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Abstract

The first part of this research involves the growth of vertically aligned carbon nanotube
(CNT) arrays (or CNT carpets) that are desired in many important applications. Growth of high-
quality, dense CNT carpets via catalytic chemical vapor deposition (CCVD) has been largely
limited to catalysts supported on amorphous alumina or silica. Although catalyst design and
CCVD process optimization have been extensively investigated, scalable growth of CNT carpets
especially on nontraditional substrates remains largely a challenge. To develop a rational basis
for designing efficient CNT catalysts, a deeper understanding of the role of substrates in CNT
carpet growth during CCVD is required. In this study, a fundamental investigation of the effects
of substrate properties on CNT carpet growth from supported catalysts under different reaction
conditions and feedstock is carried out. To illuminate the interrelationships between properties of
catalyst supporting layers on CNT carpet growth behaviors, CNT growth experiments from Fe
catalyst supported on a variety of nontraditional substrates including stainless steel (SS), MgO,
MgAl>04 (100, 110, and 111 crystalline phases), and ZrO, were carried out. This study reveals
that ion beam bombardment of 316 SS decreases the film thickness of AlxOy required for CNT
growth to 5 nm AlxOy. The role of ion beam bombardment is to transform a highly crystalline
surface into an amorphous surface, resulting in favorable catalyst-substrate interactions that
enhances CNT growth. Our results reveal that Fe catalyst supported on different phases of
MgAI204 spinel substrates show different CNT growth behaviors due to their different surface
chemistries and surface energies.

The second part of this research is motivated by the drive to seek new routes that yield
clean fuels and chemicals via Fischer-Tropsch synthesis (FTS). FTS provides a pathway for the

transformation of biomass, coal or natural gas into fuels and chemicals using a transition metal



catalyst. Co-based catalysts are of interest because they exhibit relatively higher activity and
selectivity to long-chain paraffins, high resistance to deactivation, and a low water-gas shift
(WGS) reaction activity. Catalytic performance is sensitive to the catalyst preparation method
and type of catalyst precursor. To investigate the effect of the type of catalyst precursor used
during synthesis on physicochemical properties and efficiency of FTS process, SiO2-supported
Co catalysts were synthesized via an incipient wetness impregnation method from four different
precursors: Co(NOs)2 (Co-Nit), Co(C2Hz02)2 (Co-Ace), CoCl, (Co-Chl), and Co(OH). (Co-
Hyd). This study reveals the type of Co precursor used during synthesis has significant effects on
catalyst dispersion, size, crystalline phase, reducibility, stability, and FTS performance (CO
conversion, C5+ selectivity, turnover frequency, and catalyst lifetime). Prenatal and postmortem
characterization of the catalyst reveal sintering and formation of Co.C in all catalysts except Co-
Nit, which may explain the various degrees of deactivation observed. Further, XANES and
EXAFS data confirm the superior structural stability of Co-Hyd and presence of hydroxyl groups

even after reaction.
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selectivity to long-chain paraffins, high resistance to deactivation, and a low water-gas shift
(WGS) reaction activity. Catalytic performance is sensitive to the catalyst preparation method
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Chapter 1 - Introduction

1.1 Introduction

A carbon nanotube (CNT) is a graphene sheet rolled up to form a cylindrical structure
with a diameter on the nanometer scale. Structures formed with a single layer of graphene are
called single-wall CNTs (SWCNTs) [1] while structures roll up with two or more layers of
graphene sheets are multi-wall CNTs (MWCNTS) [2]. Since CNTs were first observed by lijima
in 1991 [2], they have continued to attract great attention due to their excellent material
properties including high mechanical strength, excellent electrical and thermal conductivity, and
good thermal stability [3]. Anticipated applications of CNTs are broadening in various areas
ranging from energy storage [4, 5], thermally conductive materials [6, 7], catalysis [8, 9] to
sensing devices [10, 11]. Given the strong dependence of CNT properties on its geometry, many
applications not only require scalable amounts of CNTSs, but also highly uniform CNTs with
specific geometries. Therefore, the development of an efficient technique for controlled synthesis
of CNTs remains a major requirement for successful and widespread application of CNTSs.

Concerns about dwindling crude oil reserves and their negative impact on the
environment are forcing researchers to seek new routes that yield clean fuels and chemicals [12,
13]. The conversion of natural gas to higher hydrocarbons via Fischer-Tropsch synthesis (FTS) is
of great interest due to the increasing demand for clean fuels. The model catalyst used in FT
synthesis is typically prepared by dispersing a Co precursor on porous SiO2, Al.Os or activated
carbon. Co-based catalysts exhibit relatively higher activity and selectivity to long-chain
paraffins, high resistance to deactivation, and a low water-gas shift (WGS) reaction activity [14,
15]. While reasonable catalytic performance can be achieved with SiO2- and Al,Oz-supported Co

catalysts, there are fundamental problems associated with these catalysts that have hampered



efforts in further improving the FTS process: (1) SiO2-supported Co catalysts are characterized
by relatively weak catalyst-support interactions that leads to better Co reducibility, but lower Co
dispersion; conversely, the catalyst-support interactions in Al,Os-supported Co catalysts are
stronger, which results in highly dispersed small Co crystallites that react with the substrate to
form cobalt aluminate spinel [16-18]. The Co compounds or mixed oxides formed in the latter
are catalytically inactive and can only be reduced at elevated temperatures (exceeding 1000 K)
[19, 20]. (2) Even though an enormous amount of work has been dedicated to improving the
dimensions and accessibility of the pores of SiO2, Al.O3 and activated carbon supports, their
pores are still largely limited to sub-nanometer scale, which limits mass transport of the reactants
and products inside the catalyst matrix [20]. (3) Further, the heat produced during the exothermic
FTS reaction is not well dissipated in the presence of catalysts supported on the relatively poor
thermally conductive SiO2, Al2Os and activated carbon supports, resulting in a temperature
gradient in the packed bed reactors. To mitigate these problems and improve the FTS process, a
catalyst support that is characterized by mesoporosity, high thermal conductivity and the
possibility of achieving favorable catalyst-support interactions via surface modification is
required.

We have demonstrated that cobalt hydroxide is a promising precursor for synthesis of
well-dispersed Co catalysts on CNTs via a modified photo-Fenton process [21]. The resulting
CNT-supported Co catalyst does not require a calcination step due to the absence of possible
catalyst inhibitors usually present in conventional catalyst precursors such as nitrates, chlorides,
acetates, and carbonyls. The use of the as-synthesized catalyst (without calcination) in FTS
reaction resulted in high CO conversion (~80%) and outstanding C5+ selectivity (~70%). An

important point to note is, while a number of Co precursors have been used for synthesis of Co



catalysts on SiO support [22-26], there is not a single study involving the use of cobalt
hydroxide as a precursor. Also, fundamental questions related to how the type of metal precursor
affects catalyst reducibility, hydrocarbon product distribution, and catalyst lifetime remain
unanswered.

The goal of this study is to conduct fundamental investigations towards the development
of unconventional routes to synthesize well-dispersed FT catalysts (free of agglomeration) with
superior performance (higher activity, longer lifetime, and higher C5+ selectivity) than current
conventional catalysts. Our strategy for achieving this goal involves the use of a ‘green’ catalyst
precursor [Co(OH)2] and CNT matrix as a catalyst support. A precursory part of this goal is to
establish an efficient process for scalable growth of CNTs that will be used as catalyst supports
in packed-bed reactors during FTS. The study is guided by the following objectives:

e Investigate the effect of substrate modification on CNT growth behavior (CNT nucleation
density, catalyst activity, and catalyst lifetime). The hypothesis is that activity and
lifetime of catalysts during CNT carpet growth can be enhanced by high surface porosity
and Lewis basicity of the catalyst supporting layers. The strategies for creating porosity
and basicity in "inactive substrates” are ion beam bombardment and deposition of a thin
alumina layer, respectively.

e Investigate the combined effect of using a gaseous waste mixture (products) from FTS
(FTS-GP) and an engineered catalyst on CNT carpet yield and properties. The following
hypothesis, which is supported by our experimental data, is evaluated: The unique
composition of FTS-GP, consisting of C1-C4 saturated and unsaturated hydrocarbon and
unreacted syngas (CO and H>), enables the feedstock and resulting gas-phase species to

maintain the required balance between oxygenated species and carbon atoms over a wide



parameter space. The oxygenated species serve as a cleaning agent that oxidizes

amorphous carbon from the catalyst surface while the high flux of carbon atoms to the

catalysts contribute to the growth of CNTs.

e Design efficient SiO2- and CNT-supported Co catalysts for FTS process and establish
systematic inter-relationships between the catalyst structure as a whole (active phase and
support) and the catalyst behavior (activity, lifetime, and product selectivity) in FTS. The
hypothesis of this task is that catalyst properties, activity, and selectivity are sensitive to
the type of support and catalyst precursor used during synthesis.

e Acquire a better molecular-level understanding of the (1) formation of Co oxide and
carbidic species on SiO2 and CNTs during the FTS and (2) reducibility and deactivation
mechanisms of Co catalyst supported on CNTs and SiOx.

The proposed research is expected to contribute an in-depth understanding of catalyst-
substrate interactions and catalyst evolution under different reaction conditions in FTS and CNT
carpet growth. Synthesis techniques will be implemented based on the new mechanistic insights
derived from our fundamental studies to increase catalyst dispersion and formation of active sites
via a photo-Fenton process in FTS process and improve CNT carpet growth efficiency. The body
of knowledge developed from this study is expected to have broad applicability: (1) enabling
rational development of guidelines for scalable production of CNT carpets with controlled
properties on nontraditional substrates such as metallic, dielectric, and non-alumina oxidic
substrates; (2) establishing a rational basis for producing CNT-supported Co catalysts in FTS and
related hydrocarbon reactions.

Chapter 2 focuses on the modification of stainless steel (SS), a well-known inactive

substrate for CNT growth, via a two-step process involving ion beam bombardment and



deposition of a thin AlxOy layer. The modification approach implemented in this study results in
dense growth of CNT arrays on SS. In particular, our results show that ion beam bombardment
of 316 SS decreases the film thickness of AlxOy required for CNT growth to 5 nm AlxOy, a
thickness that does not impede electronic transport across the barrier.

Chapter 3 builds upon our work presented in chapter 2 [27] and focuses on CNT growth
from catalyst supported on substrates with different properties (composition, crystalline phase,
Lewis basicity, and surface porosity). Interrelationships between physicochemical properties of
the different catalyst supports (before and after ion beam bombardment) and CNT growth
behavior were established for the first time. A comparison between the growth profiles from
FTS-GP CVD and conventional CVD (C;Hs4 CVD) was carried out to determine the growth
efficiency of our newly developed process. The time evolution of CNT carpet growth is modeled
using the radioactive-decay equation [28]; by fitting to our growth data, we were able to
determine catalyst lifetime and initial growth rate. Our results show the use of FTS-GP as a
feedstock for CNT carpet growth enhances catalyst lifetime and CNT growth rate. We attribute
the excellent performance of FTS-GP (or FTS-GP CVD) to the combined high flux of carbon to
the catalyst and possible in situ generation of H20 at the catalyst site during growth that prevents
deactivation induced by coking. This study has provided new insights into the activity and
carbon selectivity of several catalyst-substrate combinations in FTS-GP CVD, a new CVD
process designed by our group.

In Chapter 4, we have investigated the properties and performance of SiO,- and CNT-
supported Co catalysts synthesized via incipient wetness impregnation method using different Co
precursors derived from Co(OH)2, Co(NO3z)2, Co(C2H302)2, and CoCly. The synthesized catalysts

are characterized using a wide range of techniques including transmission electron microscopy



(TEM), X-ray diffraction (XRD), temperature-programmed reduction (TPR), X-ray
photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy (XAS). The catalytic
performance (CO conversion, turnover frequency, and product distribution) and stability of the
synthesized catalysts during FTS are evaluated and compared. The results reveal that catalysts
from Co(OH). outperforms other catalysts from the other precursors. Further, post-mortem
characterization of the catalysts are conducted using TEM, XAS, and XRD to elucidate the

structural and chemical changes.
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Chapter 2 - Rational Modification of a Metallic Substrate for

CVD Growth of Carbon Nanotubes

Chapter 2 is reproduced in part with permission from:
X. Li, M. Baker-Fales, H. Almkhelfe, N. R. Gaede, T. S. Harris, P. B. Amama, Rational
Modification of a Metallic Substrate for CVD Growth of Carbon Nanotubes, Scientific Reports 8

(2018) 4349.
2.1 Introduction

To harness the unique properties of carbon nanotube (CNT) arrays for applications in
energy storage and thermal management, it is necessary for them to be supported on metallic
substrates. Hitherto, efficient growth of high quality, dense CNT arrays via catalytic chemical
vapor deposition (CCVD) occurs mainly from a catalyst supported on an insulator such as
amorphous alumina (AlxOy) or silica, which is usually unsuitable in applications that require
electrically conductive substrates such as energy storage [1, 2], thermal interface materials [3, 4],
and sensing devices [5, 6]. On the other hand, extending the high CNT growth efficiency
observed on alumina to non-alumina supports such as metals has remained a challenge for a
number of reasons. First, high surface energies of metallic substrates hamper formation of
catalyst nanoparticles during the annealing process [7-9]. Second, metallic substrates are unable
to stabilize the catalyst and prevent high rates of intermetallic diffusion and catalyst poisoning
that typically occurs during CNT growth [10-12]. Therefore, significant interest exists in
developing rational modification approaches that transform nontraditional “inactive” substrates
to “active” substrates with physicochemical properties that support high CNT nucleation and

growth.
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CNT growth on metallic substrates such as Al [13], Cu [14], Inconel [15], and stainless
steel (SS) [16] has been achieved through implementation of different strategies. A commonly
used strategy involves depositing a barrier layer, such as Ti [14] or Al;Os [15-17], that is
sandwiched between a layer of catalyst (Ni [13, 14] or Fe [15, 16]) at the top and metallic
substrate at the bottom. The barrier layer prevents direct interaction of the catalyst with the
underlying metal to prevent the problems delineated above. For metallic substrates that contain
an active catalyst for CNT growth such as SS and Inconel, direct CNT growth is possible
(without deposition of a catalyst) after conducting specific surface modification or pretreatment.
Pretreatment methods investigated include acid-etching using HCI [16, 18] or H.SO4 [19],
plasma treatment [20, 21], air annealing [22-24], Ar ion bombardment [25], and magnetron
sputtering [26]. All these methods favor formation of catalyst particles on the substrate that serve
as seeds for CNT growth. Based on studies involving CNT growth on different types of SS (316
SS and 304 SS), catalytic activity of pretreated SS during CNT growth shows high sensitivity to
the composition of SS. The type of SS used in our study is 316 SS contains 2-3% Mo to enhance
its corrosion resistance and thermal stability [24]. The presence of Mo in 316 SS makes it a
relatively inactive substrate for CNT growth [27]. Conversely, 304 SS contains no Mo and is
active for CNT growth; in fact, a number of prior studies [16, 19, 22] involving direct CNT
growth on SS utilize 304 SS as the growth substrate.

In this study, we focus on modification of 316 SS, a well-known inactive substrate for
CNT growth, via a two-step process involving ion beam bombardment and deposition of a thin
AlxOy layer (Figure 2.1). The modification approach implemented in this study results in growth
of CNT arrays on 316 SS. The approach is inspired by previous investigations [28-32] on the

role of AlxOy as a catalyst support in CNT carpet growth, whereby the high growth efficiency for
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a supported Fe catalyst was attributed to the combined effects of surface porosity and Lewis
basicity of AlxOy. In particular, our results show that ion beam bombardment of 316 SS
decreases the film thickness of AlxOy required for CNT growth to 5 nm AlxOy, a thickness that
does not impede electronic transport across the barrier [17, 33]. In elucidating the role of ion
beam bombardment in CNT growth, we have focused on probing the evolution of the catalyst
during CCVD, given that prior studies [34-37] have illuminated the effect of ion beam

bombardment on substrates including SS.
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Figure 2.1 A schematic illustration of ion beam bombardment of SS (Step 1), AlxOy deposition
on the damaged surface (Step 2) followed by Fe deposition (Step 3).

2.2 Experimental

2.2.1 Materials and Preparation

316 SS substrates used as catalyst supports were modified by ion beam bombardment in
an ion beam sputter deposition and etching system (IBS/e) obtained from South Bay Technology.
The substrates were placed directly opposite the Ar ion source (spot size ~3 mm) with
adjustments made to ensure the beam line is perpendicular to the substrate. lon beam damage
was conducted for 10 min at an acceleration voltage of 6 kV and a beam current of 3.5 mA. The

total ion dose was calculated to be 1.85 < 10'® cm2 [28]. Thereafter, damaged and pristine SS
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substrates were deposited with different thicknesses of AlxOy films (0, 5, 10, and 20 nm). A thin
Fe catalyst film with a nominal thickness of 1 nm was then deposited on each SS-supported
AlOy layer. The AlxOy and Fe films were sequentially deposited on substrates in the 1BS/e

without exposure to air.

2.2.2 CVD Growth

CNT growth was carried out at atmospheric pressure using an EasyTube 101 CVD
system (CVD Equipment Corporation) equipped with a LabView-based process control
software, a static mixer for optimum gas mixing, and a precise temperature control system. A
typical growth run involved heating the catalyst sample to 750 <C at a rate of 50 <C/min in a
flowing Ar atmosphere. At the growth temperature, the sample was exposed to a copious amount
of Hz in combination with Ar for 10 min to reduce the catalyst; respective flow rates were 250
standard cubic centimeters per minute (sccm) Hz and 250 sccm Ar. Thereafter, CNT growth was
initiated by introducing the growth gas mixture (100 sccm CzHa, 250 sccm Ha, and 250 sccm
Ar). At the end of growth, the samples were rapidly cooled in Ha, followed by slow cooling to

room temperature in 700 sccm Ar.

2.2.3 Characterization

Raman spectra of products were collected at multiple spots from the samples using a
Renishaw inVia Raman microscope with a 532-nm laser as the excitation source. Growth
products and catalyst morphology were characterized with a Hitachi S5200 field-emission
scanning electron microscope (SEM) operated at 5 kV. Transmission electron microscopic

(TEM) images were obtained using FEI Tecnai F20 XT operating at 200 kV. The samples were
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prepared by dispersing in ethanol by sonication for 5 min and dropping on a copper microgrid

coated with lacy carbon film.

2.3 Results

2.3.1 Modification of SS

Surface porosity and basicity on 316 SS were created via a two-step process (Steps 1 and
2 in Figure 2.1) prior to catalyst deposition (Step 3). In Step 1, the 316 SS substrates were
modified by ion beam bombardment, while in Step 2, the damaged and pristine SS substrates
were deposited with different thicknesses of AlxOy films (0, 5, 10, and 20 nm). A thin Fe catalyst
film with a nominal thickness of 1 nm was then deposited on each SS-supported AlxOy layer.
Note that AlxOy and Fe films were sequentially deposited on two sets of SS samples: (1) Fe
deposited on ion beam-damaged SS substrate with different thicknesses of AlxOy: 0 nm AlxOy
(Damaged-0), 5 nm AlxOy (Damaged-5), 10 nm AlOy (Damaged-10), and 20 nm AlxOy
(Damaged-20). (2) Fe deposited on pristine SS substrate with different thicknesses of AlxOy: 0
nm AlOy (Pristine-0), 5 nm AlxOy (Pristine-5), 10 nm AlxOy (Pristine-10), and 20 nm AlxOy
(Pristine-20). The samples are hereinafter referred to by the condition of the SS surface
(damaged or pristine) followed by thickness of the AlxOy barrier layer (in nanometers) as stated

above in parentheses.

2.3.2 Effects of ion beam bombardment and AlxOy thickness on CNT growth
Figure 2.2 shows SEM images of products formed after CCVD on pristine and ion beam-
damaged substrates with different AlxOy barrier layer thicknesses sandwiched between Fe

catalysts and SS. Panel a in Figure 2.2 shows large Fe particles with no CNTs on Pristine-0.
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Panel b shows poor and non-uniform CNT growth on Pristine-5, and the Fe catalyst particles
appear to be covered with amorphous carbon as verified by Raman spectroscopy. For pristine SS
samples, uniform and efficient CNT growth from Fe catalysts becomes apparent on Pristine-10
and denser on Pristine-20, as shown in panels ¢ and d of Figure 2.2, respectively. In contrast,
panel f shows a catalyst on damaged substrates start to grow CNTs with a barrier layer thickness
of only 5 nm (Damaged-5), and become denser with increasing barrier layer thickness
(Damaged-10 and Damaged-20). Although CNT density and growth uniformity was higher on
Damaged-5 than Pristine-5, the density was still lower than what is required to create CNT
carpets. AlxOy layer thickness of 20 nm was required for CNT carpet growth on damaged and
pristine SS, albeit with higher CNT density on the former. A related work by Hiraoka et al. [17]
demonstrated growth of single- and double-wall CNTs from catalyst supported on nickel alloy,
304 SS, and 310 SS substrates, albeit with a thicker alumina barrier layer (30 nm), further
illustrating the difficulty in achieving CNT growth on metallic substrates with a thin barrier
layer. SEM images of pristine and damaged SS demonstrate that surface modification via ion
beam bombardment can in fact decrease the barrier layer thickness required for CNT growth,
which may explain the successful growth of unaligned (5-10 nm-thick AlxOy) and vertically
aligned CNTs (20 nm-thick AlxOy) on thinner alumina layers

in our study. As shown by Zhong et al. [33], a thin barrier thickness of < 5 nm is within the
threshold for the substrate to remain conductive. Therefore, with optimization of reaction
conditions for each catalyst, this new approach can potentially benefit applications that require

CNT arrays supported on a conductive substrate.
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Figure 2.2 SEM characterization of SS surface after CCVD growth. Images of products formed
on pristine and ion beam-damaged SS-supported Fe catalyst with different thicknesses of AlxOy
after CNT growth process: (a) Pristine-0, (b) Pristine-5, (c) Pristine-10, (d) Pristine-20, (e)
Damaged-0, (f) Damaged-5, (g) Damaged-10, and (h) Damaged-20. Scale bars of inserts in
panels b and f are 1 pm while those of panels ¢ and g are 500 nm.

The Raman spectra of products formed on the surface of pristine and ion beam-damaged
substrates with different AlxOy barrier layer thicknesses after a CCVD process are shown in
Figure 2.3. A photograph of the sample surface is placed beside each spectrum to show coverage
of the growth product on SS. The Raman spectra show characteristic modes of CNTs: tangential
stretch mode (G-band) at ~1593 cm™ that represents the highly oriented lattice structure of

graphitic carbon, and disorder-induced mode (D-band) around 1345 cm™ that is indicative of the
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presence of defects or amorphous carbon. The ratio of G-band to D-band intensities (lc/lp) has
been used as an index to evaluate the quality of the grown CNTs, and the value for each
spectrum is provided in Figure 2.3. Additionally, a shoulder on the right side of the G-band
(~1600 cm™) is referred to as the D’ line and is also indicative of disorders in the graphitic
crystal structure [38, 39]. Raman spectra of Pristine-0, Pristine-5, and Damaged-0 samples have
an additional peak at 660 cm™, which comes from the SS substrate. Unlike Pristine-0, Pristine-5,
and Damaged-0, the absence of the D’peak and the peak at 660 cm™* (attributed to SS) in the
spectrum of Damaged-5 supports evidence from SEM data (Figure 2.2) that growth on this
substrate is due to the combined effect of ion beam bombardment and presence of a thin AlxOy
layer.

Pictures shown on the side of the Raman spectra reveal that carbon deposition during
CCVD was limited to the circular area with ion beam bombardment even though the catalyst was
deposited across the entire substrate; this result emphasizes the critical role played by ion beam
bombardment in combination with a basic surface. lon beam bombardment can induce changes
in the surface and diffusion properties of the substrate as well as composition due to vacancies
that may be created. From Figure 2.2, coverage of CNTs on pristine and damaged SS increases
with barrier-layer thickness, which based on previous studies correlates with increased surface
porosity and the basic environment provided by the AlxOy barrier layer [28-30, 32]. Also, from
the Raman data in Figure 2.3, Ic/lp for CNTs grown on pristine and damaged SS increase with
AlxOy barrier layer thickness, indicating the quality of CNTs improves with increasing AlxOy
thickness. Substrate basicity also enhances nanoparticle formation and stabilization during
annealing and growth steps [29, 31, 40, 41]. Note that for the same AlxOy thickness, CNTs

grown on damaged substrates have higher coverage and lg/lp demonstrating that ion beam
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bombardment enhances CNT growth efficiency from Fe catalysts. We observed similar
improvement in growth efficiency on c-cut sapphire substrates after ion beam bombardment,
which was attributed to changes in Lewis basicity, porosity, and damage depth of substrates [28].
Note that unlike c-cut sapphire, in the present study, ion beam damage alone does not transform
SS to an “active” catalyst support for CNT growth, as evidenced by the lack of growth on
Damaged-0. In fact, Raman spectra of Damaged-0, Pristine-0, and Pristine-5 after CNT growth
are characterized by G- and D-bands with relatively low signal-to-noise ratio and a signal ~660
cm ! from the background; we attribute this observation to the low amount of carbon formed,

causing most of the signal to emanate from the substrate.
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Figure 2.3. Characterization of products formed on pristine and ion beam-damaged SS. Raman
spectra of products formed on pristine SS-supported Fe catalysts with different thicknesses of
AlxOy barrier layer (a) and ion beam-damaged SS-supported Fe catalysts with different
thicknesses of AlxOy barrier layer (b).
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2.3.3 CNT growth rate and density

To investigate the effect of ion beam bombardment of SS on CNT growth efficiency, the
heights of CNT carpets grown on Pristine-20 and Damaged-20 for various growth times, ranging
from 10 to 120 min, were investigated. The results, presented in Figure 2.4, reveal that CNT
carpets grown on Damaged-20 are taller than carpets grown on Pristine-20 especially at longer
growth time (> 60 min) when catalysts become prone to deactivation. Growth rates of CNT
carpets from catalysts supported on Pristine-20 and Damaged-20 catalysts are 1.08 pm/min and
1.92 pm/min, respectively. Modification of SS via ion beam bombardment enhances the CNT
growth rate by almost a factor of two. It is noteworthy that the positive impact of ion beam
bombardment is still apparent for a barrier-layer thickness of 20 nm, suggesting the influential

role it plays in CNT growth.
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Figure 2.4. Growth properties of CNT carpets on pristine and ion beam-damaged SS. Plots of
CNT carpet height as a function of growth time for Pristine-20 and Damaged-20 (a). SEM image
of densified CNT carpets grown for 120 min from Fe catalyst supported on Pristine-20 (b) and its
corresponding false-color image showing the densified region (c). SEM image of densified CNT
carpets grown for 120 min from Fe catalyst supported on Damaged-20 (d) and its corresponding
false-color image showing the densified region (e).

To determine the density of as-grown CNT carpets on Pristine-20 and Damaged-20
catalysts, we employed a solvent-induced densification method. The process involves soaking
CNT carpets in ethanol, followed by drying in air. Thereafter, the CNT carpets were densified
via capillary forces [42]. SEM images of the top view of CNTs grown on Pristine-20 and

Damaged-20 catalyst are compared in Figure 2.4b and d, respectively; their respective red false-
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color images showing the densified CNT carpets are presented on the right side (Figure 2.4c and
e). Areal coverage of CNTs grown on Pristine-20 and Damaged-20 using ImageJ [43] for
analysis are 18.05% and 27.10%, respectively. The results show that density of CNTs grown
from catalysts on Damaged-20 is higher than CNTs obtained on Pristine-20. These results are
consistent with data presented in Figure 2.3, whereby coverage of CNTs and amount of carbon
deposited on SS can be evaluated. In agreement with SEM data, we observed from the pictures
that for the same thickness of AlxOy barrier layer, ion beam-damaged substrate showed higher
carbon coverage on the surface than the pristine substrate. In fact, quantification of the number
of CNTs on Pristine-5 and Damaged-5 using their respective SEM images revealed an average
density of 5 CNTs/pm? and 109 CNTs/ pm?, respectively. Clearly, ion beam bombardment
improves CNT density. Also, TEM images of CNTs obtained from catalysts supported on
Pristine-20 and Damaged-20 (Figure 2.5) confirm that the structures are primarily CNTs and not
nanofibers due to absence of a stacked cone or bamboo-like morphology along the inner cavity
of the tube. Representative high-magnification TEM images of the wall structure of CNTs
(inserts in Figure 2.5a) reveal that ion beam bombardment of SS prior to AlxOy and Fe
depositions yield CNTs with higher structural quality. The insert in Figure 2.5a shows the
presence of substantial defects on the wall of a CNT grown on Pristine-20 whereas the wall
structure has less defects for the CNT grown on Damaged-20 (Figure 2.5b). The nature of the
underlying layer still affects the growth properties of CNTs even for catalyst substrates with

relatively thicker barrier layer.
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4

Figure 2.5. TEM images of CNTs after 120 min of growth. (a) CNT arrays grown from Fe
catalyst supported on Pristine-20; the insert shows the defective wall of a CNT. (b) CNT arrays
grown from Fe catalyst supported on Damaged-20; the insert shows a wall structure that has less
defects.

2.3.4 Effects of ion beam bombardment

To isolate the role of ion beam bombardment in CNT growth, we investigated the
evolution of catalysts on pristine and ion beam-damaged substrates without an alumina layer.
Figure 2.6 shows histograms of particle size distributions (PSDs) formed on Pristine-0 and
Damaged-0 after the CCVD process. From histograms obtained from analysis of SEM images of
SS surfaces using ImageJ [43], it is apparent that PSDs of catalyst supported on Prisine-0 and
Damaged-0 follow a bimodal distribution. The first model peak of particles on Pristine-0 and
Damaged-0 is centered ~30.58 nm and ~28.80 nm, respectively. Particles in the first mode are
believed to be formed during the annealing step (H2, 750 <C, 10 min) and may have experienced
ripening during the growth step (C2Ha, H2, Ar, 750 <C, 10 min). The position of the second
modal peak of Pristine-0 and Damaged-0 indicates the presence of large particles with average

diameters (or lateral distances) of ~216.76 nm and ~163.00 nm, respectively. Particles in the
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second mode appear to be mostly composed of Fe film still wetted to the substrate surface, and

are unsuitable for CNT growth.
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Figure 2.6. Catalyst evolution on Pristine-0 and Damaged-0. Particle size distributions (PSDs) of
catalyst particles formed after CVD growth on Pristine-0 (a) and Damaged-0 (b).

Although the number density of catalyst particles on Pristine-0 and Damaged-0 for the
second mode is somewhat the same, there is a stark difference in the particle number density
formed on Pristine-0 and Damaged-0 for the first mode. The number density of catalysts on
Pristine-0 is 43 particle/pm? while that on Damaged-0 is 96 particle/pm?. Some of the catalyst
nanoparticles imaged in Figure 2.2a (pristine SS) are wetted to the surface and not spherical in

shape, indicating the Fe film was not fully de-wetted during the annealing process, while Figure
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2.2e (damaged SS) shows particles that are spherical in shape. Like alumina, ion beam

bombardment plays an important role in enhancing particle formation in the size range suitable

for CNT growth during annealing of the deposited Fe film. However, the presence of a thin

AlOy barrier layer is still required for CNT growth. lon beam damage of SS increases the

number density of particles less than 50 nm by a factor of 2. The decrease in the average particle

size formed on damaged SS demonstrates that ion beam bombardment plays a significant role in

not only catalyst dewetting, but also catalyst stability. Based on our previous study,[30] we

attribute the improved properties of ion beam-damaged SS to the increased porosity on the

surface of SS prior to AlxOy deposition. We conclude from our results that ion beam

bombardment of SS favors formation and stability of catalyst particles during CCVD, which

contributes to CNT growth efficiency.
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Figure 2.7. Catalyst evolution on Pristine-5 and Damaged-5 during annealing. (a) Plots of
number density of particles as a function of annealing time. (b) Plots of catalyst particle size as a
function of annealing time. The data were adapted from SEM images presented in Appendix A.
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2.3.5 Catalyst evolution on pristine and ion beam-damaged SS with an AlxOy barrier
layer

The combined effect of ion beam bombardment of SS and an AlxOy barrier layer on the
evolution of deposited Fe catalyst film was studied. To isolate the Ostwald ripening event, an
annealing study was carried out on Pristine-5- and Damaged-5-supported catalysts in the absence
of the feedstock (250 sccm Ar/250 sccm Hyz). Figure 2.7 shows plots of the density of particles
and average catalyst size as functions of annealing time. The data were derived from SEM data
presented in the Appendix A. Number density of particles on Damaged-5 after annealing for the
different times is significantly higher than particles on Pristine-5 (Figure 2.7a). In fact, after
annealing for 5, 10, and 30 min, the number density of particles on Pristine-5 was 62, 16, and 13
particle/pm?, respectively. In contrast, number density of particles on Damaged-5 after annealing
for 5, 10, and 30 min was 435, 922, and 659, respectively. Note that while number density of
particles on Pristine-5 decreases with annealing time, catalysts supported on Damaged-5 exhibit
dramatic increases in number density, with an increase of more than 50% between 5 and 10 min.
In addition, the catalyst particles on Damaged-5 have a lower average size in comparison to
Pristine-5 (Figure 2.7b). After annealing for 5, 10, and 30 min, average size of particles on
Pristine-5 was 23.6, 33.8, and 28.1 nm, while the average size of particles on Damaged-5 was
17.1, 13.7, and 19.6 nm, respectively. Thus, ion beam bombardment of SS in combination with
an AlxOy barrier layer dramatically improves particle formation (or dewetting), and has the
ability to suppress Ostwald ripening or enhance catalyst stability. Therefore, the improved
growth behavior of Damaged-5, Damaged-10, and Damaged-20 is due to the synergistic effect of
ion beam bombardment and thin AlxOy barrier layer. Creation of surface porosity and a defective

surface by ion beam bombardment, and a basic surface by AlxOy deposition, may enhance the
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stability of catalyst particles on the surface and limit their mobility throughout the annealing and

growth processes.

2.4 Discussion

We emphasize that since Damaged-0 does not support CNT growth (Figure 2.2), this
suggests that modification via ion beam bombardment alone under the conditions used in this
study is incapable of transforming SS from an “inactive” to an “active” substrate. In the case of
sapphire[28, 30], it was possible to achieve complete transformation after ion beam damage
alone, because the process created both surface porosity and increased basicity. Cationic
vacancies were created by ion beam damage, which was evidenced by an increased O/Al ratio,
accounted for increased basicity. lon beam bombardment is not expected to change the surface
energy of the basic component of SS due to its composition, thus for complete transformation of
SS, an alumina layer that provides a basic environment is required in combination with ion beam
bombardment. However, the improved CNT growth efficiency on ion beam-damaged SS with
the same AlxOy thickness, as evidenced by improved CNT areal density, growth rate, and surface
coverage of CNTs, demonstrates the critical role of ion beam bombardment in the transformation
of “inactive” substrates to “active” substrates.

To rationalize the synergistic effect of thin AlxOy barrier layer and ion beam
bombardment, we took a closer look at the effect of each factor on CNT catalysis. Fe catalyst has
a strong interaction with surface oxygen atoms of AlxOy and forms Fe?* and Fe" interface states
on AlxOy, which is believed to enhance catalyst stability and inhibit severe sintering of the
catalyst. [41] In addition, our previous study revealed a complex interdependence between
Ostwald ripening rates, subsurface diffusion rates, and porosity; and that catalytic activity of Fe

is maximized on AlxOy support because of the high porosity of AlxOy, mild subsurface diffusion
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of Fe, and presence of surface hydroxyl groups [29, 32, 40, 44]. AlxOy-Fe interactions favor
increased particle formation and CNT nucleation density as well as CNT growth over a broad
range of CCVD conditions. In the case of ion beam bombardment of substrates, prior studies
indicate the process induces atomic vacancies and interstitials thereby introducing porosity and
surface roughness [28, 34, 35]. These changes in the substrate caused by ion beam bombardment
has been reported to improve adhesion between ion beam-damaged substrates and deposited
films [34]. We, therefore, explain the CNT growth enhancement after SS modification as
follows: The increased surface roughness and porosity caused by ion beam bombardment
enhances intermixing between SS and alumina film, resulting in improved coating of the thin
barrier layer. Consequently, a higher fraction of Fe catalyst interacts directly with AlxOy in
Damaged-5, Damaged-10, and Damaged-20, and benefits from the positive role of AlxOy
discussed above in comparison to their pristine counterparts. As shown in Figure 2.6, even
particles that are in direct contact with ion beam-damaged surface in the absence of alumina
exhibit higher stability than pristine substrates due to the presence of a porous upper layer. The
reduced barrier layer thickness required for CNT growth may be due to the contribution of the
upper porous layer created by ion beam damage, which creates a thicker alumina-like layer (in

terms of surface diffusion properties) required for favorable catalyst-support interactions.
2.5 Conclusions

In summary, we have demonstrated the impact of surface modification (changes in
surface structure and Lewis basicity) of 316 SS, a known inactive metallic substrate for CNT
growth, on CNT growth behavior from deposited Fe catalyst. Surface modification of SS via ion
beam bombardment decreases the barrier-layer thickness required for unaligned CNT growth to

~5 nm and dense CNT carpet growth to 20 nm. An Fe catalyst supported on damaged SS with an
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AlxOy barrier layer shows improved activity, and the resulting CNT arrays have higher quality
and density in comparison to a pristine substrate (without ion beam damage) with an AlxOy
barrier layer. While ion beam damage alone improves particle formation (or dewetting) and
catalyst stability, the combined effect of ion beam bombardment and an AlxOy barrier layer is
significantly higher. This new approach can potentially benefit applications that require high

electron transport between CNTs and metallic substrates.
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Chapter 3 - Carbon Nanotube Carpet Growth from Catalyst
Supported on Nontraditional Substrates

3.1 Introduction

There is increasing interest in achieving efficient growth of vertically aligned high-
quality carbon nanotube (CNT) arrays (or CNT carpets) due to their suitability in a wide range of
applications such as energy storage [1, 2], thermally conductive materials [3, 4], catalysis [5, 6],
and sensing devices [7, 8]. The preferred method for CNT synthesis is chemical vapor deposition
(CVD) due to its simplicity and potential of achieving mass production of CNTs with tailored
properties [9, 10]. Typically, catalytic CVD process involves CNT carpet growth from transition
metal (Fe, Co or Ni) catalyst particles supported on an alumina or silica thin film [11-13].
However, some of the aforementioned applications usually require CNT arrays to be grown
directly on conductive, temperature-sensitive or easily removable substrates. Studies [12, 14, 15]
have shown that using the same catalyst with different substrates result in different CNT growth
behaviors. It is unsurprising that CNT growth behavior is highly sensitive to the properties of the
catalyst substrate given that wetting of the catalyst film (during deposition) and dewetting
(during annealing and prior to CNT growth) are largely controlled by surface energies of
substrates. It is therefore expected that different physicochemical properties of substrates will
induce different metal-support interactions and possibly form different catalyst morphologies or
expose different facets of catalyst that may impact CNT properties.

Properties of substrates that profoundly impact CNT growth include chemical
composition, crystal phase, porosity, surface energy, and surface basicity [12, 14-19]. High
substrate porosity [12, 20], favorable metal-support interactions [16, 17] and high Lewis basicity

of the substrate [19, 21] result in improved CNT growth efficiency. Usually, high surface energy
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of the substrate will hamper the transformation of the catalyst film to nanoparticles during the
annealing process [14, 22]. On the other hand, dewetted nanoparticles on substrates with low
surface energies are prone to Ostwald ripening and sintering. Catalyst design strategies for
efficient CNT carpet growth should lead to optimum conditions that ensure dewetting of the
deposited film to form nanoparticles and subsequent stability of the nanoparticles over long
durations at high temperatures. It has been reported that sapphire substrates with different
crystallographic phases have different CNT growth rate [23]. Moreover, Ishigami et al. [24] also
reported that different Al.Oz crystallographic phases influence the diameter and chirality of the
grown single-walled CNTs (SWCNTSs). In general, CNT growth from catalyst nanoparticles
supported on a variety of substrates such as MgO [25, 26], TiOz [27, 28], ZrO; [29], SiO; [30,
31] and zeolite [32] have largely failed to mimic the high growth efficiency observed on
amorphous alumina films. To broaden the substrates that support growth of CNT arrays, a
variety of strategies were implemented including water-assisted CNT growth [33], acid etching
[34, 35], and plasma etching [36]. Recently, ion beam bombardment was used for substrate
modification prior to catalyst deposition, enabling the transformation of "inactive" substrates
such as c-cut sapphire and stainless steel to "active" substrates for CNT growth [37, 38]. The
transformation is attributed to the creation of surface porosity and Lewis basicity after
modification.

In this study, we focus on a family of substrates that have shown promising results as a
support for Fe catalyst in hydrocarbon reactions. The substrates also provide a framework for
testing our hypothesis: CNT carpet properties can be controlled by adjusting substrate properties
(composition, phase, basicity, and surface properties) and type of feedstock. MgO is of interest

as a substrate because of its anti-sintering and strong catalyst-substrate interactions in Fe-based
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[39, 40] and Co-based [41, 42] catalysts. Fe is able to dissolve in MgO during wet chemistry
synthesis and at higher temperatures precipitate from MgO yielding small particles in a hydrogen
environment [43]. A new refractory material that has attracted significant interest in a variety of
applications is MgAl.O4 due to its interesting properties such as high melting point, low
dielectric constant, high thermal resistance, high chemical inertness, good mechanical properties,
and outstanding optical properties [44, 45]. Its use as a support in catalysis is quite recent and has
been inspired by excellent results in steam reforming [46], dehydrogenation reactions [45], and
partial oxidation of methane [47]. MgAI>Os spinel supports high dispersion of nanosized metal
nanoparticles and has the tendency to inhibit formation of carbon impurities and enhance
favorable interactions with the metallic phase that inhibits sintering [45-47]. MgO and MgAI>O4
consist of large number of edges and corners, step edges and step corners that create basic sites
with different strength depending on the functional group (surface hydroxyl groups, low
coordinate O sites) [48]. The surface structure of complex oxides plays an important role in
film growth such as CNT growth [49]. MgAl.O4 with different crystalline phases is of great
interest in CNT synthesis because of current understanding on the high sensitivity of catalytic
activity and CNT growth behavior to crystalline phase of supporting layers. The selected
substrates, MgO and MgAI>Os family, provide a model system to probe the effect of
physicochemical properties of substrates on CNT carpet growth from Fe catalyst.

In this study, CNT growth behavior is systematically investigated on the following
pristine and ion beam-bombarded substrates: MgAIl.O4 (100), MgAIl>04 (110), MgAl204 (111),
and MgO (100). Interrelationships between physicochemical properties of different catalyst
supports (before and after ion beam bombardment) and CNT growth behavior were established

for the first time. The study also investigates the complex interplay between substrate properties
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and type of feedstock used for growth, focusing on two feedstocks: ethylene (the conventional
feedstock) and our newly developed feedstock, Fischer-Tropsch synthesis gaseous products

(FTS-GP).

3.2 Experimental

3.2.1 Catalyst Preparation

Four pristine and modified substrates were used as catalyst supports for CNT growth via
CVD: MgAlI204 (100), MgAIl.04 (110), MgAI204 (111), and MgO (100). The substrates were
modified by ion beam bombardment using an ion beam sputter deposition and etching system
(IBS/e) from South Bay Technology Inc. Substrates were placed directly opposite the Ar ion
source (spot size ~3 mm) with adjustments made to ensure the beam line is perpendicular to the
substrate. lon beam damage of the substrate was conducted for 10 min at an acceleration voltage
of 6 kV and a beam current of 3.5 mA. The total ion dose was calculated to be 1.46 x10%° cm™,
In calculating the ion dose, the ion dose rate was determined by assuming the number of ions
injected per unit area per second (N) and the duration of ion exposure (t) were equally received

by the substrate. N was calculated using the following equation:

where | is the beam current in amperes, A is the ion beam spot area in square centimeters, and ¢
is the charge of an electron (1.6 %< 107'° Coulomb). Thereafter, a Fe catalyst film with a nominal
thickness of 2 nm was deposited on the pristine and ion beam-damaged substrates in the IBS/e
without exposure to air. This catalyst thickness was expected to produce small-diameter multi-

walled CNT carpets.
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3.2.2 CNT Growth

Growth of CNT carpets was carried out at atmospheric pressure using an EasyTube 101
CVD system (CVD Equipment Corporation) equipped with a LabView-based process control
software, a static mixer for optimum gas mixing, and a precise temperature control system. CVD
growth was conducted using either ethylene or FTS-GP (Fischer-Tropsch synthesis gaseous
product) as a carbon source under conditions optimized for each feedstock. In a typical growth
run, the catalyst sample was heated to 750 <C at a rate of 50 <T/min in flowing 1000 standard
cubic centimeters per minute (sccm) Ar. For growth with ethylene as a feedstock, catalyst
prereduction at growth temperature (750<C) was carried out for 10 min with copious amount of
H> (250 sccm H2 and 500 sccm Ar). Thereafter, CNT growth was initiated by switching to a gas
mixture of 100 sccm C2H4, 250 sccm Hz, and 500 sccm Ar. At the end of the growth, the samples
were rapidly cooled in Hy, followed by slow cooling to room temperature in 700 sccm Ar. For
growth using FTS-GP as a feedstock, the catalyst prereduction was conducted by flowing 250
sccm Hz and 250 sccm Ar for various time. Thereafter, CNT growth was initiated by switching
to the growth gas mixture containing 100 sccm FTS-GP and 1000 sccm Ar. At the end of
growth, the samples were cooled using similar conditions described above for growth with

ethylene.

3.2.3 Characterization

The morphology of the growth products and growth behavior of the different catalyst
substrates were characterized with a Hitachi S5200 field-emission scanning electron microscope
(SEM) operated at 5 kVV. A Nikon Eclipse LVV100 optical microscope was also used to measure

the heights of tall CNT carpets. Raman spectra of growth products were collected at multiple
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spots from the samples using a Renishaw inVia Raman microscope equipped with a 532-nm
laser as the excitation source. The surface properties of pristine and ion beam-damaged
substrates were characterized using X-Ray reflectivity (XRR). XRR measurements were
conducted on a Rigaku-Smartlab X-ray diffractometer equipped with a Cu Ka (A = 0.154 nm)

radiation source using a slit collimation in air.

3.3 Results

Figure 3.1 shows CVD growth behavior of Fe catalyst supported on pristine and ion
beam-bombarded substrates [MgO (100), MgAl204 (100), MgAl204 (110), MgAIl204 (111)] with
a conventional precursor (CoHs) and FTS-GP. The morphologies of the resulting products
formed on the substrates were obtained after exposure to CVD conditions optimized for each
feedstock. Figures 3.1a and b show SEM images of CNTs formed on pristine substrates after 10
min using C2Hs and FTS-GP as feedstock, respectively. For CNTs grown with CoHas, only MgO
(100) substrate supports carpet (or vertically aligned) growth while growth with FTS-GP yielded

carpets on MgAIl>O4 (111) and MgO (100) substrates. It is apparent from the results that catalysts

supported on pristine MgO (100) exhibits the highest growth efficiency with high CNT
nucleation density that support dense growth of CNTs with both CoHs and FTS-GP feedstocks.
For the same growth duration of 10 min using MgO-supported catalyst, the carpet heights were
~400 pm and ~300 pm using FTS-GP and CaHs respectively. We hypothesize, based on this
preliminary evidence, that initial growth rate with FTS-GP is higher than CoHs .

Figures 3.1c and d show SEM images of CNT carpets formed on ion beam-bombarded
substrates after CVD growth with C2H4 and FTS-GP, respectively. Thick CNT carpet coverage

was observed on all ion beam-damaged substrates, with the substrates exposed to FTS-GP
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forming CNT carpets that are generally taller than those formed with C2Ha4. The positive impact
of ion beam bombardment is apparent in all the different phases of MgAIl.O4 spinel after CoHa
CVD and in MgAIl>O4 (100) and MgAl204 (110) after FTS-GP CVD. The dramatic improvement
in CNT growth efficiency of catalysts on substrates with poor activity after ion beam
bombardment further confirms the efficacy of this modification process in effectively
transforming a poor catalyst supporting layer to an active layer that induces higher CNT
nucleation density and growth efficiency. However, from the SEM images in Figure 3.1, ion
beam bombardment of MgO (100) substrate does not seem to have a significant effect on the
CNT carpet height, as the final carpet heights attained after 10 min with C;Hs and FTS-GP
remained roughly the same after substrate modification. Fe catalyst supported on MgO (100)
substrates (pristine or ion beam-damaged) show the highest growth efficiency when C2H4 or
FTS-GP is used as a feedstock. According to prior studies, the high surface basicity of MgO
(100) and favorable Fe-MgO interactions contribute to the improved CNT growth observed on
MgO [19, 50, 51]. A related study by Xiong et al. [52] revealed a strong dependence of carpet
height on the orientation of MgO, with MgO (110)-supported Fe catalyst producing CNTs with
the longest length while CNTs formed on MgO (100) and MgO (111) were 20% and 55%
shorter, possibly due to the different interaction energies of Fe with the different planes that
result in different nucleation behaviors. Our results demonstrate the use of FTS-GP as a
feedstock result in decent CNT carpet growth on MgO (100) indicating that FTS-GP seems to
decrease the sensitivity of catalysts to the crystalline phase of the support. The growth on MgO

(100) via FTS-GP CVD equals or outperforms prior works [52, 53].
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(a) Pristine substrates with C,H, (b)  Pristinesubstrates with FTS-GP

(c) lon beam-damaged substrates with C,H,(d) lon beam-damaged substrates with FTS-GP
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ZOG pm-

Figure 3.1 SEM characterization of CNTs grown from Fe catalyst supported on MgAl,04(100),
MgAl>04 (110), MgAlL204 (111) and MgO (100) supporting substrates after 10 min. Images of
CNTs formed on pristine substrates using CoHy as a feedstock (a) and FTS-GP as a feedstock (b).
Images of CNTs formed on ion beam-bombarded substrates using C,Hs as a feedstock (c) and
FTS-GP as a feedstock (d).

The quality of CNTs formed on the different substrates with either CoH4 or FTS-GP CVD
as a feedstock was probed by Raman spectroscopy. The Raman spectra of products formed on
the surfaces of pristine and ion beam-damaged substrates are shown in Figure 3.2. The
characteristic modes of CNTs are apparent in the spectra: tangential stretch mode (G-band) at
~1593 cm? that represents the highly oriented lattice structure of graphitic carbon, and disorder-

induced mode (D-band) around 1345 cm™ that is indicative of the presence of defects or

43



amorphous carbon. The ratio of G-band to D-band intensities (Ic/Ip) has been used as an index to
evaluate the quality of the CNTSs, and the lg/lp value for each sample is shown above the
spectrum in Figure 3.2. In combination with SEM data (Figure 3.1), the following observations
can be gleaned from the Raman spectra of CNTs grown from catalyst on pristine substrates with
C2Hs and FTS-GP shown in Figures 3.2a and b, respectively. CNTs grown on MgAl204 (100)
substrate using C2Hs exhibited the highest Is/lp ratio, albeit with poor nucleation density and
overall growth as revealed by SEM image in Figure 3.1la. However, using FTS-GP as a
feedstock, products formed on MgAl,04 (100) substrate not only shows a very high l¢/lp ratio,
but also yield denser CNT carpets than those obtained with C2Ha, indicating MgAl2O4 (100)
supports high-quality CNT growth. Raman spectra of products formed on ion-beam bombarded
substrates are shown in Figure 3.2c and d. lon beam bombardment appears to have a negative
effect on the quality of CNTs formed on MgAI2O4 (100) substrate, evidenced by the decrease in
Ie/lp ratio of CNTs formed on the substrate after ion beam damage for growth especially with
FTS-GP. In contrast, the Ic/lp ratios of CNTs formed on the other damaged substrates does not
appear to change significantly except for MgO (100) where CNT carpet quality improves after
FTS-GP CVD, but decreases after CoHs CVD. In general, the CNTs grown using FTS-GP had
higher lc/lp ratios for all supported catalyst samples except for pristine MgO (100) and ion
beam-damaged MgAl.O4 substrates. The different behavior of three different MgAlIl.O4 substrates
could be due to the surface atom stoichiometric change caused by ion beam bombardment that
affects the catalyst structure during nanoparticle formation (annealing) and catalyst stability

during growth.
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Figure 3.2 Raman spectroscopic characterization of CNTs grown from Fe catalyst supported on
MgALO4 (100), MgAlbO4 (110), MgALO4 (111) and MgO (100) substrates after 10 min. Raman
spectra of CNTs formed on pristine substrate using CoHa4 precursor (a) and FTS-GP precursor (b).
Raman spectra of CNTs formed on ion beam-damaged substrate using CoH4 precursor (c) and
FTS-GP precursor (d).
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Having established an understanding of the growth behavior of Fe catalyst supported on
the different pristine and ion beam-damaged supporting substrates using CoHs and FTS-GP as
feedstock, our next focus is to investigate CNT growth efficiency for substrates that support
carpet growth. CNT growth efficiency is defined in terms of activity and lifetime of the
supported catalyst. The catalytic activity refers to the increase in the CNT carpet height with time
while the catalyst lifetime is defined as the duration until growth termination occurs. Figure 3.3
shows plots of CNT carpet height versus growth time for catalyst supported on the different
supporting layers with C2Hs or FTS-GP as a feedstock. The shaded region in each plot shows the
95% confidence interval on the fitted values. In general, the growth profiles exhibit characteristic
features of CNT carpet growth kinetics with an initial acceleration, an inflection point, followed
by gradual deactivation and eventually growth termination [54-56]. In comparison to CoHs, CNT
carpet growth using FTS-GP exhibits a higher growth rate and longer catalyst lifetime. In Figure
3.3a, growth with FTS-GP feedstock for three different crystalline phases of MgAl.04 (100, 110,
and 111) exhibits somewhat similar growth profiles: high growth efficiency and resistance to
deactivation as the catalysts appear active after 180 min. On the other hand, growth with CoHa
(Figure 3.3b) exhibits significantly lower efficiency with gradual deactivation occurring after 30
min followed by deactivation before 100 min; the maximum carpet heights attained after 120
min are all in the sub-micrometer range. Unlike FTS-GP, another unique feature of growth using
C2Ha is the high sensitivity of its growth behavior to the crystallographic phase of MgAl204
spinel. It can be concluded that growth efficiency decreased in the following order: MgAl204

(111) > MgAl,04 (110) > MgAl204 (100).
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Figure 3.3 Plots of CNT carpet heights as functions of growth time for ion beam-damaged
MgAI204(100), MgAIl>04(110), MgAIl>04(111) substrates using FTS-GP (a), CNT carpet heights
as functions of growth time for ion beam-damaged MgAIl>04(100), MgAl>04(110),
MgAI204(111) substrates using C2Hs4 (b), CNT carpet heights as functions of growth time for
pristine and ion beam-damaged MgO(100) substrates (c). The respective shades around the plot
shows the 95% confidence interval on the fitted data.
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To compare the growth behaviors, the growth data are further analyzed to extract kinetic
information. As demonstrated by Futaba et al. [55], the time evolution of CNT carpet growth can
be modeled using the radioactive-decay equation represented by the following differential
equation:

t
Z—’: x e w0 1)

where H is the carpet height, t is the growth time, t, is a fitting parameter. Integration of

Equation 1 yields the growth equation:

_t
H(t) = pto (1 —e ™) )
where H is the carpet height, t is the growth time, £ is the initial growth rate and t, is the

characteristic catalyst lifetime.

By fitting the radioactive-decay model to our growth data, we are able to determine g and
Ty, Which are fitting parameters that characterize the growth behavior of catalyst supported on
each supporting layer. These fitting parameters have been used to estimate the growth efficiency
of CNT carpets. From the fitting, the model equations for MgAIl.O4 (100), MgAl>04 (110) and

t
MgAI>04 (111) substrates grown with FTS-GP are H(t) = 4466.85 (1 — e 11338), H(t) =

t

t
18) and H(t) = 5987.15 (1 — e 1s078), respectively. Extracted g parameters

3635.03(1 — ¢ s3
are 39.2 pm/min [MgAl204 (100)], 43.7 pm/min [MgAI204 (110)] and 33.3 pm/min [MgAIl204
(111)] while extracted t, parameters are 113 min [MgAIl>O4 (100)], 83 min [MgAl204 (110)] and
181 min [MgAl;04(111)]. From the results, MgAl>04 (110) shows the highest initial growth rate.
The characteristic catalyst lifetime of MgAI2O4 (111) is higher than that of MgAI>O4 (110) by a
factor of two. According to the growth parameter, the product of B and 7, is the theoretical

carpet height (Hmax). As shown in Figure 3.4, CNT carpets grown on MgAl204 (111) show Hmax
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of 5987 pm, which is the highest among all MgAIl.O4 substrates. This trend is also consistent

with 7, that indicates that longer lifetimes are achieved with FTS-GP as a precursor.
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Figure 3.4 Plots of the characteristic lifetime (blue dots), initial growth rate (red dots), and
theoretical carpet height (histogram) as a function of different MgAI>O4 spinel structure.

The fitted model equation for MgAl.Os (100), MgAl.O4 (110) and MgAI204 (111)
t t
substrates in Figure 3.3b are H(t) = 101.15 (1 — e 2003), H(t) = 113.04(1 — e 1738) and

H(t) = 249.85 (1 — e‘Tiaz), respectively. Extracted g parameters are 5.1 pm/min [MgAIl2O4
(100)], 6.5 pm/min [MgAl204 (110)] and 13.2 pm/min [MgAl204 (111)] while extracted t,
parameters are 20 min [MgAIl204 (100)], 17 min [MgAl204 (110)] and 19 min [MgAl.04 (111)].
A comparison of the two carbon sources used in this study (Figure 3.3a and 3c) reveals a stark

difference in the growth efficiencies, with FTS-GP outperforming C2H4 in terms of initial growth
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rate and catalyst lifetime of Fe on MgAIl>O4 substrate. It is therefore unsurprising that growth of
CNT carpets with FTS-GP is able to achieve millimeter-tall heights while growth using C2Ha
only yields sub-millimeter-tall CNT carpets. Among all three substrates, MgAIl>O4 (111) shows
the highest initial growth rate which indicates this type of spinel structure is most suitable for
CNT growth. In Figure 3.4, MgAIl,O4 (111) shows highest Hmax in both FTS-GP and C:Hs
growth experiments. This indicates the spinel structure affects CNT growth. However, the
MgAI>04 (111) sample did not show the highest T, when C2Hs was used, which is inconsistent
with the growth behavior observed with FTS-GP precursor. We conclude that the precursor type
plays a more important role in extending catalyst lifetime.

Figure 3.3c exhibits the growth profiles for pristine and ion beam-damaged MgO (100)

substrates grow with FTS-GP and C2H4. The model equations of CNT carpet grow from FTS-GP

t t
are H(t) = 4608.91 (1 — e 7677) and H(t) = 4459.19 (1 — e s442) for pristine and ion beam-
damaged MgO (100) substrate, respectively. The g and t, are 60.0 m/min, 77 min for pristine
MgO (100) and 52.8 pm/min, 84 min for ion beam-damaged MgO (100). The CNT grown on

pristine and ion beam-damaged MgO (100) substrates using C2H4 precursor shows a model of

H(t) = 345.59(1 — e 1175) and H(t) = 490.93(1 — ¢ T35) where the B and 7, are 30.8
pm/min, 11 min and 36.1 pm/min, 13.6 min, respectively. The observed growth behavior with
FTS-GP and C2Ha is consistent with our previous conclusion that use of FTS-GP as a feedstock
enhances catalyst lifetime; in fact for MgO (100), the characteristic lifetime increases by a factor
of almost 6 and the Hmax increased by a factor of 9.

Figure 3.5 shows a summary of the theoretical and experimental CNT carpet height
results. In Figure 3.5a, growth using FTS-GP shows the carpet heights from experiment are

shorter than the theoretical carpet heights, indicating catalysts are yet to reach their maximum
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lifetime. However, CNT growth using C2Hs4 shows experimentally obtained carpet heights are
similar to the theoretical heights, which indicates catalysts have reached their final lifetime. In
Figure 3.5b, all samples appear to have reached their catalyst lifetimes because their
experimental CNT lengths are very close to Hmax. Therefore, all MgAIl.O4 substrates show longer
lifetimes than MgO (100) substrate. Based on our results presented so far, we conclude that FTS-
GP precursor is able to enhance catalyst lifetime and CNT growth rate. We attribute the excellent
performance of FTS-GP to the unique composition and possible in situ generation of water via a

reaction between H, and CO as previously proposed [57].
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Figure 3.5 Comparison between theoretical and experimental CNT carpet heights for different
MgAI204 spinel substrates (a), MgO (100) substrate (b).
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The XRR measurements were carried out to investigate the surface properties of
substrates. Figure 3.6a and b show XRR interference pattern acquired from pristine and ion
beam-damaged MgAl.O4 spinel of different phases and MgO substrates. Fitting the interference
fringes with the theoretically generated XRR patterns reveals the formation of an upper
amorphous layer (Layer 1) and a lower nanocrystalline layer (Layer 2) on top of the crystalline
substrate after ion beam bombardment. Figure 3.7 are plots of the thickness and roughness of
substrate layers which were extracted from fitting of the XRR interference fringes in Figure 3.6.
After ion beam bombardment, the thickness of Layer 1 increased significantly. However, the
thickness of Layer 2 remains roughly unchanged after ion beam bombardment. From Figure 3.7,
we conclude the overall surface roughness for all substrates is increased after ion beam
bombardment. The surface roughness may also play a role in anchoring catalyst particles,
impeding sintering and extending catalyst lifetime. Interestingly, our experimental results
support this hypothesis as the catalyst life time increased with the increasing surface roughness.
The surface roughness decreased in the following order: MgAl;04 (111) > MgAl204 (100) >

MgAl>04 (110) which is consistent with T, when growth is carried out with FTS-GP.
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Figure 3.6 XRR profiles of pristine substrates (a) and ion beam-bombarded substrates (b).

53



I Layer 1 (lon beam-damaged)

64 [ Layer 1 (Pristing) ( b) 12 4
(a ) Layer 2 (Pristine) Layer 2 (lon beam-damaged)
— 5 =10
w 4
2 @ °
< <
% 34 = G
£ =
22 % 41
8 8
14 24
o || o .
o = -l oy ) o
& <® & R B S &
\Os- \O c§>XAC) @Cb \A.. \95. c? )
& & & 2 & &
Substrate Substrate
1.0 1.2

I Layer 1 (Pristing)

Layer 2 (Pristine)
0.8+
0.64
0.4+
0.24
0.04

I Layer 1 {lon beam-damaged)
(d) 10 Layer 2 (lon beam-damaged)

Roughness (nm)

Roughness (nm)
o =] o o o
o ra =N (s3] [e2]

>, R S 3 3 > )
6\“ of & & & & &
o (8] n o 5. O
& & & & S &
Substrate Substrate

Figure 3.7 XRR results of the thickness of different layers present at the surface of pristine (a)
and ion beam-bombarded substrates (b), roughness of different layers present at the surface of
pristine (c) and ion beam-bombarded substrates (d).

3.4 Discussion

From the SEM images in Figure 3.1, pristine MgAIl>O4 supporting substrates are less
active than MgO (100). However, the use of ion beam bombardment to modify the MgAl.O4
substrate improved the activity of supported Fe catalyst on the substrate, which is consistent with
previous studies [38, 58]. As shown in previous studies [37, 38, 59], the role of ion beam
bombardment is to create porosity and increase roughness on the substrates surface. These

studies have shown that ion beam bombardment is capable of transforming a highly crystalline
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surface into an amorphous-like surface. The total effective depth of the amorphous layer is
around 10 nm, which allows for mild subsurface reaction of the catalyst, an important criterion
for efficient CNT carpet growth [12]. It is known that material with high surface basicity favors
the CNT growth [19]. In this work, the high activity of catalyst supported on MgO may be
attributed in part to the high surface basicity.

The Raman results indicate that CNTs grown from FTS-GP precursor have superior
quality, which is also consistent with our previous study [60]. FTS-GP consist of Hz (40%), CHa
(30%), Cz2Hs (8%), C2H4 (6%), CO (5%), CsHs (5%), N2 (4%), and CsHe (2%). Under CNT
growth conditions, it is hypothesized a reaction between H> and CO would generate small
amount of H>O at the catalyst site, which can act as an oxidant to etch amorphous carbon
deposited on the catalyst, extending the catalyst lifetime. The high carbon flux from the carbon-
rich components of FTS-GP to the catalysts contribute to the high growth rate.

To rationalize the observed differences in growth behavior for catalysts supported on
three spinel structures of MgAIl204, we consider the atomic stacking sequence of the different
surface orientations of MgAI.O4 spinel as shown in Figure 3.6. Unlike the mixed
aluminum/oxygen atomic arrangement on the surface of MgAl>O4 (100) and MgAl.O4 (110), the
top surface of MgAI>O4 (111) is fully covered with oxygen atoms [49, 61, 62], which is evidence
of a higher surface basicity than the other two substrates. As mentioned above, a highly basic
surface is good for CNT growth. Secondly, the surface energy of different MgAl.O4 spinel
structures are also different. It has been reported the surface energies of the MgAl.O4 phases
decrease in the following order: MgAl,04 (111) > MgAl204 (110) > MgAl204 (100) [49, 61]. It
has been shown that a relatively high surface energy can prevent planar Ostwald ripening and

subsurface diffusion [37]. Therefore, the above synergistic effect in MgAIl>O4 (111) substrate
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makes it a preferred substrate for CNT growth especially when conventional precursors are used.
An illustration of the effects of the composition, surface terminating species of the spinel
structures and the catalyst preparation steps on CNT carpet growth is presented in Figure 3.8.
CNT growth behavior is affected by the different atomic surface arrangement that forms a

catalyst-substrate interaction that is unique.
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Figure 3.8 A schematic illustration of CNT arrays grown on different phases of MgAIl.O4 spinel
substrates.

3.5 Conclusions

In conclusion, we have investigated the growth behavior of pristine and ion beam-
damaged MgAl204 (100), MgAl204 (110), MgAIl>04 (111) and MgO (100) using a conventional
feedstock (C2Hs) and an industrial waste gaseous mixture (FTS-GP) as a feedstock. The role of

ion beam bombardment is transforming a highly crystallized surface into an amorphous surface
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to enhance the CNT growth process. The surface basicity is an important property for substrate
to have as it promotes good CNT carpet growth. Although different phases of MgAl.O4
substrates have the same chemical composition, they still show different CNT growth behavior
due to their different surface chemistries and surface energies. MgAIl.O4 (111) is the best
supporting layer among all MgAl>O4 substrates due to its high surface basicity and relatively
high surface energy. FTS-GP outperforms C2H4 (conventional precursor) as a feedstock for CNT
carpet growth. Our novel gaseous waste mixture is capable of enhancing CNT growth rate and

extending catalyst lifetime.
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Chapter 4 - Characterization and Catalytic Behavior of
Fischer-Tropsch Catalysts Derived from Different Cobalt
Precursors

4.1 Introduction

Concerns about dwindling crude-oil reserves and their negative impact of carbon-based
fuels on the environment are forcing researchers to seek new routes that yield clean fuels and
chemicals [1, 2]. Fischer-Tropsch synthesis (FTS) provides a pathway for the transformation of
biomass, coal or natural gas into fuels and chemicals using a transition metal, such as Fe, Co, or
Ru, as a catalyst [3, 4]. Among these catalysts, Ru-based types exhibit the highest activity and
C5+ selectivity [5]. However, due to the high cost of Ru, its widespread use in FTS is limited
[6]. Although Fe is an earth-abundant transition metal, it is plagued by its high water-gas shift
(WGS) reaction activity, thus lowering C5+ selectivity [7, 8]. Conversely, Co-based catalysts
exhibit relatively higher activity and selectivity to long-chain paraffins, high resistance to
deactivation, and a low WGS reaction activity [9, 10]. Therefore, well-dispersed Co-based
catalysts supported on silica or alumina are generally preferred in FTS.

A number of studies have demonstrated high dependence of catalytic performance on the
type of catalyst precursor [11-13] and synthesis method used [14-16]. Iglesia’'s group has shown
the turnover frequency (TOF) of Co catalysts is dependent on the concentration of active sites
and is independent of the nature of the support and dispersion of Co catalysts [17-19]. While Co-
based FT catalysts have been synthesized with different precursors, the most commonly used

precursor is Co(NOz3). [3]. Unlike Co catalysts derived from Co(NOs)2, those derived from
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Co(C2H302)2, as reported by Girardon et al. [20], exhibit low reducibility; the study also reveals
that catalysts derived from Co(C2H30). easily form a hard-to-reduce compound during
calcination thereby limiting FTS activity. On the contrary, work by Zhang and coworkers [21]
revealed that y-Al,Os-supported catalysts prepared from Co(C2H3z02). tend to form CoO after
thermal treatment in N2, which shows higher activity than Coz04 prepared from Co(NO3)2. SiO»-
supported Co catalysts derived from CoCly, as reported by Bae et al. [12], show low FTS activity
and C5+ selectivity because the residual chloride ions (CI) poison the catalyst during FTS
reaction. Panpranot et al. [22] attribute the low FTS performance of Co catalysts prepared from
CoCl; to the blockage of catalytic sites by residual ClI-. A series of Co carbonyl clusters were also
used as Co precursors in preparation of FTS catalysts [23]; the dispersion of Co catalysts
prepared from Co carbonyl clusters exhibits better catalytic activity than those prepared from
Co(NOz3)2. Unlike FT catalysts derived from traditional precursors, cobalt carbonyl clusters are
able to provide metallic particles in their zero valent state and, therefore, do not require
aggressive reduction treatment. However, synthesis of Co carbonyl clusters results in catalysts
with different surface acidities that affect CO conversion and C5+ selectivity [23].

In our previous investigation, we showed that cobalt hydroxide is a promising precursor
for synthesis of well-dispersed Co catalysts on carbon nanotubes (CNTs) via a modified photo-
Fenton process [15]. The resulting CNT-supported Co catalyst does not require a calcination step
and is free of possible catalyst inhibitors usually present in conventional catalyst precursors such
as nitrates, chlorides, acetates, and carbonyls; FTS reaction with this catalyst shows high CO
conversion (~80%) and outstanding C5+ selectivity (~70%). In all, a number of Co precursors
have been used for synthesis of Co catalysts on SiO support [12, 20, 24-26]; however, some

fundamental questions related to how precursor type affects catalyst reducibility, hydrocarbon
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product distribution, and catalyst lifetime remain unanswered. The behavior of catalysts derived
from a green precursor [Co(OH)2] and supported on a conventional substrate such as SiO or
Al>Oz is, however, noteworthy.

Motivated by the lack of understanding of the effect of precursor type (including a novel
"green™ precursor) on FTS catalysis, this study investigates the properties and catalytic
performance of SiOz-supported Co catalysts derived from Co(OH)2, Co(NO3)2, Co(C2H302)2,
and CoClz via incipient wetness impregnation. The synthesized catalysts are characterized using
a wide range of techniques including transmission electron microscopy and spectroscopy (TEM),
X-ray diffraction (XRD), temperature-programmed reduction (TPR), X-ray photoelectron
spectroscopy (XPS), and X-ray absorption spectroscopy (XAS). In addition, the catalytic
performance (CO conversion, C5+ selectivity, and C5+ product distribution) and stability of the
synthesized catalysts during FTS are evaluated and compared. Further, post-mortem
characterization of the catalysts are conducted using TEM, XAS, and XRD to elucidate structural

and chemical changes.

4.2 Experimental

4.2.1 Catalyst preparation

Co/SiO; catalysts were synthesized via conventional incipient wetness impregnation from
different Co precursors: Co(NOz)2 6H20 (Aldrich, =98% purity), Co(C2H30z2)2 4H>0 (Aldrich,
=98% purity), CoCl, 6H.O (Aldrich, =98% purity), and Co(OH). (Strem, =97% purity).
Catalyst solutions were prepared by dissolving each precursor in water except for Co(OH)a,

which was dissolved in hydrogen peroxide (30%), a good solvent for Co(OH). that is free of

possible catalyst inhibitors. Based on prior studies [27, 28], the possibility of Co(OH). and H20-

68



reacting to form CoO(OH), under our synthesis conditions, is unlikely because the mixture was
maintained at room temperature in the absence of NaOH. Silica gel (Aldrich, pore size 60A, 100
mesh) was used as a catalyst support. Impregnation of the prepared catalyst solutions in SiO>
resulted in a catalyst loading of ca. 20wt%. Thereafter, all freshly synthesized SiO2-supported Co
catalysts were dried at 120<C, followed by calcination at 550<C for all catalysts except those
synthesized from Co(OH).. SiO2-supported Co catalysts prepared using Co(NO3)2, Co(C2H30z)2,
CoCly, and Co(OH). are designated as Co-Nit, Co-Ace, Co-Chl, and Co-Hyd, respectively.
Calcined Co-Nit, Co-Ace, and Co-Chl catalysts, as well as uncalcined Co-Hyd, were used for

catalytic testing, and are hereafter referred to as fresh catalysts.

4.2.2 Catalyst characterization

Textural properties of the catalysts were determined by N2 physisorption at -196 <C using
an Autosorb-1 series system. Prior to physisorption measurements, all the fresh catalysts were
outgassed at 250<C for 10h. The Brunauer-Emmet-Teller (BET) [29] method was applied to the
adsorption isotherm in the linear range of relative pressure from 0.02 to 0.35 to determine the
specific surface area of each catalyst. Pore size distribution was determined from the desorption
branch at a relative pressure of 0.95 of the isotherm using the Barrett-Joyner-Halenda (BJH) [30]
model.

XRD analyses were conducted to identify atomic and molecular structures of fresh
catalysts. XRD patterns were recorded on a Rigaku Miniflex Il desktop X-ray diffractometer
using Cu Ka radiation (A =1.54056 A) in the range of 10° < 20 < 80° with a step size of 0.10°

and scan speed of 1.009min. The average crystallite size of Co304 in the fresh catalysts was
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estimated by the Scherrer equation (Equation 1) [31], where d¢,. 0, is average crystallite size,

A=1.54056A, f is full width at half maximum (FWHM), and 20 = 36.9<

0.941
Acos0, = Brose 1)

The actual Co loading ratio of fresh catalysts was verified by inductively coupled plasma
atomic emission spectroscopy (ICP-Varian 720-ES).

The reducibility of fresh catalysts was studied by temperature programmed reduction
(TPR) in an AMI-200 catalyst characterization system equipped with a thermal conductivity
detector. 0.1g of sample was put into a U-shaped quartz tube and pre-treated to remove moisture
and impurities under helium flow (30 ml/min) at 140<C for 1h. Thereafter, the sample was
cooled to 40T and heated again to 900 <C at a ramping rate of 10<C/min under a flow of 10% H:
in Ar at 30 ml/min while the hydrogen consumption was measured. The reducibility of the

catalyst (Rco) was calculated using Equation 2:

reduced amount of Co

Reo =

x 100% 2

total amount of Co

The steps for calculating the reduced amount of Co from the TPR profile are presented in
the Supplementary Information.

To characterize the catalyst morphology, TEM images were obtained using (FEI Tecnai
F20 XT) operating at 200 kV. The samples were dropped on a copper microgrid coated with
lacey carbon film.

XPS measurements were performed on a Kratos Ultra XPS system with a monochromatic
Al Ka source (hv =1486.6 ¢V). The effect of charging were reduced with a charge neutralizer.
High-resolution spectra were acquired at 20 eV pass energy with 0.1 eV steps. Analysis of XPS
spectra was performed using CasaXPS software. Components in the high-resolution spectra were

fit with a combination of Gaussian and Lorentzian peak shapes. All metallic components also
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included an asymmetry parameter. The fitting routine used a Levenburg-Marquardt routine to
minimize y?.

X-ray absorption near-edge structure (XANES) and edge X-ray absorption fine structure
(EXAFS) were performed at the Inner Shell Spectroscopy beamline at the National Synchrotron
Light Source-1l. Samples were diluted with BN and pressed into pellets for measurements in a
transmission geometry. Data were collected from ~200 eV below the Co K-edge (7709 eV) to
~1100 past the Co K-edge. Data processing and subsequent structure modeling were performed
with the Athena and Artemis data packages, respectively [32], wherein a S¢? value of 0.812 was
used in calculations and obtained from modeling the EXAFS from a reference Co foil. Known
bulk structures for metallic Co, C0304, CoO, and B-Co(OH). where used in EXAFS modeling
when needed while a computed CoOOH structure from the materials project was used for certain

scattering paths [33].

4.2.3 Catalytic testing

The activity and product selectivity of catalysts were evaluated using a stainless steel
tubular fixed-bed reactor ¥2-inch in diameter. Typically, 2g of catalyst mixed with 8g of SiC was
loaded into the reactor. SiC is an inert diluent material with high thermal conductivity (k =
4W/cm K) used to enhance temperature uniformity across the reaction bed [34]. Prior to FTS
reaction, each catalyst was activated at the optimum reduction temperature determined from TPR
data. Co-Nit and Co-Hyd catalysts were reduced in situ by flowing 100 sccm Hz and 100 sccm
N2 under atmospheric pressure for 12h at 350 <C while Co-Ace and C-Chl were reduced in situ at
450<C under similar conditions. After reduction, the reactor was cooled to 120<C under flowing

N2, followed by increasing the pressure to 150 psi by introducing 100 sccm H2, 50 sccm CO, and
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100 sccm Na. Next, the temperature was slowly increased to 230<C at a heating rate of 1<C/min
to prevent instability associated with the highly exothermic FTS reaction. The reaction was
allowed to run for 30h. Once steady state was achieved, the reaction was allowed to proceed for
15h. The stream of effluents from the reactor was depressurized to atmospheric pressure through
a pressure-relief valve and passed through a heated line maintained at 150 <C with a heating tape
attached to an online gas chromatograph (GC, SRI-8610C) equipped with a TCD, FID, and
methanizer.

CO conversion was calculated according to Equation 3, where Fco,in is inlet CO molar

flow rate and Fco,out is outlet CO molar flow rate.

CO conversion (%) = coin=fcoou ©)
Fco,in
Product selectivity was calculated based on Equation 4, where n is the carbon number of

product (Cn); Fcn, out s the outlet molar flow rate of product Ch.

Selectivity (%) = ——Cuout 4)

FCO,in_FCO,out
The chain-growth probability («) was obtained from the Anderson—Schultz—Flory chain-
length statistics equation (Equation 5) [35], where W, is the mass fraction of the species with
carbon number n. From the slope of the plot of In (Wn/n) against n, the value of « can be

obtained.
Wn\ _
In (7> = nlna + const (5)
The turnover frequency (TOF) based on catalyst reducibility data from TPR was
determined from:

TOF = —rcoMco (6)

Dcoxco
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where —1¢, Is the CO reaction rate, M, is atomic weight of Co, x., is the weight ratio

of Co in the catalyst, and D, is the Co dispersion.

4.3 Results and discussion

4.3.1 Catalyst characterization

4.3.1.1 Nitrogen adsorption—desorption

A summary of the properties of fresh catalysts is presented in Table 4.1. The BET
specific surface area (SAser) of Co-Nit, Co-Ace, and Co-Chl are 317, 336, and 331 m%y,
respectively. In contrast, Co-Hyd exhibits a higher SAger of 432 mZg, which is close to that of
pristine SiO2 support. This result suggests the absence of calcination in preparation of Co-Hyd
allows SiOz (support material) to preserve its structural properties. Total pore volume and pore
diameter of the catalysts increase in the following order: Co-Nit < Co-Ace < Co-Chl < Co-Hyd.
The results also show the surface area, total pore volume, and pore diameter decrease after Co
impregnation, which is in agreement with previous studies [36, 37]. An increase in catalyst pore
diameter has been shown to improve FTS activity [8, 38]. It is noteworthy that catalysts derived
from different precursors exhibit different pore structures with Co-Hyd showing the highest pore
diameter. Although the standard incipient wetness impregnation method usually yields catalysts
with decreased surface area and pore diameter [39], the opposite effect is observed in the case of
Co-Hyd, possibly due to the absence of a calcination step that prevents catalyst sintering and

unfavorable interactions between catalyst support and active phase prior to FTS.

4.3.1.2 X-ray diffraction
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XRD patterns of the freshly prepared catalysts (Co-Nit, Co-Ace, Co-Chl, and Co-Hyd)
are shown in Figure 4.1. The wide diffraction peak at 20 of 22.3°, ascribed to SiO2 support, is in
all diffraction patterns. Co-Nit, Co-Ace, and Co-Chl show diffraction peaks at 26 of 19.0°, 31.3°,
36.9< 44.8< 59.4< and 65.2due to the presence of crystalline Coz04 spinel (PDF 42-1467) [8].
For Co-Hyd, diffraction peaks at 20 of 19.0°, 32.5°, 37.9°, 51.4< 57.9< and 61.5are indicative
of the presence of -Co(OH). (PDF 30-0443) [28]. It can be concluded from the XRD data that
Co exists in the form of Coz04 in all fresh catalysts except Co-Hyd, where the composition is
mainly Co(OH)2. As shown in Table 4.1, the estimated crystallite size obtained from XRD using

the Scherrer equation are in the range of 11-35 nm.
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Figure 4.1. XRD patterns of fresh silica-supported cobalt catalysts prepared from different
cobalt precursors [Co(NO3z)2, Co(C2H302)2, CoCl,, and Co(OH)].

Table 4.1. Summary of properties of catalyst support and fresh cobalt catalysts derived from
different cobalt precursors.
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Surface  Total Pore Average

dc 2 de b Reducibili
Catalysts Name Area Volume pore (Co304) (Co304) educibility

(m¥g)  (cm¥g)  Size () O™ (nm) (*0)

Co(NO,),/Si0,  Co-Nit  316.8 0.64 81.53 3.7 11.4 94.77
Co(C,H,0,),/Si0, Co-Ace  336.0 0.70 83.89 3.0 25.9 88.82
CoCly/SiO, Co-Chl 3313 0.72 87.10 28 35.4 64.24
Co(OH),/Si0,  Co-Hyd 4323 0.97 89.88 4.0 25.7 91.06

S10, - 457.0 1.02 90.01 - -

4Average catalyst diameter from TEM
bAverage crystallite size from XRD

4.3.1.3 Transmission electron microscopy

Figure 4.2 shows high-magnification TEM images of freshly prepared Co-Nit, Co-Ace,
Co-Chl, and Co-Hyd, and their corresponding histograms of particle size distributions (PSDs)
with Gaussian analysis fittings. The high-magnification images reveal small catalyst particles
that are well-dispersed on SiO> support for all fresh catalysts. As the histograms show, all fresh
catalysts have particle sizes and standard deviations that are similar. However, low-
magnification images (Figure C4.1) of all fresh catalyst reveal the presence of a small fraction of
large particles in the range of 20 — 30 nm that are not apparent in the high-magnification images.
The discrepancy in average particle size obtained from XRD and TEM may be due to the limited
sensitivity of XRD to the presence of very small crystallite particles of cobalt oxides; in
particular, particles ~3nm, the approximate average size of particles from high-magnification
TEM, are poorly detected by XRD [40]. In spite of the controversy surrounding the so-called
particle-size effect in FTS, it is generally accepted that catalyst size has a profound impact on
activity and selectivity [9, 41-43]. Larger Co particles exhibit higher selectivity for higher

molecular weight hydrocarbons due to the
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Figure 4.2. High-magnification TEM images and corresponding histograms of PSDs with
Gaussian analysis fitting of fresh silica-supported catalysts prepared from different cobalt
precursors: Co(NO3)2 (a and €), Co(C2H303)2 (b and f), CoCl: (c and g), and Co(OH)2 (d and h).
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formation of -CH>- intermediate via dissociative adsorption of CO. As verified by TEM, the
average catalyst size for Co-Nit, Co-Ace, Co-Chl, and Co-Hyd are in the narrow range of 3 to 4
nm, which minimizes the influence of particle size during FTS and allows for meaningful
comparison and the isolation of the intrinsic role of precursor type and properties.

4.3.1.4 Hydrogen temperature-programmed reduction (Hz2-TPR)

Ho-TPR profiles presented in Figure 4.3 show the reduction behavior of the SiO-
supported cobalt catalysts. Typically, a Co304 undergoes a two-step reduction process. The first
step, which occurs at a relatively lower temperature, involves reduction of Coz04 to CoO while
the second step that occurs at a relatively higher temperature involves reduction of CoO to Co®
[8, 44]. In Figure 4.3a, it is clear the reduction of Co-Nit occurs in two steps, the first at 325<C
and the second at 385<C. Figure 4.3b shows a single peak at 460<C and a small bump at 365<C,
which may indicate the presence of mixed oxides (CoO and Co304) for Co-Ace. The small bump
at 365<C is attributed to the reduction of Co304 to CoO. Thus, TPR results suggest CoO is the
main cobalt phase in Co-Ace catalyst. In support of our TPR peak assignment, a number of
studies [20, 45, 46] have shown the presence of only a small fraction of Co species in the form of
Co0304 in Co catalyst prepared from cobalt acetate. In our case, we speculate that the dominant
CoO particles in Co-Ace are too small to be detected by XRD; the observed XRD pattern for Co-
Ace is mostly from a small fraction of large Co3O4 particles observed in the low-magnification
TEM images (Figure C4.1). The absence of a high-temperature reduction peak (> 600 <C) for Co-
Ace indicates relatively weak catalyst-support interactions. Conversely, the small and ill-defined
high-temperature reduction peaks in the profiles of Co-Hyd, Co-Nit, and Co-Chl are evidence of
strong catalyst-support interaction and possible formation of irreducible compounds. Because

calcination, reduction, and FTS reaction were conducted at temperatures below 600<C, the
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observed catalyst-support interactions are not expected to contribute to catalyst deactivation.
Figure 4.3c shows only one broad peak at 450 <C for Co-Chl that is most likely due to the overlap
of the two reduction peaks associated with Co3O4. The TPR profile of Co-Hyd is shown in
Figure 4.3d and the peak at 320<T is the only intense peak with a distinct shoulder at a higher
reduction temperature. As confirmed by XRD (Figure 4.1), Co-Hyd contains mainly Co(OH)s.
Yang et al. showed that Co(OH). decomposes at 130<C to form Co0304 via a dehydrogenation
reaction; this indicates that there is the possibility of simultaneous decomposition and reduction
during TPR. XRD analysis of samples annealed in either N2 or Hz at 300 and 400<C revealed
interesting results (Figure C4.2): (1) Co30a4 is the main product after annealing Co(OH)2 in N at
300<C, but a small fraction of CoO begins to form at 400<C; (2) annealing in H; at 300 T yields
mixed Co species (Co30s4, CoO and Co metal) while at 400C, metallic Co is obtained.
Therefore, TPR of Co(OH)2 forms Co304and CoO that are subsequently reduced to Co metal as
reduction progresses. The results also suggest that Co(OH)2 is fully reduced at 400<C in H:
irrespective of the decomposition products formed during annealing. The possible existence of
Co%* and Co?* in Co-Hyd is consistent with the broad TPR peak observed. Moreover, the broad
peaks between 600 <C and 800<C for Co-Nit, Co-Chl and Co-Hyd correspond to the reduction of
Co species with strong interactions with SiO2 support [38, 43, 47]. Acetate-derived catalysts are
known to readily form hard-to-reduce compounds during annealing; the absence of high-
temperature peaks in Co-Ace may be due to prior formation of silicates during calcination. We
emphasize that among the four catalysts, Co-Hyd exhibits the lowest reduction temperature, and
is, therefore, the most easily activated under FTS reaction conditions.

From Figure 4.3, reduction temperatures of Co-Nit and Co-Hyd are below 400<C while

those of Co-Ace and Co-Chl are higher. As a result, the two sets of catalysts, those with lower
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(Co-Nit and Co-Hyd) and higher reduction temperatures (Co-Ace and Co-Chl), were reduced at
350C and 450<C prior to FTS, respectively. The reducibility of catalysts increases in the
following order: Co-Chl (64.2%) < Co-Ace (88.8%) < Co-Hyd (91.1%) < Co-Nit (94.8%).
Basically, this trend is somewhat consistent with the reduction temperatures of the catalysts as
evidenced by Co-Hyd and Co-Nit that reduce at low temperatures showing very high reducibility
(>90%). Unlike Co-Hyd and Co-Nit, the relatively low reducibility of Co-Chl (64.24%) indicates

the presence of a limited amount of active Co species for catalyzing FTS reaction.
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Figure 4.3. H>-TPR profiles of silica-supported cobalt catalysts prepared from different
precursors: (a) (Co(NOs)z, (b) Co(C2H302)2, (c) CoCl,, and (d) Co(OH)..
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4.3.1.5 X-ray photoelectron spectroscopy

The high-resolution Co 2p XPS spectra of the fresh catalysts in Figure 4.4 show the
characteristic doublet (Co 2psiz and 2p12) with satellite peaks from spin-orbit splitting. Because
both Co 2p32 and 2p12 peaks qualitatively contain the same information, curve fitting has been
restricted to the higher-intensity Co 2ps» peak. Here an improved curve-fitting methodology
reported by Biesinger et al. [48] is used for interpretation of 2p spectra of Co (details are not
provided here to avoid duplication). The Co 2ps/. peak and shake-up satellite features for Co-Nit
and Co-Chl are centered on 779.3 and 789.0 eV, respectively. Evidently, distinct shake-up
satellite features for Co 2ps2 and Co 2py» are present in the spectra from Co-Nit and Co-Chl, and
the satellite peak observed ~789.0 eV is used to confirm the presence of Co3z04 [3, 49, 50]. The
so-called 'shake-up' features are associated with either a coupling between unpaired electrons in
the atom or a multiple-electron excitation [28]. Also, an intense Co 2p peak accompanied by a
satellite peak of low intensity is associated with formation of Co304 [51]; the presence of these
features in the spectra of Co-Nit and Co-Chl is further evidence of Co existing as C030a4, in
agreement with XRD results (Figure 4.1). Co 2p spectrum of Co-Hyd is similar to the standard
spectrum for Co(OH). reported by Biesinger et al. [48], with shake-up satellite features of Co
2p32 peak components that shift to lower-binding energies at 784.9 eV and 788.3 eV [28, 48].
Therefore, Co-Hyd is mainly composed of Co(OH), in agreement with XRD results (Figure
4.1). The composition of Co-Hyd as revealed by XPS is unsurprising, as it does not undergo
calcination that could have induced thermal decomposition to its oxide. In the case of Co-Ace,
Co 2ps2 and corresponding satellite peaks are centered around 780.4 and 786.7 eV, respectively

[48, 51], suggesting a Co?* state that is most likely CoO, which is, interestingly, inconsistent
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with XRD data (Figure 4.1) as peaks from Co-Ace are indexed as Co304. All Co 2p3; peak
components are summarized in the Supplementary Information (Table C6.1). The discrepancy in
the chemical species identified by XPS and XRD for Co-Ace may be due to the limited
sensitivity of XRD to small particles. Low and high-magnification TEM analysis reveal the
presence of a small fraction of large particles in the range of 20 — 35nm and a large fraction of
small particles ~3nm. The consistency observed in the variation of the average particle size
obtained from low-magnification TEM and XRD (Table C6.2) is further evidence of the
selective detection of mainly large particles by XRD. We, therefore, conclude that Co-Ace is
composed of a small fraction of large CosO4 particles that are easily detected by XRD and XPS,
and a large fraction of small CoO particles that are only detected by XPS. For all fresh catalysts,
the number density of small particles are significantly higher than large particles by at least a
factor of 10 (Table C6.2); the significance of this result is twofold: First, the large fraction of
small particles are the dominant active sites. Second, the result explains why the XPS spectrum
for Co-Ace is consistent with CoO, not CozO4. The observed formation of CoO in Co-Ace is
supported by the work of Zhang et al. [21] that revealed the susceptibility of Co catalysts derived
from cobalt acetate to form CoO.

To further verify our conclusions, the intensity ratio of the Co 2p1. satellite to its main
peak for fresh catalysts is compared; studies [49, 52, 53] have shown this ratio, which is ~0.9 for
CoO and ~0.3 for Co304, can be used to distinguish between the two oxides. The calculated ratio
for Co-Ace, Co-Nit, Co-Chl, and Co-Hyd are 0.5, 0.3, 0.2, and 0.3, respectively. All the samples
except for Co-Ace have a ratio that is ~0.3, indicating the dominant Co species is present as
C0304. However, the ratio for Co-Ace is 0.5, between the values expected for CoO and C030a,

even though the XPS spectrum is consistent with that of CoO. XRD detects only C0z04 while
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XPS detects both CoO and Co304. We hypothesize the ratio is higher for Co-Ace due to the
presence of mixed oxides, with a low fraction of large Co304 particles and a high fraction of
small CoO particles. We conclude from XPS data that the Co phase formed is sensitive to the
Co precursor used during synthesis. The results reveal the formation of Coz04 for Co-Nit and
Co-Chl while Co-Hyd is composed mainly of Co(OH)., in agreement with XRD data (Figure
4.1). On the other hand, Co-Ace yields nanoparticles with a mixed Co phase that is consistent

with TPR data.
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Figure 4.4. XPS spectra of silica-supported cobalt catalysts prepared from different precursors:
(@) Co(NOQg)z, (b) Co(C2H302)2, (c) CoClz, and (d) Co(OH)z.
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4.3.2 FTS Activity and selectivity

4.3.2.1 Activity of SiO2-supported cobalt catalyst

The catalytic activity and product selectivity of the different catalysts are summarized in
Table 4.2. It is apparent from the results that catalytic activity is strongly affected by the type of
Co precursor used during synthesis. CO conversions of Co-Nit and Co-Hyd are 56% and 60%
respectively, which are significantly higher than those of Co-Ace (12%) and Co-Chl (7%); these
results are consistent with the catalytic behavior predicted by TPR results (Figure 4.3) that show
low-reduction temperature and high reducibility for Co-Nit and Co-Hyd (Table 4.1). CO
conversions are consistent with TOF for all catalysts (Table 4.1) and activity decreases in the
following order: Co-Hyd > Co-Nit > Co-Ace > Co-Chl. The relatively low activity of the Co-
Ace catalyst is ascribed to the inappropriate electronic states that limit the dissociative adsorption
of the CO molecule as explained by Bae et al. [12]. Also, residual CI" present in a Co-Chl
catalyst has been shown to act as a catalyst poison that lowers the CO conversion [22]. Our XPS
analysis (survey scan and atomic composition in Figure C4.3 and Table C6.3) confirm the
presence of CI- impurities in the Co-Chl catalyst.

FTS reaction rate and CO conversion increase in the following order: Co-Chl < Co-Ace <
Co-Nit < Co-Hyd. A strong correlation exists between catalytic activity and reducibility obtained
from TPR. The higher activity of Co-Nit and Co-Hyd in comparison to Co-Ace and Co-Chl is
directly related to the reducibility of the catalysts. Plots of CO conversion as a function of time
on stream (TOS) in Figure 4.5 show that the catalysts exhibit different stability patterns during
FTS. Co-Nit shows good stability as CO conversion only dropped from 65% to 55% and the total
CO conversion decreased by only 15%. Co-Hyd also shows high CO conversion (> 50%), but

with a profile that suggests gradual catalyst deactivation with time or requires longer time to
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reach steady state. The CO conversion of Co-Ace dropped from 36% to 12% before reaching a
steady state; the total loss of activity in terms of CO conversion is as high as 67%, which may be
attributed, in part, to the low catalyst stability. Similarly, Co-Chl shows poor CO conversion and
stability as it drops from 17% to 6%. In the case of Co-Chl, the low CO conversion could be due
to the blockage of the active site by the residual CI ion [22].

Table 4.2. Catalytic activity and product selectivity of fresh silica-supported cobalt catalysts
derived from different precursors obtained at steady state after 15h on stream.

Cco Hydrocarbon selectivity FTS Reaction

Catalysts Name Conversion (%0) Rate ( 1?)?51)
(%) CH, C2-C4 C5+ (gHC/h*g-cat)
Co(NO,),/Si10,  Co-Nit 56 27 17 56 0.53 104 075
Co(C,H,0,),/S10, Co-Ace 12 46 2 52 0.11 19 0.91
CoCl,/Si0, Co-Chl 7 52 1 47 0.06 15 0.88
Co(OH),/Si0,  Co-Hyd 60 38 3 59 0.56 127 0.86
100
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Figure 4.5. CO conversion as a function of time on stream using silica-supported cobalt catalysts
prepared from different precursors [(Co(NOz)2, Co(C2H302)2, CoCl,, and Co(OH)].
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XRD patterns of used Co-Nit, Co-Ace, Co-Chl, and Co-Hyd catalysts are shown in
Figure 4.6. Because of the use of crystalline silicon carbide (SiC) as a diluent, the highly intense
peaks from the SiC mask most of the Co3O4 peaks in the samples. Nevertheless, diffraction
peaks at 20 of 41.7° and 45.3° reveal the presence of cobalt carbide (Co2C) in Co-Ace, Co-Chl,
and Co-Hyd catalysts [54, 55]. Among the mechanisms proposed to explain catalyst deactivation
in FTS reaction, formation of Co2C is frequently invoked [9, 56-58]. We, therefore, speculate
that the deactivation observed in Co-Ace, Co-Chl, and Co-Hyd catalysts may be associated with
the formation of Co.C. However, the absence of Co.C in the XRD pattern of Co-Nit after

reaction demonstrates its good stability.
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Figure 4.6. XRD patterns of used silica-supported cobalt catalysts prepared from different
precursors [(Co(NOsz)z, Co(C2H303)2, CoClz, and Co(OH):].
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Figure 4.7. High-magnification TEM images and corresponding histograms of PSDs with
Gaussian analysis fitting of used silica-supported catalysts prepared from different precursors:
Co(NO3), (aand €), Co(C2H302)2 (b and f), CoCl, (¢ and g), and Co(OH). (d and h).
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The high-magnification TEM images of the different catalysts after FTS reaction for 30 h
are shown in Figure 4.7. By comparing the catalyst features of fresh (Figure 4.2) and used
catalysts (Figure 4.7), it is apparent a distinct change occurs in the catalyst morphology,
evidenced in the broadening of PSD of catalysts and an increase in average particle size. This
could be due to sintering induced by oxidation—reduction cycles on the catalyst surface as
reported by Jacob et al. [59]. The average particle sizes of Co-Nit, Co-Ace, Co-Chl, and Co-Hyd
(before and after FTS) are (3.7 and 5.2 nm), (3.0 and 13.0 nm), (2.8 and 7.7 nm), and (4.0 and
14.2 nm), respectively. While there is evidence of sintering in the catalysts, it decreases in the
following order: Co-Ace > Co-Hyd > Co-Chl > Co-Nit. The stable activity during FTS reaction
for Co-Nit is attributed to the low sintering observed. The loss of activity for Co-Ace, Co-Chl,

and Co-Hyd may be due to a combined effect of sintering and formation of Co.C.

4.3.2.2 Selectivity of SiO2-supported cobalt catalysts

Table 4.2 shows the hydrocarbon product distributions of catalysts prepared from
different precursors. An additional summary showing the selectivity of the fresh catalysts for the
same CO conversion is presented in Table C6.4. After the reaction reached steady state, the C5+
selectivity increases in the following order: Co-Chl < Co-Ace < Co-Nit < Co-Hyd. Variations of
hydrocarbon distribution with TOS (C5+ selectivity) as a function of TOS for the catalysts are
shown in Figure 4.8. The catalysts exhibit different stability patterns. In particular, Co-Nit, Co-
Hyd, and Co-Chl exhibit relatively lower C5+ selectivity loss of 20%, 23%, and 24% after 30h
on stream, respectively; in contrast, Co-Ace shows a decrease of 32%. Detailed C5+ product
distributions for reactions on all catalysts are summarized in Figure 4.9. C5+ product
distributions for Co-Ace, Co-Chl and Co-Hyd mainly belong to the diesel range (C12-C17). In

stark contrast to Co-Nit, product distribution observed for Co-Hyd is centered on Css, indicating
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that Co-Hyd-catalyzed FTS reaction is selective for long-chain hydrocarbons. Co-Nit shows a
relatively flat distribution, which means more hydrocarbon products are in the gasoline range and
the average molecular weight is lower than the other three catalysts. These results are consistent

with the chain-growth probability
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Figure 4.8. Hydrocarbon selectivity of silica-supported cobalt catalysts prepared by different Co
precursors: (a) Co(NOs)z2, (b) Co(C2H302)2, (c) CoCl,, and (d) Co(OH)..

(o) value. The a value of Co-Nit is 0.75, which is lower than those of Co-Ace, Co-Chl, and Co-
Hyd with a values of 0.91, 0.88, and 0.86, respectively. Usually, the relationship between C5+
selectivity and a follows a positive trend [3]; however, due to the support confinement effect,

their correlation with selectivity may vary [38]. In our case, a positive trend exists between o and
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C5+ selectivity as catalysts with o > 0.8 exhibit high selectivity for long-chain hydrocarbons in
the diesel range. Although both Co-Nit and Co-Hyd exhibit relatively high and stable C5+
selectivity, Co-Nit is selective for a broad distribution of hydrocarbons that include low- and
high-cut hydrocarbons while Co-Hyd is mainly selective for a high cut. The hydrocarbon
selectivity of Co-Hyd is consistent with the high-chain growth probability and may be due to its
high reducibility and relatively larger particles that are formed. Co-Ace that seem to experience
similar growth in particles also exhibit high o and selectivity for high-cut hydrocarbons. In
addition, hydroxyl groups have been reported to enhance dispersion, reducibility and catalytic
activity of Co [40]. We, therefore, hypothesize that the hydroxyl groups in Co-Hyd provide an

environment that supports improved FTS performance.
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Figure 4.9. C5+ products distributions for silica-supported cobalt catalysts prepared from different
cobalt precursors [(Co(NOs3),, Co(C2H303)2, CoCl,, and Co(OH):].

4.3.2.3 X-ray absorption near-edge structure and near-edge X-ray absorption fine

structure
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Fresh and used Co-Nit and Co-Hyd catalysts were studied using XAS to better
understand the influence of precursor and catalytic properties on the local Co structure. Co-Nit
and Co-Hyd were primarily examined because they exhibit the highest catalytic activity (Figure
4.5) and C5+ selectivity accompanied by different catalyst stability (Figure 4.8) and C5+ product
distribution (Figure 4.9). Co K-edge XANES spectrum has three main regions: pre-edge (A),
corresponding to the typically forbidden s—d transition; absorption edge (B); and a post-edge
region (C). In the fresh Co-Nit catalyst (Figure 4.10a, black line), the pre-edge feature at 7708
eV and corresponding XANES features are strongly indicative of nanoscale Co304, consistent
with our characterization results from XPS, XRD, and TPR. After FTS reaction, a significant
shift in Eo to lower energy can be observed (Figure 4.10b, red line) along with an overall change
in XANES profile. The shift to lower Eog is indicative of a lower overall oxidation state, strongly
suggesting formation of CoO and perhaps zerovalent Co. This is consistent with our observations
that the conventional Co(NOs3), precursor yields mainly Coz0s; the formation of CoO after FTS,
as shown in the XANES results, may be due to air oxidation of the reduced sample. The fresh
Co-Hyd XANES spectrum (Figure 4.10a, blue line) exhibits an Eo more similar to Co?* materials
and profile that would suggest the formation of both a and B Co(OH)2 [60]. Interestingly, upon
undergoing FT reactions for extended periods, the change in local structure is minimal. Near-
identical XANES profiles are observed (Figure 4.10a, magenta line), which exhibit only a slight
broadening of the pre-edge feature and shift to lower Eo. This likely indicates only some of the
Co atoms are zerovalent after the reaction. For reference, the XANES of a Co foil (Figure 4.10a,
green line) is also shown, indicating an overall lack of predominate hcp Co in any of the

samples.
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Figure 4.10. XANES profiles of freshly prepared and used catalysts prepared from Co(NOs3)2
and Co(OH). precursors (a). EXAFS profiles of freshly prepared and used catalysts prepared
from Co(NO3)2 and Co(OH). precursors (b). (% intensity of Co foil was reduced by 50%)

The Co K-edge EXAFS are obtained after the data are converted into k-space (with k?-

weighting) and Fourier transformed from 2.8 to 13.2 A (Figure 4.10b). Overall, the EXAFS
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data re-affirm our observations from XANES corresponding to the structural changes observed
before and after FTS reaction. Note that all plotted EXAFS distances have not been phase-
corrected as presented (~ 0.4 A). The fresh Co-Nit EXAFS (Figure 4.10b, black line) exhibits
peaks at 1.47, 2.46, and 2.96 A corresponding to the first Co-O coordination sphere and
subsequent Co-Co coordination spheres. After FTS reaction, the Co-Nit EXAFS changes
drastically (Figure 4.10b red), with a highest-magnitude feature aligning with metallic Co at 2.22
A (Figure 4.10b green). In addition, major EXAFS peaks positioned at 1.58 and 2.61 A
correspond to Co-O and Co-Co coordination spheres, respectively, in CoO. The Co-hyd samples,
both before and after FTS reaction (Figure 4.10b, blue and magenta lines, respectively), exhibit
similar features in EXAFS that correspond to a hydroxide structure. The major difference is the
appearance of an additional peak in the post-reaction sample at 2.22 A corresponding to metallic
Co.

To quantify these results, EXAFS modeling was performed as described in the
experimental section. All fitting results can be found in the Supplementary Information, and
local Co coordination numbers (CNs) and nearest neighbor distances (NNDs) are summarized in
Tables B6.5 and B6.6, respectively. For fresh Co-Nit, three scattering paths were implemented to
produce a quality fit using Co-O and Co-Co scattering paths from Coz04 and an additional Co-O
path that more closely resembles a theoretical CoOOH structure [33]. Note this inclusion simply
matches features found in the EXAFS but is likely a contribution from either nanoscale
distortions within the Co304, substrate interactions, and/or backscattering from nitrate left over
from the synthesis. The reduced Co-Co CN of 6.61 +0.98 from bulk (12.0) coupled with the
modestly high-second Co-O coordination sphere (CN = 4.28 +0.67 and NND of 2.87 +0.01 A)

suggest local nanoscale distortion within these materials. After undergoing FTS, the Co-Nit
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sample was best modelled using Co-O and Co-Co scattering paths from CoO, and Co-Co from
hcp metallic Co, which reaffirms our XANES observations. CoO local CNs are again
significantly reduced from bulk values as expected, while a Co-Co CN of 2.23 £0.29 for hcp Co
suggests very small clusters of metallic Co (< 50 atoms) [61]. Co reduction is expected to occur
under FTS conditions and our results suggest that re-oxidation after exposure to air is somewhat
impeded via stabilization by neighboring hydroxyl groups, thereby preserving the reduced Co
clusters. Co synthesized from Co(OH). precursor demonstrated markedly different EXAFS
modelling results. As synthesized, CNs from the first Co-O and Co-Co coordination spheres are
slightly reduced from bulk values (4.99 £0.74 and 4.96 £0.71 vs 6.0 for each, respectively),
which is common in nanoscale materials. A second Co-O is needed for a sufficient quality fit,
with a CN of 4.81 +£0.97 and an NND of 2.83 +0.04 A After reaction, a small amount of
metallic Co can be modeled, with a Co-Co CN of 1.31 +0.25 and a NND of 2.50 +0.01 A
Interestingly, the Co-Hyd is maintained with similar values for Co-O, and Co-Co CNs and
NNDs. Unlike Co-Nit, hydroxyl groups from the precursor in Co-Hyd prevents oxidation of
metal Co to CoO after FTS reaction. Overall, XANES and EXAFS data confirm the superior
structural stability of Co-Hyd and possible presence of hydroxyl groups even after reaction. We
conclude that the hydroxyl groups create a basic environment in Co-Hyd that support stability of
Co.

A schematic representation catalyst evolution during Hz reduction and FTS reaction
processes is depicted in Figure 4.11. The catalysts are all composed of a small fraction of large
particles and a large fraction of small particles. The consistent trend in the average particle size
of catalyst obtained from low-magnification TEM and XRD is further evidence of the inability of

XRD to detect a large fraction of the small particles (Table C6.2). Complete reduction of Co-Nit

94



occurs during activation and the catalyst shows mild sintering and high stability, which accounts
for its high resistance to deactivation. Co-Ace has a small fraction of Coz04 particles and a large
fraction of CoO particles; and as shown by Girardon et al. [20], Co-Ace has a high tendency to
form partially reduced Co-Si oxide. Moreover, severe sintering is observed after FTS reaction for
Co-Ace. The presence of Cl in Co-Chl results in blockage of active sites and prevents the
interaction of H, with catalysts; therefore, only a small fraction of a Co-Chl catalyst can be
reduced. Co-Hyd exhibits high reducibility that is comparable to Co-Nit and the highest TOF,

although Co-Hyd appears more prone to sintering during FTS than Co-Nit.
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Figure 4.11. Schematic illustration of the evolution of cobalt catalysts derived from different
precursors during FTS process (activation and reaction).

4.4 Conclusions

A series of SiOz-supported Co catalysts derived from different precursors via incipient

wetness impregnation has been studied. The resulting catalyst particles have sizes in a narrow
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range of 3 — 4 nm and are well-dispersed on SiO> support. A catalyst derived from Co(OH)2 (Co-
Hyd) shows relatively higher surface area that is ascribed to the unique synthesis method that
eliminates the calcination step. The Co phase of the fresh catalyst is sensitive to the Co precursor
used during synthesis. A strong correlation between reducibility and catalytic performance is
observed; catalysts derived from Co(NO3). and Co(OH). show higher reducibility (hydrogen
consumption >90%) and catalytic performance (CO conversion ad C5+ selectivity) than those
from Co(C2H302), and CoCls. Sintering and the presence of Co.C is observed for Co-Ace, Co-
Chl, and Co-Hyd, catalysts that experience different degrees of deactivation. C5+ selectivity
increases in the following order: Co-Chl < Co-Ace < Co-Nit < Co-Hyd. C5+ product
distributions for Co-Ace, Co-Chl, and Co-Hyd mainly fall in the diesel range (C12-C17), and that
for Co-Hyd is centered on Cis and is selective for long-chain hydrocarbons; whereas Co-Nit
shows a relatively flat distribution, which means more hydrocarbon products are in the gasoline
range. XANES and EXAFS data confirm superior structural stability of Co-Hyd and presence of
hydroxyl groups even after reaction. Unlike Co-Nit, the hydroxyl groups create a basic

environment in Co-Hyd that may support high TOF and C5+ selectivity.
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Chapter 5 - Conclusions

In this dissertation, two main projects on rational catalyst design have been discussed.

The first project involves establishing interrelationships between substrate properties and CNT

carpet growth behavior while the second involves the development of efficient FT catalysts. In

the first project, several different materials [stainless steel, MgAl>O4 (100, 110, 111) and MgO]

were studied as a catalyst supporting layer for CNT carpet growth. In the second project, FT

catalysts prepared from different cobalt precursors were investigated in order to synthesize well-

dispersed Co catalyst (free of agglomeration) for efficient FTS process. Based on the results and

discussions, the main conclusions are summarized below:

lon beam bombardment is able to convert an “inactive” substrate into an “active”
substrate for CNT carpet growth. The role of ion beam bombardment is
demonstrated as a powerful tool for transforming a crystalline surface into an
amorphous surface, creating surface porosity that improves catalytic activity and
enhances CNT growth. Using this process, we have converted an “inactive”
MgAl>O4 spinel substrate into an “active” substrate for CNT carpet growth. We
also decreased the AlxOy layer thickness required for CNTs grown on stainless
steel to ~5nm.

Different phases of MgAIl>O4 substrates show different CNT growth behaviors
due to their different surface chemistries and surface energies. MgAIl.Os4 (111) is
the best supporting layer for Fe catalyst among the MgAl204 spinel substrates due
to its high surface basicity and relatively high surface energy. Our newly

developed carbon feedstock (FTS-GP) outperforms C2Ha4 (conventional precursor)
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for CNT carpet growth. FTS-GP enhances CNT growth rate and extends catalyst
lifetime.

® Catalytic performance is sensitive to the catalyst preparation method and type of
catalyst precursor. Our study reveals the type of Co precursor used during
synthesis has significant effects on catalyst dispersion, size, crystalline phase,
reducibility, stability, and FTS performance. In particular, catalysts derived from
Co(NOz3)2 and Co(OH). show superior CO conversion, turnover frequency and
catalyst lifetime than those from Co(C2Hs02)2 and CoClz, which is consistent with
their reducibility. XANES and EXAFS results show the presence of hydroxyl
groups on Co-Hyd catalyst and the hydroxyl groups is believed to create a basic
environment in Co-Hyd to support high CO conversion, C5+ selectivity, turnover
frequency and catalyst lifetime.

This dissertation provides a deeper understanding into the effect of substrate properties
on CNT carpet growth. The study provides further proof of the high efficiency of FTS-GP in
CNT growth and a pathway for mass production of CNT arrays via CCVD. The investigation on
the effect of cobalt precursor on performance of FTS reaction has not only resulted in the
development of an FT catalyst derived from a green precursor, but also a deeper understanding
of the role of catalyst precursor and pretreatment. This knowledge is expected to provide a new
paradigm for designing stable catalysts that will not be subjected to synthesis steps that induce

sintering and formation of hard-to-reduce oxides.
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Chapter 6 - Future Work

Recommendations for future work are as follow:
® Use different substrates to grow high quality, dense and ultra-long SWCNTSs.
® |Investigate ways to modify surface basicity or surface energy of substrates to
achieve better CNT carpet growth.
® Use different catalysts or promoters (Cu, Ru and Pt) to grow CNTs on novel
substrate (MgAIl20s, ZrOz, TiOzetc.).
® Add promoters to catalysts prepared using Co(OH). precursor to investigate its

effect on FTS performance.
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Appendix A - Supplementary Information for Chapter 2

Pristine o)

Q

Density-(Particle/um?)
100 20047300
Density, (Particle/um’)
100 200 300
Density (Particlefpm’)
0 100 - 206 300

o
0

0210 ' 20~ .30 40 50 0 40 20 30 40 50 0 10 20 30 40. 50
Particle Size (nm) Particle Size (hm) Particle Size (nm})

lon Beam Dama

Q.
—

Density (Particle/um?)
100 200 300
Density (Particle/pum?)
100 200 300
Density (Particle/um?)
0 100 200 300

0
(0]

0 20 S0 40 50 500nm 0 1020 30 40 20 500nm 0. 10 20 30 40 50 500nm

Particle Size (hm) —— Particle Size (nm) I Barticle Size (nm

Figure A2. 1 Catalyst evolution on Pristine-5 and Damaged-5 during annealing. Upper panels: SEM
images of catalyst particles on Pristine-5 (with inserts of PSDs) after annealing for 5 min (a), 10 min
(b), and 30 min (c). Bottom panels: SEM images of catalyst particles on Damaged-5 (with inserts of
PSD) after annealing for 5 min (d), 10 min (e), and 30 min (f).
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Appendix B - Supplementary Information for Chapter 3

B.1 Introduction

Owing to its outstanding properties such as good mechanical performance, high thermal
conductivity, high electrical conductivity and high hydrophobicity [1-8] carbon nanotubes
(CNTs) has been used in various applications including energy storage [9, 10], thermally
conductive materials [11, 12], catalysis [13, 14], sensing devices [15, 16] and omniphobic
surfaces [1, 17, 18]. However, in many applications, CNTs alone cannot fulfil all the
requirements. Therefore, the combination of CNTs with another material is required.

For some applications like energy storage, heat dissipation and hydrophobic surface,
CNTs have to have very good contact with the neighboring material. The best way to produce
CNTs that have good contacts with other materials is to have CNTs grown on them directly on
them. Domingues et al. [19, 20] created some unique structures with cavities on Si wafers to
increase the hydrophobicity of the surface. It is expected that by growing a thin layer of CNT
carpets on these cavities, it can enhance their hydrophobicity even more.

Yttria-stabilized ZrO> [denoted as ZrO> ()] is an important ceramic material. Due to its
high thermal stability, large energy band gap and relatively high strength [21-23], it has been
used in many applications such as solid oxide fuel cells (SOFC) [24], dental application [25],
sensing device [26] and membranes [27]. However, not many studies have used ZrO: (Y) to
grow CNTs especially SWCNTSs.

In this chapter, we focus on implementing growth of CNTs on substrates that are
generally difficult to grow on to extend the application of CNTs. First, we used ion beam
bombardment to modify the surface as discussed in Chapter 3. Next a thin layer of AlxOy is

deposited on the substrate as discussed in Chapter 2. These modification steps enable the growth
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of a thin layer of CNTs on simple cavity (SC), reentrant cavity (RC), doubly reentrant cavity
(DRC) silica substrates. The main goal of this work is to increase the hydrophobicity of the three
silica substrates with different cavities while maintaining its original properties by depositing a
very thin layer (1-2 pm) of CNTs. Also, an unconventional metal oxide substrate, ZrO, (Y) has
been used to grow CNTSs. Interestingly, we discovered that unlike other conventional substrates,

SWCNTSs can be grown on this substrate even with a 2 nm-thick Fe catalyst.

B.2 Experimental

B.2.1 SC, RC and DRC Silica Preparation

The three different silica substrates (SC, RC, and DRC) used as catalyst supports were
modified by ion beam bombardment in an ion beam sputter deposition and etching system
(IBS/e) obtained from South Bay Technology Inc. The substrates were placed directly opposite
the Ar ion source (spot size ~3 mm) with adjustments made to ensure the beam line is
perpendicular to the substrate. lon beam damage was conducted for 10 min at an acceleration
voltage of 6 kV and a beam current of 3.5 mA. The total ion dose was calculated to be 1.46 x
10%° cm2[28]. Thereafter, damaged substrates were deposited with different thickness (0, 5 10
nm) of AlxOy films. A thin Fe catalyst film with a nominal thickness of 1 nm was then deposited
on AlOy layer. The AlxOy and Fe films were sequentially deposited on substrates in the IBS/e

without exposure to air.

B.2.2 ZrO, (Y) Substrate Preparation
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ZrO2 (Y) substrate was ion beam-damaged following the same procedure as SC, RC and
DRC silica substrates for 10 min. Then, pristine and ion beam-damaged substrates were both

deposited with a 2 nm-thick Fe film using an ion beam sputtering system.

B.2.3 CNT Growth

The growth equipment is described in Chapters 2 and 3. SC, RC and DRC silica substrates with
deposited Fe catalysts were heated to 750 <C at a rate of 50 <T/min in flowing Ar 1000 standard
cubic centimeters per minute (sccm). Then, the catalyst prereduction was conducted by flowing
250 sccm Hz and 250 sccm Ar for 10 min. Thereafter, CNT growth was initiated by switching to
the growth gas mixture containing 25 sccm FTS-GP and 250 sccm Ar. At the end of growth, the
samples were rapidly cooled in Hz, followed by slow cooling to room temperature in 700 sccm
Ar.

For ZrO2 (Y) sample, the catalyst samples were heated to 750 <C at a rate of 50 <C/min in
flowing Ar 1000 sccm. Then, the catalyst prereduction was conducted by flowing 250 sccm H>
and 250 sccm Ar. Thereafter, CNT growth was initiated by switching to the growth gas mixture
containing 100 sccm FTS-GP and 1000 sccm Ar. At the end of growth, the samples were rapidly

cooled in Hy, followed by slow cooling to room temperature in 700 sccm Ar.

B.2.4 Characterization
The morphology of the growth products and growth behavior of the different catalyst
substrates were characterized with a Hitachi S5200 field-emission scanning electron microscope

(SEM) operated at 5 kV. Optical microscope was also used to measure CNT carpet height.
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Raman spectra of growth products were collected at multiple spots from the samples using a
Renishaw inVia Raman microscope with a 532-nm laser as the excitation source. XRR
measurements were conducted on a Rigaku-Smartlab X-ray diffractometer equipped with a Cu

Ka (A = 0.154 nm) radiation source using a slit collimation in air.

B.3 Results and Discussion

B.3.1 SC, RC and DRC Silica Substrates

In this work, we have studied three silica-based substrates with different cavities. The
cavities were classified based on their profiles as simple cavities (SCs), reentrant cavities (RCs),
and doubly reentrant cavities (DRCs). Their structures are shown in Figure B3.1. The diameter

of each cavity is 200 pm. The main difference is their cavity edge.

. . . Doubly Reentrant
Simple Cavity (SC) Reentrant Cavity (RC) Cavity (RC)

Cavity wall

Figure B3. 1 SEM images of cross section of SC, RC and DRC silica substrates.

We have conducted experiments using substrates after ion beam bombardment and with
different AlxOy layer thicknesses as shown in following:
1) 0 nm AlxOy without ion beam bombardment.

2) 5 nm AlxOy without ion beam bombardment.
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3) 5nm AlxOy with ion beam bombardment.

4) 10 nm AlxOy without ion beam bombardment.

Figure B3.2a shows SEM images of CNTs formed after CCVD on ion beam-bombarded
sample with 10 nm-thick AlxOy . Clearly, we can see a thick CNT carpet grown on each
substrate. Such good growth was expected because the surface properties of substrates are
dominated by a thick AlxOy layer (10 nm) and AlxOy is one of the best substrates for CNT
growth. Figure B3.2b exhibits SEM images of CNTs formed after CCVD on the sample with 5
nm-thick AlxOy without ion beam bombardment. Unlike the samples with a 10 nm-thick AlxOy
without exposure to ion beam bombardment, these series of substrates have no CNTs grown on
them. The reason for lack of CNT growth on substrates is that the pristine SC, RC and DRC
silica substrates are not suitable for direct CNT growth and the impact of AlxOy on them is too
weak to support CNT growth. Therefore, the surface modification of substrates via ion beam
bombardment was used as we explained in previous chapter. Figure B3.2c shows SEM images of
CNTs formed after CCVD on ion beam-bombarded samples with 5 nm-thick AlxOy. It shows
CNT carpet was grown on each substrate. Consequently, the combination of ion beam
bombardment and deposition of a thin layer of AlxOy is able to convert an “inactive” substrate
into an “active” substrate, which is consistent with the conclusion in Chapter 2. It is reasonable
that the CNT growth rate on a 10 nm-thick AlxOy-deposited sample without exposure to ion
beam bombardment are very close, since the thick AlxOy has essentially masked the properties of
the pristine substrate. The growth behavior has been dominated by the properties of AlxOy layer.
However, the ion beam-bombarded sample with 5 nm-thick AlxOy shows a different growth
behavior. The growth rate of RC and DRC is more than that of SC samples by a factor of 2. We

attribute this difference to the unique structure of the cavity in each substrate.
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Figure B3. 2 SEM images of CNTs formed after 30 min of CCVD on 10 nm AlxOy without ion
beam bombardment (a), 5 nm AlxOy without ion beam bombardment (b) and 5 nm AlxOy with
ion beam bombardment (c).

The Raman spectra of CNTs formed on the surface of each substrate with different AlxOy
barrier layer thicknesses after a CCVD process are shown in Figure B3.3. Although we do not
see CNT carpet grown on 5 nm-thick AlxOy-deposited sample without ion beam bombardment,
we still acquired Raman spectra from them and the presence of CNTs on the substrates was
confirmed. Having compared Figures B3.3 a and b, we can see the quality of CNTs formed on 5
nm-thick AlxOy—deposited sample without exposure to ion beam bombardment are much lower

than a similar sample with a 10 nm-thick AlxOy. From Figures B3.3 a and c, we can conclude
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that the quality of CNTs grow on 10 nm AlxOy-deposited sample without exposure to ion beam

bombardment and an ion beam-bombarded sample with 5 nm AlxOy are essentially the same.

10 nm Al,O, w/o etching

5 nm Al,O, w/o etching

5 nm Al,O, with etching

(@) | 1108 sc |(b)| =07 sc |(c)| 1«=1-53 sc
S| 1A,=1.23 ’:‘,‘ 1/1,=0.78 RC ’;‘ 141,=1.20 RC
8 s )
= z z
z z z
g g g
£ £ £
I/1,=1.07 DRC 1/1,=0.9 DRC 1/1,=1.41 DRC
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Wavenumber (cm™)
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Figure B3. 3 Raman spectra of CNTs formed on 10 nm-thick AlxOy without ion beam
bombardment (a), 5 nm-thick AlxOy without ion beam bombardment (b) and 5 nm-thick AlxOy

with ion beam bombardment (c).

As the goal of this work is to grow a very thin layer (1-2 pm) of CNTs on SC, RC, and

DRC silica substrates while maintaining its original properties, we used ion beam-bombarded

substrates with 5 nm-thick AlxOy as our standard sample to grow CNTs. We adjusted the growth

time to achieve a thin layer of CNTs. After conducting the experiment of growing CNTs for 1

min, we have achieved our main objective. The results are shown in Figure B3.4. The CNT

carpet thickness is around the required range.
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Figure B3. 4 SEM images of CNTs formed during CCVD for 10 min on ion beam-bombarded
substrates with 5 nm AlOy.
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B.3.2 ZrO; (Y) Substrate

Figure B3.5 shows the SEM images of CNTs grown on a ZrO (YY) substrate. We cannot
observe thick CNT carpets formed on the substrate surface. Therefore, it may not be a good
substrate for mass production of CNTs. However, we do observe denser CNTs formed on ion
beam-damaged substrates, which one more time proves that this surface engineering process is
able to enhance CNT growth as been discussed in Chapter 3. The Raman spectra of Figure B3.6
indicates CNTs formed on a ZrO> (YY) substrate contains SWCNTSs. This is counter intuitive in
CNT growth as CNT diameter is a function of catalyst diameter and a 2 nm-thick catalyst usually
yields MWCNTSs [29-31]. However, with a ZrO; (Y) substrate, we were still able to produce
SWCNTSs using a thick catalyst layer. The mechanism behind this phenomenon is worth
unravelling. Moreover, ion beam-damaged sample show a decreased CNT quality as opposed to
the pristine sample. This may be caused by the faster growth rate that increases the possibility of

generating more defects during growth.

Figure B3. 5 SEM images of CNTs formed after CCVD for 10 min on pristine and ion beam-
damaged ZrO: () substrates.
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Figure B3. 6 Raman spectra of CNTs formed after 10 min of CCVD on pristine and ion beam-
damaged ZrO: (Y) substrates.

B.4 Conclusion

From the results discussed above, we can conclude that CNT growth was not observed
from catalysts deposited directly on substrates with cavities without deposition of AlxOy barrier
layer because these substrates are not suitable for CNT growth. The use of ion beam
bombardment to modify the surface of SC, RC and DRC silica substrates reduced the AlxOy
barrier layer thickness required for CNT growth to 5 nm. We have achieved precise control of
CNT carpet height by adjusting growth time. ZrO. (YY) substrate has been discovered to support

SWCNT growth even with a thick catalyst layer.
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Appendix C - Supplementary Information for Chapter 4

Table C4. 1 Deconvolution of XPS Co 2ps2 peak for different cobalt catalysts.

Sample Peak 1 (eV) Peak2(eV) Peak3(eV) Peak4 (eV) Peak5 (eV)

Co-Nit 778.32 780.13 781.91 785.45 788.49
Co-Ace 778.98 780.84 Not observed 785.10 788.34
Co-Chl 711.27 779.01 780.57 784.10 787.72
Co-Hyd 780.00 782.29 Not observed 784.07 787.01

Table C4. 2 Small/large particle density and particle size of different cobalt catalysts.

Small Particle Large Particle Overall Small Large Large
Catalyst Density Density Particle Size  dco304®  dicosos®  dicozos”

(Particle/um?)  (Particle/um?) (nm) (nm) (nm) (nm)
Co-Nit 19039 834 4.6 3.7 13.4 11.4
Co-Ace 9952 611 33 3.0 18.3 25.9
Co-Chl 17253 152 5.1 2.8 34.6 35.4
Co-Hyd 10869 228 4.7 4.0 20.4 25.7

4Average catalyst diameter from TEM
bAverage crystallite size from XRD

Table C4. 3 Atomic percent of silica-supported cobalt catalysts from XPS results.

Sample O1ls Cls Co2p Si 2p Cl2p

Co-Nit  69.130 0.412 0.666  0.29792 Not observed
Co-Ace  67.948 2.026 2.297 27.729  Not observed
Co-Chl  37.175  49.847 1.837 10.918 0.196

Co-Hyd 57.195 9.331 14.810  18.664 Not observed
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Table C4. 4 Selectivity of the fresh catalysts for the same CO conversion.

CO Conversion: 10% CO Conversion: 17%
\w CH, C2-C4 C5+ \w CH, C2-C4 C5+
Catalysts (%) (%) (%) Catalysts (%) (%) (%)
Co-Nit N/A N/A N/A Co-Nit N/A N/A N/A
Co-Ace 47 3 50 Co-Ace 41 3 56
Co-Chl 47 2 51 Co-Chl 45 2 53
Co-Hyd N/A N/A N/A Co-Hyd N/A N/A N/A
CO Conversion: 55% CO Conversion: 60%
\w CH, C2-C4 C5+ \w CH, C2-C4 C5+
Catalysts (%) (%) (%) Catalysts (%) (%) (%)
Co-Nit 22 19 59 Co-Nit 22 16 62
Co-Ace N/A N/A N/A Co-Ace N/A N/A N/A
Co-Chl N/A N/A N/A Co-Chl N/A N/A N/A
Co-Hyd 43 2 55 Co-Hyd 39 2 59

CO Conversion: 65%

roducts CH, C2-C4 C5+
Catalysts (%) (%) (%)

Co-Nit 17 10 73
Co-Ace N/A N/A N/A
Co-Chl N/A N/A N/A
Co-Hyd 35 3 62
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Table C4. 5 EXAFS modeling results of local Co coordination numbers (CNs).

Sample Co-O (1) CN Co-0 (2) CN Co-Co CN Co-Co (hcp) CN
Co-Nit (fresh)? 5.51+0.49 428 £0.67 6.61 +£0.98 Not observed
Co-Nit (used)® 2.87+£043 Not observed 3.80 £ 0.46 2.23£0.29

Co-Hyd (fresh)® 4.99 +£0.74 4.81 £0.97 496 £0.71 Not observed
Co-Hdy (used)? 6.52+0.93 Not observed 3.51+0.49 1.31£0.25

& modelling performed with Co304 and an additional Co-O path from CoOOH
b modelling performed with CoO and hcp Co
¢ modelling performed with B-Co(OH)2 and an additional Co-O path from CoOOH
4 modelling performed with B-Co(OH)2 and hcp Co

Table C4. 6 EXAFS modeling results of nearest neighbor distances (NNDs).

Sample Co-O (1) NND Co-O (2) NND Co-CoNND  Co-Co (hcp) NND
A) 4) A) A)
Co-Nit (fresh)? 191001 A 287+0.01A 336=0.01A Not observed
Co-Nit (used)>  2.04+0.02A  Notobserved 3.01 £0.01 A 2.52+0.01 A
Co-Hyd (fresh)* 2.05+0.03A 283+004A 3.15+0.02A Not observed
Co-Hdy (used)! 2.08+0.02A  Notobserved 3.13+0.02 A 2.50+0.01 A

& modelling performed with Co3O4 and an additional Co-O path from CoOOH
b modelling performed with CoO and hcp Co
¢ modelling performed with B-Co(OH)2 and an additional Co-O path from CoOOH
4 modelling performed with B-Co(OH)2 and hcp Co
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4=34.618.7 nm

Figure C4. 1 Low-magnification TEM images of fresh silica-supported catalysts prepared from
different cobalt precursors: Co(NO3)2 (a), Co(C2H302)2 (b), CoCl: (c), and Co(OH) (d).
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Figure C4. 2 XRD patterns of Co(OH)2 annealed in both N (a) and H2 (b) at 300 and 400<C.
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Figure C4. 3 XPS survey scan spectra of silica-supported cobalt catalysts prepared from
different cobalt precursors.
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Figure C4. 4 Co K-edge modeling from EXAFS results of fresh Co-Nit catalyst merge in R
space (a, b) and merge in k space (c), used catalyst Co-Nit catalyst merge in R space (d, e) and
merge in k space (f), fresh Co-Hyd catalyst merge in R space (g, h) and merge in k space (i),

Radial distance (A)

Radial distance (A)

Wavenumber (A)

used catalyst Co-Hyd catalyst merge in R space (j, k) and merge in k space (1) .
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