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Summary

The work described in this thesis has provided information about the preparation of
micro-structured materials based on carbon nano-fibers (CNFs), which were immobilized
on macro-structured supports. The CNFs were catalytically produced via the
decomposition of hydrocarbons (i.e. CH4 and C,H,) over nickel. Two macro-structured
materials were used as examples i.e. ceramic monolith and metal foam. From the
perspective of the use of monoliths as structured materials to support catalysts, this work
aims on the preparation of improved washcoats based on CNFs, competing the well
known relatively dense inorganic washcoats. Metal foams are much less explored as
structured catalyst supports and in this case the preparation of stable and uniform
washcoats is still a challenge.

Chapters 2 and 3 discuss the results of the immobilization of CNFs on monolith support.
The detailed microscopic evaluation of the monolith revealed that at the outer surface of
the washcoat a hairy layer is formed with a typical thickness of 1 um containing CNFs
exclusively. The structure of this layer is similar to the inverse structure of a traditional
alumina washcoat, although much thinner. The hairy layer is supported on a composite
layer containing both CNFs and fragments of the alumina washcoat. It turns out that the
thickness of the CNFs layer at the outermost surface as well as the diameter of the fibers
increases with mean Ni-particle size.

Formation of CNFs on the monolith using methane leads to immediate fragmentation and
doubling of the thickness of the washcoat, independent on the amount of CNFs. Thus, a
macro-porous composite layer of entangled alumina particles and CNFs is formed. The
pore size in the washcoat was 5-20 nm, whereas the typical diameter of the CNFs was 10-
30 nm. It is obvious that the formation of a CNF with a diameter larger than that of the
pore would result in an immediate fragmentation of the washcoat. The total porosity
decreases with the amount of CNF whereas the surface area per gram monolith increases.

Extensive formation of CNFs out of the washcoat results in detachment of the washcoat
from the cordierite because a hairy layer of CNFs is formed on the interface between the
washcoat and the cordierite, resembling the hairy layer on the outer surface of the
washcoat. Furthermore, extended formation of CNFs inside the cordierite body causes
disintegration of the monolith body when macro-pores are locally overfilled with CNFs.
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Methane is preferred over ethene for the formation of CNFs because ethene forms CNFs
rapidly even on relatively large Ni particles, resulting in thick fibers up to 70 nm in the
macro-porous cordierite, destroying the monolith.

Chapters 4 and 5 discuss the result of the immobilization of CNFs on Ni foam. A rough
and hairy layer of entangled CNFs was formed on the surface of the foam. The surface
area of the Ni foam increased from less than 1 m%g to about 30 m%g. The pore volume of
the synthesized CNFs layer is 1 cm®g. Moreover, the voids between the CNFs are
macropores and thus significantly larger than the typical mesopores in conventional
inorganic catalyst supports.

The formation of CNFs on polycrystalline Ni started with formation of NisC, which then
decomposes into Ni and carbon. As a result, a rough surface with small Ni particles (10-
100 nm) is formed when the polycrystalline Ni surface was exposed to ethene at 450°C
for 0.5 hour. Some of the Ni particles started to synthesize CNFs with diameters between
10 and 70 nm. The size of the Ni particles is significantly smaller than the size of the
grains in the Ni foam (1-10 um). Thus, fragmentation of the Ni grains into small Ni
particles occurs before CNFs start to form.

The formation rate of CNFs on oxidized Ni foam was one order of magnitude higher than
the rate on reduced Ni foam. It is concluded that C,H4 was able to reduce NiO under the
formation conditions forming Ni nuclei. It is suggested that these nuclei are directly
converted to small NizC particles, which grow and then decomposes when the size
surpasses the window that allow the formation of CNFs. Obviously, the formation of
small NizC particles from Ni nano particles, produced by in-situ reduction of NiO will be
faster than the Ni3C formation from large (microns) Ni crystals.

The formation rate of CNFs on pre-shaped small Ni particles supported on monolith takes
off with a high rate followed by deactivation exclusively. In contrast, formation rate of
CNFs on polycrystalline Ni foam at constant temperature initially increased, reached a
maximum value and then decreased. The initial increase in the formation rate of CNFs on
polycrystalline Ni is caused by the necessity of fragmentation of Ni grains into small Ni
particles.

The integrity of the samples and strong attachment of the CNFs to the Ni foam surface or
to monolith are necessary for application of the final composite materials as structured
catalyst supports. The monoliths can easily disintegrate when CNFs formation is
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excessive, either in the cordierite or on the interface between the cordierite and the
washcoat. Thus, having a high Ni concentration at the outer surface of the washcoat and
no Ni in the cordierite as well as choosing a low activity of the carbon containing gas (i.e.
CH,) are essential to form CNFs without excessive formation of CNFs in the cordierite.

The integrity of the Ni foam was lost after synthesizing 138 wt% CNFs at 500°C in 3
hours. On the other hand, the foams were stable after synthesizing 50 wt% CNFs at
450°C in 6 hours. The Ni foam collapsed at high temperature because of the increase in
the rate of corrosive metal dusting with temperature. As opposed to metal dusting, it
seems that dissolution of small amounts of carbon from ethene dissociation in the Ni
foam increases the mechanical strength of the foam. In both cases, the CNFs layer can
withstand shear forces caused by flowing water (1 m/s) through the composite sample.

Chapter 6 further investigate the formation of CNFs on polycrystalline Ni. Well-ordered,
perfectly coordinated polycrystalline Ni particles with different sizes supported on silicon
wafer were used to form CNFs. This study allowed us to correlate the properties of
individual CNFs formed with the local morphology of the Ni surface. However, the
formation of nickel silicide resulted in decreasing the formation rate of CNFs compared
to the formation rate on Ni foam. We suggested that lowering of the carbon activity via
addition of H, resulted in homogenous distribution of carbon in the particle. This can
explain why the particle fragmentized completely into smaller particles.

Finally, in Chapter 7, the composite materials synthesized were qualitatively evaluated
and a future research plan was recommended in order to optimise the composite materials
as catalyst support in liquid phase.
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Samenvatting

Het werk beschreven in dit proefschrift geeft informatie over de bereiding van
microgestructureerd materiaal gebaseerd op koolstof nano-vezels (carbon nano-fibres
CNF’s), welke vast zitten op een macrogestructureerde drager. De CNF’s worden
katalytisch geproduceerd via de ontleding van koolwaterstoffen (b.v. CH, of C,H,4) over
nickel. Twee macro gestructureerde materialen (een keramische monoliet en een metaal
schuim) werden als voorbeeld gebruikt. Vanuit het perspectief van het gebruik van
monolieten als gestructureerde materialen voor katalysator dragers, richt dit werk zich op
de bereiding van verbeterde washcoats gebaseerd op CNF’s, om te concurreren met de
goed bekende relatief dichte anorganische washcoats. Metaal schuimen zijn veel minder
goed onderzocht als gestructureerde katalysator dragers en in dit geval is de bereiding
van een stabiele en uniforme washcoat nog steeds een uitdaging.

Hoofdstuk 2 en 3 bediscussieert de resultaten van de immobilisering van CNF’s op een
monoliet drager. De gedetailleerde microscopische evaluatie van de monoliet gaf te zien
dat op het buiten oppervlak van de washcoat een harige laag is gevormd met een
typerende dikte van 1um, die alleen CNF’s bevat. De structuur van deze laag is gelijk aan
de inverse structuur van een traditionele alumina washcoat, alleen veel dunner. Deze
harige laag zit op een composiet laag, die zowel CNF’s als fragmenten van de alumina
washcoat bevat. Het blijkt dat zowel de dikte van de CNF’s in de buitenste laag als de
diameter van de koolstof vezels toeneemt met de gemiddelde Ni-deeltjes grootte.

De vorming van CNF’s op de monoliet met behulp van methaan, geeft onmiddellijke
fragmentatie en verdubbeling van de dikte van de washcoat, onafhankelijk van de
hoeveelheid CNF’s. Zodoende wordt een composiet laag van verstrengelde alumina
deeltjes en CNF’s gevormd. De porie grootte in de washcoat was 5-20 nm, terwijl de
typerende diameter van de CNF’s 10-30 nm was. Het is vanzelfsprekend dat de vorming
van een CNF met een diameter groter dan die van de porie, zal resulteren in de
onmiddellijke fragmentatie van de washcoat. De totale porositeit neemt af met de
hoeveelheid CNF’s, terwijl het oppervlak per gram materiaal toeneemt.

Buitensporige vorming van CNF’s uit de washcoat resulteert in het loslaten van de
washcoat van het corderiet, omdat een harige laag CNF’s wordt gevormd op het vlak
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tussen de washcoat en het corderiet, die lijkt op de harige laag op het buiten oppervlak
van de washcoat. Verder geeft voortgezette vorming van CNF’s binnen in het corderiet
lichaam, desintegratie van het monoliet lichaam, als de macroporién lokaal overgevuld
raken met CNF’s.

Methaan wordt geprefereerd boven etheen voor de vorming van CNF’s, omdat etheen
sneller CNF’s vormt, zelfs op relatief grote Ni deeltjes, hetgeen resulteert in dikke
koolstof vezels tot 70 nm, welke de monoliet vernielen.

Hoofdstuk 4 en 5 behandelen de resultaten van het immobiliseren van CNF’s op nikkel
schuim. Een ruwe en harige laag van verstrengelde CNF’s wordt gevormd op het
oppervlak van het schuim. Het oppervlak van het nikkel schuim neemt toe van minder
dan 1 m?/g tot ongeveer 30 m?/g. Het porievolume van de gesynthetiseerde CNF’s laag is
1 cm®/g. Bovendien is de lege ruimte tussen de CNF’s macroporeus en dus aanzienlijk
groter dan de typische mesoporién in conventionele katalysator dragers.

De vorming van CNF’s op polykristallijn Ni begint met de vorming van NisC, dat
ontleedt in Ni en C. Als resultaat wordt een ruw oppervilak met kleine nikkel deeltjes (10-
100 nm) gevormd, wanneer het polykristallijne oppervlak wordt blootgesteld aan etheen
bij 450 °C gedurende 0,5 uur. Sommige van de Ni deeltjes beginnen CNF’s te maken met
diameters tussen 10 en 70 nm. De grootte van deze Ni deeltjes is beduidend kleiner dan
de grootte van de korrel in het nikkel schuim (1-10 um). Bijgevolg, treedt er dus
fragmentatie van de Ni korrels in kleinere Ni deeltjes voor de CNF’s beginnen te groeien.

De vormingssnelheid van CNF’s op geoxideerd Ni schuim was een orde van grootte
hoger dan de snelheid op gereduceerd Ni schuim. Er wordt geconcludeerd dat C,H4 in
staat is om NiO te reduceren onder de vormingscondities voor het ontstaan van Ni
kernen. Er wordt gesuggereerd dat deze kernen direct worden omgezet in kleine NisC
deeltjes, die groeien en dan ontleden, wanneer hun grootte de grens passeert, die de
vorming van CNF”s toestaat. Ogenschijnlijk is de vorming van kleine Ni deeltjes uit Ni
nano deeltjes, geproduceerd door de in-situ reductie van NiO, sneller dan de NisC
vorming uit grote (microns) Ni kristallen.

De vormingssnelheid van CNF’s op voorgevormde kleine Ni deeltjes gedragen op een
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monoliet, start met een grote snelheid, gevolgd door uitsluitend deactivering. In
tegenstelling hiermee neemt op polykristallijn Ni schuim de vormingssnelheid van CNF’s
bij constante temperatuur in het begin alleen maar toe, bereikt dan een maximum en
neemt weer af. De initiéle toename in de vormingssnelheid van CNF’s op polykristallijn
Ni wordt veroorzaakt door de noodzaak van de fragmentatie van de Ni korrels in kleinere
Ni deeltjes.

De integriteit van de monsters en de sterke hechting van de CNF’s aan het Ni schuim of
de monoliet zijn nodig voor het toepassen van het uiteindelijke composiet materiaal als
een gestructureerde katalysator drager. De monolieten kunnen gemakkelijk uiteen vallen
wanneer de CNF’s vorming te overdadig is, of in het corderiet of in het tussenvlak van
het corderiet en de washcoat. Dus is het creéren van een hoge Ni concentratie aan het
buitenoppervlak van de washcoat en geen Ni in het corderiet, alsmede het kiezen van een
koolstof bevattend gas met een lage activiteit (b.v CH,) van het grootste belang voor de
vorming van CNF’s zonder excessieve vorming van CNF’s in het corderiet.

De integriteit van het Ni schuim ging verloren na het synthetiseren van 138 wt% CNF’s
bij 500 °C in 3 uur. Anderzijds waren de schuimen stabiel na synthese van 50 wt% CNF’s
bij 450 °C in 6 uur. Het Ni schuim valt bij hoge temperatuur uit elkaar omdat de snelheid
van corrosief metal dusting toeneemt met de temperatuur. Als tegenstelling tot de metal
dusting, schijnt het oplossen van kleine hoeveelheden koolstof van de etheen dissociatie,
de mechanische sterkte van het schuim te doen toenemen. In beide gevallen kan de
CNF’s laag de afschuifkrachten van stromend water ( 1m/s) door het composiet materiaal
gemakkelijk weerstaan.

In hoofdstuk 6 wordt de vorming van CNF’s op polykristallijn Ni verder onderzocht.
Goed geordend perfect gecoordineerd polykristallijne Ni deeltjes met verschillende
grootten gedragen op een silicium wafer, werden gebruikt om CNF’s te vormen. Deze
studie geeft inzicht in de correlatie van de eigenschappen van de individuele CNF’s
gevormd met de lokale morfologie van het Ni oppervlak. Jammer genoeg vertraagde de
vorming van Ni silicide de snelheid van CNF’s vorming vergeleken met de snelheid op
nikkel schuim. Wij suggereren dat het verlagen van de koolstof aktiviteit via het
toevoegen van H2 resulteert in een homogene verdeling van koolstof in het deeltje. Dit
kan verklaren, waarom het deeltje volledig fragmenteert in kleinere deeltjes.
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Tenslotte wordt in hoofdstuk 7 het gesynthetiseerde composietmateriaal kwalitatief
geévalueerd en toekomstige onderzoeksplannen aanbevolen voor de ontwikkeling van
stabiele gestructureerde composietmaterialen als katalysator drager, die gebruikt kunnen
worden bij de katalyse van vloeistoffase reacties, met als resultaat minder massatransport
limitering en dus een hogere conversie en een betere selectiviteit.
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Chapter 1

1. Introduction

Catalytic multiphase reactions account for more than 85% of industrial chemical
processes and about $ 1000 billion of chemical sales per annum in USA only [1,2].
Typical processes include the manufacture of petroleum-based products and fuels,
production of polymers and other materials and pollution abatement. In most of these
processes, a multiphase chemical reactor is the heart of the process [2].

Unfortunately, the rates as well as the selectivity in many industrial catalytic multiphase
reactions are affected by the rate of mass transfer. A typical example is converting
unsaturated liquid oil to a solid product via a multiphase catalytic reaction with H,. This
hydrogenation is important in industry since the consistency of the melting behavior is
improved; resulting is more stable product [3,4]. Gonzalez-Velasco et al. [4] studied in
details the catalytic hydrogenation of methyl oleate, which is the main component of
olive oil, using a Ni/SiO, catalyst in a slurry reactor. The authors concluded that, at 6 bars
and 180°C, both activity and selectivity significantly decreased when the size of the
catalyst particles is larger than 50 um and the stirring rate is below 2000 rpm. A second
example is heterogeneous catalytic hydrogenation of inorganic salts (e.g. NO3’) dissolved
in wastewater or ground water to harmless N, [5-7]. However, the undesired by product
(i.e. NH4") is formed. D’Arind et al. [7] studied the effect of support porosity on the
selectivity of nitrate reduction. Their results show that the selectivity to N2 benefits from
the use of low surface area and large pores support. The authors concluded that
intraparticle diffusion and local buffering in control of the activity and selectivity of the
reaction. Therefore, concentration gradients in the catalyst particles need to be avoided,
which can be achieved only by limiting diffusion distances to the sub-micron range in
both cases

Mass transfer limitation occurs more frequently in industrial catalytic reactions where
dissolved species have to react with gaseous compounds (e.g. dissolved H;) because of
two main reasons; First, the solubility of these gases is limited and second, the diffusion
coefficients in liquid phase is lower than that in gas phase by a factor of 10 [8].

Figure 1 represents a G-L-S mass transfer model in a slurry phase reactor. First, gas
reactants have to dissolve in the liquid phase, transport to the surface of the catalyst
particle by diffusion in a stagnant layer of liquid. Then, gas and liquid reactants have to
internally diffuse through the porous catalyst particle in order to reach the active site and
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react. Similarly, the products of the reaction must diffuse out of the catalyst particle to the
surface before being transported to the surrounding bulk of the liquid [9,10].

|
_ |

[c]

T

rparticle

Solid:catalyst
fast reaction

d : | L-S\

Distance toward the center of the particle
Figure 1: Concentration gradient in and around catalyst particle for a G-L-S fast chemical
reaction.

gas liquid

The transfer of reactants from the external surface of catalyst particle to the active sites
inside the particle requires a driving force, the concentration gradient, which results in
variation of the local concentrations of reactants and products over the active sites. This
affects both activity and selectivity and thereby frustrates optimum operation of such
catalytic reactors. A measure of the degree of diffusion in the catalytic particle is given by
internal effectiveness factor, n, defined as [9,10]:

Reaction rate with internal diffusion limitation

Reaction rate at external surface conditions

The concentration gradient through the pore volume in a catalyst particle is minimized
when the Thiele modulus, ¢, approaches zero. This can be achieved via shortening the
diffusion path, L, (i.e. using small catalyst particles) and increasing the porosity of the
particles (&), which will result in a decrease in the tortuosity (t). However, downsizing of
catalyst particles is limited due to hydrodynamic constraints (i.e. high pressure drop) in
trickle bed reactors and filtration problem in slurry phase reactors. Controlling and
increasing the porosity of these small particles is a challenge [9,10].

k,.C"* k,.C'" 1
b=L, |— = |
Deff g'DmoI

L: diffusion path, k,: volumetric rate coefficient, C: reactant concentration, n: the order of
the reaction, t: tortuosity, €: porosity and Dy,: diffusion coefficient.

15



Chapter 1

2. Comparison between different types of reactors

2.1. Conventional technology

Conventional technologies for heterogeneous catalytic reactions involving both liquid
phase as well as gas phase comprise slurry reactors and trickle bed reactors.

2.1.1. Slurry phase reactor

Slurry reactors are three-phase catalytic reactors in which small catalyst particles (1-200
um) are suspended by mechanical or gas-induced agitation [11]. These small catalyst
particles provide a high external surface area as well as a short diffusion path within the
catalyst. Thus, this reactor is widely used in hydrogenation and oxidation processes due
to effective mass transfer into the catalyst particles. The reactants and the products are
well mixed in the slurry phase reactor and therefore the concentration gradient through
liquid phase in the reactor is minimized [12].

On the other hand, slurry reactors have some drawbacks. The main drawback is the
filtration of the small catalyst particles [12,13]. Filtration units are expensive,
complicated and cause operational problems rather frequently. Moreover, the agitation of
the slurry causes attrition of the catalyst particles, resulting in a loss of active materials
and in even more problematic filtration. The suspended particles can also cause erosion
of the equipment [12].

2.1.2. Fixed /Trickle bed reactor

A trickle bed reactor is a fixed bed of catalyst pellets in which gas and liquid flow over
the catalyst pellets. The size of the catalyst particles is relatively large (1-10 mm). This
type of reactor is widely used in hydrotreatment of petrochemicals [11,13]. Trickle bed
reactors usually show plug flow behavior, the catalyst load is high and no filtration is
required.

On the other hand, the diffusion path through the catalyst particle is relatively long
because of the large size of the catalyst particles. Downsizing the catalyst particles is
limited because of increasing pressure drop through the reactor. Moreover, the possibility
of creating dry/hot spots is a disadvantage of trickle bed reactors [13].

16



General Introduction

2.2. Structured catalytic reactors

Quite some research has been performed and is still being performed to develop
structured catalyst to combine the advantages of slurry reactors and trickle bed reactors,
i.e. create a large liquid-solid surface area as well as short diffusion distances inside the
catalysts without needing a separation step. Especially the group of Moulijn and Kapteijn
has pioneered the use monoliths [14-18], whereas others used fibers, cloths and gauzes
[19-22].

2.2.1. Monolith reactor

A monolith structure consists of parallel channels separated by a thin wall (Figure 2a).
The wall normally consists of cordierite, washcoated with a thin layer (10-100 um) of
high surface area material (usually y-alumina) [12]. The number of channels per square
inch (cpsi) depends on the channel diameter (typically 0.8-2 mm). Monolith structures
have a large geometric surface area (1890-4790 m%¥m®) and a high void fraction (0.72-
0.84) [23].

The main advantage of the monolith reactor in gas phase operation is the low-pressure
drop in the open channel. Based on that, monolith reactors are applied in environmental
applications. The most abundant application is as automotive exhaust gas converter
(three-way catalyst), but also application in stationary emission control, like deNOx-ing
of power plants [12,24,25].

Hydrogenations have been the most studied gas/liquid reactions in monolith reactors. As
an example, the performance of a monolith in the hydrogenation of a-methyl styrene was
compared with that of a trickle bed reactor in cocurrent mode under identical conditions
of temperature and pressure. The observed reaction rate per unit mass of active metal in
the monolith reactor was 13 times higher than that in the trickle bed. The better
performance of monolith was attributed to a better mass transfer via using Taylor or slug
flow [25]. This flow type consists of gas bubbles and liquid slugs flowing consecutively
through the monolith channels. The gas bubble fills up the whole space of the channel
and only a thin liquid film separates the gas from the catalyst. Thus, gas-solid mass
transfer can be enhanced.
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Figure 2: Schematic representation of (a) monolith and (b) metal foam structure

2.2.2. Foams

There are different foam materials described in literature: metallic, ceramic or polymer
foams [26]. Catalysis is one area of the foam applications. Only metallic foam will be
investigated in this study.

Metal foams have been used as catalysts or catalytic support for highly exothermic
reactions in gas phase due to their high thermal conductivity and high mechanical
strength. Highly exothermic reactions are typically very fast and the effectiveness factor
in porous catalyst is very small. The main advantages of the foam structures are the
absence of internal diffusion and the low-pressure drop [12,26]. On the other hand, the
surface area of metal foams is very small (less than 1m?/g), and that limit their use as a
catalyst support [26]. To achieve a high surface area, the foam can be coated with a
porous high surface area layer. Applying a uniform washcoat on foams is difficult
because of poor adhesion of the resulting coating [26-28]. However, Valentini et al. [29]
prepared y-alumina washcoats on alumina foam with good adherence. The detailed
information is not yet available, however it is problematic to control the properties of the
washcoat as well as the distribution through the foam. However, to our best knowledge,
the performance of the foams as catalyst or catalyst supports has been studied for gas
phase but not for liquid phase.

3. Demands for superior structured catalyst in liquid phase
operation

Slurry phase reactor is still the superior reactor compared to trickle bed reactor because of
better mass transfer properties [12]. Even though, there are many examples, as we
mentioned above, were the slurry reactor needs extreme small catalyst particles to
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achieve high activity and selectivity. Moreover, the mentioned structured catalysts
(section 2.2) have been mainly developed for environmental gas applications [24]. In
literature there are some examples where gas phase reactions, performed in monolith
reactor, were running under mass transfer limitation (e.g. the combustion of methane over
a palladium catalyst). It was found that the conversion of methane decreases significantly
using the same amount of catalyst dispersed over a thicker washcoat. Even a slight
increase in the washcoat resulted in a decrease in the rate significantly [30]. Moreover,
Siemund et al. [31] developed a model for a three-way catalytic converter (monolith
reactor). The model counts for the hydrocarbons or carbon monoxide oxidation and
nitrogen monoxide reduction. It was concluded both experimentally and theoretically that
the reaction was running under internal diffusion limitation. From the previous examples
it can be concluded that the washcoat of the monolith reactor may be not an optimum for
fast gas-phase reactions.

Therefore the washcoat on the monolith reactor would be even less optimum in liquid
phase reaction. Moreover, the thickness of the washcoat varies within the channel cross
section (e.g. the washcoat is thicker in the corners of the channel). Thus, preparing a new
homogenous and highly porous washcoat would improve the performance of the
monolith reactor, resulting in an increase in the activity and selectivity. This thesis
explores the possibility to prepare such a “washcoat” via the immobilization of carbon
nano fibers (CNFs) on the wall of the monolith. Moreover, immobilization of CNFs layer
on Ni foam will be explored.

4. CNFs as catalyst support

Serp et al. [32] presented in a recent review why CNFs are interesting catalyst supports;
They form aggregates that have high surface area (100-200m?/g) combined with a large
pore volume (0.5-2 cm®g) without micro-pores [33]. CNFs aggregates resemble the
inverse structure of a traditional catalyst support (e.g. alumina or silica) (Figure 3).
Filling the pore volume in a traditional catalyst support with graphite, where after the
body of the traditional support is removed would result in formation of a structure
resemble the CNFs aggregates. Such a highly porous structure with macropores will
decrease the tortuosity in liquid phase applications. Thus, mass transfer rate will be
maximized. Moreover, these aggregates have a comparable strength of commercial
catalyst supports.
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Figure 3: Schematic representation of conventional inorganic catalyst support (left) and
CNFs aggregate (right).

Considering the advantages mentioned, CNFs have been used as a catalyst support in gas
and liquid phase applications. We will mention a few examples where CNFs were used as
catalyst support in liquid phase.

Ledoux et al. [34] used carbon nanofiber supported palladium catalyst for hydrogenation
of cinnamaldehyde into hydrocinnamaldehyde. It was shown that both activity and
selectivity were enhanced using Pd/CNFs compared to the commercially palladium
supported on high surface area activated charcoal. It was concluded that the absence of
microporosity in CNFs resulted in an increase in the activity and selectivity of the
catalyst via maximizing the mass transfer rate.

Ledoux et al. [35] studied the hydrazine decomposition over iridium catalyst supported
on CNFs and y-alumina supports. The authors show that the decomposition rate of
hydrazine on Ir/CNFs catalyst was one order of magnitude higher than that on Ir/y-
alumina. The main reason for this high performance of Ir/CNFs was the fact that CNFs
have extremely high external surface area compared to y-alumina. Moreover, the presence
of micropores in y-alumina trapped some of the hydrazine and limited the conversion.
Obviously. The properties of the CNFs aggregates are of interest for kinetic studies in
very fast reactions.

4.1. Carbon nano fibers (CNFs)
Until the 1980s, the formation of CNFs was considered a serious problem because they

are formed in a temperature range, where many important reactions, such as Fisher-
Tropsch synthesis and steam reforming, are carried out. These CNFs are mechanically
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strong, so that the formation of these materials does not only destroy the catalyst
particles, but even may damage the reactor wall [36].

CNFs are graphite materials can be synthesized by carbon-arc [37], laser vaporization
and catalytic methods [33]. From application point of view, the catalytic synthesis is
simple, cheap and productive [38].

CNFs can be catalytically produced via the decomposition of hydrocarbons or CO over
transition metal surface such as Ni, Fe and Co [33,39]. Figure 4 illustrates a mechanism
of catalytic formation of CNFs at steady states conditions: First, the hydrocarbon gas
decomposes on the surface of the metal particle, resulting in the formation of C and Hs.
Second, the C formed dissolves in the metal phase and diffuses through the particle to the
interface between the metal and the support, where nucleation of graphite is initiated.
Third, the formation of graphite layers continues at the interface, resulting in lifting up
the catalyst particle from the support. The formation of CNFs continues until
encapsulation of the catalyst particle with a thick layer of carbon takes place.

'\"-II:-'rII
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Figure 4: Schematic representation of the mechanism of CNFs formation.

Helveg et al. [40] used in-situ TEM to follow the formation of CNFs via the
decomposition of CH, at 536°C on Ni nanoclusters supported on MgAl,O4. The results
showed that the formation of CNFs is developed through a reaction induced reshaping of
the Ni nanocrystals. Thus, it was concluded that a bamboo-like CNFs are formed.

For unsupported metal particles, Baker at al. [41] proposed, based on TEM results, that

more than one CNF can be produced from a metal particle The authors concluded that
distinct crystallographic faces are generated on the particle during reaction. Thus, carbon-
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containing gas dissociates on some faces, migrates through the bulk of the metal particle
and finally precipitates on the other faces.

4.2. Immobilization of CNFs on structured supports

Despite the pioneering work of Ledoux et al. [35], who immobilized CNFs on graphite
felt, CNFs have been mainly used as a catalyst support in the shape of powders [32-
34,42-44]. However, porous bodies of CNFs can be formed from porous supported metal
catalyst bodies in the size of micrometer to millimetre [33,36]. The main problem
encountered is the difficulty of using the powder CNFs in conventional catalytic reactors.
Trickle bed reactor will suffer from a high-pressure drop, although the bodies of CNFs in
a size of millimetre might be suitable to be used in this type of reactor. On the other hand,
agglomeration and filtration are the main problems when these fibers are implemented in
a slurry phase reactor [35].

Another reason for the importance of the immobilization of CNFs to structured support is
to create functionalised sites on the support. These sites can be used to immobilize
Enzymes on the support, resulting in the formation of structured Enzyme bioreactors
[46].

The goal of this thesis is to explore the opportunities to immobilize CNFs on macro-
structured materials. Two macro-structured materials were used as examples, i.e. ceramic
monolith and metal foam. From the perspective of the use of monoliths as structured
materials to support catalysts, this work aims on the preparation of improved washcoats
based on CNFs, competing with the well known relatively dense inorganic washcoats.
Metal foams are much less explored as structured catalyst supports and in this case the
preparation of highly porous, stable and uniform washcoats is the challenge.

5. Outline of this thesis

As mentioned before, the goal of this thesis is to synthesis materials with properties that
can enhance both activity and selectivity in G-L-S reactions. These materials will be
synthesized based on the immobilization of carbon nanofibers on macrostructured
supports. Both Chapter 2 and Chapter 3 discuss the immobilization of CNFs on
monolith supports. Chapter 2 demonstrates the possibility to immobilize a carbon
nanofiber layer on a monolith washcoat. It is shown that carbon nanofibers form a
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homogeneous and highly open layer with sub-micron thickness, covering the surface of
the channels in the monolith. The fibers showed a remarkable attachment to the monolith
under ultrasound maltreatment. In Chapter 3, a description and explanation of how
nickel particle size, the conditions to form CNFs as well as the pore-structure of the
wash-coated monolith, determine the structure and properties of CNF as well as the
morphology and mechanical strength of the resulting complex composite that contains
cordierite, alumina and CNF. In Chapter 4 and Chapter 5, we investigate the
immobilization of CNFs on nickel foam. Chapter 4 demonstrates the possibility to
synthesize a stable CNFs layer on the foam without separating the grains of Ni via
corrosive metal dusting. The effect of formation time and formation temperature on the
structure of the CNFs and on the final structure of the composite is presented. Chapter 5
describes and explains how the structure and geometry of the nickel foam surface affects
the resulting structure of CNFs as well as the structure of the final composite. It also
proposes mechanism of CNFs formation on polycrystalline Ni. In Chapter 6, we
investigate the effect of formation conditions on well-ordered polycrystalline Ni particles
supported on Si wafer. The study in this chapter allows us to correlate the local change in
the morphology of Ni surface and the properties of CNFs formed to the formation
conditions. Finally, in Chapter 7 all the results are summarized and some concluding
remarks are presented.
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Chapter 2

Development of monolith with a carbon nanofiber
washcoat as a structured catalyst support

Abstract

Washcoats with improved mass transfer properties are necessary to circumvent
concentration gradients in case of fast reactions in liquid phase, e.g. nitrate
hydrogenation. A highly porous, high surface area (180 m%g) and thin washcoat of
carbon fibers, was produced on a monolith support by methane decomposition over small
nickel particles. Carbon fibers form a homogeneous layer less then 1 micron thin,
covering the surface of the channels in the monolith. The fibers show a remarkable
stability against ultrasound maltreatment. The texture of the fibers is independent of both
the thickness of the y~alumina washcoat as well as the time to form carbon fibers.




Chapter 2

1. Introduction

Fast chemical reactions can easily cause concentration gradients in reactors and catalysts,
when these gradients are necessary to give sufficiently rapid mass transfer rates to keep
up with the chemical reaction rates. Gradients occur most easily in liquid phase because
of relatively slow diffusion as well as the frequent occurrence of very low concentrations
when gasses have to dissolve in the liquid phase before they can reach the catalyst. The
consequence is that the local concentrations at the active sites vary, influencing reaction
rates as well as selectivity.

Conventional technologies for heterogeneous catalytic reactions involving both liquid
phase as well as gas phase comprise slurry reactors and trickle bed reactors. Trickle bed
reactors end up easily in diffusion limitations because of the relatively large catalyst
particle size that is necessary because of hydrodynamic reasons. Slurry reactors are more
suitable for fast reactions because of much smaller catalyst particles sizes, at the expense
of additional costs for separation of the catalyst from the products. Also, the lack of
robustness of separation technologies, e.g. filtration, is an important concern. Quite some
research has been performed and is still being performed to develop structured catalyst to
combine the advantages of slurry reactors and trickle bed reactors, i.e. create a large
liquid-solid surface area as well as short diffusion distances inside the catalysts without
needing a separation step. Especially the group of Moulijn and Kapteijn have pioneered
the use monoliths [1-5], whereas others used fibers, cloths and gauzes [6-9].

All structured materials used so far have a relatively small external surface area.
Additional surface area needs to be generated to host a sufficiently extended catalytic
surface area. This is usually achieved by preparing a porous washcoat on the surface of
the structured material, e.g. on monoliths, or by generating pores in the structured
material itself, e.g. in carbon fibers. In the rest of this contribution we will use the term
washcoat, and the practical work in this contribution is limited to monoliths.

The thickness of washcoats on monoliths as prepared for exhaust application is in the
order of tens of microns. This is apparently the optimum for gas-phase conditions in the
exhaust; however, the optimum might be different for liquid phase operation. Therefore
we will demonstrate in this chapter how to arrive at washcoats with superior properties,
i.e. higher porosity and smaller thickness, preserving a significant surface area to support
the active phase. New promising supports have been prepared based on carbon-
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nanofibers [14-18]. These fibers can be formed catalytically by decomposition of a
carbon containing gas over small metal particles like nickel, iron and cobalt. The primary
structure and dimensions of the fibers are determined by the temperature, gas
composition, active metal, the metal particles size distribution and the support material
[19,20]. The secondary structure of the support is determined by the extent of
entanglement of the fibers and the extent of orientation of the individual fibers. It has
been shown that e.g. nickel particles on oxide supports form an aggregate of carbon fibers
shaped identically to the original support, except for an increase in size of typically a
factor three [21]. The porosity of these aggregates is very high, e.g. 1cc/g. Therefore, in
this study we prepared stable washcoats that consist of carbon nanofibers.

2. Experimental

2.1. Materials

Monolith support samples (600 cells per square inch, obtained from Degussa, Germany)
were used with four different average thicknesses of the y-alumina washcoat; bare
cordierite, 9, 13, and 17 um thick respectively. Nickel (II) nitrate [Ni(NOs)..6H,0] and
ammonium nitrate [NH4NO3] (pure, Merck, Darmstadt, Germany) were used to prepare
the nickel solution. Hydrogen and nitrogen gases with purity 99.999% (INDUGAS, The
Netherlands) and methane with purity 99.995% (Hoek Loos, The Netherlands) were used
for carbon fibers formation.

2.2. Catalyst preparation

Nickel was deposited on the washcoated monolith by adsorption from a pH-neutral nickel
solution (0.1 M) as described else where [22]. The solution contained 299 of
Ni(NOs3),.6H,0, 80 g NH4sNOzand 4 ml of ammonia solution (25 wt%) per liter.

The monolith samples were dipped (20 times/min) in the solution for 3 hours. Free liquid
was removed and the samples were dried over-night at room temperature and were then
heated (1°C/min) to 120°C for 2 hours, followed by calcination in static air (5°C/min) at
600°C for 2 hours.
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2.3. Experimental set-up for carbon fiber formation

Carbon fiber formation was carried out in a quartz reactor with a porous quartz plate at
the bottom to support the sample [20,21]. The sample was heated to 700°C (5.5°C/min)
in 20% H; in N for 2 hours. After cooling to 570°C carbon fibers were formed in 50 %
CHy, 10 % H; in N, (total flow rate 200ml/min).

Methane conversion was determined with on-line chromatographic analysis (Varian GC
model 3700 equipped with a 15 m Q-Plot column). Finally, the sample was cooled down
in N2 to room temperature. The amount of carbon formed on the monolith was
determined by weight.

2.4. Characterization

The BET surface area, pore volume and pore size distribution were measured by N,
adsorption-desorption at 77 K using ASAP 2400 (Micromeritics) instrument.

Nickel loading of the ceramic monolith was measured with Philips X-ray fluorescence
spectrometer (PW 1480).

Nickel particle sizes were determined on powdered catalysts with Transmission Electron
Microscopy (TEM) (Philips CM30). The morphology of the carbon fibers was studied
non-destructively with Scanning Electron Microscopy (SEM) (LEO 1550 FEG SEM)
equipped with EDX analysis. The monoliths were broken to allow direct observation of
the carbon-fibers on the surface of the wall of one of the inner channels in the monolith.

3. Results and Discussion

3.1. Characterization of the ceramic supports

Table 1 shows the texture of the monolith supports. It is obvious that surface area as well
as pore volume is determined almost completely by the y-alumina phase. The large pores
in the cordierite cannot be measured with N, adsorption and pore volume of cordierite
has been estimated to be 0.5 cc/g based on the bulk density of cordierite (2.51 g/ml) and
the apparent density of the monolith [23]. The surface area of all washcoats is 100m?/g.
The washcoats contain mesopores only with a total pore volume of 0.33cc/g.
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Table (1): Properties of monolith support, NiO and carbon fiber on monolith.

Thickness of y-alumina washcoat (um) No washcoat 9 13 17

Characterization of ceramic support

BET surface area (m®/g monolith) <1 26 35 45
Pore volume (cc/g monolith) - 0.085 |0.116 0.149
Average pore size (A) - 130 128 130

Characterization of NiO on monolith

NiO wt% (g NiO/100 g monolith) 0.33 1.18 1.44 151
NiO monolayers - 0.31 0.28 0.23

Carbon fiber after 3 hrs of formation

Amount of carbon fiber (g/g monolith) 0.0085 0.107 |0.154 0.157
Amount of carbon fiber (g/g Ni) 3.3 11.5 13.2 13.6
BET surface area (m?/g monolith) - 42 55 63
BET surface area (m%/g carbon fiber) - 181 179 190

3.2. Characterization of NiO on monolith

Table 1 shows the NiO concentrations in the samples. The relatively low nickel oxide
concentration on cordierite is in agreement with estimation of [Ni] assuming introduction
of NiO via pore-volume-impregnation exclusively. The NiO concentration on the samples
with y-alumina is significantly higher, indicating adsorption of Ni(NOg); in the washcoat.
The coverage is well below one monolayer in all cases, assuming NiO to cover 8 A%/NiO
(based on the bulk structure of NiO [24]). The surface coverage decreases with the
thickness of the washcoat.

Both visual inspection (greenish color of NiO) as well as local determination of Ni
concentration (XRF results) in the monolith proves homogenous distribution of NiO.
Particles sized in the range of 6 to 10 nm are observed in all washcoats. Particle sizes in
the cordierite without washcoat are obviously much larger because of the extreme low
surface area.
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3.3. Carbon fiber formation on the monolith supports

The effect of time on stream on the rate of formation of carbon fiber, calculated from the
rate of methane conversion, is shown in figure 1. The initial rate per gram nickel is
somewhat larger for the thinner washcoats whereas the activity decreases faster.

Table 1 shows the amount of carbon fiber formed on the samples in three hours based on
weight. The integral methane conversion calculated from figure 1 is in agreement with
these numbers within 20%. The integration of the methane consumption suffers from
inaccuracy especially when methane conversion is low.
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Figure 1: Rate of formation of carbon fiber on nickel loaded monolith with different
washcoat thickness.

3.4. Characterization of carbon fiber washcoat

Formation of carbon fibers causes an increase in the total surface area of the samples.
Assuming that the surface area of the washcoat remains unchanged and using the carbon
concentrations achieved (table 1), the surface area of the carbon fibers was calculated.
Also, identical surface areas of the carbon fibers are found when the time of formation
was varied. In all cases the surface area is 180 m?/g within 5%. Apparently, the primary
structure of the carbon fibers is independent of both the thickness of the washcoat as well
as the time of formation.
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The secondary structure of the fibers was studied with SEM. Figure 2a shows the typical
morphology of carbon fibers formed out of metal particles; the fibers contain metal
particles in the top of the fiber exclusively and the diameter of the fibers varies between
10 and 30 nm. Figure 2b shows that carbon fibers cover the surface of the monolith wall
homogenously for all washcoated samples; the side view in figure 2c indicates that this
layer is about half a micron thick. It is clear that the layer formed by the carbon fibers is
extremely open and thin. However, in some places reminders of the alumina washcoat
can be observed (figure 2d) suggesting that the alumina washcoat is fragmentized by
carbon fiber formation. Finally it was observed that much more carbon fibers are present
in the cordierite compared to the nickel impregnated bare cordierite (not shown). From
this follows that carbon fibers penetrate from the washcoat into the cordierite. This
phenomenon is probably the reason for the strong attachment of the fibers to the
monolith.

Figure 2: SEM micrographs of carbon nanofibers produced by CH, decomposition over
nickel particles supported on y-alumina monolith washcoats; a) High resolution SEM of
carbon fiber, b) Top-view on monolith wall covered with fibers, c) Side-view on monolith
wall, d) Fragments of y alumina occluded by fibers.
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Extended maltreatment of the sample with 40 KHz ultrasound resulted in limited loss of
carbon fibers as shown in figure 3. About 10% of the fibers can be removed and no losses
are observed anymore after 40 minutes. Nevertheless, stability under flow conditions
applying shear force was demonstrated (Chapter 3).
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Figure 3: Stability of carbon attachment against ultrasound (40 KHz) treatment; fibers
formed during 1 hour on 17 um washcoat.

4. Conclusions

A highly porous, high surface area (180 m?/g) and thin washcoat, based on carbon fiber,
was produced on a monolith support by methane decomposition over small nickel
particles. Carbon fibers form a homogeneous layer less then 1 micron thin, covering the
surface of the channels in the monolith, provided care is taken to distribute the Ni
homogeneously. The fibers showed a remarkable mechanical stability against ultrasound
maltreatment.

The structure of the fibers is independent of both the thickness of the y-alumina washcoat
as well as the time used to form carbon fibers.
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Chapter 3

Synthesizing a carbon nano-fiber layer on a monolith
support; Effect of nickel loading and formation conditions

Abstract

The work described in Chapter 2 is limited to demonstrate the possibility of
immobilization of CNFs on the monolith support. This work describes the influence of
the Ni particle size and formation conditions on the properties of the resulting material. It
turns out that the thickness of the CNFs layer at the outermost surface (about 1 #m) as
well as the diameter of the fibers increases with mean Ni-particle size. The structure of
this layer resembles the inverse structure of a traditional inorganic support material,
combining high surface area, high porosity and low tortousity.

Synthesizing CNFs using methane leads to immediate fragmentation and doubling of the
thickness of the washcoat independent on the amount of CNFs, forming a macro-porous
composite layer of entangled alumina particles and CNFs with a typical diameter of 10-
30 nm. Immediate fragmentation is due to the fact that some of the fibers are too thick for
the pores in the washcoat. The total porosity decreases with the amount of CNFs whereas
the surface area per gram monolith increases.

Large Ni particles are able to grow CNFs for longer times, resulting in detachment of the
washcoat from the cordierite, which is caused by extensive formation of CNFs out of the
washcoat. Furthermore, extended formation of CNFs inside the cordierite body causes
disintegration of the monolith body when macro-pores are locally overfilled with CNF.
Methane is preferred over ethene for forming CNFs because ethene forms CNF rapidly
even on relatively large Ni particles, resulting in thick fibers up to 70 nm in the macro-
porous cordierite, destroying the monolith.

Controlling both Ni particle size and Ni distribution as well as choosing the right activity
of the hydrocarbon are essential to form CNFs washcoat without damaging the monolith
structure.
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1. Introduction

A typical heterogeneous catalyst contains an active component supported on a carrier.
Catalyst carriers are high-surface-area materials to facilitate high dispersion of the active
catalytic phase, resulting a high activity of the catalyst. However, a high surface area and
high intrinsic activity are not sufficient; [1] high porosity of the support and low
tortousity are vital to ensure the accessibility of the active sites, and to minimize
concentration gradients in the catalyst particles. Gradients occur more easily in liquid
phase because of relatively slow diffusion as well as the frequent occurrence of very low
concentrations, when gasses have to dissolve in a liquid before they can reach the
catalyst. As a consequence, the local concentrations at the active sites through catalyst
particles vary, affecting reaction rates and selectivity [2].

Conventional technologies for heterogeneous catalytic reactions involving both liquid
phase and gas phase comprise slurry reactors and trickle bed reactors. Reactions in trickle
bed reactors easily end up in diffusion limitations because of the relatively large catalyst
particle size (mm) that is necessary for hydrodynamic reasons. Catalyst particles for
slurry reactors are much smaller (30 um typically) and thus more suitable for fast
reactions, at the expense of additional cost for catalyst separation.

CNFs are graphite materials, which can be catalytically produced by decomposition of a
carbon containing gas over small metal particles like nickel, iron or cobalt. CNFs are
potentially an alternative catalyst support because of their high surface area, combined
with high macro porosity and low tortousity [3,4]. De Jong and Geus introduced the terms
primary and secondary structures of CNFs. The primary structure is the bulk structure of
the fibers and two variations are well known, i.e. fishbone versus parallel type CNFs.
Secondary structure includes both single-fiber properties including diameter, length,
shape (straight, bi-directional, twisted, or branched) and surface area, as well as the
texture of particles formed out of entangled fibers [3,5]. No detailed study on the texture
of the entangled CNFs composite structure is reported in literature.

So far, CNFs have been used as a catalyst support in the shape of powder exclusively [5-
7]. The main problems encountered are agglomeration and filtration of CNFs powder [3].
This article reports the synthesis and structural characteristics of CNFs supported on
macrostructured materials (e.g. monolith) [8-10] to avoid these problems. The preparation
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of a thin and highly porous CNFs layer on monolith, preserving a large surface area to
support a catalytically active phase, has been demonstrated in our previous work [11].
This work presents details on the development of CNFs porous ceramic composite
materials. We aim on the preparation of a new type of washcoat with superior properties
for application as catalyst support in liquid phase. The effect of Ni particle size and the
experimental conditions applied to form CNFs on the genesis of the materials as well as
the final structure will be revealed.

2. Experimental

2.1. Materials

Ceramic cordierite monolith samples (Length: 10 cm, Diameter: 10 mm, 600 cells per
square inch, obtained from Degussa), bare (without washcoat), and with 17 um average
thickness of y-alumina washcoat, were used. The cordierite monoliths without and with a
washcoat are designated cord and Al,O3-cord respectively.

Nickel (I1) nitrate [Ni(NOs3)..6H,0] and ammonium nitrate [NH;NO3] (pure, Merck,
Darmstadt) were used to prepare nickel solutions. Hydrogen and nitrogen gases with
purity 99.999% (INDUGAS), methane with purity 99.995% (Hoek Loos) and ethene with
purity 99.95% (PRAXAIR) were used for CNFs formation.

2.2. Characterization

The BET surface area, pore volume and pore size distribution were measured by N,
adsorption-desorption at 77 K using ASAP 2400 (Micromeritics) instrument. Cordierite
pore volume has been estimated to be 0.37 cm®/g, assuming the density of cordierite
equals 2.51 g/cm [5,10]. The surface area and pore volume of the washcoat were
estimated to be 100m?/g washcoat and 0.33cc/g washcoat respectively, neglecting the
contribution of the cordierite. Average pore size of the washcoat was 13 + 4 nm.

Nickel loading on cord and Al,Os-cord was determined with Philips X-ray fluorescence
spectrometer (PW 1480).
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Hydrogen chemisorption at 293 K in a home build set-up was used to measure nickel
dispersion. Previous to the measurement, the catalyst was reduced at 873 K (5 K/min) for
two hours in 20 % H,, and subsequently evacuated for 1 hour at 873 K. Chemisorption
measurements were performed as described in literature [12].

Nickel particle sizes on the y-alumina washcoat were determined with TEM (Philips
CM30), after the washcoat was gently scratched off from the Al,O3-cord.

Nickel particle sizes on cord and Al,Os-cord as well as the morphology of both CNFs and
the support structure were studied with Scanning Electron Microscopy (SEM) (LEO 1550
FEG SEM) equipped with EDX analysis. The samples were cut either along or
perpendicular to the channels allowing observation of the cross-section of the monolith
walls. CNFs on the surface of the wall, in the y-alumina washcoat, and in the cordierite
along the cross-section of the wall were characterized.

2.3. Catalyst preparation

Nickel was deposited on cord and Al,Os-cord from a pH-neutral nickel solution (0.1 M)
as described previously [13]. A 0.1 M solution of nickel nitrate was obtained by
dissolving 299 of Ni(NO3),.6H,0 and 80 g NH4sNO3 into 1 L of water and adding 4 ml of
ammonia solution (25 wt%). In order to prepare a sample with high nickel loading, a 0.5
M neutral nickel nitrate solution was used.

The monoliths were dipped (20 times/min) in the solution. Samples with different nickel
loading were prepared by changing adsorption time and Ni concentration (Table 1). Then
free liquid was blown out of the channels and the samples were dried over-night in air at
room temperature and subsequently at 393 K for 2hrs with a ramp 1 K/min, followed by
calcination in static air at 873 K for 2 hrs.

2.4. Experimental set-up for CNFs formation

CNFs formation was carried out in a quartz reactor with a porous quartz plate at the
bottom to support the sample [5,11]. The sample was placed in the reactor, reduced in 20
% H, in N (total flow rate 100ml/min). The temperature was raised (5.5 K/min) from
room temperature to 973 K (two hours dwell time). Then it was decreased (5 K/min) to
the desired temperature and CNFs were formed by a gas mixture containing 50 % CH, (or
C,H,4) and 10 % H, in N, (total flow rate 200ml/min).
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Methane conversion was determined by on-line chromatographic analysis (Varian GC
model 3700 equipped with a 15 m Q-Plot column). Finally, the sample was cooled down
in N, to room temperature. The amount of carbon formed on the monolith was
determined by measuring the weight increase.

3. Results

3.1. Characterization of Ni on monolith

The nickel concentration along the channels of the Al,Os-cord was found to be constant
within 5% according XRF analysis. Furthermore, Figure 1 shows the Ni, Al and Si
profiles at a cross-section of a wall in Al,Os-cord-Ni(3.0) analyzed with Scanning
Electron Microscopy-Energy Dispersive X-ray analysis (SEM-EDX). The figure shows
that within the alumina washcoat the Ni is evenly distributed because the Ni/Al ratio is
constant within the experimental accuracy. The variations in the absolute intensities stem
from difference in the surface roughness of the surface of the cross-section. Nickel
loading in the cordierite was below the detection limit.

The Ni loading obtained varied from 0.4 to 3.0wt % for Al,O3-cord samples (Table 1),
whereas Ni loadings on cord samples were much lower. Table 1 also presents average
nickel particle diameters, calculated from hydrogen chemisorption. The average diameter
of the nickel particles is shown to increase with Ni loading from 8 nm to 14 nm, although
the differences for the lower loadings are rather small. The Ni surface area on cord
samples was too low to give detectable adsorption of hydrogen, from which it can be
estimated that the average nickel particle sizes is larger than 100 nm.

Figure 2.a shows a typical TEM micrograph of Ni particles in the washcoat of Al,Os-
cord-Ni(3.0). Evaluation of 50 particles in 5 different micrographs revealed a mean
particles size of 8 nm with a standard deviation of 3 nm. TEM micrographs did not show
a significant difference between nickel particle size on the washcoat of Al,Os-cord-
Ni(0.4) and Al,O3-cord-Ni(3.0). SEM micrograph in figure 2.b shows Ni on the
cordierite of Al,O3-cord-Ni(3.0). Obviously no statements can be made on the particle
size except that the Ni particles here are much larger than in the washcoat. SEM
micrograph in figure 2.c shows even larger nickel particle between 20 and 200 nm for
cord-Ni(0.8), i.e. in the absence of a washcoat.
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Figure 1: SEM-EDX on Al,O3-cord-Ni(3.0) wall cross section.

Open channel

Table 1: Amount of carbon nanofiber formed on monolith supports after 3 hrs as a

function of nickel loading and hydrocarbon.

Monolith support | [Ni**] | Adsorption | Ni Avg. Ni | CNFs wt% Sample name
(M) time (min) | wt % | particle | (g/g monolith)
size CH, CoH4
(nm)
Washcoated 0.1 2 0.4 8+1 1 11 Al;03-cord-Ni(0.4)
cordierite 0.1 6 0.5 8+1 3 Al,O3-cord-Ni(0.5)
0.1 30 07 |9+1 6.4 Al,03-cord-Ni(0.7)
0.1 180 1.2 10+ 1 13.6 23 Al,03-cord-Ni(1.2)
0.5 180 30 1441 30 31 Al,03-cord-Ni(3.0)
0.1 2 0.16 | _ Cord-Ni(0.16)
Bare cordierite 0.1 180 0.16 | _ Cord-Ni(0.16)
0.5 2 08 | 5100 Cord-Ni(0.8)
0.5 180 08 |3 100 Cord-Ni(0.8)
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Figure 2: EM micrographs of monolith loaded with nickel, after calcination and reduction
at 873 K for 2 hours.

a: TEM image of alumina washcoat scratched off from Al,O3-cord-Ni(3.0).

b: SEM image of cordierite of Al,O3-cord-Ni(3.0).

c: SEM image of cordierite of cord-Ni(0.8).

3.2. CNFs formation on the monolith supports

The influences of three variables, i.e nickel loading, formation time, and hydrocarbon, on
the kinetics of CNFs formation have been determined and the results are shown in Figure
3. The formation rates in figure 3a were calculated from the rate of methane conversion.
CNFs formation from ethene causes initially complete conversion, followed by rapid
deactivation; therefore the rates in figure 3b could only be estimated based on the amount
of carbon formed, determined by the increase in weight. The maximum initial methane
conversion on Al,Oz-cord-Ni(3.0) was not more than 30% and all other samples gave
lower conversions. Therefore the transient in the methane concentration through the
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reactor is limited and will not significantly influence the rate of formation of CNFs.
Figure 3.a shows similar initial rates per gram nickel for all samples with exception of
Al;0O3-cord-Ni(3.0). On the other hand it is clear that the rate of deactivation of the
catalysts decrease with Ni loading.
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Figure 3: Carbon nanofiber (CNFs) formation rate at 843 K as a function of time on
stream from 200 ml/min gas mixture containing 50 % CH, (a) or C,H,4 (b), 10 % H,
balance Na.
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3.3. Structure of the CNFs

TEM revealed that the primary structure of all CNFs was fishbone-type (not shown).
Both SEM and nitrogen physisorption were used to study the secondary structure of the
fibers. Figure 4.a shows that the BET surface area increases monotonously with the CNFs
amount, despite the fact that the observations in figure 4.a stem from different Ni
loadings and formation-times. Figure 4.b shows that the total (meso and micro) pore
volume decreased with the amount of fiber to about half of the original value. On the
other hand, the micropore volume was found to increase with the amount of CNFs (figure
4.c). Microporosity is indicated by a positive intercept on the adsorbed volume axis of
the t-plot at very low partial pressure [14,15]. Micropore volumes were calculated from
the intercept using 0.807 g/ml as the density of liquid nitrogen.

The original values of pore volume, micro-porosity and BET surface area are restored
when the carbon fibers are removed by oxidation at 973 K. Table 2 shows the
physisorption results of Al,O3-cord-Ni(1.2) before and after oxidizing CNFs. It should be
remarked that the numbers for the sample after burning the CNFs in table 2 are corrected
for an apparent loss in weight of about 7%, caused by loss of some of the washcoat.
Besides, removal of CNFs causes the structure of the composite to collapse.

Figure 5a shows that the surface area per gram CNFs slightly decreases with nickel
loading for both methane and ethene, calculated from the data in figure 4a. CNFs
prepared from methane has significant higher surface area per gram CNFs compared to
ethene. Figure 5b shows that the surface area of the CNFs decreases with formation time
when ethene was used, while only a weak effect was observed with methane. The surface
areas were always in the range from 100 to 200 m®/g, which is typical for CNF’s [3,4].
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% H, balance N, at 843 K. (a) BET surface area, (b) Pore volume, (c) Micropore volume

calculated from t-plot

Table 2 Nitrogen adsorption desorption results of the ceramic support

Sample BET Pore Micropore | Average | Washcoat
surface volume volume pore size | surface area
area (ml/g (mllg (nm) (m?lg v-
(m?/g monolith) | monolith) alumina)
monolith)

Cord <1 - -

Al,O3-cord (fresh) 45 0.149 .003 13+ 100

Al,O3-cord after burning | 42 0.143 .003 13 + 100

off the fibers
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Figure (5) Surface area of CNF’s, calculated from the increase in BET surface area of the
samples as a function of Ni loading (a) and formation time (b). Formation conditions:
200ml/min gas mixture containing 50 % CHj or C;Ha, 10 % H balance N, at 843 K.

Figure 6.a is a typical SEM micrograph of CNF’s in the washcoat, sized in the range of
10-30 nm. There is no significant difference in the size of CNF in the washcoat when
nickel loading, hydrocarbon and formation time are varied. Also in the cordierite the
same diameters of CNF’s are observed in all samples, except for Al,O3s-cord-Ni(3.0) after
three hours exposition to ethene, where CNFs up to 70 nm thick were found in the
cordierite as shown in figure 6.b.

Figure 6: Scanning Electron Micrographs of CNF’s on Al,03-cord-Ni(3.0); Formation
conditions: 200 ml/min 50 %CH,, CNFs in the washcoat (a) or C,H4, CNFs in the
cordierite (b), 10 % H, balance N, at 843 K for 3 hrs.
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3.4. Structure of the monolith

A highly porous, homogenous, and thin layer of CNFs exclusively is always formed at
the outside of the washcoat. Micrograph 7.a shows 0.5um CNFs layer can be formed
when the Ni loading is less than 1 wt%. Micrograph 7.b shows the thickness of this layer
increases to about 1 um, when the Ni loadings in the range of 1.2 to 3 wt%.

Figure 7: Scanning Electron Micrographs in side-view of the CNFs layer at the outer
surface of Al,Os-cord-Ni(0.7) (@) and Al,Os-cord-Ni(1.2) (b); Formation conditions:
200ml/min 50 % CHg, 10 % H, in N at 843 K for 3 hrs.

It was observed that the apparent thickness of the alumina washcoat always roughly
doubled when using methane for three hours, independent of the Ni loading. Figure 8.a
gives a typical example, while figure 1 shows the original thickness of the washcoat. It
also shows that the washcoat was still attached to the cordierite and there are no cracks
visible in the cordierite. Besides, the composite monolith is mechanically stable. The
washcoat separated from cordierite only at high nickel loading (Al,Os-cord-Ni(3.0))
using methane as shown in figure 8.b. Moreover, the same sample also contains cracks in
the cordierite as shown in figure 8.c. The formation of cracks when using ethene was so
extreme that the monoliths powdered completely in every experiment. Some bigger but
fragile pieces were studied with SEM. Figure 8.d shows that the alumina washcoat was
detached from the cordierite and the cordierite is severely cracked, independent on nickel
loading and formation time.
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Figure 8: Scanning Electron Micrographs of side-views of a single wall of the monolith
after CNFs formation at different formation times and nickel loadings. (200 mi/min 50 %
CH, or CyHg, 10 % H; balance N, at 843 K). (a) Al,O3-cord-Ni(1.2), CHg, (5 hrs), (b)
Al,O3-cord-Ni(3.0), CHy4, (3 hrs), (c) Al,O3-cord-Ni(3.0), CH4, (3 hrs) and (d) Al,Os-
cord-Ni(3.0), CzHy, (1 min).

Figure 9 shows SEM micrographs of the cordierite body in Al,Os-cord-Ni(1.2) and
Al,O3-cord-Ni(3.0). Al,O3-cord-Ni(1.2) contains much less fibers in the cordierite, as
shown in figure 9.a, compared to Al,O3-cord-Ni(3.0) both when methane was used
(figure 9.b). Ethene caused the presence of large amounts of CNFs in the cordierite even
after formation for a short time only (figure 9.c). Moreover, image 6b shows that thick
fibers are formed in the cordierite after long time.
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Figure 9: Scanning Electron Micrographs of CNFs in the macropores of the cordierite at
different formation times and nickel loading. (200 ml/min 50 % CH,4 or C,Hg4, 10 % H,
balance N; at 843 K). (a) Al,O3-cord-Ni(1.2), CH4 (5 hrs), (b) Al,Os-cord-Ni(3.0), CH, (3
hrs) and (c) Al,O3 cord-Ni(3.0), C2Hg4, (1 min).

4. Discussion

First we will discuss the properties of the parent Ni catalysts and correlate these
properties to the dimensions of the resulting CNFs. Finally we will discuss the structure
of the CNFs-monolith composite as well as the mechanical integrity of the bodies.

4.1. Parent Ni catalyst
Nickel distribution through the washcoat (figure 1) and along the monolith channel

(XRF) were well controlled. This caused formation of equally distributed CNFs along the
monolith channel as well.
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The mean metal particle size from chemisorption in Al,O3-cord-Ni(3.0) is 14 nm (Table
1), which is somewhat larger than the mean particle size observed with TEM (8 £ 3 nm)
in the washcoat of this sample (Micrograph 2a). The reason for this is the fact that some
of the Ni ends up in the cordierite in much larger particles as seen in figure 2b. The fact
that no Ni signal was detected with EDX, as shown in figure 1, is because of the low Ni
concentration in the cordierite as the surface area is very low. Nevertheless, Ni
deposition on bare cordierite results in even larger Ni particles as can be seen in figure 2c.
This suggests that the Ni concentration in the cordierite in the Al,Os-cord sample is lower
than in the cord sample. This is in agreement with the fact that nickel loading on alumina
is mainly controlled by adsorption and not by impregnation. Pore volume impregnation
exclusively would have resulted in a Ni loading one order of magnitude lower than the
loading obtained.'* On the other hand, nickel loading on bare cordierite was in agreement
with what one would expect from pore volume impregnation. Therefore, it is to be
expected that during drying of the samples Ni is being transferred from the cordierite
pores to the washcoat, as water evaporates for the washcoat exclusively. At the end the
small Ni particles in the washcoat dominate.

4.2. Formation and structure of CNFs

From the data on surface area of the fibers in figure 5, one can estimate the mean CNFs
diameter, assuming that the density of the fibers equals the density of graphite 2.3 g/cm®
[16]. Sample Al,Os-cord-Ni(1.2) with a mean Ni particle size of 10 nm forms CNFs from
methane with averaged diameter of 10 +£ 2 nm whereas CNFs of 17 + 2 nm are formed
out of 14 nm particles on Al,03-cord-Ni(3.0). Obviously the size of the metal particles
determines the diameter of the fibers, in agreement with other studies [17,18]. Correlating
the length of CNFs to nickel particle size is less obvious. Simple geometric evaluation
shows that (CNF) oc nLd?and (Ni) o«c nd®, where (CNFs) and (Ni) are the amounts of

CNFs and Ni, respectively; n is number of Ni particles which is assumed to be equal to
the number of CNFs, L is the length of the fibers and d is the Ni particle diameter, which

is observed to be equal to the diameter of the fibers. It follows that (C(:NF) = dL The area

Ni)
under the curves in figure 3 represents the amount of CNFs formed per gram Ni. Thus

(CNF)

samples with larger particles (d) produce more N Obviously, this calculation is a
[

simplification of reality, assuming monodisperse Ni particles and CNFs with identical
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length. Nevertheless, it can be qualitatively conducted that the length (L) must increase
when the size of the Ni particle increases.

Ethene however produces CNFs with larger diameters compared to methane, especially
when fibers were formed during a long period (figure 5b). This is at least partly caused by
the formation of very thick CNFs (up to 70nm) in the cordierite under these conditions, as
observed in micrograph 6b. However, it is possible that also the mean diameter of the
CNFs in the washcoat increases concurrently. The local distribution of fibers with
different diameters is unfortunately too inhomogeneous to allow accurate determination
of the diameter of the fibers with SEM. Nevertheless, SEM shows typical CNFs
diameters between 10 and 30 nm for all samples in the washcoat (figure 6a), which is in
the same order as the diameters calculated from the BET surface area for CNF’s prepared
from both ethene and methane.

The observation that thick fibers in the cordierite are observed only after long times is
due to the well known fact that large Ni particles cause slow formation of CNFs whereas
they tend to deactivate much slower [3,19,20]. In the case of the more reactive ethene
this causes very rapid formation of CNFS initially, followed by a rapid deactivation of
small particles, where after only thick fibers continue to form (figure 6b). In the case of
methane, the small particles survive longer, but large particles do not form at all. That
also explains why the sample with the smallest Ni particle size (8 nm) deactivates
relatively fast (figure 3a), leading to the lowest amount of CNFs per gram Ni at the end.
Reasonable agreement was found between the amount of CNFs determined both by
weight as well as by integrating the methane consumption in figure 2. Moreover, the
relatively low initial activity for CNFs formation as well as the low extent of deactivation
of sample Al,Os-cord-Ni(3.0) is qualitatively explained by the lower dispersion (14 nm)
of this sample as well.

4.3. Structure of the CNFs-monolith composite

It was shown before that the formation of CNFs in the y-alumina washcoat causes
fragmentation of this layer, as well an increase in the apparent thickness (figure 8a). It is
remarkable that the expansion factor is independent on the amount of CNFs. Apparently,
small amount of CNFs causes the fragmentation and expansion, while most of the CNFs
fill the created open volume between the fragments. This fragmentation starts at the
beginning of the formation process, because CNF’s diameter in the washcoat (10-30 nm)
is larger than the y-alumina washcoat pore size (5-20 nm). For example, fragmentation
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could not be prevented even on Al,O3-cord-Ni(0.4), which has the smallest mean nickel
particle size (8 nm) because a few CNFs with diameter larger than the pore diameter will
cause fragmentation. This means that the CNFs diameter is controlling the fragmentation
process.

Pore volume of the monolith decreased with the amount of CNFs as shown in figure 4b.
However, the total volume of the body increased as the wash-coat expanded. One can
estimate the pore volume of the composite layer, based on the thickness of the layer and
amount of CNFs. For example, the total pore volume of the 1 wt% CNFs composite layer
on Al,0O3-cord-Ni(0.4) was estimated to be 1.3 ml/g. This number decreased to 0.8 mi/g
for Al,O3-cord-Ni(3.0), which has 30 wt % CNFs. The composite layer is highly macro-
porous because these newly generated pores are not detected by N, adsorption. Moreover,
micrograph 6a shows the macroporous properties of the layer. The macro pore volume
decreases with the amount of CNFs since the expansion of the thickness of the wash-coat
is independent on the CNFs amount. From the fact that the pore volumes and surface
areas of the fresh monolith and of a monolith after oxidizing the fibers are close (Table
2), it can be concluded that fragmentation of the alumina wash-coat generates
insignificant new surface area. This is in agreement with our observation reported earlier
[9] that the fragments are sized in the order of microns at least, orders of magnitude larger
then the sizes of the pores in the wash-coat.

The BET surface area of the monolith is found to increase with increasing amount of
CNFs (figure 4.a) while the pore volume decreased concurrently (figure 4b). At the same
time the micro pore volume increases (figure 4.c), whereas CNFs do not contain
micropores [3]. These observations proof that a significant fraction of the CNFs formed
fit tightly in the pores of the wash coat without fragmentation occurring. The fit is so
tight that the remaining space between fibers and pore-walls introduces micro-porosity in
the composite material.

From the point of view of application of these materials as catalyst support, the quest is to
maximize the surface area as well as the total pore volume. These properties vary in
opposite way with the amount of CNFs, implying the need to optimize the amount of
CNFs. However, the amount of CNFs also needs to be limited in order to arrive at
mechanically stable materials as will be discussed below.
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Detachment of the composite alumina-CNFs layer from the cordierite occurs when the
amount of CNFs is too high (Micrograph 8.b). Close inspection of the interface reveals
the presence of a CNFs layer of 1 um on the washcoat, identical to the CNFs layer at the
outside surface of the composite washcoat layer. The detached face of the cordierite
contains much less carbon fibers. Thus, CNFs formed out of the washcoat are responsible
for the detachment of the composite washcoat from the cordierite.

Fragmentation of the cordierite occurs only after extensive formation of CNFs, in
contrast to fragmentation in the washcoat, starting more or less instantaneously. This is
caused by the large difference in pore sizes. The cordierite contains macro pores only
implying that a single CNFs will never cause fragmentation because the diameter of the
fibers is by far smaller then the size of the pores. In the cordierite, on the other hand, the
pores are on average even slightly smaller then the fibers observed, as discussed before.
Therefore, fragmentation in the cordierite will occur only when locally to many fibers are
formed that cannot be hosted anymore in the macro-pores. Ethene therefore causes much
faster fragmentation of the cordierite, independent of the Ni loading (Micrograph 8d),
because the rate of formation of CNFs with ethene is extremely high (Table 1). Moreover,
large Ni particles present in the cordierite can form CNFs only from ethene and not from
methane. Therefore ethene results not only in faster formation of CNFs, it also causes
formation of relatively more CNFs in the cordierite (Figure 9c) instead of in and on the
surface of the alumina washcoat. Therefore, CNFs formed with methane destroy the
cordierite only when a high Ni loading is combined with a long time to form CNFs
(Micrograph 8c), which again is contributed to relatively large amounts of CNFs in the
macro-pores in the cordierite (Figure 9b).

Finally, the thickness of the homogenous and thin CNFs layer at the outer surface along
the monolith seems to increase with nickel loading. Micrograph 7a and 7b show that
density of fibers (number/area) decreases with the thickness of the layer. The increase in
the thickness is tentatively explained by the fact that length of the CNFs increases with
increasing nickel particle size (section 4.2). The structure of this layer of entangled CNFs
can be regarded as the inverse structure of a theoretical inorganic support material. In
other words, it increases porosity and decreases tortousity without compromising the
surface area. Therefore this layer hold the most promise when used as washcoat for
catalysts in liquid phase.
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5. Conclusions

In this study we describe and explain how nickel particle size, the conditions to form
CNFs as well as the pore-structure of the wash-coated monolith determine the structure
and properties of CNFs as well as the morphology and mechanical strength of the
resulting complex composite that contains cordierite, alumina and CNFs.

It turns out that the thickness of the CNFs layer at the outermost surface (about 1 um) as
well as the diameter of the fibers increases with the mean Ni-particle size.

Formation of CNFs using methane leads to immediate fragmentation and doubling of the
thickness of the washcoat independent on the amount of CNFs, forming a macro-porous
composite layer of entangled alumina particles and CNFs with a typical diameter of 10-
30 nm. Immediate fragmentation is due to the fact that some of the fibers are too thick for
the pores in the washcoat. The total porosity decreases with the amount of CNFs whereas
the surface area per gram monolith increases.

Large Ni particles are able to form CNFs for longer times, resulting in detachment of the
washcoat from the cordierite, which is caused by extensive formation of CNFs out of the
washcoat. Furthermore, extended formation of CNFs inside the cordierite body causes
disintegration of the monolith body when macro-pores are locally overfilled with CNFs.
Methane is preferred over ethene for synthesizing CNFs because ethene forms CNFs
rapidly even on relatively large Ni particles, resulting in thick fibers up to 70 nm in the
macro-porous cordierite, destroying the monolith.

Controlling both Ni particle size and Ni distribution as well as choosing the right

hydrocarbon are essential to form CNFs washcoat without damaging the monolith
structure.
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Chapter 4

Immobilization of a layer of carbon nanofibers (CNFs) on Ni
foam; a new structured catalyst support

Abstract

The work described in Chapters 2 and 3 is limited to CNFs attached to porous ceramic
materials. This work describes the preparation of new materials with the required
properties based on immobilizing carbon nanofibers (CNFs) on the surface of Ni foam.
CNFs were catalytically synthesized by decomposition of ethene over the Ni foam. The
influence of formation conditions on the morphology of the CNFs, on the mechanical
stability of the CNFs-Ni-foam composite structures and on the attachment of the CNFs to
the Ni foam is discussed.

The surface area of the Ni-CNFs-foam composite increased with the loading of CNFs,
from less than 1 m%g to 30 m?/g for 50 wt% CNFs on the foam. The layer of the CNFs
was highly open with a pore volume of 1 cm®/g CNFs.

Stable Ni-CNFs-foam composite structures can be obtained under the conditions that the
extent of corrosive metal dusting of Ni is limited, via decreasing the temperature and/or
the formation time. Some metal dusting is however needed to form small Ni particles that
allow formation of CNFs.

The extent of corrosive metal dusting determines to what extent CNFs are weakly
attached. The remaining CNFs, at least 80%, are remarkably strongly attached. Every
single CNFs is bonded to the Ni structure, probably via penetration of the CNFs into the
polycrystalline Ni foam.

Controlling the conditions of CNFs formation is vital in order to optimize the mechanical
stability of the CNF-Ni-foam composite structures as well as the strong attachment of the
CNFs to the surface of the Ni foam.
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1. Introduction

Carbon materials are frequently used as catalyst support because of high surface area and
chemical inertness [1]. Recently, new graphitic materials, i.e. carbon nanofibers (CNFs),
received increasing interest because highly porous aggregates can be formed. These
aggregates have high surface area (100-200 m?/g) and high pore volume (0.5-2 cm®/g)
without the presence of micropores [1,2]. These properties are favourable for a catalyst
support material because sufficient surface area is provided in combination with high
porosity and low tortuosity, thus maximizing the effective diffusion coefficient. This is
particularly important in the application of heterogeneous catalysts in liquid phase. CNFs
can be synthesized catalytically by decomposing hydrocarbon or CO over small metal
particles like Ni [3].

So far CNFs have been mainly applied as catalyst support in powder form [1,2,4-6].
Application of such a fluffy powder in conventional catalytic reactors in liquid phase is
problematic. Trickle bed operation will result in a high-pressure drop in the reactor, while
slurry phase operation will encounter agglomeration of the fibre-particles as well as the
need for filtration step [2].

Immobilization of CNFs on a support would overcome the disadvantages of
agglomeration and tedious filtration. A structured support material is to be preferred in
order to optimise hydrodynamics for operation in liquid phase. In our previous work, a
washcoat of CNFs was synthesized on a monolith support [7,8]. Ledoux et al. [9] have
synthesized CNFs on graphite felt. The graphite felt with the fibres was used to support
iridium catalyst. This catalyst showed better performance for the extreme fast
decomposition of hydrazine, compared to iridium on y-alumina, due to the high external
surface area of the fibers. In this work, Ni foam will be used as a structured support to
immobilize the CNFs.

Ni foams are highly porous structured materials. Their structure resembles the inverse
structure of a packed bed of dense spheres; the empty space between the spheres is filled
with Ni, where after the spheres are removed thus creating the new macro-pores. The
main disadvantage of metal foams is the low surface area (<1 m?/g), which limits their
applicability as catalyst supports. Applying a uniform ceramic washcoat on Ni foams is
difficult because of poor adhesion of the resulting coating [10]. However, Valentini et al.
[11] prepared y-Al,O3; washcoats on aluminium foam with good adherence. Detailed
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information is not yet available, however it is clear that controlling the properties of the
washcoat as well as the distribution through the foam is problematic. Therefore it is
important to find alternative methods to create a highly porous layer on the surface of
metal foams.

Synthesizing CNFs on Ni foam would be a new method to increase the surface area of the
foam. On the other hand, it is well known that exposition of Ni to hydrocarbons at
temperature between 400 and 800°C results in corrosion via metal dusting, i.e.
fragmentation of polycrystalline Ni into small Ni particles [12-14]. To the best of our
knowledge this is the first attempt to synthesize CNFs on Ni foams without destroying
the foam. Huang et al. [15] have synthesized CNFs from Ni foam at temperatures
between 550 and 700°C using acetylene, in an attempt to optimize the amount of CNFs
per gram of Ni and thereby completely destroying the foam.

The aim of the present work is to explore the immobilization of CNFs on the surface of
Ni foam. Therefore we studied the influence of the conditions used for CNFs synthesis on
three critical properties: the surface area and the porosity of the CNFs layer, attachment
of the CNF to the Ni-foam and the mechanical properties of the CNFs-Ni-foam
composite.

2. Experimental

2.1. Materials

Figure 1 shows the typical morphology of the Ni foam (RECEMAT) applied in this study;
it is a three dimensional network of connected strands. Each strand is shaped like a prism.
The foams were sheets with a size of 20x10 cm? and a thickness of 5 mm. Cylindrical
samples of Ni foam (10 mm in diameter) were prepared using wire-cut Electrical-
Discharge Machining (AGIECUT CHALLENGE 2). It appeared that the apparent density
of the foam varied (+ 25%) within the sheet, although the pore size was found to be
constant. The variation in density is caused by variation in the thickness between 11 and
15um of the Ni walls of the hollow strands. The geometric surface area per gram Ni was
estimated to be less than 1 m?/g, based on the morphology of the foam described above
and the bulk density of Ni metal (7.78 g/cm?).
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Hydrogen and nitrogen (99.999%, INDUGAS), and ethene (99.95%, PRAXAIR) were
used for CNFs formation without further purification.

e

.___..-:' _.-|; ' (i)

e

Figure 1: SEM micrograph of Ni foam (RECEMAT) as received.

2.2. Carbon nanofibers formation

CNFs formation was carried out in a quartz reactor with a porous quartz plate at the
bottom to support the Ni foam [7,8]. A sample of about 0.4 g was reduced in 20 % H, in
N2 with total flow rate of 100ml/min. The temperature was raised (5.5°C/min) from room
temperature to 700°C (two hours dwell time), where after temperature was decreased
(5°C /min) to the desired temperature to form CNFs. Finally, CNFs were synthesized
using a gas mixture containing 25 % C,H,; in N, (total flow rate 107 ml/min) at
temperatures between 450 and 500°C.

Ethene conversion was determined with on-line chromatography (Varian GC model 3700
equipped with a 15 m Q-Plot column). The formation rate was calculated from the
production rate of hydrogen, which was the only product in the gas phase. The maximum
conversion of ethene in most cases was below 5 %. Therefore the ethene concentration
does not vary significantly through the reactor and homogeneous formation of CNFs is to
be expected.

Finally, the sample was cooled down in N, to room temperature. The amount of carbon

formed on the foam was determined by measuring the increase in the weight caused by
the formation of CNFs.
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2.3. Characterization

After CNFs formation, each sample was blown with 100 L/min air stream for one minute,
in order to clean the samples from any loose fibers before characterization.

Surface concentration of carbon on the fresh and reduced metal foam was studied using
X-ray photoelectron spectroscopy (XPS, Physical Instruments & Quantum 2000).

BET surface area of CNFs was calculated from the Nj-adsorption isotherm, obtained at
77 K (ASAP 2400 Micromeritics).

The samples were studied (without destruction) with Scanning Electron Microscopy
(SEM) (LEO 1550 FEG SEM) equipped with EDX analysis. The morphology of the CNF
was studied using an in-lens detector. An SE2 detector, which is more sensitive to the
higher energy secondary electrons, was used to detect areas rich in Ni.

The amount of loose CNFs was determined from the decrease in the weight of the foam
when blowing the foam with air. The stability of the CNFs towards shear forces, which
would be necessary when applied as catalyst support in liquid phase, was tested by
flowing water through the foam at room temperature with a linear velocity of 1 m/s. The
extent of loss of CNFs was calculated from the difference between the initial and final
weight of the foam.

Temperature programmed hydrogenation (TPH) of the Ni foam after carbon deposition
was performed in order to identify the type of the synthesized carbon. The temperature
was raised (5°C/min) from room temperature to 1000°C. TPH was done using 50-vol%
H, in Ar at a total flow rate of 50 ml/min. The products were continuously recorded using
quadrupole mass spectrometer (Balzers QMG 420).

The mechanical stability (deformation) of the final composite structures was determined
in a mechanical testing machine (Zwick 1 kN) with constant cross speed at 0.25 mm/min.
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3. Results

3.1. Surface structure of original foam

The Ni foam was reduced with H, to convert any NiO on the surface of the foam into Ni
metal, because metal oxides inhibit carbon deposition [16]. Micrograph 2a shows the
surface of the Ni foam before reduction, while micrograph 2b shows the surface of the
foam after reduction, both at two magnifications. The low magnification micrographs
show grain sizes of 1 to 10 um, which did not change significantly during reduction. The
surface of the Ni foam before reduction was rough, showing the presence of some black
spots. The black spots were analyzed with EDX to be carbon. The carbon is a remainder
of the polymer, which was used to prepare the foam. Only Ni was detected with EDX on
the rough surface. Micrograph 2b shows that the carbon spots have disappeared and that
the surface was smoothened after reduction at 700 °C for 2 hours.

XPS analysis showed that the C/Ni atomic ratio decreased from 7 to 1 during reduction.
This means that the reduction pre-treatment removed most of the original carbon from the
surface of the foam.

Some facets appeared on the Ni surface after reduction (micrograph 2b). The
restructuring of the Ni foam surface may be due to the fact that metal surfaces show
adsorbate-induced restructuring when exposed to a chemisorbing gas like Hy, or due to
the removal of carbon, as it is known that 0.25 monolayer of carbon on Ni induces
restructuring of the topmost Ni atoms [17].

100 nm
100 nm

Figure 2: SEM micrographs of Ni foam. (a) As received, (b) reduced in 20 % H, in N,
(100 ml/min) at 700 °C for 2 hour and passivated by 5 % air in N2 at room temperature.
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3.2. Carbon nanofibers formation on Ni foam

Figure 3 shows the formation rate of CNFs on Ni foam at different temperatures between
450 and 500 °C. The rate increased with time till a maximum value and then decreased.
The maximum formation rate of CNFs was higher and was achieved faster at higher
temperature. However, the formation rate of CNFs also decreased relatively fast at high
temperature. The area under the curves in Figure 3 represents the amount of CNF (g
CNF/ g Ni) formed at different temperatures. The amount of CNFs, calculated from
figure 3, was in reasonable agreement (+ 15%) with the weight increase of the samples.
However, the rates of CNFs formation were reproducible only with a typical variation of
+ 25%, which is due to the inhomogenouty of the Ni foams as was mentioned in the
material section.
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Figure 3: Formation rate of CNFs on Ni foam at different formation temperatures.
3.3. Structure of the CNFs

Micrograph 4a shows the structure of the Ni foam after synthesizing 25wt% CNF at
450°C for 2 hours. The mean characteristic width of the strand was 170 £ 5 um,
calculated from statistical analysis of 30 strands using micrograph 4a, as well as three
other micrographs at different positions on the sample. Micrograph 4b is a typical
micrograph showing the details of the CNF layer. A highly porous CNF layer with
relatively thick fibers (40-70 nm) was observed.
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100 nm

Figure 4: SEM micrographs of CNFs-Ni foam (a) loaded with 25 wt% CNF synthesized
at 450°C after 2 hours (b) Details of the CNFs layer.

Figure 5 shows the temperature programmed hydrogenation (TPH) profile of the CNFs-
Ni foam loaded with 25wt% CNFs (micrograph 4a). The only product observed was CH,4
(m/e = 16). Figure 5 shows a clear methane peak at 550°C and a very small peak at
330°C. Samples with lower CNFs loading (e.g. after 30 min of CNFs formation, see
Figure 7) showed a small methane peak was observed at 550°C only and no peak could
be observed at 330°C.
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Figure 5: Temperature-programmed hydrogenation profile of CNFs-Ni composite, after 2
hours of CNFs formation at 450 °C. Heating rate: 5°C/min, flow rate: 50ml/min, 50vol%
H2/Ar.

Nitrogen physisorption and SEM were used to study the structure of the CNFs. From the

BET surface area of the foam after formation of CNFs and the amount of CNF on each
sample, the surface area per gram CNF can be calculated. Figure 6 shows that the BET
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surface area of CNFs was 90 + 10 m?/gCNFs, independent of the amount of CNF on the
foam. However, the error margins of the surface areas of the three samples with CNFs
less than 10wt% (Figure 6) is larger than + 10 m?/gCNFs because the surface area of the
whole sample is too low to be measured accurately. The amount of CNFs was varied
either by using different formation temperatures (450, 475 and 500°C) for 0.5 hour, or by
changing the time at 450°C.
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Figure 6: BET surface area of CNFs synthesized on Ni foam (!) at 450°C for different
formation time, (8) at different formation temperature (450-500°C) for 0.5 hr formation
time.

Micrographs 7a and 7b represent the Ni surface after formation of CNFs for 0.5 hour at

450°C. The left hand side of micrograph 7a was taken using the in-lens detector, while
the right hand side of the micrograph was taken using the SE2 detector. The left hand side
of the micrograph shows a very rough surface with limited numbers of thick fibers (40-70
nm). The right hand side shows small features (20-100 nm) on the surface of the foam.
The fact that these features look bright with the SE2 detector implies that these features
are rich in Ni on a surface that contains a lot of carbon. Some of these features were
found at the top of a CNF (1) or incorporated in a CNF (2); only a few of these particles
are indicated in micrograph 7a. Micrograph 7b represents the same sample with higher
magnification, showing the presence of very fine CNFs (10-20 nm) as well.
Unfortunately, it was not possible to estimate the mean diameter of the CNFs and the
mean size of the Ni features because of the heterogeneity of the surface structure of the
samples.
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Figure 7: HRSEM micrographs of Ni foam after synthesizing CNFs for 0.5 hour at
450°C. (1) Ni particles at the top of CNFs, (2) Ni particles within the structure of CNFs.

3.4. Mechanical Stability

Mechanical integrity of the samples and strong attachment of the CNFs to the Ni surface
are necessary for application of the CNF-Ni foam composite as structured catalyst
support.

The foam collapsed completely when too many CNFs (138wt %) were synthesized, e.g.
after 3 hours at 500 °C. Collapse of the foam could be circumvented by decreasing the

amount of CNFs to 50 wt% (450 °C,6 hours).
Mechanical properties of the integral foams were determined by measuring the critical
compression stress, defined as the minimum pressure required to initiate deformation.
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The samples showed plastic deformation. Figure 8 shows that the critical compression
stress increased with the CNFs content.
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Figure 8: Critical compression stresses of CNF-Ni foam composite at 0.25 mm/min
constant cross speed for different CNF contents, synthesized at 450 °C.

The initial loss of CNFs during cleaning with compressed air increased with CNFs
loading and formation temperature (Figure 9). After the removal of the loose fibres, the
attachment of the fibres against shear force was tested by flowing water through the foam
with a linear velocity of 1m/s. No further loss of CNFs could be detected during 4 hours
of applying the shear force to the composites after formation of 2, 8, 22 and 31wt%
CNFs. Moreover, the composite with 22wt% CNFs was exposed to shear forces during
96 hours and no loss of CNFs could be detected.
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Figure 9: Initial losses of CNF (relative change in CNFs wt%) against shear forces caused
by blowing the foam with 100 L/min air stream for 1 min.
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4. Discussion

4.1. Structure of CNFs and the final composite

A catalyst support should have a high surface area to maximize the number of accessible
active sites. Moreover, a high pore volume and large pore sizes of the support are
particularly important in the application of heterogeneous catalyst in liquid phase
reactions to decrease the tortuosity. Unfortunately, the surface area of a catalyst support
increases when pore size decreases, which increases tortuosity and as a result mass
transfer will be retarded. Thus, maximizing the surface area as well as the porosity of the
CNFs layer is essential for applying these composite materials as catalyst supports. The
surface area of the foam increased up to 30 m?/g in the case of 50 wt% CNFs. One can
estimate the pore volume of the CNFs layer from the increase in the characteristic width
of the strands, the CNF wt% and the densities of both graphite (2.3 g/cm®) and Ni (7.78
g/cm®). Thus, the pore volume was estimated to be 1 cm*/gCNF for the sample with 25
wt% CNFs shown in Figure 4.

The pore volume of the synthesized CNFs layer is in the higher range of the pore volume
of y-alumina, which ranges typically from 0.5 to 1 cm®/g [18]. Moreover, the voids
between the CNFs (Micrograph 4b) are macropores and thus significantly larger than the
typical mesopores that dominate in y-alumina (3-12 nm) [18].

The initial morphology of the surface of the Ni foam, used to synthesize CNFs, is shown
in Figure 2b. The morphology is typical for polycrystalline Ni, showing grains sized
between 1 and 10 um. A rough surface with small Ni particles, sized in the range of 10-
100 nm, formed (micrograph 7a) when the polycrystalline Ni surface was exposed to
ethene at 450°C for 0.5 hour. Some of the Ni particles started to synthesize CNFs with
diameters between 10 and 70 nm (micrographs 7a and 7b). The size of the Ni particles is
significantly smaller than the size of the grains in the Ni foam. Thus, fragmentation of the
Ni grains into small Ni particles occurs before CNFs start to form. Similarly, Kim et al.
[19] have synthesized CNFs with diameters between 25 and 100 nm, starting with 1 um
Ni particles using ethene. The authors concluded that fragmentation of the 1 pum Ni
particles into smaller Ni particles occurred prior to CNFs formation. The Ni particles
observed in Figure 7 are probably involved in the formation of CNFs, despite the fact that
some of the Ni particles are too large compared to the diameter of CNFs. We suggest that
the relatively large Ni particles are fragmentized further at a later stage, followed by the
formation of CNFs. Park et al. [20] showed that thin CNFs with diameter less than 20 nm
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were formed using ethane from Ni particles with a diameter larger than 60 nm supported
on activated carbon. The authors also concluded that fragmentation took place of the
large particles into smaller particles.

Figure 3 shows that the formation rate of CNFs at constant temperature initially
increased, reached a maximum value and then decreased. In contrast, formation of CNFs
using supported pre-shaped small Ni particles with a suitable size to form CNFs
immediately, takes off with maximum rate immediately followed by deactivation [8].
The initial increase in the formation rate of CNFs on polycrystalline Ni is caused by the
necessity of fragmentation of Ni grains into small Ni particles as shown in Figure 7. The
rate of formation of Ni particles is apparently higher than the rate of deactivation of Ni
particles, until the maximum rate of formation of CNFs is achieved. Then, deactivation of
Ni particles dominates. The maximum formation rate of CNFs was achieved when the
rate of formation of Ni particles and the rate of deactivation of Ni particles are equal.

Figure 3 also shows that the maximum rate of CNFs formation was higher and was
achieved faster at higher temperature. On the other hand, also the deactivation was much
faster at higher temperature. The overall rate of CNFs formation on polycrystalline Ni is
determined by two factors: first, the number of Ni particles that allow CNFs formation
and second, the intrinsic rate of CNFs formation for each Ni particle. The number of Ni
particles contributing to the formation of CNFs is determined by the rate of generation of
Ni particles via the fragmentation of Ni grains, as well as by the rate of deactivation of Ni
particles due to encapsulation with carbon. It is generally agreed in metal dusting
literature that the fragmentation rate of Ni grains into small Ni particles increases with
temperature [21-23]. On the other hand, the deactivation rate of the Ni particles also
increases with temperature during CNFs formation on pre-shaped Ni particles supported
on y-alumina [24]. It is known that the apparent activation energy of CNFs formation is
145 kJ/mol [3]. Despite the fact that the mentioned activation energy was measured for
the decomposition of acetylene over Ni catalyst, it is generally agreed that the intrinsic
rate of CNFs formation is controlled by diffusion of carbon through the Ni particle. This
means that we can assume that the activation energy of CNFs formation using ethene is
also 145 kJ/mol. The apparent activation energy using the maximum formation rates
(Figure 3) at different temperatures was 200 + 20 kJ/mol, which is significantly higher
than 145 kJ/mol. Thus, the maximum formation rate of CNFs increases with temperature
not only because of the increase in the intrinsic rate, but also because the number of
active Ni particles at the maximum rate apparently increases with temperature.

69



Chapter 4

The TPH of the CNFs that were synthesized on the Ni foam for two hours resulted in two
peaks in the formation of methane at 330 and 550°C, respectively (Figure 5). The two
methane peaks indicate that two types of carbon species were formed during the
formation of CNFs. De Box et al. [26] studied the TPH of CNFs formed on 50wt%
Ni/SiO; catalyst using 10vol% Hy/N,. The author reported a main methane peak at 550
°C and a shoulder at 425°C. The main peak was attributed to CNFs, while the shoulder
was attributed to amorphous carbon. Similarly, we may attribute the main methane peak
at 550°C as shown in Figure 5 to CNFs, while the peak at 330°C is due to hydrogenation
of amorphous carbon. The ratio of the area under the peak at 550°C to the area under the
peak at 330°C was 25:1. Moreover, carbon formed after 30 min (Figure 7) could not be
detected at all. Thus, it can be concluded that the amount of CNFs synthesized is by far
dominating over the amount of amorphous carbon.

Micrographs 4 and 7 show that CNFs are formed with diameters varying between 10 and
70 nm, which is in the usual range of CNFs [2]. Ni particles are observed both at the top
as well as within the CNFs, as indicated in micrograph 7a by (1) and (2), respectively. It
is obvious that the diameter of the CNFs are controlled by the size of the Ni particles
from which the CNFs are formed, similar to the formation of CNFs from pre-shaped Ni
nano-particles supported on alumina [8].

SEM micrographs 7a and 7b showed the presence of both thin (10-20 nm) and thick
fibers (40-70 nm) after 0.5 hour of CNFs formation, while mainly thick fibers (40-70 nm)
were observed after 2 hours of CNFs formation (micrograph 4b). The mean diameter of
the CNFs was calculated using the BET surface area per gram CNFs (Figure 6), assuming
the density of the CNFs equals the density of graphite 2.3 g/cm® [2]. The mean diameter
of the CNFs was 22 +2 nm, which is in the range of the smallest diameters observed with
SEM. However, the mean diameter was constant, independent of the formation time and
formation temperature. Obviously, the observations with SEM (Figure 7) and the BET
data for samples with low CNFs loading, are not in conflict, despite the limited accuracy
of the BET data. This implies that the layer of thick CNFs shown in Figure 4 must
contain also thin CNFs, despite the fact that exclusively thick CNFs were observed in
SEM micrographs. Moreover, it follows that the ratio between the amount of thin CNFs
and the amount of thick CNFs is independent of time and temperature. As the thin CNFs
are not observable with SEM (micrograph 4b), we suggest that the thin CNFs are located
exclusively deep in the CNFs layer, close to the Ni surface. This explanation is
reasonable under the assumption that the fast deactivation of small particles overrules the
fast rate of formation of thin CNFs, as this would result in thin CNFs located close to the

70



Immobilization of a layer of carbon nanofibers (CNFs) on Ni foam; a new structured catalyst
support

Ni surface exclusively. It is known that small Ni particles form CNFs faster and also
deactivate faster than large Ni particles [3,27]. On the other hand, the relatively large Ni
particles grow slowly but steadily, thus generating long and thick CNFs that determine
the morphology of the outer layer observed with SEM.

4.2. Stability of the final composite

The integrity of the Ni foam was lost after synthesizing 138 wt% CNFs at 500°C in 3
hours. On the other hand, the foams were stable after synthesizing 50 wt% CNFs at
450°C in 6 hours. The Ni foam collapsed at high temperature because of the increase in
the rate of corrosive metal dusting with temperature as discussed above [21-23]. It is
known that carbon precipitates and accumulates at defects (e.g. grain boundaries) in the
Ni [28]. Accumulation of carbon in the grain boundaries may separate the grains and as a
result the foam collapses. Similarly, Huang et al. [15] found that the amount of CNFs per
gram Ni can be maximized by synthesizing at 550°C, completely destroying the foams.

Unexpectedly, the strength of the integral CNF-Ni-composite foams against deformation
increased with CNFs loading below 50wt% (Figure 8). Moreover, the composites were
not brittle and showed plastic deformation. Similarly, Olurin et al. [29], who studied the
effect of the carbon content on the strength and ductility of nickel foams, have found that
carbon migrates to the grain boundaries of Ni and increases the cohesive forces, resulting
in an increase in the fracture strength. As opposed to metal dusting, it seems that
dissolution of small amounts of carbon from ethene dissociation in the Ni foam increases
the mechanical strength of the foam.

The other necessary feature for application is strong attachment of the CNFs to the
surface of Ni foam. Figure 9 shows that the initial loss of CNFs during air cleaning
increased with the amount of CNFs per gram Ni and with temperature. As mentioned
above, the extent of metal dusting of Ni increases with temperature and with the amount
of CNFs formed [21-23]. We suggest that this increase in the initial loss of CNFs is
mainly due to increased metal dusting corrosion. However, more than 80% of the CNFs
were stable during air cleaning. Moreover, no further loss could be detected when a shear
force was applied by flowing water through the samples with a linear velocity of 1m/s. It
was reported in literature that graphite fibers can penetrate through the Ni [12,13] and we
suggest that this effect is responsible for the strong attachment. The fact that CNFs are
strongly attached at very low CNFs loading formed at 450°C for 0.5 hour (micrograph
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7a) is a strong support for the hypothesis that every CNF is attached to the Ni foam. This
means that the entanglement between the CNFs is not responsible for the attachment of
CNFs to the Ni surface.

We propose that carbon dissolution and segregation, Ni fragmentation and formation of
CNFs proceed as schematically shown in Figure 10. Initially (a) carbon is deposited from
ethene. This carbon (b) diffuses into the Ni grains and precipitates in the grain
boundaries. This apparently increases the resistance of the Ni foam against deformation.
Fragmentation of the Ni grains into small Ni particles started and CNFs start to form (c).
Each CNF is attached to the Ni structure, probably via penetration of the CNF into the Ni
foam. The formation of CNFs continues and new small Ni particles are formed, partly
close to the connection of the early CNFs with the foam. As a result, the early CNF
looses its attachment to the foam, so that these CNFs can be blown out (d). Even longer
exposition to ethene causes extensive accumulation of carbon at the grain boundaries,
which finally result in total disintegration of the grains via corrosive metal dusting (e).

72



Immobilization of a layer of carbon nanofibers (CNFs) on Ni foam; a new structured catalyst
support

C,H, H,

/
///////// \\\\\\\\ // 71/ /*/ /Z \\\\\\\\
/ Grain 1 / Grain 2 \ % rain \\GEI\\HZ \\\

V1 17,1077 PN 0 N\

(a) Carbon deposition (b) Carbon diffuses into the grains and
accumulates in the grain boundaries

o] o) o}

_—

/7y, \\\\\\ / //////// \\\\\\\

/ Grain 1 / Grain 2 k / Grain 1 Grain 2
VAN z //// \\\ S
(c) Polycrystalline Ni fragmentises into (d) More fragmentation of the Ni resulting
small Ni particles and CNFs start to form. in de-attaching some CNFs

Each CNF is attached to the Ni surface.

//////// \\\\\\

Graln 1 Gram 2
/ ////// \\\\\\
(e) Disintegration of the grains resulting in

collapsing the foam.

Figure 10: Proposed mechanism for the synthesis of CNFs on polycrystalline Ni.
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5. Conclusions

In this study we describe and discuss a new method to increase the surface area of Ni
foam by synthesizing an immobilized layer of CNFs on the foam surface using ethene.
We studied the effects of formation conditions on three properties; the morphology of the
CNFs layer, the mechanical properties of the CNF-Ni-foam composite and the attachment
of the CNF to the Ni foam.

The surface area of the Ni-CNFs-foam composite increased with the loading of CNFs,
from less than 1 m%g to 30 m%g for 50 wt% CNFs on the foam. The layer of the CNFs
was macroporous with a pore volume of 1 cm®g CNFs.

Stable Ni-CNFs-foam composite structures can be obtained under the conditions that the
extent of corrosive metal dusting of Ni is limited, via decreasing the temperature and/or
the formation time. Some metal dusting is however needed to form small Ni particles that
allow formation of CNFs.

The extent of corrosive metal dusting determines to what extent CNFs are weakly
attached. The remaining CNFs, at least 80%, are remarkably strongly attached. Every
single CNFs is bonded to the Ni structure, probably via penetration of the CNFs into the
polycrystalline Ni foam.

Controlling the conditions of CNFs formation is vital in order to optimize the mechanical
stability of the CNF-Ni-foam composite structures as well as the strong attachment of the
CNFs to the surface of the Ni foam.
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Chapter 5

Effect of the surface state of Ni foam on CNFs formation

Abstract

The work described in Chapter 4 was limited to the preparation of CNFs on the surface
of polycrystalline Ni at different temperatures. This work describes in detail the effect of
the morphology and surface properties, i.e. the Ni grain size, the coverage with NiO as
well as the grain size of the NiO, on the formation of CNFs.

The formation of CNFs on polycrystalline Ni starts with the formation of meta-stable
Ni3C, which later decomposes into Ni and C. As a result, nano Ni particles are created
with dimensions suitable for CNFs formation. Therefore, the rate of formation of CNFs
on polycrystalline Ni becomes significant after the decomposition of the NisC, thus
formatting the Ni nano particles.

The presence of a NiO layer increases the formation rate of CNFs one order of
magnitude. NiO is apparently reduced in-situ and facile conversion of Ni nuclei to NisC
particles is responsible for the rapid formation of CNFs, as opposed to sluggish
formation of NisC particles from large (1-10 zm) Ni crystals.




Chapter 5

1. Introduction

Carbon nanofibers (CNFs) are graphite materials that can be formed via catalytic
decomposition of hydrocarbons or CO over small metal particles such as Ni [1]. The
mechanism of CNFs formation and the properties of these materials have attracted great
interest in different research areas. CNFs display unique mechanical and chemical
properties that have motivated the search for applications in composite materials. Adding
CNFs to the polymer materials induces electrical conductivity [2]. For catalytic
applications, CNFs are attractive materials because these materials form aggregates with
high surface area (100-200m?/g), high pore volume (0.5-2 cm®/g) without the presence of
micropores [3]. These properties are favourable for a catalyst support material because
sufficient surface area is provided in combination with high porosity and low tortuosity,
thus maximizing the effective diffusion coefficient. This is particularly important in the
application of heterogeneous catalysts in liquid phase.

On the other hand, the formation of CNFs was considered a serious problem because they
are formed in a temperature range, where many important metal-catalyzed reactions are
carried out, such as Fisher-Tropsch synthesis and steam reforming. CNFs are
mechanically strong, so that the formation of these materials does not only destroy the
catalyst, but may even damage the reactor wall [4]. Moreover, the formation of the CNFs
cause an increase in the pressure drop and reduction of heat transfer properties due to
fouling in reactors and heat exchangers, respectively [5-7].

Mechanistic studies have indicated that the formation of CNFs is catalyzed by transition
metals or metal carbides, but not by transition metal oxides [8,9]. The inactivity of metal
oxides was postulated to be due to either the lack of activity of metal oxides for cleavage
of carbon-carbon bonds [10], or to the low solubility of carbon in several metal oxides
[11]. However, reduction pre-treatment of metal oxides might not be necessary, as the
oxides might be reduced in-situ with the hydrocarbons under the conditions of CNFs
formation. Baker et al. [12] concluded that FeO, which was reduced using ethane and
acetylene during CNFs formation, was one order of magnitude more active than Fe in the
formation of CNFs.

In our previous study [13], we have shown that the formation of CNFs on polycrystalline

Ni foams started with fragmentation of the Ni grains into small nano sized particles. We
also have shown that the rate of CNFs formation increased when the number of active Ni
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particles increased. In this study we explore the possibility to manipulate the yield, the
stability and the morphology of CNFs via modifying the surface morphology of the Ni
foam. Moreover, we studied the initiation of CNFs formation by following the changes in
the surface morphology of the Ni foam with the time of formation in order to understand
the mechanism of CNFs formation on polycrystalline Ni.

2. Experimental

2.1. Materials

The Ni foam (RECEMAT) applied in this study is a three dimensional network of
connected strands. The foams were sheets with a thickness of 0.5 mm. The apparent
density of the foam varied within the sheet (+ 25%) because of variation in the thickness
of the walls of the hollow strands (section 2.1, Chapter 4). The geometric surface area per
gram Ni was estimated to be less than 1 m?g as described in Chapter 4.

Hydrogen and nitrogen (99.999%, INDUGAS), and ethene (99.95%, PRAXAIR) were
used for CNFs formation without further purification.

2.2. Formation of carbon nanofibers

CNFs formation was carried out in a quartz reactor with a porous quartz plate at the
bottom to support the Ni foam. Cylindrical samples of Ni foam (10 mm in diameter and 5
mm height) were prepared using wire-cut Electrical-Discharge Machining (AGIECUT
CHALLENGE 2). A sample of about 0.4 g was used to form CNFs. Three pre-treatment
procedures were done on the samples. First, samples were reduced at 500 or 700°C in 20
% H; in N3 with total flow rate of 100ml/min. The temperature was raised (5.5°C/min)
from room temperature to the reduction temperature (two hours dwell time). The reduced
samples are designated as (red- reduction temperature in °C). Second, samples were
oxidized in stagnant air at temperature range between 300 and 700°C. The temperature
was raised (10°C/min) from room temperature to the oxidation temperature (one hour
dwell time). The oxidized samples are designated as (oxid- oxidation temperature in °C).
Third, a sample was oxidized in stagnant air at 700°C for one hour as described above
and then was reduced in 20 % H, in N2 with total flow rate of 200ml/min at 700°C for
two hours dwell time. This sample was designated as (oxid- 700°C - red- 700°C). After
the pre-treatment, the temperature was increased or decreased in the same gas mixture
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used for the pre-treatment (5°C /min) to 450°C to form CNFs using 25 % C,H4 in Ny
(total flow rate 107 ml/min).

Ethene conversion was determined with on-line chromatography (Varian GC model 3700
equipped with a 15 m Q-Plot column). The formation rate was calculated from the
production rate of hydrogen, which was the only product in the gas phase. The maximum
conversion of ethene was always below 10%, unless a higher conversion is reported.

Finally, the sample was cooled down in N, to room temperature. The amount of carbon
formed on the foam was determined by measuring the increase in the weight caused by
the formation of CNFs.

2.3. Characterization

After CNFs formation, each sample was blown with 100 L/min air stream for one minute,
in order to clean the samples from any loose CNFs before characterization.

Surface concentration of C on the fresh and reduced Ni foams was measured with X-ray
photoelectron spectroscopy (XPS, Physical Instruments @ Quantum 2000).

The structure of the samples was studied with X-ray diffraction (XRD) using a
PANalytical X’pert-APD powder diffractometer system equipped with a position-
sensitive detector with a 20 range of 120° using Cu K, (,=1.78897 A) radiation.

BET surface area of CNFs was calculated from the N,-adsorption isotherm, obtained at
77 K (ASAP 2400 Micromeritics).

The samples were studied with Scanning Electron Microscopy (SEM) (LEO 1550 FEG
SEM) equipped with EDX analysis. The morphology of the CNFs was studied using an
in-lens detector. An SE2 detector, which is more sensitive to the higher energy secondary
electrons, was used to detect the distribution of Ni in the surface of the foam.
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3. Results

3.1. Effect of pre-treatment on the surface morphology of the Ni foam
3.1.1. Effect of reduction pre-treatment:

Micrograph 1a shows the surface of the Ni foam before reduction, while micrographs 1b
and 1c show the surface of the foam after reduction in H, for 2 hours at 500 and 700°C,
respectively. The low magnification micrographs in 1a and 1c show grain sizes of 1 to 10
um, which did not change significantly during reduction. The surface of the Ni foam
before reduction was rough with carbon spots present as indicated in micrograph 1a [12].
The surface of the Ni foam after reduction at 500°C (micrograph 1b) is smoother than the
surface of the fresh sample (micrograph 1a). However, reduction at 700°C resulted in
further smoothening of the surface, although also some faceting could be observed
(micrograph 1c). Moreover, carbon spots disappeared during reduction at 700°C.

XPS analysis showed that the C/Ni atomic ratio decreased from 7 to 1.4 after reduction at
500°C, while C/Ni ratio dropped to 1 after reduction at 700°C.

100 nm

Figure 1: SEM micrograph of the surface of Ni foam: (a) as received, (b) after reduction
at 500°C and (c) after reduction at 700°C.
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3.1.2. Effect of oxidation pre-treatment:

The micrographs in Figure 2 represent the surface morphology of the Ni foam after
oxidation in stagnant air for 1 hour at different temperatures. Three-dimensional features
were created on the Ni surface during oxidation at 300°C as shown in micrograph 2a.
Some of theses features are small (20 to 40 nm) as pointed by (1), while also much larger
features in the order of microns are observed, as pointed by (2). Micrograph 2b shows
that most of the surface of the Ni foam is covered with a rough layer after oxidation at
500°C, whereas some areas of the Ni foam seem bare as pointed in (1). Micrographs 2c
and 2d show that the rough layer is covering the surface completely at higher oxidation
temperatures. However, oxidation of Ni foam at 700°C resulted in a smoother surface
(micrograph 2d) compared to the surface of Ni foam oxidized at 600°C (micrograph 2c).

Ni and oxygen were detected with EDX on the surface of every sample in Figure 2.
] / : ) i

Figure 2: SEM micrographs of the surface of Ni foam after oxidation in static air for 1 hr.
(@) oxid- 300°C, (b) oxid-500°C, (c) oxid-600°C and (d) oxid-700°C.
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Figure 3 shows the XRD patterns of the Ni foam oxidized at different temperatures.
Three Ni metal peaks were detected at 26 positions of 44.5, 51.9 and 76.4 degrees. Three
main NiO peaks were detected at 26 positions of 37.3, 43.3 and 62.9 degrees. The
intensities of the NiO peaks increased with oxidation temperature. NiO wt% was
estimated using the reference intensity ratio (RIR) method [14], whereas NiO grain sizes
were estimated using the Scherrer equation on the diffraction peak at 43.3°. The data in
Table 1 show that the calculated NiO wt% from XRD data was in reasonable agreement
with the NiO wt% calculated from the weight increase of the samples during oxidation.
Moreover, It shows that both the weight percentage of NiO and the average size of the
NiO grains increased with the oxidation temperature. It appeared impossible to estimate
both the amount and the grain size of NiO formed at 300°C, as the intensity of the NiO
peak was too low.
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Figure 3: X-ray diffraction patterns of Ni foam at different oxidation temperatures.
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Table 1: Amount of NiO and the average size of the NiO grains, estimated from XRD
data using the NiO peak at 43.3° and the NiO wt% calculated from the weight increase of
the foam.

Sample NiO wt% NiO wt% Average size of NiO
(XRD) (Weight increase) | grains (nm)

Oxid-300°C - - -

Oxid-500°C 1 2(+0.6) 28

Oxid-600°C 4 3(+£0.3) 41

Oxid-700°C 18 15 (+ 0.05) 76

3.1.3. Effect of oxidation followed by reduction pre-treatment:

Micrograph 4a shows a rough Ni surface containing holes after oxidation at 700°C and
subsequent reduction at 700°C. Micrograph 4b shows a typical hole, which was full of
carbon as analyzed by EDX. The size of the Ni grains around the hole shown in
micrograph 4b was in the range of 0.5 to 3um and only Ni was detected outside the hole
by EDX. It is clear that reduction of the NiO layer resulted in the formation of new grains
of Ni, sized smaller than the original grains (1-10um) before pre-treatment (micrograph
1a).

Figure 4: SEM micrographs of the surface of the Ni foam after oxidation at 700°C and
reduced at 700°C. (a) low magnification, (b) high magnification.
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3.2. Effect of the pre-treatment on the rate of CNFs formation

Figure 5a shows that the formation rate of CNFs decreased with increasing reduction
temperature. Moreover, the rate of formation of CNFs took off earlier after reduction at
lower temperature. Figure 5 also shows that the formation rate of CNFs was higher on the
sample oxidized before reduction compared to the sample that was reduced at 700°C
without prior oxidation.

Figure 5b shows that the formation rate of CNFs increased with oxidation temperature;
the foam was not pre-reduced with H; in these experiments. The initiation of CNFs on the
oxidized samples (Figure 5b) was faster than on the pre-reduced ones (Figure 5a). The
formation rate of CNFs on the oxidized samples (Figure 5b) was one order of magnitude
higher than the rate on the pre-reduced samples (Figure 5a).
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Figure 5: The formation rates of CNFs on Ni foam (a) reduced, (b) oxidized at different
temperatures. Formation conditions: 25 % C,H, in N, (total flow rate 107 ml/min) at
450°C.

3.3. Effect of the pre-treatment on the structure of the synthesized CNFs

The foams oxidized at 600 and 700°C without pre-reduction with Hj, collapsed
completely after the formation of CNFs for 2 hours and 1 hour, respectively. On the other
hand, all the other samples did not collapse. Micrograph 6a is a typical micrograph
showing the details of the CNFs formed on these samples. The diameter of the CNFs was
between 40 and 70 nm. On the other hand, micrograph 6b is a typical micrograph of
CNFs formed on a collapsing foam. Obviously, again CNFs with diameters between 40
and 70 nm are observed, but additionally much smaller CNFs were present as indicated in
the circle in micrograph 6b.
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Figure 6: SEM micrographs of CNFs formed on Ni foam at 450°C. (a) oxidized at 500°C
(Ni foam did not collapse) and (b) oxidized at 700°C (Ni foam collapsed).

L)

The BET surface area of the CNFs was calculated using the BET surface area of the foam
after formation of CNFs and the amount of CNFs on each sample, assuming exclusively
CNFs were formed. We have shown that this assumption is reasonable (Chapter 4).
Figure 7 demonstrates that the BET surface area of the CNFs was 90 + 10 m?/g CNFs,
independent on the pre-treatment conditions.

3.4. Effect of the time of formation on CNFs

The initiation of the formation of CNFs on Ni foam was investigated by exposing the Ni
foam to the gas mixture for short periods of time, where after the changes in the surface
morphology of the foam were characterized. The Ni foam reduced at 700°C was chosen
for this part of the study because of the slow kinetics of the CNFs formation in the first
30 minutes as shown in Figure 5a. The slow kinetics allows following the changes on the
Ni surface before the surface of the Ni foam is completely covered with CNFs.

The micrographs in Figure 8 show the changes in the surface morphology of the Ni foam
after different times of reaction. Micrograph 8a shows that strips with a dimension of 100
x 200 nm were formed on the surface of the Ni foam after 1 min of reaction at 450°C.
After 5 minutes of reaction, limited numbers of CNFs were formed on the surface of the
Ni foam as pointed in micrograph 8b. The morphology of the Ni surface did not change
significantly after 10 minutes of reaction (not shown). More CNFs were formed and
accumulated on the surface of the foam after 20 min (micrograph 8c). Micrograph 8d
represents the surface of Ni foam after 30 minutes of reaction. The left hand side of
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micrograph 8d was taken using the in-lens detector, while the right hand side of the
micrograph was taken using the SE2 detector. The left hand side of the micrograph shows
a very rough surface with some CNFs. The right hand side shows small Ni particles (20-
100 nm) on the surface of the foam, as discussed in Chapter 4. CNFs and fragmentized Ni
particles were observed on the surface of the Ni foam after 1 and 2 hours of CNFs
formation, as micrographs 8e and 8f show.
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Figure 7. BET surface area of CNFs synthesized on Ni foam after (a) reduction, (b)
oxidation and reduction 700°C and (c) oxidation at different temperatures.

Figure 9a shows a series of XRD patterns of Ni foams reduced at 700°C and after
formation of CNFs for 10 and 120 minutes. The patterns in Figure 10a show five Ni
metal diffraction peaks at 26 positions between 40 and 100 degrees. Neither the shape nor
the intensity of these peaks varied with the formation time. A graphite peak was recorded
after 120 minutes of CNFs formation at 26 position of 26 degrees. Figure 9b shows that
the graphite peak can be observed only after at least one hour of formation. On the other
hand, four peaks with low intensities were detected at 20 positions of 39.3, 41.6, 58.6 and
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72.3 degrees after 10 min of CNFs formation, as pointed in rectangles in figure 9c. These
diffraction peaks are assigned to NisC that started to form after 1 min of reaction as
pointed in the circles in Figure 9c. The intensity of the Ni;C peaks continues to increase
in the first 10 minutes of CNFs formation, where after the NizC peaks totally disappeared
after 20 minutes of reaction.
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Figure 8: SEM micrographs of the surface of Ni foam after exposure to 25 % C;H, in N3
(total flow rate 107 ml/min) at 450°C for (a) 1 min, (b) 5 min, (c) 20 min, (d) 30 min, (e)
60 min, (f) 120 min. Pretreatment conditions: reduced at 700°C.
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Figure 9: X-ray diffraction patterns on Ni foams after formation of CNFs after different
formation time. (a) Full pattern, (b) Graphite peak and (c) Ni3C peaks.
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4. Discussion

First we will discuss the effect of the pre-treatment conditions on the morphology of the
Ni surface. Then we will discuss the development of CNFs formation by following the
change in the morphology of Ni with time. Finally, the effect of surface morphology of
the Ni foam on the structure and the yield of the synthesized CNFs will be discussed.

4.1. Effect of the pre-treatment on the morphology of the Ni foam surface

Reduction of the Ni foam did not influence the size of Ni grains (typically 1 to 10 um,
Figure 1). However, reduction resulted in smoothening the surface of the Ni and
removing most of the carbon on the surface as we discussed in Chapter 4. The carbon is
probably a remainder of the polymer used to prepare the foam.

Oxidation of the Ni foam resulted in the formation of a NiO layer on the surface of the Ni
foam (Figure 2). Micrograph 2a illustrates that NiO nucleates on the Ni surface, followed
by crystal growth [15]. It is clear that the NiO wt% and the size of NiO crystals increased
with temperature (Table 1). Obviously, the ratio between the nucleation rate and the
growth rate determines the final sizes of the NiO crystals.

Similarly, reduction of a polycrystalline NiO layer proceeds via nucleation followed by
Ni crystal growth. Again, it is obvious that the ratio between the nucleation rate and
growth rate determines the final size of the Ni crystals. Reduction of the NiO formed at
700°C resulted in formation of grains, sized between 0.5 and 3 um (Figure 4). The
creation of holes filled with carbon shows that the original carbon spots (micrograph 1a)
were not totally removed from the (oxid- 700°C- red- 700°C) sample.

In summary, the pre-treatments applied here resulted in three types of morphologies of
the Ni foam: reduced Ni foam with grain sizes in the range between 1 and 10um (Figure
1), reduced Ni foam with grain sizes in the range between 0.5 and 3um (Figure 4) and
oxidized Ni foam covered with varying amounts of NiO grains, sized in the range from
20 to 70 nm (Table 1).
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4.2. Effect of time of CNFs formation on the structure of the Ni-CNFs
composites

The initial morphology of the Ni foam reduced at 700°C represents a relatively smooth
surface as shown in micrograph 1c. Some features in the range of 100-200 nm were
formed when the Ni surface reacted with ethene at 450°C for 1 minute (micrograph 8a).
The formation of Ni3C after 1 min of reaction is indicated from the XRD results (Figure
9c). Therefore, the features formed on the Ni surface (micrograph 8a) consist of NisC.
Thermodynamically, the formation of CNFs can take place directly via reaction 1 or via
reaction 2 followed by reaction 3. It is clear that thermodynamically Nis;C can indeed be
formed from the decomposition of ethene over Ni surface at 450°C (reaction 2) [16,17],
although Ni3C is meta-stable compared to Ni and C. Therefore, directly after the reaction,
all the samples were analysed using XRD and SEM.

C,Hs=2C + 2H; AG= -23 kcal/ mol @450 °C Q)
CzHs + 6Ni = 2Ni3C + 2H,  AG=-9.4 kcal/ mol @450 °C (2
NisC=3Ni+C AG= -6.8 kcal/ mol @450 °C 3)

The amount of NizC formed was maximal after 10 minutes (Figure 9c), whereas it was
not detectable after 20 and 30 minutes. This agrees with the observation that the specific
surface structure in micrographs 8a and 8b have disappeared and a much rougher surface
morphology is observed in micrographs 8c and 8d. Both SEM results (micrographs 8a,b
and c) as well as the kinetic data in Figure 5 clearly show that up to 20 minutes the
formation of CNFs was very limited. Figure 8d as well as Figure 5 also show that both
the fragmentation of the Ni grains and the formation of CNFs became significant after 30
minutes, thus after the decomposition of the Ni3C.

Two factors enabled the detection of NisC on polycrystalline Ni in this study, in contrast
to other [18-20] studies. First, the surface area of the Ni foam was two orders of
magnitude higher than the surface area of polycrystalline Ni used in literature [18-20].
The amount of Ni3C formed increases with the surface area of the metal, as it is obvious
that NisC is formed on the surface of metal [20,21]. In agreement, it is generally accepted
that the formation of CNFs out of pre-shaped, supported Ni nano particles is indeed
preceded by the formation of NisC [16,21-24]. In these studies, NizC was easily detected
because of the fact that the Ni surface area is very high.
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Second, the time window in which Ni3zC can be observed is maximized in this work via
minimization of the rate of CNFs formation. This was achieved by selecting a suitable
pre-treatment of the foam as well as by using a low formation temperature (i.e. 450°C).
Similarly, Goodman et al. [25] studied the kinetics of NizC formation on Ni(100) using
Auger electron spectroscopy (AES) and found that the decomposition of NisC and
formation of graphite started after less than 10 sec at 527°C, while it took 4 minutes to
start the formation of graphite at 427°C. This is in fair agreement with our SEM results
showing formation of a limited amount of CNFs after 5 minutes of reaction at 450°C
(micrograph 8b). Renshaw et al. [26] and Chun et al. [27] used TEM to study the
formation of CNFs on polycrystalline Ni and suggested that the observed hexagonal
close-packed structures on the Ni surface were NizC. Nakano et al [28] also found proof
for the formation of NisC using Scanning Tunneling Microscopy (STM), (AES) and Low
Energy Electron Diffraction (LEED) although at much lower temperatures, between 227
and 327°C. These results are in line with our observations. The results in this study
directly proof that formation of CNFs is initiated via the formation of Ni;C at 450°C on
polycrystalline Ni.

The formation of Ni3C is expected to start with nucleation, followed by growth of NisC
crystals. These crystals decompose when the size of the crystal surpasses the window that
allows the formation of CNFs. As a result, Ni particles are formed via the decomposition
of the Ni3C particles, thus initiating the formation of CNFs. The rate of formation
increases in time (Figure 5a) because of an increasing number of active Ni nano particles.
The synthesized CNFs are graphitic according to the XRD results (Figure 9b). The CNFs
consist of graphite layers with an interlayer spacing similar to that of bulk graphite (i.e.
0.34 nm) [29,30], although the peak shape in Figure 6 is rather broad, which indicates
that the crystallinity of the CNFs is poor [31].

In summary, we conclude that CNFs formation starts with the formation of NisC via
reaction 2, where after NisC decomposes via reaction 3. As a result, Ni particles are
created with dimensions suitable for the formation of CNFs.

4.3. Effect of surface morphology of the Ni foam on the texture of CNFs
The mean diameter of the CNFs was calculated using the BET surface area per gram
CNFs (Figure 7), assuming the density of the CNFs equals the density of graphite 2.3

g/cm® [3,32]. The mean diameter of the CNFs was 22 +2 nm independent on the original
morphology of the Ni foam. This indicates that the mean size of the Ni fragments was
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independent on the initial morphology of the Ni foam, as it is well known that the
diameter of each CNF is controlled by the size of the Ni particle from which the CNF is
formed [33-35]. On the other hand, SEM results show mainly CNFs with diameters
between 40 and 70 nm when the foam did not collapse (micrograph 6a), while thin CNFs
with a diameter of 20 nm or less were also observed, intertwining between the thick
CNFs when the foam had collapsed (micrograph 6b). The fact the BET surface areas per
gram CNFs were identical on all the samples implies that the CNFs layer shown in
micrograph 6a must contain also thin CNFs. The observation of the thin CNFs
(micrograph 7b), which cannot be observed with SEM if the foam remains intact, is
evidence that thin CNFs are located deep in the CNFs layer, as we hypothesized in
Chapter 4.

Huang et. al. [31] reported that only thick CNFs, between 100 and 300 nm, were formed
on the surface of a Ni foam using acetylene and high temperature (550- 700°C). The fact
that we synthesized thinner CNFs might be attributed to the difference in the formation
conditions and different structure of the Ni foam.

4.4. Effect of surface morphology of the Ni foam on the yield of CNFs

The rate of formation of CNFs on polycrystalline Ni is determined by two factors: first,
the number of Ni particles that allow CNFs formation and second, the intrinsic rate of
CNFs formation for each Ni particle. The intrinsic rate of CNFs formation depends on the
size of the Ni particle as well as on the formation temperature and the carbon containing
gas, which were identical in this study (i.e. 450°C, C,H4). Moreover, the average
diameter of the Ni particles formed was constant (section 4.3). Therefore the intrinsic rate
of CNFs formation per Ni particle can be assumed identical on all the Ni foam samples.
Thus, the difference in the observed rate of CNFs formation must be due to the number of
Ni particles present, allowing CNFs formation.

Figure 5a shows that the rate of CNFs formation on polycrystalline Ni with large grain
sizes (Red-700°C) is higher than the rate on the Ni with small grain sizes (Oxid-700°C-
Red-700°C). Apparently, the formation rate of Ni nano particles, allowing the formation
of CNFs, decreases with the increasing grain size. It is known that carbon dissolves in Ni
and segregates in the grain boundaries [18]. Therefore, the carbon concentration will be
relatively high in the grain boundaries, thus facilitating the formation of NizC nuclei at
the grain boundaries. As a result, the number of Ni nano particles formed via the carbide
decomposition decreases with increasing grain size.
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However, it is not clear why the rate of formation of CNFs decreased when the reduction
temperature was increased (Figure 5a), as the size of the grains in both cases was
identical. This may be because of the low carbon content of the Ni foam reduced at high
temperature, according to the XPS results. It is may be possible that the carbon present
originally in the foam contributed to the initiation and formation of CNFs.

Unexpectedly, the rate of formation of CNFs on the foam covered with a NiO layer,
formed at 700°C (micrograph 2d) was one order of magnitude higher than the maximum
rate of CNFs formation on pre-reduced Ni (micrograph 4b). In contrast, some studies
indicated that metal oxides inhibit the formation of CNFs [7,8]. Apparently, ethene was
able to reduce NiO under the conditions in the present work, thus initiating CNFs
formation. Thermodynamically, NiO can indeed be reduced by C,H, via reaction (4) [36].

CoH4 + 2NiO = 2Ni + 2C + 2H,0 AG=-39.5 kcal/mol @ 450°C (4)

As described before, the difference in the observed rates of CNFs formation is attributed
to the difference in the number of the Ni particles present that allowing the formation of
CNFs. The reduction of NiO into Ni proceeds via formation of Ni nuclei, which may be
immediatly converted in the presence of C;H4 to NisC via reaction (2). The carbide
crystals grow and start to decompose when the size surpasses the window that allows the
formation of CNFs. We suggest that the formation of small NisC particles directly from
Ni nano particles, freshly formed from NiO, is much faster than the formation of NisC
particles from large Ni crystals, where nucleation of NisC has to compete with diffusion
and dilution of carbon through the Ni crystal. In agreement, Baker et al. [12] showed that
the formation rate of CNFs using ethane and acetylene on FeO was one order of
magnitude higher than that on Fe. The authors attributed that to the high surface area of
the Fe that formed during reduction of FeO. Moreover, the likely formation of H,O
during the decomposition of C,H,; on NiO would shift the decomposition rate into the
direction of carbon formation [37]. Unfortunately, this study could not confirm the
positive effect of water, since the formation of water was not investigated.

The maximum rate of CNFs formation increases with oxidation temperature (Figure 5b)
because of the increase in the NiO amount (Table 1). Obviously, the total number of Ni
nuclei increases with the amount of NiO. Thus, the rate of formation of NizC increased,
resulting in the increase in the formation rate of CNFs. However, the rates of CNFs
formation cannot be compared quantitatively because of high conversion of C,H, (e.g.
the conversion was 65 and 90% on the samples with 4 and 18wt% NiO, respectively).
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5. Conclusions

In this study we discussed how the formation of CNFs from ethene initiates on
polycrystalline Ni. The effect of the morphology and surface properties, i.e. the Ni grain
size, the coverage with NiO as well as the grain size of the NiO, on the formation of
CNFs was studied in detail.

The formation of CNFs on polycrystalline Ni starts with the formation of meta-stable
Ni3C, which later decomposes into Ni and C. As a result, nano Ni particles are created
with dimensions suitable for CNFs formation. Therefore, the rate of formation of CNFs
on polycrystalline Ni becomes significant after the decomposition of the NisC, thus
formatting the Ni nano particles.

The rate of formation of small Ni3C particles from Ni nuclei, freshly produced via in-situ
reduction of NiO, is one order of magnitude higher than the rate of NisC formation from
large Ni crystals, sized in microns. Therefore, the rate of CNFs formation on NiO
simultaneously reduced is one order of magnitude higher than the rate on pre-reduced Ni.
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Chapter 6

Formation of carbon nanofibers (CNFs) on Ni —nano particles
on Si wafer

Abstract

Scanning Electron Microscopy (SEM) is used to study the catalytic formation of CNFs on
Ni nano particles supported on a Si wafer using ethene. The results revealed that the
formation of NiSix decreased the catalytic activity of the Ni for CNFs formation.
Moreover, the rate of CNFs formation decreased with reduction temperature (i.e. when
Ni/Si ratio decreased) in the silicide composition.

Lowering of the carbon activity via addition of Hp, resulted in complete fragmentation of
the silicide particle into a large number of fragments. This indicates that the distribution
of carbon in the particle plays a role in the fragmentation, since the distribution will be
more homogeneous in the presence of Hy.
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1. Introduction

Carbon nanofibers (CNFs) are graphite materials that can be formed via catalytic
decomposition of hydrocarbons over small metal particles such as Ni [1]. The mechanism
of CNFs formation and the properties of these materials have attracted great interest in
different research areas. CNFs display unique electrical properties that have triggered the
search for application in electronic devices [2]. As an example, the applications in
lithium-ion batteries and in fuel-cell electrodes were studied [3]. From the point of view
of catalysis, CNFs are attractive materials because these materials can form aggregates
with high surface area (100-200m%g), high pore volume (0.5-2 cm®g) without the
presence of micropores [4]. These properties are favourable for a catalyst support
material because sufficient surface area is provided in combination with high porosity
and low tortuosity, thus maximizing the effective diffusion coefficient. This is particularly
important in the application of heterogeneous catalysts in liquid phase.

In Chapter 5, we have shown that the formation of CNFs on polycrystalline Ni started
with the fragmentation of the Ni grains to Ni nano particles with dimensions suitable for
the formation of CNFs. However, it was impossible to correlate the properties of
individual CNFs formed to the local morphology of the Ni surface from where the CNF
was formed. Obviously, it is impossible to find back a specific position on the
polycrystalline Ni surface, e.g. Ni foam, with nm resolution. In this study, we have
formed CNFs on well-ordered, perfectly coordinated polycrystalline Ni dots with
different dimensions supported on a silicon wafer. The goal of this work is to correlate
the properties of individual CNFs to the morphology of the Ni dot from which the CNF
was formed. Moreover, we explored the effects of pre-treatments and formation
conditions on the morphology of the Ni dots as well as the properties of the CNF formed.

2. Experimental

2.1. Materials

The substrates consisted of well-ordered Ni dots with different sizes supported on a Si
wafer (provided by Delft Institute of Microelectronics and Submicron Technology).
Figure 1 shows a scheme representing the preparation method of these Ni dots on the
wafer. First, a mask of polymethylmethacrylate (PMMA) is deposited on the surface of a
clean Si wafer (1a). The key of the process is the formation of holes with appropriate
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geometry in the mask, which can be obtained using electron beams (1b). Then, Ni metal
is deposited as a top layer on the mask and in the holes (1c). Finally, the mask with the
nickel on top is removed using acetone. As a result, the Ni on the top of the mask is lifted
off and the Ni particles on the Si wafer remain. Thus, the size of the holes in the PMMA
mask determines the size of the final Ni particles (1d) [5,6].

e- e- e-

vy 3 S i
PMMA Il @@&
Si

a b C d

Scheme 1: Preparation of well-ordered arrays of Ni dots on the surface of a Si wafer. (a)
Preparing a mask of PMMA on the surface of the Si, (b) holes etched in the mask, (c) Ni
metal deposited via evaporation and (d) Ni dots left after lifting-off the mask.

The thickness of the dots was 30 nm, independent on the size. The top view of the dots
has a square shape. Varying the size of the hole in PMMA controlled the dimensions of
the square. Specifically, the squares were sized 50, 75, 100, 125, 150, 200, and 250 nm.
These dots were designated as 50, 75, 100, 125, 200 and 250 nm Ni dots, respectively. On
each substrate, the nickel dots are deposited in a pattern that could be easily recognized in
the microscope. Each sample contained 100 dots of each size mentioned above, arranged
in a 10x10 matrix. The matrices are separated by 1 mm.

Micrograph 2a is a typical micrograph of 100 nm Ni dots. Micrograph 2b shows the
surface morphology of a fresh 100 nm Ni dot, suggesting that the dot is polycrystalline
independent of the size of the dot. The size of the crystallites is in the order of 15 nm,
which is in the same order of magnitude as the thickness of the dot.

Hydrogen and nitrogen (99.999%, INDUGAS), and ethene (99.95%, PRAXAIR) were
used for CNFs formation without further purification.
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Figure 2: SEM micrograph of 100 nm Ni particles supported on silicon wafer as received.
(a) low magnification and (b) high magnification.

2.2. Carbon nanofibers formation

CNFs formation was carried out in a quartz reactor with a porous quartz plate at the
bottom to support the sample. The sample was reduced in 20 % H, in N, with a total flow
rate of 100ml/min. The temperature was raised (5.5°C/min) from room temperature to
500 or 700°C (two hours dwell time), where after temperature was decreased (5°C /min)
to the desired temperature to form CNFs. CNFs were synthesized using different
mixtures containing C,Hg, H, in N (total flow rate 100 ml/min) at two temperatures, 500
and 550°C. The maximum conversion of ethene in all cases was well below 5%.
Therefore concentration gradients in the reactor can be excluded. Then, the sample was
cooled down in N, to room temperature. Finally, the sample was removed from the
reactor and individual Ni dots were studied with Scanning Electron Microscopy (SEM)
(LEO 1550 FEG SEM) equipped with EDX.

After characterization, the sample was reduced again followed by additional formation of
CNFs following the same procedure as described above. Then, The change in the
morphology of the individual Ni dots as a result of the repeated treatment was again
studied with SEM. Table 1 provides an overview of the details of the experimental
conditions.
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Table 1: Experimental conditions of the CNFs formation on Ni dots on silicon wafer.

Exp. | Reduction temperature | Formation temperature | Gas composition

No. | (°C) (°C)

1. 500 500 10% C,H4-20% H,-70% N,
2. 500 500 20% C,H4-80% N,

3. 700 500 20% C,H4-80% N,

4. 700 550 20% C,H4-80% N,

3. Results

The changes in the morphology of the dots and the structure of the CNFs formed were
independent on the size of the dot. Therefore, we present here only the results on 100 nm
Ni dots. Figure 3 shows the changes in the morphologies of 100 nm Ni dots and the
structure of CNFs formed, resulting from different pre-treatments as well as different
formation conditions.

3.1. Effect of reduction on the structure of the Ni particle

Micrographs 3a and 3b show the typical structure of a 100 nm Ni dot after reduction at
500 and 700°C, respectively. Micrograph 3b shows that the domains in the fresh Ni dot
(micrograph 2b) disappeared when the dot was reduced at 700°C. The dot became less
regular, but it is not clear if the domains totally disappeared after reduction at 500°C
(micrograph 3a). However, it is obvious that the crystallinity of the Ni particle increases
with reduction temperature.
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Figure 3: SEM results of CNFs formation on Ni dots supported on Si wafer
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3.2. Effect of reduction temperature on the CNFs formation

Micrograph 3f shows the presence of CNFs after 30 minutes of reaction on a Ni dot
reduced at 500°C. The Ni dot was fragmentized into four relatively large Ni pieces (1), as
identified by EDX, whereas small Ni particles (2) were found at the tip of the CNFs
formed with diameters between 10 and 20 nm.

Micrographs 3g and 3h show the morphology of a Ni dot reduced at 700°C after
formation of CNFs during 30 and 60 minutes, respectively. The shape of the dot became
less regular and the size increased significantly to 175 nm. Furthermore, the dot seemed
to have been displaced from its original position on the Si wafer, whereas neither
fragmentation nor formation of CNFs is obvious after 30 minutes of reaction (micrograph
3g). However, Micrograph 3h shows that fragmentation occurred after 60 minutes of
reaction, forming one CNF containing a small Ni particle in its tip, as detected with EDX.

3.3. Effect of the gas composition on the CNFs formation

Micrograph 3f shows the CNFs formed using C,H,4 in N2, whereas micrographs 3c and 3d
show the results of the reaction when H, was added to the gas mixture and C,H,4
concentration was reduced from 20% to 10%. Micrograph 3c shows that the size of the
Ni dot increased to 150 nm, but neither fragmentation of the Ni particle nor formation of
CNFs is obvious after 10 minutes of the reaction. However, micrograph 3d shows that
the Ni particle fragmentized completely to particles with sizes between 10 and 40 nm
after 30 minutes of reaction. The fibers are actually shaped like worms. On the other
hand, the sizes of the Ni fragments varied, as discussed in 3.2, when H, was absent
(micrograph 3f) and the CNFs formed were relatively more crystalline.

3.4. Effect of the formation temperature on the CNFs formation

The comparison of micrographs 3g and 3h with micrographs 3i and 3j illustrates the
effect of the formation temperature on the formation of CNFs. Micrograph 3i shows the
Ni dot was serrated at one side after 10 minutes of reaction at 550°C. Moreover, the dot
seemed to have been displaced from its original position on the Si wafer, whereas neither
fragmentation nor formation of CNFs is obvious. However, micrograph 3j shows that
fragmentation occurred and that CNFs formed at the serrated side after 30 minutes of the
reaction. At 500°C, however the extent of CNFs formation is much less (micrographs 3 ¢
and 3h) whereas the size of the Ni particle seems to increase first, as described in 3.2.
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4. Discussion

The presence of domains in the Ni particles before reduction indicates that the original
dots were polycrystalline Ni (micrograph 2b). However, the disappearance of the
domains during reduction indicates that the crystallininty of the particle increased
probably via sintering (micrographs 3a and 3b).

As a rule of thumb, surface diffusion can take place at temperatures above the Huttig
temperature (for Ni, 300°C) whereas bulk diffusion becomes significant at the Tammann
temperature (for Ni, 590°C) [7,8]. Although one may debate whether the Huttig or
Tamman temperatures are the correct numbers to use for these nano-sized particles
sintering is indeed to be expected at 500°C and 700°C. Also, increased degree of
sintering at 700°C as compared to 500°C is in agreement with these considerations.
However, the changes in the morphology might also be due to conversion of Ni to NiSiy,
as will be discussed below.

It is known that CNFs can be formed from Ni particles with sizes between 3 and 100 nm
[1,4]. Surprisingly, all Ni particles fragmentized during CNFs formation and a single
CNF on one particle was never observed, even the 50 nm Ni particle (not shown).
Moreover, no CNFs were formed after 30 minutes of reaction at 500°C on the Ni particle
reduced at 700°C (micrograph 3g). On the other hand, the rate of formation of CNFs on
polycrystalline Ni with grains sized between 1 and 10um took off after 10 minutes of
reaction under identical conditions (Figure 3, Chapter 4). The relatively low formation
rate of CNFs on the dots can be attributed to the formation of nickel silicide (NiSiy), as it
is known that Ni diffuses into the Si and forms NiSix at temperatures above 300°C [9].
Apparently, nickel silicide is less active in the formation of CNFs. Similarly, De los
Arcos et al [10] have found that iron deposited on Si was less active to form CNFs
compared to iron deposited on Si covered with a TiN barrier. The authors concluded that
the formation of iron silicide limits the formation rate of CNFs. The effect of the silicide
composition on the formation of CNFs will be discussed in the next section.

4.1. Effect of the reduction temperature on the CNFs formation
The size of the particle increased after the reaction of the particle with ethene during 10
minutes (micrographs 3c), whereas the size of the particle did not increase during

reduction. Thus, the increase in the size of the particle should be due to the reaction of the
particle with ethene.
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In Chapter 5, we have shown that the formation of CNFs on polycrystalline Ni starts with
the formation of NisC. Here, NiSix has to be converted to NisC in order to form CNFs.
This conversion might be the reason for the expansion of the NiSiy particle during the
first 10 minutes of the reaction (micrograph 3c vs. micrograph 3a). However, it is not
clear at this stage whether changes in the thickness of the particles have contributed to
changes in the size in top view.

Both the fragmentation rate of the nickel silicide particles and the formation rate of CNFs
decreased with reduction temperature (micrograph 3f vs. micrograph 3g). Zhao et. al.[11]
studied the formation of nickel silicide via annealing of 20 nm Ni films deposited on Si
substrates. The authors concluded that the Ni film was completely converted to NiSi
during 30 seconds at 450°C. Thermodynamic data indeed confirmed that NiSi could be
formed between 400 and 700°C [12]. However, above 700°C, NiSi starts to convert to a
new phase of silicide (NiSiy) [11]. Therefore, it is expected that NiSi is formed during
reduction at 500°C, whereas at least part of the silicide formed at 700°C is NiSi; (Figure
4). The decrease in the Ni/Si ratio might be the reason for the decrease in the rate of
CNFs formation.

Ni particle

S NSt NiSi/ NiSi,
Si Si Si
(@) (b) (©

Figure 4: Scheme of formation of Ni silicide phases on a Ni particle on a Si wafer. (a) as
received sample, (b) after reduction at 500°C for 2 hrs and (c) after reduction at 700°C
for 2 hrs.

4.2. Effect of the conditions on the CNFs formation

Micrograph 3d shows that the number of Ni fragments is much larger at lower ethene
concentration and in the presence of H, as compared to micrograph 3f. We conclude that
lowering of the carbon activity, via decreasing the ethene concentration and addition of
H,, significantly influences the balance between the rate of carbon supply to the surface
of the particle via the decomposition of ethene and the rate of carbon diffusion into the
particle.
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Obviously, the concentration gradient of carbon through the particle increases with the
rate of ethene decomposition. As a result, a thin layer of carbide will be formed on the
surface of the particle (Figure 5a). It is obvious that carbide is formed simultaneously
with the segregation of Si out of the silicide. Decomposition of the thin carbide layer
results in the formation of Ni nano particles that would form thin CNFs in all directions,
whereas the core of the particle remains intact. This is in agreement with the observations
in micrograph 3f, although the core of the particle seems to fragmentize into a few large
pieces. On the other hand, a homogenous distribution of C in the particle would result
when the rate of ethene decomposition is low compared to the rate of carbon diffusion
into the particle. As a result, the whole particle might be converted to carbide (Figure 5b).
Therefore, the particle would fragmentize completely into small particles when the
carbide decomposes (micrograph 3d).

The formation rate of CNFs increases with temperature (micrograph 3g and 3h vs. 3j), as
CNFs formation is an activated process [13-15]. However, the structure of the CNFs
formed did not change with temperature. On the other hand, we do not understand why
the crystallinity of the CNFs decreased with lowering of the carbon activity (micrograph
3d vs. 3f).

Ni.C _
a NiSiy b NisC

Figure 5: Possible profiles of the carbon distribution through the particle, resulting from
different gas composition. (a) 20% C,H4-80% N, and (b) 10% C,H4-20% H,-70% No.

5. Conclusions

Scanning Electron Microscopy (SEM) is used to study the catalytic formation of CNFs
on Ni nano particles supported on a Si wafer using ethene. The results revealed that the
formation of NiSiy decreased the catalytic activity of the Ni for CNFs formation.
Moreover, the rate of CNFs formation decreased with reduction temperature (i.e. when
Ni/Si ratio decreased) in the silicide composition.

Lowering of the carbon activity via addition of H,, resulted in complete fragmentation of
the silicide particle into a large number of fragments. This indicates that the distribution
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of carbon in the particle plays a role in the fragmentation, since the distribution will be
more homogeneous in the presence of H,.
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Conclusions and recommendations

1.1. The formation of CNFs on macro-structured supports

The work described in this thesis has provided information about the preparation of
micro-structured materials based on carbon nano-fibers (CNFs), which were immobilized
on macro-structured supports. The CNFs were catalytically produced via the
decomposition of hydrocarbons (i.e. CH, and C,H,4) over nickel. Two macro-structured
materials were used as examples i.e. ceramic monolith and metal foam. From the
perspective of the use of monoliths as structured materials to support catalysts, this work
aims on the preparation of improved washcoats based on CNFs, competing the well
known relatively dense inorganic washcoats. Metal foams are much less explored as
structured catalyst supports and in this case the preparation of stable and uniform
washcoats is still a challenge.

Detailed microscopic evaluation of the monolith revealed that at the outer surface of the
washcoat a hairy layer is formed with a typical thickness of 1 um containing CNFs
exclusively. The structure of this layer is similar to the inverse structure of a traditional
alumina washcoat, although much thinner. The hairy layer is supported on a composite
layer containing both CNFs and fragments of the alumina washcoat. It turns out that the
thickness of the CNFs layer at the outermost surface as well as the diameter of the fibers
increases with mean Ni-particle size.

Formation of CNFs on the monolith using methane leads to immediate fragmentation and
doubling of the thickness of the washcoat, independent on the amount of CNFs. Thus, a
macro-porous composite layer of entangled alumina particles and CNFs is formed. The
pore size in the washcoat was 5-20 nm, whereas the typical diameter of the CNFs was 10-
30 nm. It is obvious that the formation of a CNF with a diameter larger than that of the
pore would result in an immediate fragmentation of the washcoat. The total porosity
decreases with the amount of CNF whereas the surface area per gram monolith increases.

Excessive formation of CNFs out of the washcoat results in detachment of the washcoat
from the cordierite because a hairy layer of CNFs is formed on the interface between the
washcoat and the cordierite, resembling the hairy layer on the outer surface of the
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washcoat. Furthermore, extended formation of CNFs inside the cordierite body causes
disintegration of the monolith body when macro-pores are locally overfilled with CNFs.
Methane is preferred over ethene for the formation of CNFs because ethene forms CNFs
rapidly even on relatively large Ni particles, resulting in thick fibers up to 70 nm in the
macro-porous cordierite, destroying the monolith.

A rough and hairy layer of entangled CNFs was formed on the surface of the nickel
foam. The surface area of the Ni foam increased from less than 1 m?/g to about 30 m?/g.
The pore volume of the synthesized CNFs layer is 1 cm®/g. Moreover, the voids between
the CNFs are macropores and thus significantly larger than the typical mesopores in
conventional inorganic catalyst supports.

The formation of CNFs on polycrystalline Ni started with formation of Ni3C, which then
decomposes into Ni and carbon. As a result, a rough surface with small Ni particles (10-
100 nm) is formed when the polycrystalline Ni surface was exposed to ethene at 450°C
for 0.5 hour. Some of the Ni particles started to synthesize CNFs with diameters between
10 and 70 nm. The size of the Ni particles is significantly smaller than the size of the
grains in the Ni foam (1-10 um). Thus, fragmentation of the Ni grains into small Ni
particles occurs before CNFs start to form.

Well-ordered, perfectly coordinated polycrystalline Ni particles with different sizes
supported on silicon wafer were used to form CNFs. This study allowed us to correlate
the properties of individual CNFs formed with the local morphology of the Ni surface.
However, the formation of nickel silicide resulted in decreasing the formation rate of
CNFs compared to the formation rate on Ni foam. We suggested that lowering of the
carbon activity via addition of H, resulted in homogenous distribution of carbon in the
particle. This can explain why the particle fragmentized completely into smaller particles.

The formation rate of CNFs on oxidized Ni foam was one order of magnitude higher than
the rate on reduced Ni foam. It is concluded that C,H, was able to reduce NiO under the
formation conditions forming Ni nuclei. It is suggested that these nuclei are directly
converted to small NizC particles, which grow and then decomposes when the size
surpasses the window that allow the formation of CNFs. Obviously, the formation of
small Ni3C particles from Ni nano particles, produced by in-situ reduction of NiO will be
faster than the Ni3C formation from large (microns) Ni crystals.
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The formation rate of CNFs on pre-shaped small Ni particles supported on monolith takes
off with a high rate followed by deactivation exclusively. In contrast, formation rate of
CNFs on polycrystalline Ni foam at constant temperature initially increased, reached a
maximum value and then decreased. The initial increase in the formation rate of CNFs on
polycrystalline Ni is caused by the necessity of fragmentation of Ni grains into small Ni
particles.

1.2. Application of the composite materials as structured catalyst support

The integrity of the samples and strong attachment of the CNFs to the Ni foam surface or
to monolith are necessary for application of the final composite materials as structured
catalyst supports. The monoliths can easily disintegrate when CNFs formation is
excessive, either in the cordierite or on the interface between the cordierite and the
washcoat. Thus, having a high Ni concentration at the outer surface of the washcoat and
no Ni in the cordierite as well as choosing a low activity of the carbon containing gas (i.e.
CH,) are essential to form CNFs without excessive formation of CNFs in the cordierite.

The integrity of the Ni foam was lost after synthesizing 138 wt% CNFs at 500°C in 3
hours. On the other hand, the foams were stable after synthesizing 50 wt% CNFs at
450°C in 6 hours. The Ni foam collapsed at high temperature because of the increase in
the rate of corrosive metal dusting with temperature. As opposed to metal dusting, it
seems that dissolution of small amounts of carbon from ethene dissociation in the Ni
foam increases the mechanical strength of the foam. In both cases, the CNFs layer can
withstand shear forces caused by flowing water (1 m/s) through the composite sample.

1.3. Catalyst preparations and future outlook

It is expected that the use of these composite materials as structured catalyst support will
result in better controlling of the concentration of reactants and products at the active
sites by diminishing diffusion resistance. This will allow us to optimise the concentration
on all the active sites, resulting in the optimisation of the activity and selectivity as well
as the size of the reactor. Moreover, it is reported that the activity and selectivity toward a
product can be altered when the active phase is dispersed on CNFs compared to the
performance obtained with traditional catalyst supports [1,3-5]. These studies suggested
that this performance is due to the modification of the morphological properties of the
active phase (e.g. electronic properties) via the interaction with the CNFs. Obviously, this
will add to the CNFs an additional property that can be used to manipulate the activity
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and selectivity in order to increase the profitability of the chemical industries (e.g.
examples mentioned in Chapter 1).

On the other hand, the hydrophobicity of the CNFs is a drawback for the use of these
composite materials as catalyst support [1]. Teunissen [2] and Ros [1] studied the surface
structure of the CNFs and concluded that CNFs have a defect-rich graphitic surface
structure. These defects lead to the presence of CH2/CHj3 groups as well as aromatic C-H
groups on the surface of the CNFs. Due to the hydrophobicity, not only anchoring of an
active phase on the CNFs is difficult to achieve, but also the application of these
materials in aqueous solutions is hindered because of poor wetting.

For catalyst preparation, one option would be the use of organic catalyst precursor
solutions [4,6]. Figure 1 shows a typical SEM micrograph of (0.7wt%) Pd supported on
CNFs-Ni composite. The size of the Pd particles (white spots) varied between 5 and 30
nm. The average size of Pd particles was 8 nm estimated using 200 particles from 10
micrographs on different locations in the sample. This demonstrates that the catalyst
preparation problem, due to poor wetting, can be solved, although the loading and
dispersion of Pd are rather low. The Pd catalyst (0.7wt%) was prepared by adsorption of a
Pd precursor in toluene. Palladium (Il) acetylacetonate (75 mg, Aldrich, 99%) was
dissolved in toluene (10 ml, Merck, >99%) [6]. The foam was impregnated for 2 minutes
in the solution and the free solution was blown out. Then, the sample was dried at 120°C
under vacuum for 3 hours.

However, it is obvious that selective anchoring of the active phase on the CNFs,
immobilized on the monolith support is difficult due to the high surface area of y-
alumina. A possible solution for this problem would be the preparation of Ni catalyst on
a-alumina via co-precipitation and using that to washcoat the cordierite. Using such a
washcoat would not only solve the problem of the high surface y-alumina, but would also
allow the oxidation of the CNFs as we will discuss below.

Figure 1: HRSEM micrograph of palladium catalyst supported on CNFs-Ni foam.
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For the application of these catalyst supports in aqueous solutions, it is important to be
able to increase the hydrophilicity of the surface of the CNFs (e.g. via introducing oxygen
containing groups). The surface of CNFs can be oxidized with gas-phase O, or with
liquid phase (e.g. HNO3;, HNO3/H,SO,4 and H,0,) [1]. The most effective mixture to
oxidize the CNFs is HNO3/H,SO,4, which is impossible to be used in our materials
because Ni and y-alumina would dissolve and as a result the structure would collapse.
However, CNFs could be oxidized using H,0,, although the oxidized CNFs with H,0,
shows only a week C=0 band [1].

In conclusion, the use of the composite materials synthesized, as structured catalyst
support is expected to enhance the activity and selectivity in liquid phase reactions.
However, the modification of the surface hydrophobicity of the CNFs is essential in the
application of these materials in aqueous phase. Application in organic phase reactions
might well be possible without surface modifications.

1.4. Recommendations on the preparation of these composite materials

Optimisation of the activity and the selectivity of a catalyst per unit volume of the reactor
implies maximization of the surface area per unit volume and maximization of the
effective diffusion coefficient. Based on the composite materials produced, the surface
area of the CNFs layer can be maximized by minimizing the diameter of the CNFs as
well as maximizing the number and the length of the CNFs. On the other hand, these
properties would increase the concentration gradient over the active sites because the
thickness of the CNFs layer is maximized and the porosity is minimized as we discussed
in Chapter 1. Therefore, the diameter, length and porosity of CNFs layer should be
optimised in order to optimise the properties of the composites.

Moreover, the CNFs should be attached to macro-structures with low surface area. Thus,
a catalyst can be prepared via the deposition of the active phase on the CNFs exclusively.
In monolith, the disadvantage of the composites formed is the high surface area of the y-
alumina washcoat. This results in the deposition of most of the active phase on the vy-
alumina rather than CNFs. The solution for this problem would be maximizing the ratio
between the surface area of the CNFs and the surface area of the alumina. This can be
achieved by using a-alumina as the monolith washcoat as recommended above.

Another possibility in monolith composites would be immobilization of y-alumina
powders (< 1um) in a macroporous network of CNFs. One possible way of making this is
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synthesizing CNFs on a thin (< 1um) y-alumina washcoat. It is possible that the thin
alumina washcoat will completely fragmentize into small particles during the formation
of CNFs. These small alumina fragments will be occluded within the CNFs network, as
described in Chapter 2. These alumina particles can be used, as a fixed-slurry catalyst
support, which would perform better in liquid solid mass transfer than typical fixed
catalyst support.

In Ni foam, the disadvantage of the composites synthesized is the thick layer of CNFs
(45 pum). However, decreasing the thickness of the CNFs layer would decrease the
surface area of the composites. Obviously, the preferred structure would be a thin layer of
CNFs with a maximized surface area. This can be achieved if only thin CNFs (less than
20 nm) are synthesized. As we have shown in Chapter 3, only thin CNFs were
synthesized when less reactive hydrocarbon (i.e. CH4) was used. However, the reactivity
of CHy is too low to start the formation of CNFs from polycrystalline Ni. Therefore, a
possible solution is to start the formation of CNFs using C,H4 in order to create Ni
particles on the surface of the foam. Then, the hydrocarbon is replaced by CH,4, which is
expected to synthesize only thin CNFs from small Ni particles.

The application of the CNFs foam composite is a challenge because of the presence of
the remaining Ni, especially in hydrogenation reactions. Moreover, the deposition of an
active metal (e.g. Pd or Pt) exclusively on the CNFs in the foam composite is a challenge
in the presence of Ni. The active metal will be reduced and deposited on the Ni surface
via electrochemical reaction. However, the oxidation of the Ni would minimize the
deposition rate of the active metal on the Ni, which might solve this problem.

The high activity of the NiO for the production of CNFs suggests that oxidized Ni foam
may be an alternative catalyst for industrial scale production of CNFs. However, this
would result in formation of fluffy CNFs.
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