-3]. The World Health Organization
(WHO) and United States’ Environmental Protection Agency (EPA) have strictly
regulated the bromate levels (provisional guideline value: 0.01 mg/L) in drinking water
since the International Agency for Research on Cancer (IARC) has classified bromate as
a Group 2B substance (Ze. possibly carcinogenic to humans) [4, 5]. This demands the
development of an effective treatment method for the removal of bromate from
drinking water [6]. Various techniques, such as biological [7, 8], photocatalytic [9, 10],
electrochemical reduction [11] and more recently, catalytic hydrogenation [12], are
available. A promising alternative for the removal of bromate pollution from drinking
water is vza heterogeneous redox catalysis without the requirement of using hydrogen
[13, 14]. The main advantage of catalytic routes is the efficient and faster removal of
water contaminants such as bromate, particularly when compared to the conventional
physicochemical methods. Further, conventional methods concentrate removed
contaminates in a secondary waste streams, which requires further treatment [15].
Review of literature cites only limited articles [13, 14] regarding the catalytic
removal of BrO; from aqueous solutions. It is reported by Gritzel e al [13] that BrOs
ion decomposition is thermodynamically allowed via red-ox reactions involving

oxidation of water and subsequent reduction of bromate as below,

2H,0 >0, +4H" + 4e” E =1.23-0.059pH (6.1)
BrO; +6H " +5¢" — 1/ Br, +3H,0  E=149-0071pH (6.2)
BrO, + 6H" + 6e- —» Br~ +3H,0 E =1.44-0.059pH (6.3

However, bromate ions are very stable in aqueous solutions, especially in the
absence of oxidisable impurities or when protected from UV light. A dilute aqueous
HBrO; solution does not undergo any decomposition even after several months of

storage. The slow kinetics of the bromate reduction via the above redox cycle may be
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due to the difficulty in the transfer of charges which can be facilitated by the presence of
connected electrodes. Accordingly, in the presence of typical electrode materials, in this
case a Ru catalyst, RuO,/TiO, [13], oxygen evolution was observed. Based on their
studies with labeled oxygen (80% H,'°O and 20% H,'*O) and observing that 20% **O,
was formed, they concluded that water was oxidized and was the source of oxygen.

However, Mills et al [14] show that kinetics of the oxidation of water even in the
presence of a RuQ, catalyst is kinetically very slow (0.05-10° mol dm™ s* at 30°C).
Presence of an easily oxidizable water soluable organic component, e.g. MeOH or EtOH.
in the reaction medium enhances the rate of bromate decomposition. They report that
in the presence of MeOH a forty times improvement in rates in bromate conversion was
observed compared to the situation when only water was present [14].

Carbon nanofiber supported ruthenium catalyst layers (Ru/CNF) present a novel
option for treating bromate polluted water resources. In such a reactor, Ru metal
particles are placed in space in the porous CNF layer, as in a frozen fluidized bed. Such
an arrangement is expected to offer enhanced contact between bromate, reductant and
Ru catalyst. Bromate reduction is carried out in the microreactor module described in
chapter 5 and containing Ru/CNF catalyst, in order to establish advantages over
conventional fixed bed catalytic reactor systems.

In chapter 4 (ie. part-I) details of the (i) preparation of stable and entangled
CNF layers (i) functionalization of the CNF surface and incorporation of Ru
nanoclusters, and (777) preparation of CNF supported ruthenium catalyst layers inside
the flow channels of a silicon-based microreactor, have been presented. Here, the
catalytic performance of these Ru/CNF containing microreactors is attempted for

aqueous phase reduction of bromate ions.

6.2 Experimental
6.2.1 Preparation of Ru/CNF and Ru on Activated Carbon (AC) catalysts

The preparation of these catalysts was achieved using an aqueous phase homogeneous
deposition precipitation (HDP) method, of which details are given in chapter 4. AC
from Norit (RO 0.8H, 100-125 pm) was used. The Ru loading and particle size were
tailored to be similar to that of Ru/CNF layers in microreactors in order to be able to
make reasonable comparisons (see 7able 6.1). The prepared powdered catalyst was
tested in a fixed bed reactor placed in the same oven as used for the microreactors, and

flow rates of 100 pL/min were used to achieve a similar contact time of the reactants.
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The fixed bed of Ru/AC particles was prepared by diluting them with inert quartz

particles of similar size.

6.2.2 Fluidic set-up and procedure
The microreactor chips with a Ru/CNF layer were fixed in a homemade Teflon (PTFE)
holder provided with inlet and outlet fluid flow connections (see Figure 5.1 in Chapter
5). The module was placed in an oven (Binder GmbH) and the reaction temperature
controlled accurately (+ 0.5 °C) over the range 30 - 50 °C. A syringe pump (Cole-
Parmer® Multi-Syringe pump; 74900 series) was used to flow reactants into the module
via flexible fused silica capillary tubing (Polymicro Technologies; outer diameter 360
pm, inner diameter 250 pm) at a flow rate of at 50 uL/min. Prior and post to the reaction
the bromate concentrations were measured using an inline flow cell (Zeutec Opto-
elekronik) coupled to an UV-Vis-NIR spectrometer (HR4000, Ocean Optics). The
concentration of bromate ions was determined by measuring the absorbance at 230 nm.
The bromate (KBrO;; Sigma-Aldrich, 299.8%) concentration in aqueous solution
was varied between 384 mg/L (3 mmol/L) and 1280 mg/L (10 mmol/L). Methanol, was
added to the bromate solution in a 10-fold molar excess [14], Z.e. between 961 mg/L (30
mmol/L) and 3204 mg/L (100 mmol/L).

6.2.3 Characterization

Scanning electron microscopy (SEM) [LEO 1550] equipped with energy dispersive X-
ray analysis (EDX) [Thermo Noran Vantage system] was used to study the morphology
of the CNF layers, and the distribution of Ru across the thickness of the CNF layer.
Cross-sections of CNF layers synthesized inside the microreactor chips were essentially
obtained by breaking individual chip at multiple positions along the length of the
channels. The activated carbon particles were crushed to perform EDX analysis. The
BET surface areas of CNFs and activated carbon were calculated from the N,-adsorption
isotherm measurements obtained at -196 °C (77 K) [Micromeritics Tristar]. X-ray
fluorescence spectrometry (XRF) [Philips PW 1480] was used to determine the
ruthenium loading. The ruthenium particle size distributions on CNF and AC supports
were determined with transmission electron microscopy (TEM) [Philips CM300ST-FEG
equipped with Gatan Ultrascan 1000 CCD camera]. The average particle size estimated

from TEM was based on the analysis ca. 20 images, and this average size was used to
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calculate dispersion values assuming spherical shapes using the formula described by
Scholten et al. [16],

6-M- Psite
d “Pretal N

D=10%. (6.4)

where, D is dispersion (Rusuace/Ruora), M is the atomic mass (101.07 g/mol for
Ru), psiee is the ruthenium surface site density (16.3 Ru atoms/nm?), d is particle size
(nM), Pmetar is the metal density (12.3 g/cm’ for Ru) and N is the Avogadro’s constant.

This estimates the correlation for the Ru catalysts,

0.9

D= d (nm) 65

X-ray photoelectron spectroscopy (XPS) [Quantera SXM Physical Electronics]
was performed to determine the oxidation state of ruthenium prior and post to the
bromate reaction. Solutions collected after reaction at the outlet of microreactor were
analyzed to investigate Ru leaching using Inductively Coupled Plasma (ICP)
spectrometer [Thermo Scientific iCAP 6500] using a Ru plasma standard solution,

Specpure®, Ru 1000pg/ml from Alfa Aesar for determining the calibration line.

0.3 Results and discussion

6.3.1 Mass transfer issues in microreactors with Ru/CNF

Before attempting reaction with bromate, it is useful to state experiments that were
carried out (in previous chapter 5) for the catalytic hydrogenation of nitrite using Pd (a
kinetically facile reaction) to sort out issues related to mass transfer in CNF layers in
microchannels [15]. From these experiments it followed that external mass transfer
problems (varying linear velocity while keeping space velocity constant) could be
avoided at the selected value for linear velocities of 90 cm/min (50 pL/min), whereas
internal mass transfer problems (varying CNF layer thickness maintaining constant
catalyst loading) could be avoided on CNF layers with a thickness of 13 um or less. The
latter implies that spacing between the cylindrical structural features in the
microreactors should be less than of 26 pm so that growth from both sides can fill the
space with CNFs. Overall, the flow rate for the Ru-catalyzed bromate reduction reaction

was limited to 50 uL/min, and the cylinder-spacing to 20 pm.
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6.3.2 Microreactors with Ru/CNF for bromate reduction

The bromate reduction was carried out in the microreactor containing Ru/CNF layers.
CNF-layers with thicknesses of 12 to 13 um (with ~300 ug of carbon deposited over 10
min. of CNF growth time) were chosen for catalytic reduction of bromate (see Fig. 6.1,
reproduced for clarity). HDP method was used to prepare the well dispersed and
distributed Ru on CNF layers. The actual Ru loading on the CNF layers in miroreactors
after reduction was ca. 2.3 wt. %, as analyzed by XRF, accounting for ~7 ug Ru for each
microreactor, based on total amount of carbon in the reactor channel. TEM analysis
estimated the average Ru particle size typically around ca. 1.7 nm (7able 6.1). The
dispersion of Ru was estimated to be around 78 %, based on TEM and formula

described previously [16].

Figure 6.1: SEM images showing (a) top view of microchannel with a CNF layer on the
internals (with interpillar spacing of 20 um), and (b) cross sectional view: complete
filling of the chanel volume with CNFs (CNF growth conditions: 25% C2Hs and 25%
H: in balance N2at 100 mL/min total flow rate, T = 635 °C, growth time = 10 min).

The kinetics of bromate reaction was investigated spectrophotometrically using
UV-Vis-NIR spectrometer. In order to exclude the influence of catalyst deactivation on
kinetic studies, all experiments were carried with fresh catalyst and values extrapolated
to initial time on stream. The influence of variation of initial concentration of bromate
as well as temperature was studied to probe the kinetics of reduction of bromate. The
bromate conversions varied between 50-70 mol.% in these experiments. Analysis of the
data using integral method (Fig. 6.2) showed first order dependence of rates in bromate
concentartions and ‘X value of 1.86 min™ at 40 °C. An activation energy of 33.4 kJ/mol
was measured in the temperature range 30 - 50 °C. For an unsupported RuO, catalyst a
higher value of 47 kJ/mol is reported by Mills et al. [14].
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Figure 6.2: A plot of In (C/Co) as function of time with slope 'k’ (reaction conditions:
2.3 wt.% Ru/CNF, bromate concentration 1 to 10 mM, reaction temperature 40 °C).

Table 6.1: Properties of ruthenium catalyst material supported on carbon nanofibers
and activated carbon and prepared by homogeneous deposition precipitation method;

activation treatment: reduction in dilute Hz at 500 °C for 90 min.

Catalvst Amount of CNF Ru loading Ru particlemean  Ru Dispersion
Y and/or AC [pg] [wt.%] diameter [nm]* [%]°
Ru/CNF 300 2.3 1.7 78
Ru/AC 500 2.9 1.9 70

« Determined from TEM,  Estimated using derivation of Scholten et al. [16]

6.3.3 Fixed bed with Ru/AC catalyst for bromate reduction

In order to compare the performance of Ru/CNF catalyst with that of conventional
microporous carbon supported catalysts, ruthenium on activated carbon (Ru/AC) was
used for the bromate reduction (Ru/AC in a fixed bed). For the Ru/AC catalyst, the
average particle size of Ru based on TEM was found to be 1.9 nm (7able 6.1), and a Ru
loading of ca. 2.9 wt.%. Based on the equation of Scholten et a/. [16], the dispersion of
Ru/AC was estimated to be 70%.
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The bromate conversions varied between 24-40 mol.% in these experiments.
Analysis of the data using integral method (#ig. 6.3) also showed first order dependence
of rates in bromate concentartions and ‘4 value of 0.46 min™ at 40 °C.

A comparison in catalytic performance of Ru catalyst supported on AC and CNFs
for the aqueous phase bromate reduction is given in Fjg. 6.4 in terms of the TOF-values
(i.e. mole of bromate converted per mole of surface ruthenium per second). Ru/AC has
a significantly lower intrinsic catalytic activity (Ru/AC: 0.019 s and Ru/CNF: 0.032 s™").
These results indicate that in case of microporous support materials, such as activated
carbon, mass transfer limitations occur, which make it difficult for bromate molecules
to access all active surface Ru sites, resulting in lower conversions for Ru/AC. The

superior performance of Ru/CNF is obvious.
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Figure 6.3: A plot of In (C/Co) as function of time with slope 'k’ (reaction conditions:

2.9 wt.% Ru/AC, bromate concentration 1 to 10 mM, reaction temperature 40 °C).

BET surface area and pore volume measurements for both catalyst supports are
tabulated in fable 6.2. 1t is evident from the values for micropore volumes, that CNF
layers have negligible fraction of micropores (e pores with sizes below 2 nm; these
pores possibly exist only in the thin, dense ‘carbon-like’ layer present near the interface
of the CNF layer and the substrate [17, 18]. AC contains a larger fraction of micropores.
The presence of micropores results in a very high surface area for AC, and this
contribution is low for CNFs. The BET surface area for CNF is the summation of the

micropore area and the geometrical external surface area of the fibers [19, 20]. The ratio
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of external surface to micropore surface is a good indication for possible mass transfer
issues: small values are undesired. In table 6.2 calculated values are given, and these were
found to be >1 for CNFs and <<1 for activated carbon. These ratios underline the
improved mass transfer properties of the macroporous (open) structure of the entangled

carbon nanofibers offering low tortuosity and easy accessibility to all active Ru sites.
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Figure 6.4: Turn-over-frequencies for bromate removal using Ru supported on AC and

CNFs (reaction conditions: bromate concentration 5 mM, temperature 30°C).

Table 6.2: BET surface areas and related properties of carbon nanofiber and activated

carbon catalyst support materials

Mi
Support BET surface Lerop Orf Ratio of external surface area:
) e volume (cm?*/g) .
material area (m’/g) micropore area
STP
CNF 136 0.03 1.27
AC 1125 0.5 0.07

« Measured after oxidation treatment with HNOs acid

6.3.4 Stability of Ru/CNF catalyst
As shown in the previous section, Ru/CNF catalyst layers show high catalytic activity for

the aqueous phase bromate reduction reaction. However, the initially high activity
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showed a gradual decrease during an on stream operation of ca. 5h, ie catalyst
deactivation.

This deactivation demanded further investigation, as well as determination of
possible origins for deactivation of Ru/CNFs for BrO;™ conversion. TEM analysis was
used to probe any variation in average particle size of “aged” catalyst: it was found that
an increase of the Ru particle size had occurred from 1.7 nm to 2.2 nm (after 5h of use).
This emphasizes that sintering occurs during the used experimental conditions. The
most likely pathway for sintering is migration of active Ru ions via Ostwald ripening
[21], which involves detachment of Ru from smaller crystallites and subsequent capture
by larger crystallites [22]. Other pathways for sintering are less likely, because the
reaction temperature is low, as for most liquid phase reactions over supported metal
catalysts. Therefore, temperature driven migration and/or coalescence of metal particles
can not take place. The consequence of particle growth occurring here is 2-fold: the
amount of highly dispersed fine crystallites/particles is lowered, and the surface area of
Ru available for bromate reduction decreases, which together results in a lower catalyst
activity.

A series of experiments were performed to study ways to (partially) regenerate
deactivated catalyst, Ze. 1h treatments of deactivated catalyst with air (oxidizing

atmosphere; 300 °C) or hydrogen (reducing atmosphere; 500 °C).

6.3.4.1 Regeneration of deactivated Ru/CNF catalyst with an oxidizing atmosphere
(air)

Exposure of deactivated Ru/CNF catalyst to an oxidizing atmosphere was intended to
remove any coke and/or amorphous carbonaceous deposited from the surface of active
sites, and which might have been formed during the conversion of organic species e.g
MeOH. A temperature of 300 °C was used to avoid oxidative damage of the CNF
support. TEM analysis confirmed that the structural properties (morphology) of CNFs
did not alter during this oxidation step, normally CNF are stable up to 400 °C in air [18,
23]. Due to the higher degree of crystallinity of CNFs with respect to any coke or
amorphous carbon, it is expected that this treatment selectively burns away the latter.
From figure 6.5, it can observed that this oxidizing treatment did not restore the initial
activity levels of the Ru/CNF catalyst, in fact, a further loss of activity was registered.
TEM analysis of the calcined catalyst revealed that average Ru particle size had increased

to ca. 5 nm. This can be due to sintering caused by the burn off of the non fibrous
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carbon formed during the CNF growth. It is difficult to separate this effect from any
coke formed from organic species during bromate reduction. This is in agreement with
literature: metals sinter relatively rapid in oxidizing atmospheres (O,) compared to
reducing atmospheres (H,) [21]. Thus, a loss of available Ru surface during oxidation
treatment leads to further lowering of catalyst activity, and hence a lower bromate

conversion.
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Figure 6.5: Initial bromate conversion level of Ru/CNF catalyst, after 5h of operation,

and after calcination with air (reaction conditions: 5 mM bromate, temperature 50 °C).

6.3.4.2 Regeneration of deactivated Ru/CNF catalyst with a reducing atmosphere
(H2)

Deactivated Ru/CNF catalyst was also treated with a reducing hydrogen atmosphere
(500 °C; 1.5 h). This treatment resulted in partial regeneration of the catalyst activity: up
to 60% of the initial catalytic activity could be regained (Fjg. 6.6a). TEM images of
reduction-regenerated Ru/CNF revealed that the average Ru particle size was ca. 2.3 nm,
which is nearly similar to the particle size on spent Ru/CNF. When deactivated Ru/CNF
catalyst was subjected to consecutive reduction treatments cycles of bromate reaction-
and-regeneration, no variation was observed in the catalyst activity; a constant 40%
bromate conversion was measured (see Figure 6.6b). This figure reveals an interesting
aspect: although the particle size does not vary after each reduction treatment and each
reduction-regeneration step yields a bromate conversion of ~40% directly after

regeneration, the conversion level of 5h-reaction periods decreased (Fig. 6.6b). This
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indicated that there was an additional mechanism participating in the deactivation of

catalyst during time on stream operating conditions.
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Figure 6.6: (a) Initial bromate conversion level of Ru/CNF catalyst, after 5h of
operation, and after reduction with diluted hydrogen; (b) bromate conversion levels after
two consecutive reduction cycles (reaction conditions: 5 mM bromate, temperature 50
°C).

6.3.4.3 Deactivation of Ru/CNF catalyst

A recent study suggests that the formation of Ru(OH), surface species is responsible for
catalyst deactivation during liquid phase reduction reactions, particularly in presence of
water [24]. Manyar et al, indicate that temperatures above 400 °C are required to reduce
Ru(OH)x species [24]. This was further supported with a temperature programmed
reduction (TPR) study of Ru supported on graphite support, where it was found that a
temperature of 500 °C was adequate to reduce Ru in the HDP prepared catalyst.
Although this temperature-requirement is fulfilled during reduction-regeneration of
deactivated Ru/CNF in our case, complete regeneration of the initial activity is not still
achieved. This implies that the irreversible sintering of the Ru particles is the main
reason for deactivation. Leaching of active (Ru) metal or CNF support might lead to the
loss of catalyst activity during the first reaction period of 5h. However, the ICP analysis
of solutions collected after reaction did not indicate presence of Ru. Additionally, the
constant bromate conversion level of ~40% (as measured directly after each
regeneration treatment) indicates that leaching is not a major issue. Ru is also known to
be one of the metals least susceptible to leaching [22]. Thus, catalyst deactivation after

the first regeneration treatment (bromate conversion from 22% to 13%) could be due to
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formation of inactive species such as Ru(OH),. Indeed, XPS analysis (Fig. 6.7) of
deactivated catalyst (after 5h of bromate conversion) indicates the presence of surface
hydroxide: the deconvoluted Ols spectrum contains a fitting curve with a binding
energy around 531-532 eV, which is attributed to hydroxide species [25, 26]. In
conclusion, the catalytic activity of Ru/CNF catalyst during bromate reduction shows
that Ru active phase deactivates due to irreversible sintering (via Ostwald ripening), as
well as formation of catalytically inactive surface species (Ru(OH);) during long(er) on
stream operation times. However, oxidation of Ru via bromate can not be ruled out as

one of the reasons of catalyst deactivation.
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Oxygen Il : adsorbed water
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Figure 6.7: XPS spectrum of deactivated Ru/CNF catalyst after 5 h time on stream

operation: deconvoluted O1s peak.

By controlling the interaction of water with surface Ru, the amount of Ru(OH)
formed can be lowered. A method to achieve this is by creating a (partially) hydrophobic
environment near the catalyst surface. In this context higher alcohols are known to be
less hydrophilic than MeOH [24]. A series of experiments was carried out to test the
influence of substituting methanol by 2-propanol and 2-butanol during the aqueous
phase reduction of bromate. Figure 6.8 shows the normalized activity of Ru/CNF
catalyst as function of time on stream operation time. Clearly, the catalyst activity in the
case of 2-butanol is substantially more stable with respect to time than in the presence of

methanol. Methanol is hydrophilic and easily soluble in water due to its polar nature.
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However, the polar nature of an alcohol molecule diminishes with increasing number of
carbon atoms (Ze the length of alkyl group), which makes longer alcohols less
hydrophilic and hence less soluble in water. This effect explains the trend seen in Figure
6.9 2-butanol has an increased hydrophobicity with respect to methanol, and thus 2-
butanol resulted in a more stable catalytic activity. Moreover, the CNF support material
is hydrophobic, since the catalyst activation step (reduction at 500 °C) removed the
majority of oxygen containing groups, and this favors the formation of a high
concentration alcohol layer near the catalyst surface that protects Ru from deactivation

via hydroxylation.
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Figure 6.8: Normalized Ru/CNF catalyst activity fora primary alcohol (i.e. methanol)
and a secondary alcohol (i.e. 2-butanol) (reaction conditions: 5 mM bromate,

temperature 50 °C).

However, although use of higher alcohols improves the stability of the catalyst, the
use of these alcohols also results in lower initial conversions for bromate reduction.
Figure 6.9 shows the initial bromate conversion levels observed for three alcohols: this
lowering is due to the fact that MeOH competes favorably with water for the
hydrophobic CNF surface in comparison to higher alcohols [24]. We believe that the
presence of 2-butanol molecules near/on the surface of the catalyst somewhat
hampers/delays the access of bromate molecules to the Ru active sites due to this
hindrance, resulting in mass transfer limitations and hence lower initial conversion

level, despite the more stable in-time catalytic behavior. However, differences in



124 || Chapter 6

activities might also be originating from the difference in reduction capabilities of

various alcohols.

80
70%

60+

40%
40

25%

BrO; conversion [%)]

Methanol 2-Propanol 2-Butanol

>

Increasing hydrophobicity

Figure 6.9: Ru/CNF catalyst activity for bromate reduction for different alcohols:

methanol, 2-propanol, and 2-butanol (reaction conditions: 5 mM bromate, temperature
50 °C).

6.3.5 Reaction sequences for bromate reduction

Aqueous phase bromate reduction via heterogeneous redox catalysis has been proposed
previously in literature [14]. The analysis of Ru/CNF catalyst at various stages, Ze. of
fresh, and after reaction, was performed using XPS. Figure 6.10a shows the XPS
spectrum of fresh catalyst. The most prominent peak observed was Ru 3ds, (more
commonly seen Ru 3p;, peak exhibited extremely weak signal). The insets shown in
figure 6.10a illustrate the magnified portion of Ru 3ds,, peak overlapping with Cls peak
of carbon. After appropriate curve fitting procedure the estimated value of binding
energy turn out to be 280.7 eV. This corresponds with that reported for RuO, [27]. In
the case of a used catalyst Ru 3ds;, (Fig. 6.10b) binding energy was found to shift to
higher value by almost 1.5 eV indicating presence of higher oxidation state between
RuO; and RuO; (282.3 eV) [27]. These results show that Ru in fresh Ru/CNF catalyst
still consists of oxidized Ru species, ie. RuO,. Eventhough the catalyst was prereduced

at 500 °C, exposure to air at ambient oxidizes Ru, in agreement with literature [24].
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Figure 6.10: XPS spectrum of fresh (a) and spent Ru/CNF catalyst (b).

Oxidized Ru species, RuO, reduces bromate to bromide (particularly at higher pH
values [13]) and in the process oxidizes itself to higher oxidation state, most probably to
RuO;, Eq. (6.6). Once RuQ; is formed it further oxidizes alcohol present in the reaction
mixture and gets reduced to RuO,, Eq. (6.7), to recycle for next catalytic redox cycle.
This can result in simultaneous formation of alkoxy species. It has been observed in
literature previously, that platinum group metals served in formation of such species
from aqueous phase solutions [24, 28]. However, as outlined earlier, simultaneous
gradual hydroxylation to Ru(OH), deactivates Ru/CNF catalyst during time on stream

operation.
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BrQ, + RuQ,— Br +0, + RuQ, (6.6)
CH,OH + RuG, > HCHO+ H,0 + RuQ, 6.7)

Figure 6.11 shows the simplified schematic representation of aqueous phase
bromate reduction via heterogeneous redox catalysis mediated by Ru/CNF catalyst

layers in microreactor.

Catalytic cycle

IIIIIIIII/4
CNF %

. ‘ BrO;, —» Br+ 0,
/ .
I ' Oxidation

\ / / B

CH,0H ——— HCHO + H,0 ‘

-

. ' Reduction

Figure 6.11: Proposed reaction sequence for aqueous phase bromate reduction over a

Ru/CNF catalyst layer in the flow channel of a silicon-based microreactor.

6.4 Conclusions

Carbon nanofiber supported ruthenium catalyst layers integrated in silicon based
microreactors showed promising catalytic performance in eliminating bromate
contamination from aqueous solutions. It was demonstrated that CNF based catalyst are
indeed highly active for bromate reduction, resulting in TOFs larger in comparison to

conventional powdered catalyst Ze activated carbon. This enhance catalytic
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performance is due to improved mass transfer properties of entangled CNF layers with
macroporous (open) structure, which offer low tortuosity and subsequently enhanced
accessibility to all the Ru active sites in contrast to the poor accessibility of active sites in
the case of AC support material. This benefit is crucial in particular for heterogeneously
carried liquid phase reaction where mass transfer limitations are important factor.
Although a high catalytic activity was shown a gradual deactivation of Ru/CNF catalyst
was observed under current experimental conditions. Further investigation of spent
catalyst showed that severe sintering took place leading and confirming no deposition
of coke or amorphous carbon deposits on Ru catalyst. Specific characterization using
XPS indicated the formation of Ru(OH), species as an additional cause of deactivation.
The use of higher alcohols indeed limited the extent of deactivation by controlling
hydroxylation of Ru. It is proposed that aqueous phase bromate removal is carried out
by heterogeneous redox catalysis via bromate reduction to bromide mainly by RuO,
which itself get oxidized to a higher oxidation state and react with alcohol to be recycled
after being reduced in the process. In general, Ru supported on CNF layers inside
microreactor systems offers a promising option in terms of efficient and green way for

removal of drinking water pollutants such as bromate.
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Chapter

Conclusions and Recommendations

Abstract

The work presented in this thesis highlights the use of carbon nanofibers (CNFs) as
structured support materials for catalytic phase. Integration of such layers inside the
structured channels of microreactor module was the main task of this thesis. In previous
chapters systematic study of the various aspects, including synthesis, morphology, surface
chemistry and catalytic performance of CNFE layers, was presented. This chapter
summarizes main conclusions of the work carried out in this thesis followed by some

recommendations for future research.
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In Chapter 2, synthesis of carbon nanofibers on fused silica substrates coated with
nickel based thin-films using thermal catalytic chemical vapor deposition of ethylene
(700 °C, 1h growth time) was investigated. Three different adhesion layers were used
under the nickel layer. Although CNFs could be synthesized on 25 nm nickel with a
titanium adhesion layer (10-200 nm), titanium is not a good adhesion material. The use
of a 10 nm thick adhesion layer of titanium-tungsten or tantalum resulted in the
formation of well-attached CNF-layers. The carbon nanofibers in these layers were
entangled, quasi-crystalline and showed tip-type growth mode. For both metal layer
configurations, Ze. Ni/Ti-W and Ni/Ta, the thickness of the CNF layer was ~ 3.5 pm,
whereas the diameter of the fibers was smaller in case of Ni/Ta (20-50 nm) compared to
Ni/Ti-W (80-125 nm). This is related to the grain size of the nickel nanoparticles
formed during the reduction treatment prior to the CNF synthesis step. The presented
results on the adhesion and properties of CNF-coatings synthesized on nickel based
thin-films on fused silica yields important knowledge for the fabrication of CNF-based

catalyst support layers to be used in microreactors for multiphase reactions.

In Chapter 3, the synthesis and characterization of carbon nanofiber (CNF) layers
on fused silica and oxidized silicon substrates using nickel-based thin-films (Ze. Ni/Ti-
W and Ni/Ta) is described. By means of high-resolution SEM imaging the influence of
various growth parameters on the morphology of catalytic thermal chemical vapour
deposited CNF-coatings is studied. It was found that the most important parameters
were ethylene concentration and addition of hydrogen to the reactant mixture. In case
of Ni/Ti-W and Ni/Ta thin-films (25 nm Ni, 10 nm Ti-W or Ta) on flat fused silica or
oxidized silicon substrates, open, entangled jungle’ CNF layers were found for ethylene
concentrations > 25 vol.%. Moreover, addition of hydrogen to ethylene significantly
enhances the rate of formation of CNFs, and reduces the average diameter of the fibers.
When Ti-W is used as adhesion material for Ni, the concentrations of ethylene and
hydrogen should not exceed 25 vol.% and 6.25 vol.%, respectively, in order to avoid the
existence of a thick ‘dense’ C-layers between the substrate and the ‘open’ CNF layer.
However, for similar synthesis conditions this C-layer is absent when Ta is used as
adhesion material.

CNF layers are to be used as a structured catalyst support in microreactors. The
‘optimal’ C-TCVD conditions (Ze. C,H, with H, and a Ni/Ta thin-film) resulted in a
good thickness uniformity of CNFs synthesized on the sidewalls of oxidized silicon
micropillar arrays. The CNF layers filled the complete space between the pillars, which



134 || Chapter 7

is important for performing gas-liquid-solid reactions. Catalytic metal particles were
successfully pulsed laser deposited on such rigid, open-structure CNF-coatings, and the
particles were homogeneously dispersed over the complete CNF layer. Despite the
visually ‘open, entangled jungle’ character of the CNF layer and the homogeneous
distribution of the nanoparticles across its thickness, prior to use of functionalized CNFs
in microreactors issues such as mass transfer need to be verified experimentally. These
aspects were investigated for liquid phase reactions with Pd and/or Ru anchored to the
CNF-layer.

In Chapter 4, ruthenium catalytic nanoparticles on carbon nanofiber support
layers were realized via homogeneous deposition precipitation and pulsed laser
deposition. CNF layers are functionalized by oxidation with nitric acid to facilitate Ru
deposition. Besides removal of exposed nickel (used for CNF-growth), acid treatment
forms oxygen-containing groups on the surfaces of CNFs (mainly carboxyl and
hydroxyl groups).

Ruthenium was anchored on oxidized CNF layers by means of HPD and PLD.
Critical issues for a good dispersion of the particles and a sharp size distribution are the
pH of the precursor solution (HDP) and the reduction treatment after deposition
(PLD). Both optimized deposition methods resulted in a ruthenium loading of 2.3 £ 0.1
wt.% (HDP had a narrower particle size distribution). The presence of nanoparticles
across the complete thickness of the CNF layers was found to be uniform when HDP
was used to deposit Ru on CNF layers. Using the optimal CNF-growth settings such that
the spacings between cylinders in a silicon-based microreactor channel were completely
filled with an open, entangled jungle CNF layer, these CNF layers were successfully
functionalized and well dispersed ruthenium clusters grown. A catalytic microreactor
module containing Ru particles attached to carbon nanofibers which fill the entire

reactor volume keeping the highly porous and/or open structure, is achieved.

In Chapter 5, Carbon nanofiber supported palladium (Pd) catalyst layers
synthesized inside silicon based microreactors were used for studying the reduction of
aqueous nitrite solution. Nitrite hydrogenation is known to be kinetically fast reaction,
hence ideal for demonstrating performance of synthesized CNF layers inside
microreactor systems. The catalyst layers were prepared via incipient organic
impregnation method using palladium acetylacetonate precursor solution in toluene. A

relatively large average particle size of Pd (~7-9 nm) was obtained with uniform
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distribution across the CNF layers. The mass transfer properties, both external and
internal, were probed and the intrinsic rates of nitrite conversion (TOF) were found to
be independent of the, (7)linear velocity higher than 90 cm/min (flow rate of 50 uL/min
for the current microreactor module), and (77) CNF layer thickness below ~13 um,
indicating the absence of any mass transfer limitations. Thus optimized CNF layers then
can be applied for performing relevant aqueous phase reactions, such as aqueous phase

bromate reduction.

In Chapter 6, carbon nanofiber supported ruthenium catalyst layers integrated in
silicon based microreactors showed a promising catalytic performance in eliminating
bromate contamination from aqueous solutions. It was demonstrated that a CNF based
catalyst is indeed highly active for bromate reduction, resulting in TOFs larger in
comparison to conventional powdered catalyst Ze. Ru/activated carbon. This enhanced
catalytic performance is due to improved mass transfer properties of entangled CNF
layers with macroporous (open) structure, which offer low tortuosity and subsequently
enhanced accessibility to all the Ru active sites, in contrast to the poor accessibility of
active sites in the case of microporous AC support material. This benefit is crucial to in
particular heterogeneously carried liquid phase reactions where mass transfer
limitations are important factor. Although a high catalytic activity was shown, a gradual
deactivation of the Ru/CNF catalyst was observed under current experimental
conditions. Further investigation of used catalyst showed that severe sintering took
place and confirmed no deposition of coke or amorphous carbon on Ru catalyst.
Specific characterization using XPS indicate the formation of Ru(OH)x species as an
additional cause of deactivation. The use of higher alcohols indeed limited the extent of

deactivation by controlling hydroxylation of Ru.

It is proposed that aqueous phase bromate removal is carried out by
heterogeneous redox catalysis via bromate reduction to bromide, mainly by RuO, which
itself gets oxidized to a higher oxidation state and react with alcohol to be recycled after
being reduced in the process. In general, Ru supported on CNF layers inside
microreactor systems offers a promising option in terms of efficiency and offer a “green”

method for removal of drinking water pollutants such as bromate.
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Recommendations
It has been shown in this thesis that stable CNF layers with an open, entangled

morphology can be synthesized on the structured internals of silicon based microreactor
channels using Ni thin films. However, deposition of CNF growth metal in pillared
microchannels, particularly with high aspect ratios and small inter pillar spacing can
pose a challenge in terms of obtaining a uniform thickness of Ni across the pillar height.
This consequently can result in non-uniform growth of CNFs, as also described in
chapter 3 of this thesis. Though this issue has been effectively dealt in this work by
optimizing growth conditions, the metal PVD deposition technique does need further
optimization. One way to overcome this issue can be carrying out deposition at an angle
with respect to the substrate/wafer. This would reduce the non-uniformity in the
thickness of deposited metal film on the pillar sidewalls, and thus be beneficial for
synthesizing a uniform CNF layer thickness. Obviously, the use of large(r) pillar spacing
and limited pillar height also helps.

The pillars fabricated in microchannels can be utilized for distributive gas
injection along the microchannel length for multiphase (gas-liquid-solid) reactions. The
reactor configuration described so far is suitable for operation in heterogeneously
catalyzed liquid phase and/or gas-saturated liquids (as shown in chapter 6 and chapter 5,
respectively). Measures can be taken to introduce gas in the reactor along the length of
microchannels vza hollow porous pillars, mimicking a membrane reactor configuration.
This can be an important aspect in terms of product distribution as conversions in such
reactions are found to be very sensitive to concentration gradients typically occurring
along used microchannel lengths. Such CNF-microreactors can be evaluated to
introduce gas to the reactor and to optimally mix gas and liquid phase. However, the
spatial synthesis of CNF layers on these porous cylinders has to be optimized to be able
to inject the gas through hollow porous pillars.

PLD has been utilized as one of the methods to anchor catalytic active sites on
CNF layers in microreactor channels. As already mentioned in chapter 4, it could
provide various possibilities for exploring active metal deposition. It could be possible
with this method to perform multi-component deposition, maintaining required
stoichiometry to obtain bi-metallic/oxidic catalytic materials [1, 2]. However, obtaining
uniform deposition of active metal on each individual fiber across the entire CNF layer
thickness would be difficult. This uncertainty indeed motivated to opt for liquid phase

deposition techniques in this work (chapter 5 and 6). Nevertheless a further tuning
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and/or optimization of parameters during PLD deposition can be a way to utilize this
method effectively to anchor active metal sites on CNF layers. Parameters such as target-
substrate distance, the spot size of laser beam, the laser fluency and frequency, the gas
pressure (e.g. Ar atmosphere) in deposition chamber and controlling the temperature of
substrate vza holder heater can be some important parameters that can affect the overall
quality of deposition of active metal on the CNF layers. It would also be useful to vary
and/or optimize CNF bulk density (amount of CNFs per unit microchannel volume)
accordingly to minimize shadow effect of entangle morphology of CNF in terms of
exposing individual fiber to the flux of active metal. This has to be supported with
appropriate characterization to investigate the degree of uniformity of metal deposition
on isolated spots across the CNF layer thickness.

The application of CNF supported catalysts for nitrite and bromate removal inside
structured microreactors has been shown in this thesis. Comparable system
configurations can be applied for carrying out other reaction of similar requirements,
particularly reactions with facile kinetics. For example alkyne hydrogenation (e.g using
Pd) which has a selectivity issue, that is alkene product can be further hydrogenated to
alkane. The benefit of open-structure support materials such as CNFs can be
demonstrated for such reactions. Diffusion limitations which can lead to loss in
selectivity of alkene can be avoided. The presence of nickel (in trace amounts also) is not
an issue since the commercial alkyne selective hydrogenation catalyst also contains
nickel which is seen beneficial. The comparison with a mesoporous catalyst support
such as y-ALO; can be used to highlight the advantages of microreactor with CNF to
achieve better accessibility of catalytic sites. Eventually role of CNFs (when
hydrophobic, non-acidic) itself in altering (7) activity of metal for alkyne conversion and
(if) selectivity to alkenes, has to be investigated and elucidated further for better insights.

The configuration of pillars arranged inside microreactor channel can be tested

with different designs.
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Figure 7.1: Schematic representation of various arrangements of arrays of pillars
micromachined inside reactor channels. (black portion is a pillar, grey portion is CNF-

layer anchored on sidewalls of pillars).
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Figure 7.1 shows some possible options. An array of diamond-shaped pillars can
be the preferred one to obtain even more efficient CNF-filling, provided that the Ni is
uniform on all sides.

In this work the use of stable thin metal films for synthesizing well attached CNF
layers has been demonstrated. Porous ceramic layers deposited/prepared on flat surfaces
of microreactor channels can also facilitate the integration of catalytic CNF layers into
microreactors. The layers of y-alumina deposited for example by sol-gel method can be
prepared on microreactor channel internals. Thus prepared layers can further be
impregnated with nickel particles via classical impregnation techniques which will
further act as nucleation sites for CNF growth using catalytic thermal chemical vapor
deposition (C-TCVD) of carbon containing gases. y-Al203 is a promising candidate
due to high surface area, high thermal stability and controllable surface acidity [3].
Important parameters that needed to be optimized are for example, stability and
thickness of ceramic layer and porosity, since penetration of nickel particles and
subsequent mechanical attachment of later synthesized CNF layers can be dependent on
it. Additionally, loading of Ni deposited on alumina layer has to be optimized to control
CNF growth later. Moreover, CNF growth parameters during C-TCVD (as described in
chapter 3) have to be re-evaluated to avoid any problems with CNF layer stability as well
as morphology.
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