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Abstract

The continued depletion of fossil fuels and concomitant increase in greenhouse gases have encouraged
worldwide research on alternative processes to produce clean fuel. Fischer-Tropsch synthesis (FTS) is
a heterogeneous catalytic reaction that converts syngas (CO and H») to liquid hydrocarbons. FTS is a
well-established route for producing clean liquid fuels. However, the broad product distribution and
limited catalytic activity are restricting the development of FTS. The strong interactions between the
active metal catalyst (Fe or Co) and support (Al,O3, SiO; and Ti0O») during post-synthesis treatments
of the catalyst (such as calcination at ~500°C and reduction ~550°C) lead to formation of inactive and
unreducible inert material like Fe2Si04, CoAl204, Co2S104. The activity of FTS catalyst is negatively
impacted by the presence of these inactive compounds. In our study, we demonstrate the use of a
modified photo-Fenton process for the preparation of carbon nanotube (CNT)-supported Co and Fe
catalysts that are characterized by small and well-dispersed catalyst particles on CNTs that require no
further treatments. The process is facile, highly scalable, and involves the use of green catalyst
precursors and an oxidant. The reaction kinetic results show high CO conversion (85%), selectivity for
liquid hydrocarbons and stability.

Further, a gaseous product mixture from FTS (C1-C4) was utilized as an efficient feedstock
for the growth of high-quality, well-aligned single-wall carbon nanotube (SWCNT) carpets of
millimeter-scale heights on Fe and (sub) millimeter-scale heights on Co catalysts via chemical vapor
deposition (CVD). Although SWCNT carpets were grown over a wide temperature range (between
650 and 850°C), growth conducted at optimal temperatures for Co (850°C) and Fe (750°C) yielded
predominantly SWCNTs that are straight, clean, and with sidewalls that are largely free of amorphous
carbon. Also, low-temperature CVD growth of CNT carpets from Fe and Fe—Cu catalysts using a
gaseous product mixture from FTS as a superior carbon feedstock is demonstrated. The efficiency of

the growth process is evidenced by the highly dense, vertically aligned CNT structures from both Fe



and Fe—Cu catalysts even at temperatures as low as 400°C—a record low growth temperature for CNT
carpets obtained via conventional thermal CVD. The use of FTS-GP facilitates low-temperature
growth of CNT carpets on traditional (alumina film) and nontraditional substrates (aluminum foil) and
has the potential of enhancing CNT quality, catalyst lifetime, and scalability.

We demonstrate growth of SWCNT carpets with diameter distributions that are smaller than
SWCNTs in conventional carpets using a CVD process that utilizes the product gaseous mixture from
Fischer-Tropsch synthesis (FTS-GP). The high-resolution transmission electron microscopic (HR-
TEM) and Raman spectroscopic results reveal that the use of a high melting point metal as a catalyst
promoter in combination with either Co (1.5 nm = 0.7) at 850°C or Fe (1.9 nm + 0.8) at 750°C yields
smaller-diameter SWCNT arrays with narrow diameter distributions.

Scalable synthesis of carbon nanotubes (CNTs), carbon nanofibers (CNFs), and onion like
carbon (OLC) in a batch reactor using supercritical fluids as a reaction media is demonstrated. The
process utilizes toluene, ethanol, or butanol as a carbon precursor in combination with ferrocene that
serves as a catalyst precursor and a secondary carbon source. The use of supercritical fluids for growth
does not only provide a route for selective growth of a variety of carbon nanomaterials, but also
provides a unique one-step approach that is free of aggressive acid treatment for synthesis of CNT-

supported metallic nanoparticle composites for catalysis and energy storage applications.
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SWCNTs in conventional carpets using a CVD process that utilizes the product gaseous mixture from
Fischer-Tropsch synthesis (FTS-GP). The high-resolution transmission electron microscopic (HR-
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Chapter 1

Introduction

1.1 Overview of Fischer Tropsch Synthesis (FTS)

World War I gave scientists the first motivation to come up with another source of fuel instead
of depending on natural crude oil. Unlike the Allies that had adequate crude oil reserves for the war,
Germany did not, and that alone negatively impacted them during the war. Therefore the concept of
converting coal to synthesis gas and then to transportation fuels was initiated in Germany.' The first
major work on the hydrogenation of carbon monoxide was carried out by Sabatier and co-workers in
1902. In 1923, Franz Fischer and Hans Tropsch showed that liquid fuel can be produced from synthesis
gas (CO + H») obtained from gasification of coal.” With support from the German government, Kaiser-
Wilhelm-Institute (KWTI) led by Fischer conducted extensive investigations to understand and improve
FTS, as well as commercialize the process. Initial investigations revealed important features of FTS
such as exothermicity of the reaction, the need maintain a uniform temperature in the reactor, and the
advantages of using catalyst in liquid media (slurry reactor) for the reaction. After World War II, the
discovery of new oil fields in the Middle East affected the economic viability of FTS process.
However, fears of oil reserves depletion and rapid increase in energy demand caused a wide interest in

FTS process again.*

Fischer-Tropsch synthesis (FTS) is a heterogeneous catalytic reaction that converts syngas (CO
and H») to a liquid hydrocarbons. FTS is a well-established route for production of clean liquid fuels.
However, the broad product distribution and limited catalytic activity are restricting the development
of FTS. One of the important factors that should be considered during the design of an effective
heterogeneous catalyst for FTS is the catalyst support since the mechanical strength, porosity and the

interaction between the active metal and support determine the catalyst performance. The metal



dispersion, reducibility and diffusion coefficient of the reactants and products highly depend on the
support’s surface structure and pore size; the most common supports used in FTS reaction are SiO»,
Al O3, TiO,, ZrO2, AC and most recently carbon nanotubes (CNTs), a novel support.’ To examine how
the supports type can influence the activity of FTS reaction, Ordomsky et al. test three different catalyst
supports: SiO», activated carbon and CNTs supported Fe,® under the same operation conditions. The
results showed the conversion of CO using Fe/CNTs (~85%) was much higher than the CO conversion
using Fe/SiO». The strong interactions between the active metal catalyst (Fe or Co) and oxide support
(Al2Os, Si0O2 and TiOz) during post-synthesis treatments of the catalyst (such as calcination at ~500°C
and reduction ~550°C) lead to formation of inactive and unreducible inert material like Fe2SiOs4,
CoAl>04, Co2Si04. The activity of FTS catalyst is negatively impacted by the presence of these inactive

compounds.

Thus there is growing interest in using non-oxidic supports such as CNTs due to the high
strength, better metal dispersion control and minimal formation of inactive/ unreducible components
(like silicate and aluminate).”” However, the use of CNTs as catalyst supports require several
aggressive treatments before nanoparticles deposition due to the high hydrophobicity of CNTs (inert
surfaces). Researchers have functionalized CNTs by acid treatment to create functional groups
(hydroxyl, carbonyl and carboxyl) that serve as anchoring sites for active metal nanoparticles and,
more importantly, increase the dispersion of active metal, which helps to increase the FTS reaction

rate.” 10

Achieving a 100% selectivity towards liquid hydrocarbons in FTS is banned based on the
kinetic rate law. So, in addition to the CO conversion and product selectivity, the undesirable gas
products (C1-C4) should be wisely used to make the FTS process more feasible and efficient. It is a

very common now days to see a gas flames roaring from FTS and oil refinery through a process called



flaring. However, they are a huge problem for environment, since it contributes to greenhouse gases,

and waste of a valuable energy resource.

1.2 Objectives of This Study

The main objective of this study is to enhance the performance of Fischer-Tropsch synthesis
(FTS) using Co and Fe as an active metals supported on CNT. It is important to find different
approaches to oxidize (functionalize) the CNT without destroying its structure. Also, synthesizing the
FTS catalyst in such a way that doesn’t require a high calcination temperature to maximize the density
of the metal active sites. Also, avoid the presence of foreign components (nitrate, chloride and acetate)

which can possibly effect the catalyst activity.

We have investigated the possibility of combining the oxidation and active metal deposition in
one step via the modify photo-Fenton reaction. The catalytic activity of CNT supported Co or Fe by
the (photo Fenton method) was compared with conventional oxidation (strong acid treatments) and

deposition method (incipient wetness impregnation).

We demonstrate improved control of Single Walled Carbon Nanotubes (SWCNTs) diameters
and hence their chiralities via CVD using gaseous mixture from Fischer-Tropsch synthesis (FTS-GP)
as a carbon precursor over Fe or Co catalyst with a high-melting point metal (Ru) as a catalyst
promoter. The growth results show improved stabilization of catalyst in the presence of Ru as well as
a shift in the diameter distributions of SWCNTs from 2.5 nm to 1.5 nm and 3.1 to 1.9 nm for Co and

Fe catalyst, respectively.

Also, the role of supercritical fluid (SCF) was explored for the selective growth of carbon
nanomaterials using a single-step batch reactor and super critical fluid approach with a variety of
precursors: aromatics (toluene, xylene) and alcohols (ethanol, propanol and butanol) along in

combination with ferrocene as a catalyst source. The effect of water in the growth process using



different precursors has been examined along with the growth temperature and loading ratio of

ferrocene.

Further, this approach used the side products (C1-C4) of the FTS process to create a close loop
of making materials (CNTs) via chemical vapor deposition (CVD) that can highly impact the feasibility

of the FTS in a friendly environment. The schematic below, summarize the goals of this study.
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Liquid hydrocarbons are produced by using carbon nanotube (CNT)-supported Co and Fe

catalysts that were prepared by using a modified photo-Fenton process.

Low temperature growth of Multi-Walled Carbon Nanotubes (MWCNTSs) carpet on
traditional (Si as substrate/Al,0O3/ Fe or Fe- promoted Cu) and nontraditional substrates (Al
foil/ Al,Os/Fe or Al foil/Fe) at low temperatures (550-400°C). Using a gaseous product

mixture from Fischer-Tropsch synthesis (FTS-GP) as a carbon feedstock.

Single Walled Carbon Nanotubes (SWCNTs) carpets on Fe and on Co catalysts using a

FTS-GP as a carbon feedstock.
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Chapter 2

Carbon Nanotube-Supported Catalysts Prepared by a Modified Photo-Fenton

Process for Fischer-Tropsch Synthesis

Abstract

We demonstrate use of a green catalyst precursor and oxidant in a modified photo-Fenton process for
synthesis of efficient Fischer-Tropsch catalysts. The facile, scalable process yields small and well-
dispersed catalyst nanoparticles (Fe or Co) on carbon nanotubes (CNTs) that do not require calcination
due to the absence of foreign components (nitrate, chloride, or acetate) that has to be removed during
post-synthesis treatment. The synthesized catalysts were characterized by X-ray diffraction (XRD), N
physisorption, H» temperature-programmed reduction (H2-TPR), Raman spectroscopy, transmission
electron microscopy (TEM), and inductively coupled plasma (ICP) spectroscopy. The results show
high catalyst dispersion and smaller catalyst particles with narrow particle size distributions in
comparison to catalysts synthesized by incipient wetness impregnation (IWI). The performance of
CNT-supported catalysts (CO conversion, C5+ selectivity, and catalyst lifetime) prepared by photo-
Fenton process was evaluated during Fischer-Tropsch synthesis (FTS) and compared to CNT- and
SiOs-supported catalysts synthesized via conventional method (IWI). In general, CNT-based Fe or Co
catalyst prepared by photo-Fenton process shows a higher performance at a lower FTS reaction
temperature (200°C for Co and 250°C for Fe) in comparison to conventional catalysts. In particular,
Co catalyst obtained from photo-Fenton process shows high CO conversion (~80%) and outstanding
selectivity for liquid hydrocarbons (C5+) ~ 70%. The process demonstrates a new synthesis route for

exploiting the outstanding material properties of CNTs in catalysis.



2.1 Introduction

Fischer-Tropsch Synthesis (FTS) is a valuable catalytic process for the transformation of syngas
derived from low-value biomass, natural gas, and coal to high-value clean fuel over transition metal
catalysts. An important factor in the design of efficient catalysts for FTS is the support because catalyst-
support interactions and resulting catalyst performance are determined by physico-chemical properties
of the support.! The dispersion and reducibility of metal catalysts and the diffusion coefficient of the
reactants and products highly depend on the surface structure and pore size of the support.> Typically,
FTS catalysts undergo high-temperature post-treatment steps like calcination (~500°C) that is required
to remove precursor salts (nitrate, sulfide, or chloride) and H> reduction (~600°C) that forms the
metallic states of the active metal. Unfortunately, these post-treatment steps promote strong
interactions between the active metal and oxide support (Al03, SiO2 and TiOz),* resulting in the
formation of inactive and unreducible inert materials like CoAl,O4, CoTiO4, and CoSiOs that are
known to limit catalyst activity.> >

Besides the type of catalyst support, the calcination step during catalyst preparation was also
found to have a significant impact on the morphology of Co particles, causing agglomeration and low
dispersion of Co particles on the support.” In fact, Kababji et al.® have shown that the calcination step
has a stronger effect on catalyst performance than support properties like surface area and pore
diameter; in particular, by reducing the calcination temperature, higher CO conversion and lower CH4
selectivity were obtained. High-temperature exposure of catalysts during calcination has been found
to affect the crystallographic structure and particle size.’ At high temperature, formation of Co particles
with face-centered cubic (FCC) structure is favored, which has low catalytic activity; whereas at low
temperature, the formation of Coparticles with hexagonal close-packed (HCP) structure that are
characterized by high catalytic activity are favored.'® In addition, the catalyst particle size has a strong

effect on the catalyst activity. It has been shown that Co catalyst activity increases with decreasing



particle size, which is attributed to the increase in the surface area of Co catalyst.!! The aforementioned
studies illustrate the negative impacts of post thermal treatment of catalysts on FTS activity. Further,
the heat produced during the exothermic FTS reaction is not well dissipated in the presence of catalysts
supported on relatively poor thermally conductive SiO» or Al,Os, resulting in a temperature gradient
in the packed bed reactor, which could make the catalyst susceptible to sintering and deactivation.

To prevent catalyst deactivation induced by the catalyst support and post-synthesis treatment
steps, new catalyst supports that are efficient in dispersing and stabilizing catalyst nanoparticles, as
well as not requiring aggressive post thermal treatments after catalyst deposition. More recently, there
is growing interest in using non-oxidic catalyst supports such as carbon nanotubes (CNTs) due to their
high mechanical strength, improved metal dispersion control, and ability to minimize or eliminate the
formation of inactive/unreducible components like silicates and aluminates.'!"'* However, current use
of CNTs as catalyst supports require aggressive acid treatment for catalyst nanoparticles to be
deposited. Acid treatment of CNTs creates a number of functional groups (hydroxyl, carbonyl, and
carboxyl) on the surface that serve as anchoring sites for metal nanoparticles, and more importantly,
increase the dispersion of active metal, which helps to increase FTS reaction rate.'*!* Other approaches
that have been used to oxidize CNTs include hydrogen peroxide treatment,'® dry oxidation method
involving UV-ozone treatment,'”!® and treatment with a combination of hydrogen peroxide and UV
light."” Unlike strong acids such as HNO; and H>SOs, hydrogen peroxide does not cause structural
damage to CNTs or incorporate foreign elements into the CNT surface.'® %

Several efforts have been made to synthesize catalyst nanoparticles on either mesoporous carbon
materials or CNTs for different applications. A widely used approach is liquid injection chemical vapor
deposition (LICVD) or plasma enhanced CVD (PECVD) with ferrocene (CioHioFe) as a feedstock that
serves as a single source of carbon and Fe.?! This technique offers a high yield of Fe nanoparticles
decorated on CNTs, however, a large fraction of the nanoparticles agglomerate due to the high growth

temperature.””>* Another technique that has been reported is physical vapor infiltration (PVI) with hard



templating replication to deposit Fe on mesoporous carbon,** whereby mesoporous silica, serving as a
template, is mixed with ferrocene in a sealed vessel at 110°C for 48 h. The resulting powder required
calcination at 450°C and treatment with NaOH solution at 80°C to remove the silica template. As the
foregoing studies demonstrate, available methods for depositing catalyst nanoparticles on CNTs for
catalytic applications are plagued with significant drawbacks.

In this study, a modified photo-Fenton approach for depositing active metal nanoparticles (Fe or
Co) on CNTs is demonstrated. Photo-Fenton process is typically used to treat wastewater by oxidizing
organic pollutants via UV illumination of a mixture of hydrogen peroxide and ferrous ion (Fe**).”* The
reaction process, as illustrated in Figure 2-1, involves generation of OH* radicals, oxidation of CNTs
by OH*, and deposition of catalyst particles. There are two main steps OH* generation:*® First, the
ferrous ions (Fe?") are oxidized by hydrogen peroxide to ferric ions (Fe*"), producing hydroxyl radicals
(OH*) as active intermediates, which are the second strongest oxidizing agent after fluorine (Equation
1). Second, UV illumination accelerates the reduction of ferric ions (Fe*") to ferrous ions (Fe?") as

shown in Equation 2.

Fe?" + H,0, — Fe** + OH + OH’ (1)
Fe’" + Hy0, + hv — Fe** + HO,' + H' )
H20; + hv — 2HO' 3)

The use of UV illumination prevents the second step from being slower than the first step, which can
cause an early termination of the reaction.”’ In addition, OH* are produced via direct UV illumination
of H,0O: (Equation 3). Hydroxyl radicals generated via Equations 1 — 3 oxidize the CNT surface in the
presence of Fe or Co ions that subsequently precipitate on the CNT surface and form nanoparticles as
depicted in Figure 2-1. Note that modified photo-Fenton reaction utilizes green materials (catalyst
precursors and an oxidant). The process is facile and scalable and provides a new pathway for

controlled deposition of transition metal nanoparticles like Fe or Co on CNTs. We emphasize that the
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process yields catalysts that are free of possible catalyst inhibitors that are typically present in
conventional catalysts synthesized from metal precursors like sulfite, chloride, and nitrate. For this
reason, modified photo-Fenton process does not require further treatment like calcination that induces

changes in the morphology of metal nanoparticles and thus offers new opportunities for controlled

synthesis of well-dispersed CNT-supported catalysts.

=
=
=
=
=
=
=
=
=
=
=
=

Hydroxyl radical generation CNT functionalization Catalyst deposition

Figure 2-1 Schematic illustration of the modified photo-Fenton process for CNT oxidation and
catalyst deposition.

2.2 Experimental
2.2.1 Catalyst Preparation
Two types of CNT-supported Co and Fe catalysts were prepared. CNTs (purchased from
Chengdu Organic Chemicals Co., Ltd) with outer diameters of 50 — 70 nm and lengths of 10 — 20 pm
were used. The first group of catalysts was prepared by a modified photo-Fenton process, which
involves CNT functionalization and anchoring of Co or Fe species on the functionalized CNT surface

in a single step. A distinguishing feature of the process is the use of cobalt (II) hydroxide (Aldrich,
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95%) and iron (II) hydroxide (Aldrich, 95%) as “green” catalyst precursors. In brief, the process was
carried out by stirring 150 ml mixture of hydrogen peroxide (30%) and 1g of CNTs in a 300 ml single-
neck flat-bottom flask at 60°C. The total amount of catalyst precursor was divided into four batches
that were added each day to the reaction mixture over a period of four days with a targeted metal
loading of 10 — 15 wt%. After adding the first batch, the flask containing the mixture was exposed to
UV illumination with a wavelength of 300 nm. 20 ml of hydrogen peroxide mixed with one batch of
catalyst precursor was added each day over a four-day period to replenish the catalyst and sustain the
process, as well as maintain the acidity of the solution near the desired pH of 4. Note that the addition
of the total amount of catalyst precursors at once would cause a dramatic increase in acidity level, and
subsequently induce termination of the reaction.’® At the completion of the process, the catalyst
obtained was filtered through a 0.2um filter paper, and then vacuum-dried overnight at 150°C to
remove adsorbed hydrogen peroxide. The resulting samples are referred to as fresh catalysts and
labeled as Fe/CNT-Fenton and Co/CNT-Fenton.

For comparison, the second group of CNT- and SiO.-supported Co and Fe catalysts were
prepared by conventional incipient wetness impregnation (IWI). The IWI process followed the
standard procedure reported by Eschemann et al.*® and Abbaslou et al.* Unlike photo-Fenton process
that utilizes a “green” precursor and an oxidant, the catalyst precursors used in IWI were cobalt (II)
nitrate hexahydrate and iron (III) nitrate nonahydrate. In addition, an aggressive oxidation treatment
(HNOs, 90°C, 24 h) was employed for functionalization of CNTs prior to anchoring the metal ions.
The resulting CNT-supported catalysts after calcination at 350°C are described as fresh catalysts and
denoted as Fe/CNT-IWI and Co/CNT-IWI, while SiO:-supported catalysts are Fe/SiO»-IWI and
Co/S102-IWL

2.2.2 Catalyst Characterization
X-ray powder diffraction (XRD) measurement was carried using Rigaku Miniflex II desktop X-

ray diffractometer with monochromatic Cu Ka radiation (A = 0.154 nm) with a step size of 0.1° and a
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scan speed of 2.0° per minute. The values of 20 were in the range 10 — 80°. The phases were identified
by comparing patterns obtained with JCDPS database. The average crystallite sizes (Dp) for the
synthesized catalyst particles have been estimated from full-width at half maximum of the most intense
peaks (20 =36° for Co304 and 20 = 32° for Fe,O3) using the Debye—Scherrer equation.

Hydrogen temperature-programmed reduction (H>-TPR) was conducted with AMI-200 Catalyst
Characterization Instrument.”’ The consumption amount of H» obtained from TPR was used to
calculate the number of moles of active sites for each catalyst, which was then used to determine the
catalyst dispersion (D) on the different supports.*° The amount of catalyst deposited on the support was
determined by inductively coupled plasma spectroscopy (ICP-Varian 720-ES). The percentage
reduction was included in the dispersion calculation by assuming H: metal stoichiometric ratio of 1:1
as reported by Jacobs et al.? The calibration curve for H, consumption was generated using 0.03 g of
CuO. Catalyst dispersion (D) and diameter of the particles (d) were calculated based on the assumption

that the shape of catalyst particles is spherical.

__ Number of surface Co’ atoms X100

% D

(4)

number of total Co atoms

_ (6000)
(density)(maximum area)(dispersion)

®)

Nitrogen adsorption-desorption measurements were conducted at -196°C using a Quantachrome
Autosorb-1 instrument, and the BET specific surface area (S4ger) and total pore volume were
determined from the isotherms. Prior to adsorption measurements, the samples were degassed at 250°
C for 12 h to obtain the base weight of the samples. SAger was determined from the adsorption branch
in the linear range of relative pressure from 0.02 to 0.35. The total pore volume was evaluated by a
single-point pore volume at a relative pressure of 0.95.

Transmission electron microscopic (TEM) images and lattice structures were obtained using FEI
Tecnai F20 XT operating at 200 kV and equipped with energy-dispersive X-ray spectroscopy (EDS).

The samples were dispersed in ethanol by sonication for 5 min, dropped on copper microgrid coated

13



with lacy carbon film. The Tecnai Imaging & Analysis tool (TIA) was used to measure the lattice
spacing and angle between the lattice spaces. The lattice information and the diffraction patterns
obtained were used to confirm the crystalline structure of the elements. The quality of CNTs was
evaluated by Raman spectroscopy (A = 532 nm). X-ray photoelectron spectroscopy (XPS) was used to
characterize the degree of functionalization of CNTs after photo-Fenton process were and the chemical
properties of the as-synthesized catalysts. XPS measurements were performed on a Kratos Ultra XPS
system (Kratos, Kanagawa, Japan) with a monochromatic Al Ka source (hv =1486.6 eV). A charge
neutralizer was used to prevent energy shifts during spectral acquisition; for all samples, the C1s peak
was centered at a binding energy of 284.5 eV. The analysis of the XPS spectra was performed using
CasaXPS software; the least square fitting of the spectra was performed using mixed Gaussian-

Lorentzian peak components in the quantification process.

2.2.3 Catalytic Testing

FTS was conducted in a fixed bed reactor. A catalyst sample of ~2 g (MWCNT or SiO; = 85%,
active metal = 15%) was loaded into a 1/2 inch 316 stainless steel tube. Fe-based catalysts were
activated in Hz (100 sccm) at atmospheric pressure by increasing the temperature from 30°C to 400°C,
whereas for Co-based catalysts, from 30°C to 350°C at a rate of 15°C/min. The catalysts were activated
at their respective activation temperature for 4h. After activation, the reactor temperature was
decreased to 200°C for Co and 250°C for Fe. FTS reaction was initiated by switching to H>/CO (100/50
v/v and 100 sccm of N as internal standard, GHSV 1066 h') and the reaction was carried out under
10 bar and H»/CO = 2. The reaction products (unreacted CO, CO-, and C1 — C20 hydrocarbons) from
the reactor were analyzed using an on-line gas chromatograph (SRI 8610C) equipped with a thermal
conductivity detector (TCD) and flame ionization detector (FID) and quantified by injecting calibration

standards. The tube lines after each mass flow controller (MFC) is equipped with a check valve to
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ensure that there is no back flow. A backpressure regulator valve is used to maintain the pressure inside
the reactor during the reaction. The catalytic activity was determined by CO conversion and the
selectivity of different hydrocarbons after reaching steady-state condition for each run.*' The %CO
conversion, selectivity (Si) of each hydrocarbon (xi), and FTS rate (Rers) are calculated from Equations

6, 7, and 8, respectively.

CO (%) _ [CO in — CO out X ,-gas contraction] % 100 (6)
COin
gj = [mass of component Xi] % 100% (7)

yxi

. weight of H.C produced (g)
Rers =

] (8)

weight of catalyst (g) x reaction time (h)
The final products were classified as CH4, C2 — Cs, and C5+ (liquid hydrocarbons) with carbon

numbers 5-20, including olefins and paraffinic components.

2.3 Results and Discussion
2.3.1 Functionalization of CNTs and Catalyst Deposition

A summary of properties of as-received catalyst supports and supported catalysts prepared by
photo-Fenton and IWI are presented in Table 2-1. The S4ger and pore volume of CNTs do not change
after UV-H,O; treatment while those of CNTs treated with HNOj3 increases. CNT oxidation using
strong acids is known to impart substantial defects on CNTs and result in CNTs with open caps, leading
to increased specific surface area.*’ The S4per of CNTs oxidized following UV-H,O, treatment
remained unchanged after oxidation. However, an increase in the surface area is observed only after
catalyst deposition, indicating that UV-H,O, oxidation treatment is less aggressive than the
conventional method. This observation is supported by TEM data (Figure S1) showing that their CNT
caps remain intact after UV-H»O, oxidation. The Raman spectra of pristine and oxidized CNTs exhibit
the G-band ~1575 cm™ that is omnipresent in sp” carbon systems and the disorder-induced D-band

~1330 cm™. The decrease in the ratio of integrated intensity of the G-band and the D-band (/6/Ip) from
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their Raman spectra (Figure S2) for the oxidized CNTs may be evidence of functionalization. The
practical Co and Fe loadings as determined by ICP were in the range of 15.7 — 18.5wt% and the analysis
did not reveal the presence of impurities in all the synthesized catalysts.

Table 2-1 Summary of properties of catalyst supports (as-received) and supported catalysts
prepared by photo-Fenton and IWI.

Sample SABET Total Pore Particle Metal 1/1,
(m*/g) Volume Size (nm), Content Raman
(cm’/g) XRD (wt%), ICP | Spectroscopy

As-received CNTs 162.8 0.65 - - 1.6

CNT-HNO;, 192.6 0.78 - - 0.7

CNT-UV/H,0, 164.3 0.67 - - 1.0
As-received Si0, 480.0 0.75 - - -

Fe/CNT-Fenton 186.9 0.65 4.5 16.35 1.0

Co/CNT-Fenton 184.5 0.68 3.7 15.70 1.0

Fe/CNT-IWI 150.1 0.58 12.2 18.47 0.7

Co/CNT-IWI 148.7 0.61 9.5 17.65 0.7
Fe/S102-IWI 325.0 0.60 12.4 18.41 -
Co/Si02-IWI 310.0 0.64 11.8 17.43 -

The microstructure of CNTs after acid and UV-H2O; treatments was investigated by TEM. Figure
S3 shows high- and low-magnification images of as-received CNTs, HNOs-treated, and UV-H2O,-
treated CNTs. The as-received CNTs are long with even wall structure. It is apparent from the results
that acid treatment tends to cut the CNTs, destroy the concentric layers of the graphitic planes, and
degrade the CNT structure. The arrows in Figure S3 show areas on the CNT surface that have been
destroyed by HNOs3 treatment. Conversely, UV-H>O; treatment appears to preserve the CNT length,

concentric layers, and quality.
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Further investigations were carried out by XPS to determine the degree of functionalization of
HNO:s-treated, H,O»-treated, and UV/H,0s-treated CNT samples. The deconvolution of the high-
resolution C 1s spectra (Figure 2-2) reveals the presence of several types of carbon species in the
oxidized samples: C=C (284.5 eV), C—C (285.1eV), C-0 (286.4 eV), C=0 (287.6 V), C-OOH (288.8
eV), and carbonates (291.0 eV).2> 3 The curve fitting results are summarized in Table S1. The ratio
between the functionalized carbon species (Cr) and sp2 graphitic carbon (C¢/sp2) is indicative of the
degree of functionalization; the C¢/sp2 values for as-received CNTs, H,O»-treated CNTs, UV-H,0»-
treated CNTs, and HNOs-treated CNTs are 0.23, 0.27, 0.63, and 0.76, respectively. From the degree
of functionalization, it is apparent that UV-assisted oxidation using H>O; achieves roughly the same
level of oxidation as CNTs oxidized via the conventional method (refluxing in HNO3 at 90°C) while

preserving the structural integrity (Figure S3).
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Figure 2-2 Deconvolution of XPS C 1s spectra of (a) as-received CNTs, (b) H2O:-treated CNTs,
(c¢) UV/H20;:-treated CNTs, and (d) HNOs-treated CNTs.

The deposition rate of catalyst particles on CNTs via photo-Fenton process was evaluated at
different times using ICP spectroscopy (Figure 3). The amount of active metal (Co or Fe) loaded on
CNTs increases with time. After four days of photo-Fenton reaction, the loading amount reaches a
maximum ~90 wt% of the initial amount of metals, indicating the optimum CNT oxidation and metal

deposition time for photo-Fenton process.
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Figure 2-3 Loading amount of Fe or Co on CNTs as a function of time during photo-Fenton
process.

2.3.2 Characterization of Catalysts

The XRD profiles in Figure 2-4 provide insights into the crystallographic structure and
composition of the catalysts. The diffraction peaks at 26 values of 26 and 44° are reflections of
hexagonal graphite and correspond to CNTs** while the peak at 22.3° correspond to SiO» support. For
comparison, XRD patterns of pure SiO; and CNTs are presented in Figure S4. For Fe catalysts, peaks
at 20 values of 33, 36, 41, 50, 54, 62, and 64° marked with circles were indexed as hematite,>
consistent with the JCPDS number (a-Fe;Os, JCPDS 00-0011053). For Co catalyst, the diffraction
peak at 20 value of 19, 31, 37, and 65° marked with squares are attributed to Co304.% These peak
assignments for Co are in agreement with data in their respective JCPDS card numbers (C0.03, JCPDS
00-002-0770).%” There are no diffraction peaks that are associated with metallic Co or Fe; this
conclusion is corroborated by XPS spectra of samples synthesized by photo-Fenton in Figure S5 and

previous studies on catalysts synthesized by IWI. The full-width at half-maximum (FWHM) of the
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most intense peaks, positioned at 34° for Fe catalysts and 36.4° for Co catalysts, have been used with
the Scherrer equation for estimating their particle sizes (Table 2-1). The average particle sizes of Co3O4

and Fe>Os prepared by photo-Fenton are smaller than those prepared by IWI.

oFe, 0,

Fe/CNT-Fenton
[ ]

Fe/CNT-IWI

gon—-

Fe/SiO,-IWI

Co/CNT-Fenton

Intensity (a.u.)

Co/CNT-IWI

Co/SiOy-IWI

10 20 30 40 50 60 70 80
20 (degree)

Figure 2-4 XRD patterns of fresh Fe and Co catalysts on different supports (CNTs and SiO3)
synthesized by photo-Fenton and I'WI methods.

Figure 2-5 shows representative TEM images and corresponding histograms of particle size
distributions (PSDs) with Gaussian analysis fittings of CNT-supported catalysts prepared by photo-
Fenton and IWI. For comparison, similar data for catalyst supported on SiO; are presented in Figure

S6. The average particle size for the fresh catalysts are as follows: Co/CNT-Fenton (3.1+0.5 nm),
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Fe/CNT-Fenton (2.3+0.5 nm), Co/CNT-IWI (16.9+£3.9 nm), Fe/CNT-IWI (16.5+4.3 nm), Co/SiO»-
IWI (5.04£0.8 nm), and Fe/SiO>-IWI (28.7+10.4 nm). Catalyst particles deposited on CNTs by photo-
Fenton are relatively small (< 10 nm), highly uniform, and well dispersed on the CNT surface. In
contrast, catalyst particles deposited on CNTs and SiO, by IWI are poorly dispersed and tend to form
large agglomerates (> 10 nm) that are not anchored on the CNT surface. The TEM data are in
agreement with the crystallite sizes of catalysts obtained from XRD measurement (Table 2-1), although
TEM analysis reveals that the large aggregates in Co/SiO2-IWI consist of small particles < 10nm. In
general, particles synthesized by IWI appear isolated from CNTs, experience severe agglomeration,
and are prone to sintering. In particular, Figure 2-5 reveal that unlike Co/CNT-IWI and Fe/CNT-IWI,
Co/CNT-Fenton and Fe/CNT-Fenton have particles that are well anchored on CNTs that retain their

structural integrity during photo-Fenton process.

21



o
3

d=3.1%£0.5nm

I o I
N w IS
) | 1

Relative Frequency
o

0.0+ -
10 15 20 25 30 35 40 45 50
Particle Size (nm)

I
3

d=2.3+0.4nm

Relative Frequency
o o o
N w J‘s

o
o

0.0 =
1.0 1.5 20 25 30 35 40 45 50
Particle Size (nm)

o
o

d=16.9+3.9nm

Relative Frequency
o o o
N w >

¢
=

"0 5 10 15 20 25 30 35 40 45 50
Particle Size (nm)

s

d=16.5+4.3 nm

Relative Frequency
o o o
I

o

0.0+
0 5 10 15 20 25 30 35 40 45 50

Particle Size (nm)

Figure 2-5 Low- and high-magnification TEM images and corresponding histograms of PSDs
with Gaussian analysis fittings of fresh catalysts: Co/CNT-Fenton (a,b), Fe/CNT-Fenton (c,d),
Co/CNT-IWI (e,f), and Fe/CNT-IWI (g,h).

The TPR profiles of SiO,- and CNT-supported Fe and Co catalysts prepared by IWI and photo-
Fenton process are shown in Figure 2-6. The results show that reduction of catalysts prepared by photo-
Fenton is relatively easier than conventional catalysts synthesized by IWI; this may be due to the

absence of impurities that are typically associated with conventional Co and Fe precursors such as
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nitrate, chloride, and acetate. Post-synthesis treatments like drying and calcination hardly ensure
complete removal of catalyst salts, unless severe thermal treatment is applied, which often lead to
sintering and strong interactions with the catalyst support.” For Co/CNT-Fenton, the profile of the first
peak at 343°C is assigned to the reduction of C0,03 to Co304,*® where the XRD results confirmed the
presence of Co,03; with a hexagonal structure (Figure 2-4). While peak at 380°C is assigned to the
reduction of Co3;04 to CoO and 420°C to the reduction step from CoO to Co’. The TPR profile of
Co/CNT-IWI is much broader, due to the higher agglomeration rate of neighboring particles.*® The
peak at 305°C for Fe/CNT-Fenton is assigned to the reduction of Fe>O3 to FesO4 while peak at 350°C
is assigned to Fe;04 to FeO (wustite) and 386°C to reduction of FeO to Fe’.*® The shift to higher
reduction temperatures for catalysts synthesized via IWI method is attributed to the use of iron nitrate"
* as opposed to the green precursors used in the photo-Fenton process. Ho-TPR results for Fe or Co
supported on silica show a high temperature reduction peak ~640°C, which corresponds to the
formation of metal silicate.*

Table 2-2 shows a summary of the degree of reduction, amount of hydrogen consumed, and
catalyst dispersion obtained from H>-TPR measurements. It is clear from the results that, irrespective
of synthesis method, H> consumption is higher for CNT-supported catalysts than SiO-supported
catalysts, which is consistent with previous studies.'* * However, CNT-supported catalysts
synthesized via photo-Fenton process show H> consumptions that are higher by almost a factor of two
than those synthesized by IWI. In addition, catalysts synthesized by photo-Fenton exhibit the lowest
TPR peaks maximum temperature (7max) ~ 420 and 386°C. On the basis of TPR data, there is a
remarkable improvement in the percentage of catalyst dispersion achieved by photo-Fenton process,
which is in agreement with TEM results (Figure 2-5) that show well-dispersed, small catalyst particles
on CNTs — features that are expected to increase the number of active sites available for FTS reaction.
The TPR and TEM data are in agreement with studies*** that have shown dependence of catalyst

dispersion and reducibility on catalyst support and preparation method.
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Figure 2-6 H,-TPR profiles of prepared catalysts: (a) Fe/CNT-Fenton and Co/CNT-Fenton, (b)
Fe/CNT-IWI and Co/CNT-IWI, and (c) Fe/SiO2-IWI and Co/SiO>-IWI.
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Table 2-2 Summary of hydrogen consumption, degree of reduction, and dispersion ratio for the
different catalysts measured by TPR.

Catalyst Calcination Tmax H>- Diameter @ Dispersion
Temperature (°O) Consumption (nm) (%)
(°cO) (nmol/g-cat)
Fe/CNT-Fenton | Not required 386 285 4.4 21.5
Co/CNT-Fenton = Not required 420 301 4.1 23.3
Fe/CNT-IWI 350 645 145 8.6 11.2
Co/CNT-IWI 350 615 167 7.5 12.90
Fe/Si02-IWI 350 640 115 11.0 8.71
Co/S102-IWI 350 610 135 9.2 10.40

2.3.3 Catalytic Testing

The catalytic activity of Co and Fe catalysts on different supports (CNTs and SiO») prepared by
photo-Fenton and IWI reveal marked differences in catalytic performance (CO conversion, C5+
selectivity, and catalyst stability). Figure 2-7 shows the effect of temperature on CO conversion in a
temperature range of 170 — 240°C for Co/CNT and 190 — 270°C for Fe/CNT; the results are
summarized in Table 2-3. Typically, Co-based catalysts produce long chain hydrocarbons ~230°C
while slightly higher temperatures ~250°C are favorable for Fe-based catalysts that yield short chain
hydrocarbons.*® Our results in Figure 2-7 reveal that CNT-supported Co catalysts tend to have higher
CO conversion at lower reaction temperature (180 —200°C) in comparison to SiO;-supported Co
catalysts. As temperature increases in the range of 190 — 240°C, the CO conversion of Co/SiO>
increases faster than Co/CNT-IWI and Co/CNT-Fenton. The Co/CNT-IWI and Co/CNT-Fenton
catalysts exhibit higher CO conversion and C5+ selectivity at lower temperatures, as low as 180°C,

which is unprecedented for Co/SiO; catalysts. The optimum reaction temperature for Co/CNT-IWI
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was found to be 200°C; however, Co/CNT-Fenton showed a higher CO conversion (~80%) and C5+
selectivity (~70%) at the same temperature. The Co/SiO2-IWI shows a CO conversion of ~90% at a
reaction temperature of 240°C, albeit with a selectivity of C5+ that drops to ~25%.

Operating FTS reaction at higher temperatures (>270°C) lead to higher selectivity of CH4 and
formation of large amount of coke that is associated with deactivation of FTS catalysts.*’>° Given the
exothermicity of FTS reaction, we hypothesize that the difference in thermal conductivity between
CNT and SiO; may be playing a dominant role in the observed difference in activity of catalysts at

different temperatures.’'™?

Given that the high exothermicity of FTS reaction makes it
thermodynamically favorable at low temperatures, it is highly desirable to design FTS catalysts that
can function at low reaction temperatures while maintaining excellent catalytic performance.> Note
that for maximum catalytic activity to be achieved at lower temperature (< 200°C) as shown in this
study, there has to be limited or no heat transfer resistance in the catalyst bed.>* We hypothesize that
the use of CNT networks as catalyst supports minimize the temperature gradient (radial and axial
temperature gradients) across the reactor bed. Conversely, using SiO» as a catalyst support, an inert
diluent material with high thermal conductivity such as SiC (k = 4W/cm.K) is required to enhance

isothermicity of the reaction bed.”> However, achieving uniform mixing in the bed is often challenging

due to the difference in the bulk density of SiC and SiO».
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Figure 2-7 CO conversion and selectivity of liquid hydrocarbon (C5+) as functions of FTS
reaction temperature for catalysts synthesized by photo-Fenton and IWI: (a, b) CNT and SiO»-
supported Co, and (¢, d) CNT and SiO;-supported Fe.

The activity of Fe-based catalysts decrease in the following order: Fe/CNT-Fenton > Fe/CNT-
IWI > Fe/SiO,-IWI (Figure 2-7 and Table 2-3); this observation is in agreement with a study by Cheng
et al.>® whereby Fe/CNT was reported to show a higher CO conversion than Fe/SiO,. The CO
conversion of Fe/CNT-Fenton and Fe/CNT-IWI show almost the same trend. The comparatively lower
catalytic activity of Fe/SiO,-IWI is unsurprising as the TPR data (Figure 2-6) confirm the existence of
strong interactions between Fe and SiO that result in the formation of inactive and unreducible species
(iron silicates).’*>® The reaction rate, CO conversion, and product selectivity after 30 h on stream and

after the system had reached steady state at the optimum reaction temperature for the respective
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catalysts are summarized in Table 2-3. The activity of Co-based catalysts decrease in the same order
observed for Fe. Surprisingly, Co/CNT-Fenton shows outstanding C5+ selectivity at 200°C in
comparison to Co/CNT-IWI and Co/SiO>-IWI. The FTS reaction data are in a good agreement with
those of H>-TPR since Co/CNT-Fenton shows a higher catalyst dispersion (23.3%). The high C5+
selectivity and catalytic activity of Co/CNT-Fenton may be attributed to the green and less aggressive
environment of the photo-Fenton process, which do not only preserve the structural integrity of CNTs,
but also eliminate the calcination step. It has been demonstrated that a high calcination temperature (>
500°C) can change the crystallographic structure of Co catalyst from HCP to FCC phase,” and Co
catalysts with HCP phase have been reported to have a higher catalytic activity than those with FCC.%"-
81 Electron diffraction pattern of Co/CNT-IWI in Figure 2-8a reveal lattice constants of a = 0.36 nm, b
= 0.36 nm, and c= 0.36 nm that correspond to the (111) plane of FCC phase. Conversely, Co/CNT-
Fenton in Figure 2-8b exhibit a phase that is consistent with (100) plane of HCP with lattice constants
of a =0.242 nm, b = 0.242 nm, and ¢ = 0.383 nm. The electron diffraction data confirm that photo-
Fenton process yields HCP Co phase that is catalytically superior in FTS.

Table 2-3 Summary of catalytic activity and C5+ selectivity of Fe and Co catalysts synthesized
by photo-Fenton and IWI deposition techniques.
Catalyst Fe/CNTIWI | Fe/CNT | Fe/SiO, = Co/CNT  Co/CNT @ Co/SiO,
T7=250°C Fenton IWI IWI1 Fenton IWI

T=250°C  J—y500c T=200°C  T=200°C  7—00°C

CO conversion (%) 57 68 35 65 80 41
CH, selectivity (%) 42.0 12.5 45.0 30.5 9.4 38.4
C2-C4 selectivity 10.0 21.6 314 22.0 18.4 35.0
(%)
C5+ selectivity (%) 37.5 62.9 22.0 45.0 70.2 24.0
FTS rate g, /g . /h 0.21 0.26 0.21 0.34 0.39 0.22
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Figure 2-8 High-resolution TEM images of (a) Co/CNT-IWI and (b) Co/CNT-Fenton with their
selected-area electron diffraction patterns as inserts showing a phase consistent FCC for sample
(a) and HCP for sample (b).

Unlike Fe/CNT-Fenton, high selectivity of C1 — C4 products (76 %) is observed with Fe/SiO,-
IWIL. CNT-supported catalysts prepared by photo-Fenton process show a higher CO conversion and
C5+ selectivity in comparison to similar catalyst prepared by IWI (Table 2-3). It is apparent that the
catalytic activity and product selectivity are not only affected by the nature of the support, but also by
the catalyst deposition method, in agreement with Bukur et al.®> The reducibility of Fe catalyst plays a
crucial role in product selectivity, as the partially reduced Fe catalyst behave as a redox catalyst that is
selective for low cut hydrocarbons.®® Our results show that CNT-supported catalysts synthesized by
photo-Fenton are not only characterized by high number of anchoring sites for high catalyst dispersion
but also have high reducibility that ensures long catalyst lifetime. Table S2 and S3 summarize the Fe
and Co catalytic activity for Fenton and IWI approaches. IWI process involves multiple steps including
strong acid treatment to oxidize the CNTs, deposition of catalyst particles on the functionalized CNT
surface using metal salt (such as nitrate) as a precursor, and calcination to remove the precursor salt.

Post synthesis treatments lead to the degradation of CNT structure and an increase in the amount of
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amorphous carbon (see /¢/Ip ratio in Table 2-1), which has been found to cause internal mass transfer
limitation,* and could inhibit the catalytic activity.

A low CHjs selectivity is observed for catalysts prepared by photo-Fenton process (Co/CNT and
Fe/CNT) while catalysts prepared by IWI for both CNT and SiO» show high CHj selectivity. This may
be attributed to the catalyst particle size, as photo-Fenton process yields catalyst particles with average
sizes in the range of 2 — 5 nm (Figure 2-5 and Tables 1 and 2). Although the influence of catalyst
particle size on FTS reaction is still controversial, our data support the theory by Quek et al.%® that
there is a minimum particle size required to maintain step-edge sites needed for facile CO dissociation.
In the absence of step-edge sites, CO dissociation may favor Hs-assisted route.®¢” DFT calculations
by Liu et al.’ suggest that higher step-edge sites of Co catalyst (HCP) prefer the direct dissociation
pathway while lower step-edge sites of Co catalyst (FCC) prefer the H»-assisted pathway. Based on

1.8 hypothesized that the step-edge sites is preferable

quantum-chemical calculations for Ru, Shetty et a
for direct CO dissociation over Hz-assisted dissociation.

The reaction stability of the catalysts after reaching steady state was studied for 30 h (Figure 2-
9). Unlike Co/CNT-Fenton and Fe/CNT-Fenton, Co/CNT-IWI and Fe/CNT-IWI start showing a
decrease in CO conversion rate after 5 h, which may be attributed to loss of active sites. Calculation of
the particle size from XRD and H»-TPR results (Table 2-2) suggest that IWI method yields catalyst

particles that are significantly larger than particles obtained via photo-Fenton method; this may explain

the gradual deactivation of Co/CNT-IWI and Fe/CNT-IWI with time.
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Figure 2-9 Variation of FTS activity and stability with time. (a) CO conversion of CNT- and
SiO;-supported Co catalysts (b) and CNT- and SiO:-supported Fe catalysts as a function of time.

To obtain further insights into the structural evolution of the catalyst during the reaction,
characterization of the used catalysts (after 30h on stream) by TEM and XRD was carried out. TEM
images and corresponding histograms of PSDs with Gaussian fittings of CNT-supported catalysts and
Si0,-supported catalysts are presented in Figure 2-10 and Figure S6, respectively. Co/CNT-Fenton
and Fe/CNT-Fenton catalysts are characterized by high stability, evident by the reduced sintering,
which we attribute to the high catalyst dispersion, absence of a calcination step, and strong anchoring
of catalyst on CNTs. We therefore hypothesize that the above features of photo-Fenton catalysts
effectively impede sintering and extends catalyst lifetime. The XRD patterns (Figure S7) for the used
catalyst reveal the disappearance of the CNT peak at 20 value of 26° probably due to detachment of
particles from CNTs and severe sintering that diminish the signal from CNTs. Also, there is the
emergence of peaks associated with carbides for Fe/CNT-Fenton at 47.6° that is attributed to FesCz and

a small peak of CoC at 42.95° for Co/CNT-Fenton and an intense peak of CO,C for Co/CNT-IWIL.
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Figure 2-10 Low- and high-magnification TEM images and corresponding histograms of PSDs

with Gaussian analysis fittings of used catalysts: Co/CNT-Fenton (a,b), Fe/CNT-Fenton (c,d),
Co/CNT-IWI (e,f), and Fe/CNT-IWI (g,h).

To test the proposed hypothesis of deactivation, a 0.5 g of each catalyst was dispersed in ethanol
under sonication at different times (1, 5, 8, and 10 h). After evaporating ethanol, the remaining particles

(detached from the CNTs surface) were dissolved in Aqua regia solution and measured by ICP
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spectroscopy and the results are shown in Figure 2-11. The detachment of particles increases with time,
for catalyst prepared by IWI, indicating a total loss of 11.5 and 16.0 wt% after 10 h in a continuous
sonication environment for Co and Fe, respectively. On the other hand, photo-Fenton catalysts (Fe,
Co) show high adhesion to CNTs in the sonication environment, evidenced by a total loss of only 3.5
wt% of catalyst after 10 h. The photo-Fenton process is therefore well adapted for depositing well-
anchored particles of narrow diameter distributions on CNTs, which minimizes loss of particles during
sonication or FTS reaction. The high loss of catalyst particles supported on CNTs by IWI (Figure 2-
11) is consistent with TEM data (Figure 2-10); we attribute this phenomenon to the high temperatures
used during post-synthesis treatments and the presence of amorphous carbon deposits on the CNT
surface after aggressive acid treatment. Kundu et al.%” have shown that surface atomic concentration

of functional groups on CNTs decreases with increasing treatment temperature.
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Figure 2-11 Amount of catalyst particles detached from CNTs during mild sonication of
Co/CNT-IWI, Fe/CNT-IWI, Co/CNT-Fenton, and Fe/CNT-Fenton.



2.4 Conclusions

Modified photo-Fenton process offers an efficient and a green environment to oxidize CNTs and
decorate the surface of CNTs with metal nanoparticles in a single step. The photo-Fenton process is
facile, highly scalable, and involves the use of “green” materials: metal hydroxides as catalyst
precursors and H>O; as an oxidant. The process yields CNT-supported Fe or Co nanoparticles that are
well dispersed and highly uniform in the size range of 2 — 5 nm. Following photo-Fenton process, the
CNT structure is preserved, and there is no calcination step required due to the absence of foreign
components that are usually introduced by conventional catalyst precursors. The H>-TPR results reveal
that photo-Fenton process yields small and highly uniform catalyst nanoparticles with high dispersion,
which positively impacts the number of sites available for FTS reaction. In addition to the high catalyst
stability during FTS, photo-Fenton catalysts show high CO conversion (~80% for Co/CNT-Fenton and
65% for Fe/CNT-Fenton) under the same operation conditions. In particular, unlike conventional
catalysts, photo-Fenton catalysts show high selectivity to liquid hydrocarbons (~70% for Co/CNT and
~63% for Fe/CNT) at low reaction temperatures. The photo-Fenton catalysts show a higher stability
with time with no evidence of deactivation after 30h while CNT- and SiO,-based catalysts prepared by
IWI show early deactivation (after 5 h). The deactivation rate of CNT-based catalysts shows direct
correlation with adhesion of catalyst particles on CNT surface. The photo-Fenton process enhances the

anchoring strength of catalysts and provides a promising synthesis route for exploiting the outstanding
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Chapter 3

Gaseous Product Mixture from Fischer-Tropsch Synthesis
as an Efficient Carbon Feedstock for Low Temperature

CVD Growth of Carbon Nanotube Carpets

Reproduced by permission of The Royal Society of Chemistry
http://dx.doi.org/10.1039/C6NR03679A4

Abstract

Low-temperature chemical vapor deposition (CVD) growth of carbon nanotube (CNT) carpets from
Fe and Fe-Cu catalysts using a gaseous product mixture from Fischer-Tropsch synthesis (FTS-GP) as
a superior carbon feedstock is demonstrated. This growth approach addresses a persistent issue of
obtaining thick CNT carpets on temperature-sensitive substrates at low temperatures using a non-
plasma CVD approach without catalyst pretreatment and/or preheating of the carbon feedstock. The
efficiency of the process is evidenced by the highly dense, vertically aligned CNT structures from both
Fe and Fe-Cu catalysts even at temperatures as low as 400°C — a record low growth temperature for
CNT carpets obtained via conventional thermal CVD. The grown CNTs exhibit a straight morphology
with hollow interior and parallel graphitic planes along the tube walls. The apparent activation energies
for CNT carpet growth on Fe and Fe-Cu catalysts are 0.71 and 0.54 eV, respectively. The synergistic
effect of Fe and Cu show a strong dependence on the growth temperature, with Cu being more
influential at temperatures higher than 450°C. The low activation energies and long catalyst lifetimes
observed are rationalized based on the unique composition of FTS-GP and Gibbs free energies of the
component gases. The use of FTS-GP facilitates low-temperature growth of CNT carpets on traditional
(alumina film) and nontraditional substrates (aluminum foil) and has the potential of enhancing CNT

quality, catalyst lifetime, and scalability.
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3.1 Introduction

To harness the outstanding properties of carbon nanotubes (CNTs) in applications that require
vertically aligned CNT structures (or "CNT carpets") to be grown directly on temperature-sensitive
substrates, the compatibility between the growth process and the targeted technology is critical. The
widely preferred catalytic chemical vapor deposition (CCVD) process '~ used for CNT growth requires
undesirably high temperatures. Therefore, research efforts continue to focus on the modification of the
CCVD process to allow for efficient and controlled CNT carpet growth at low temperatures. CNT
carpets directly grown on specific substrates with low temperature tolerance are highly desired in
important applications. As examples, aluminum and glass substrates have a temperature tolerance of
~550°C and a strain point at 550°C, respectively. CNT carpets supported on aluminum can be used as
hybrid electrodes in electric double layer capacitors (EDLCs)* while CNT carpets supported on glass
are promising field emitters.” In addition, the integration of CNTs with complementary metal-oxide
semiconductor (CMOS) technology will require lowering the growth temperature to or below 400°C
to prevent mechanical deterioration of the low dielectric constant of inter-metal materials in the device
structures.® Although there have been numerous reports on CCVD growth of CNTs at low
temperatures,”® the growth of CNT carpets of good quality below 450°C via conventional thermal

CCVD process remains a challenge.

Based on the generally adopted carbon filament growth model (derived from the vapor-liquid-
solid theory developed by Wagner and Ellis)’ used for describing CNT growth via CCVD, there are
three critical and relatively independent steps involved in the growth process.'” The first step is the
dissociation of the carbon precursor on the catalyst surface to form carbon atoms, followed by the
diffusion of the carbon atoms through the particle to the end of the initially formed cap where the
attachment to the particle is strong. The third step involves the incorporation of carbon atoms into the

ends of the cap to form a well-organized CNT structure. These steps are heavily dependent on
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temperature. For low-temperature growth via CCVD, the dissociation of the carbon precursor has been
identified as the rate-limiting step.'®'! Consequently, a number of strategies aimed at overcoming this

reaction barrier have been explored such as the use of bimetallic catalysts,® relatively unstable carbon

13-15 16,17

precursors,'? plasma atmospheres from a variety of sources, metal-support interactions, and
preheating of the precursor gas mixture.!! As delineated below, reports on low-temperature growth of

CNTs usually involve the implementation of one or a combination of these strategies.

CNT carpets have been widely synthesized by plasma-enhanced CVD (PECVD) at temperatures
below 450°C.'*!8 Also, low-temperature growth of CNT carpets in the range of 350—440°C has been
achieved by a photo-thermal CVD process using high power optical sources to provide energy for the
decomposition of the precursor on the growth surface.!” Using engineered Ni catalyst (annealed at
400°C), Noda and coworkers®® demonstrated the growth of CNT carpets at 400°C by CVD using
acetylene as the carbon feedstock. Although these growth processes yield CNT carpets at low
temperatures, the additional steps and equipment involved may present scalability issues; in the case
of PECVD, the impingement of high-energy radicals generated by the plasma on the substrate creates

substantial structural defects on the CNTs.>!32! 22

In the case of conventional thermal CVD, binary-layered catalysts such as NiCo, CoMo,*
FeMo,?* FeNi,?*?¢ FeAl,”” CoTi,””*’ and FeCu®?**" have shown higher catalytic activity at relatively
low temperatures in comparison to their pristine counterparts (Co, Fe, and Ni). Quantum mechanical
studies of the CNT growth process have rationalized the special catalytic properties of bimetallic
catalysts to be due to the role the different metal components play in the nucleation and growth
processes.’! Low-temperature growth of CNT carpets has also been achieved using a combination of
a mono-, bi- or trimetallic catalyst and relatively unstable carbon precursors such as acetylene and
cyclopentene oxide;'>*! these carbon precursors are characterized by low thermal stability due to the

weak 1 bonds between the carbon atoms. Nessim et al.'' demonstrated that by appropriately preheating
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the gas mixture and ensuring good catalyst-substrate interactions, high-quality CNT carpets can be
grown on conductive substrates at 500°C. The thermal excitation of molecules during preheating of
the carbon precursor has been shown to effectively enhance CNT growth at low temperatures from
binary catalysts (Fe/Al and Co/Ti) supported on glass.>” We note that for conventional thermal CCVD,

growth temperatures higher than 400°C are usually required for CNT carpet growth.

Here, we propose a new thermal CCVD approach for the efficient growth of CNT carpets on
traditional and nontraditional substrates at low temperatures. The approach involves the use of a
gaseous product mixture from Fischer-Tropsch synthesis (FTS) process (hereinafter referred to as FTS-
GP) as a carbon feedstock. FTS is an environmentally friendly approach used in industry for the
conversion of syngas (CO and H»), usually obtained from low-value natural gas, biomass, and coal, to
high-value hydrocarbon liquid fuels over Fe or Co catalysts. The typical CO conversion to C5+
(desirable products) during FTS is 70 — 80% and the rest of the undesired products, which constitute
FTS-GP, are light hydrocarbons (C1 to C3 saturated and unsaturated hydrocarbons) and unconverted
CO and Ha. Some of the FTS-GP mixture is used as a fuel gas while the rest is sent to the flare unit
and treated as waste gases. Additionally, the hydrocracking unit in oil refineries also produce FTS-
GP*? as a side product, which is similarly treated as waste gases. Therefore, there are several potential
benefits of using FTS-GP as a standard carbon source for CNT growth. First, this approach is expected
to enhance sustainability of the growth process and lower the cost of producing scalable amounts of
CNTs. Second, the unsaturated hydrocarbons with low energy covalent bonds present in FTS-GP can
initiate the thermal decomposition of the more stable saturated hydrocarbons that make up more than
50% of FTS-GP, thus enabling efficient CNT carpet growth at record low temperatures from a
monometallic catalyst supported on traditional and nontraditional substrates. Third, the low CO partial

pressure in FTS-GP favors a reaction with hydrogen, which could produce water that oxidizes excess
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carbon and amorphous carbon from the catalyst surface, thus extending the catalyst lifetime in

accordance with the mechanism proposed for “supergrowth.”3334

3.2 Results and Discussion

The use of FTS-GP as a carbon feedstock for CNT carpet growth in the presence of Fe and Fe-Cu
catalysts has enabled significant reduction in the growth temperatures of CNT carpets by CCVD. The
composition of FTS-GP used in this study is as follows: CH4 (30%), CoHs (8%), CoHa (6%), C3Hg
(5%), C3Hs (2%), Hz (40%), CO (5%), and N2 (4%). It should be noted that the reaction conditions
used during FTS process determines the composition of FTS-GP. The above composition broadly
represents a typical product mixture from FTS**7 and is consistent with the product distribution
reported by Emerson Inc.*® Figure 3-1 panels A — H show representative scanning electron microscopy
(SEM) images of CNT carpet morphologies grown at different temperatures (400, 450, 500, and
550°C) on alumina-supported Fe and Fe-Cu catalysts. The efficiency of the low temperature growth
process using FTS-GP is illustrated by the highly dense vertically aligned CNT structures produced on
both catalysts even at a record low temperature of 400°C. Even though CNT length and density

decrease with decreasing growth temperature,'>'**

as evidenced by the difficulty in achieving growth
of CNT carpets at temperatures below 450°C,3!%?® the use of FTS-GP resulted in CNT carpets of

relatively high density and uniform coverage on the substrate with heights up to a few micrometers at

400°C after 60 min.
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Fe-Cu, 450°C

ke, S5(8C Fe-Cu, 550¢C

Figure 3-1 CNT carpets grown at low temperatures using FTS-GP for 1h. SEM images of carpets
grown on AlLOy/Fe at 400°C (A), AlxOy/Fe-Cu at 400°C (B), AlOy/Fe at 450°C (C), Al\Oy/Fe-Cu

at 450°C (D), AL,O,/Fe at 500°C (E), Al,O,/Fe-Cu at 500°C (F), Al,O,/Fe at 550°C (G), and
ALLO,/Fe-Cu at 550°C (H).
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The Raman spectra of as-grown CNT carpets from Fe and Fe-Cu catalysts at 400, 450, 500, and
550°C are presented in Figure 3-2. The spectra exhibit unambiguously the characteristic modes of
CNTs: the disorder-induced mode (D-band) at ~1345 cm! that is attributed to defects, and a tangential
stretch mode (G-band) at ~1593 cm that is due to the highly oriented hexagonal lattice of graphite
whose intensity and width are related to the crystallinity of CNTs. The shoulder peak at ~1600 cm-'
(D' line)***! on the G-band that is usually induced by disorders in the CNTs is generally absent in the

spectra, indicating the decent quality of the CNTs produced from FTS-GP at low temperatures.

400°C, Fe-Cu

400°C, Fe

450°C, Fe-Cu

450°C, Fe

500°C, Fe-Cu

Intensity (Arb. Unit)

550°C, Fe-Cu

550°C, Fe

1000 1250 1500 1750 2000
Raman Shift (1/cm)

Figure 3-2 Raman spectra of CNT carpets grown on AliOy/Fe (black) and AliOy/Fe-Cu (red) at
different temperatures under excitation of 532 nm laser.

47



The integrated G- and D-band intensity ratio (/c//p) is used as an index to evaluate the quality of
CNTs produced. Figure 3-3A shows the dependence of //Ip on the growth temperature. As expected,
there is increased graphitization of the CNTs with growth temperature as shown by the increasing /c/Ip.
Figures 3B and C show the dependence of the product yield and the maximum CNT carpet height after
30 min on growth temperature; in general, these CNT carpet properties increase with the growth
temperature and the superior catalytic behavior of Fe-Cu is evident. Figures 3A, B, and C reveal that
the dependence of the CNT carpet properties on the growth temperature appears to have two distinct
regimes. The first regime occurs below 450°C where the effect of Cu promoter on CNT carpet growth
is low, evidenced by the slight increase in I6/Ip, product mass, and CNT carpet height, while the second
occurs above 450°C where the presence of Cu promoter leads to marked enhancement in the carbon
yield and CNT quality. The existence of similar growth regimes at low temperatures has been reported
for alcohol CVD growth of CNTs with bimetallic and trimetallic catalysts whereby a sudden increase
in the product mass occurred above 400°C.” There is a moderate linear correlation between carpet
height or product mass and growth temperature (Figures 3B and C). The CNT carpet height obtained
after 30 min is higher for Fe-Cu than Fe catalysts at all temperatures (400, 450, 500, and 550°C); it
increases from 2.4 pm at 400°C to 21.2 um at 550°C for Fe catalyst and from 3.6 um at 400°C to 26.6
um at 550°C for Fe-Cu. The enhanced catalytic activity of Fe-Cu catalysts has been attributed to the
special role played by Cu as a promoter, by enhancing the stability and reducing the reduction
temperature of Fe.®*>* The striking difference in the activity of Fe-Cu and Fe catalysts in our work,
especially at temperatures higher than 450°C, suggests that the synergistic effect between Fe and Cu
is temperature dependent as it appears to be highly favorable beyond 450°C. We therefore conclude
that the CNT carpet growth efficiency observed at 400 and 450°C, temperatures where the role of Cu

appear to be weak, is largely due to the unique properties of FTS-GP. Note that the use of acetylene,
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the conventional precursor for low-temperature growth, seldom yields CNT carpets at 400°C using a

standard monometallic catalyst.”*!172%2844 These results provide strong evidence of the high suitability

of FTS-GP as a carbon feedstock for efficient low-temperature growth of CNT carpets.
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Figure 3-3 CNT carpet properties after 30 min of CVD process over Fe and Fe-Cu catalysts.
Quality of CNT carpets (Ig/Ip) as a function of growth temperature (A). Product mass obtained
on catalysts as a function of growth temperature (B). CNT carpet height as a function of growth
temperature (C). CNT carpet quality (/c/Ip) and yield or density (Ic/Isi) as a function of the Cu
thickness in AlxOy/Fe-Cu catalyst (D).

To determine the optimum Cu thickness in Fe-Cu catalyst, we conducted low-temperature growth
on the catalysts with different nominal thicknesses of Cu in Cu/Fe layers corresponding to 0.1/1.0,
0.2/1.0, 0.3/1.0, and 0.35/1.0 (nm/nm). Prior to optimizing the Cu layer thickness, we reversed the
sequence of Cu and Fe depositions to investigate how the stacking order of the metallic layers on AlxOy

affects the growth of CNT carpets. As shown in Figure S1, the catalyst configuration with the Cu layer
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sandwiched between Fe and AlcOy resulted in a higher activity, and consequently, this catalyst
configuration was used throughout this study. The optimization of the Cu layer thickness was based
on the CNT carpet coverage on the substrate and the CNT carpet density, determined from their Raman
spectra by comparing the ratio of the phonon peak intensity of Si at 520 cm™ and the G-peak intensity
at ~1593 cm™'. As shown in Figure 3D, the density and quality of CNTs produced depend on the Cu
fraction in Fe-Cu catalysts, with highest CNT quality and density (corresponding to the highest /c/Ip
and /g/Isi) at Cu thickness of 0.12 nm. Using Cu layers with higher thickness (> 0.12 nm) results in a
progressive decrease in Ic/Ip and Ig/lsi, possibly due to the changes in the carbon solubility and
diffusion in the catalysts. The XPS survey scans of Fe and Fe-Cu catalysts with the optimal Cu
thickness after exposure to CNT carpet growth conditions are presented in Figure S2; the composition
for Fe-Cu is determined to be ~10 at% Cu and ~90 at% Fe, which is somewhat consistent with the
optimum Cu ratio (10-20 wt%) reported by Wielers et al.** for FTS reaction. The result is also in

agreement with the work of He et al.?

whereby the growth of high-quality SWCNTs was achieved
only for catalysts with the optimum Fe and Cu concentrations. The observed decrease in the activity
of Fe-Cu with increasing Cu thickness (> 0.12 nm) is attributed to the disappearance of the active
species on the surface of the bimetallic catalyst; this is consistent with the disappearance of islets of

the active Fe phase on the catalyst surface with increasing ratio of Cu beyond the optimum amount, as

demonstrated by Wielers et al.*

The microstructure of the as-grown CNT carpets was characterized by transmission electron
microscopy (TEM). Panels A and B of Figure 3-4 show representative images of CNTs grown from
Fe catalysts at 400°C while images of CNTs grown from Fe-Cu catalysts are shown in panels C and
D; the images reveal the high purity of the CNT arrays. As further demonstrated by the high-resolution

TEM images in Figure 3-5, the CNTs exhibit a tubular morphology and well-aligned graphitic sheets
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that are parallel to the tube axis, with a distinct inter-wall spacing of ~0.34 nm, in agreement with the

standard spacing.

Figure 3-4 TEM micrographs of CNTs grown at 400°C over AlOy/Fe (A and B) and Al,Oy/Fe-
Cu (C and D) catalysts after 1 h.
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Figure 3-5 High-resolution TEM micrographs of CNTs grown at 400°C over AlOy/Fe (A and B)
and AliOy/Fe-Cu (C and D) catalysts after 1 h. Panels B and D illustrate the hollow interior,

parallel graphitic planes along the tube walls; the insets show the distinct inter-wall spacing of
~0.34 nm.

The outer average CNT diameter [mean + standard deviation (sigma)] from TEM analysis for
CNTs grown on Fe and Fe-Cu catalysts at 400°C are 7.8 = 3.4 and 15.6 £ 3.0 nm, respectively; the
corresponding inner diameter of CNTs from Fe is 3.3 + 0.5 nm while for CNTs from Fe-Cu is 5.12 +
1.2 nm. We note that the high-resolution images of CNT carpets grown at 400°C reveal some defect

features on the walls that completely disappear at 500°C due to improved crystallinity, as evidenced
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by the TEM images in Figure 3-6. The inset histogram shows the CNT outer diameter distributions for
CNTs grown on Fe and Fe-Cu catalysts with their Gaussian fits and respective means and standard
deviations of 4.4 + 0.77 and 5.6 = 1.69nm. The average CNT diameters follow the trend observed at
400°C with CNTs grown on Fe-Cu having a larger diameter than CNTs from Fe. However, the overall
structure of CNTs obtained at 400°C is still comparable to CNT structures obtained at higher
temperatures (> 450°C).”'”?® The Raman and TEM data confirm the decent quality of CNTs produced

at 400°C from FTS-GP on Fe and Fe-Cu catalysts.
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Figure 3-6 TEM micrographs of CNTs grown at S00°C over AlOy/Fe (A and B) and Al,Oy/Fe-
Cu (C and D); their corresponding high-resolution micrographs are shown in panels B and D.
(E) CNT diameter distribution obtained from Fe and Fe-Cu catalysts and their Gaussian fits
with means of 4.4 nm and 5.6 nm, respectively [sigma (Fe) = 0.77, sigma (Fe-Cu) = 1.69].

Next, our focus shifts to the kinetics of the growth process with FTS-GP. Figure 3-7 shows
profiles of the average carpet height as a function of growth time at 400, 450, 500, and 550°C for Fe
catalyst (panel A) and Fe-Cu catalyst (panel B) as measured by SEM. The carpet height increases
somewhat linearly with time up to the lifetime of the catalyst. The lifetime is defined as the duration
until growth termination occurs. For both catalysts, there is a slight increase in the slope of the curve
as the temperature increases, and the tallest carpets after 75 min were 27.3 um for Fe-Cu and 21.2 pm

for Fe at the highest growth temperature (550°C). The profiles also reveal that the lifetime of the
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catalysts at the different temperatures is ~60 min except for Fe-Cu catalyst at 500 and 550°C that
continue to show slight activity up to 75 min. The apparent long lifetime and higher activity observed
for Fe-Cu catalyst at these temperatures are consistent with the improved synergistic effect of Cu at
higher temperatures (Figure 3, panels B and C). The reported CNT growth rates for temperatures in
the range of 450 — 550°C using conventional carbon sources are between 0.1 and 0.15 pm/min;®
although the growth rates observed in this study are quite comparable, growth with Fe-Cu catalysts at
550°C shows a higher growth rate of 0.77 pm/min. This result further confirms the synergistic effect

of Fe and Cu.
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Figure 3-7 Average CNT carpet height as a function of time for growth conducted at 400, 450,
500, and 550°C over Al Oy/Fe (A) and Al Oy/Fe-Cu (B) catalysts. Arrhenius plots for CNT carpet
growth on AliOy/Fe-Cu and AlLOy/Fe catalysts with estimated apparent activation energy, E, of
0.72 and 0.54 eV, respectively (C).
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The apparent activation energy (£.) has been computed using the Arrhenius equation, k =
Aexp (— g—;), whereby £ is the reaction rate constant, A is the frequency factor, T is the temperature,

and R is the gas constant. Since the composition of the reactant gas mixture and the flow rates were
kept constant, we have assumed that the growth rate of the carpets is directly proportional to the rate
constant (k). The growth rate is defined as the slope from the fitting curve of carpet height as a function
oftime. The Arrhenius plots of the natural logarithms of CNT growth rate as a function of the reciprocal
of temperature are shown in Figure 7, panel C. From the slopes of the linear fits to the data, £, for CNT
carpet growth on Fe and Fe-Cu catalysts are estimated to be 0.71 and 0.54 eV, respectively. The E,
reported for thermal CVD is in the range of 1.2 — 1.5 eV while E, for PECVD is in the range of 0.2 —
0.8 eV.* The E, values obtained in this study are lower than those typically reported for thermal CVD
growth with monometallic catalysts,*® and in fact, are comparable to E, values reported for thermal
CVD with bimetallic catalysts* or PECVD.'® We attribute the low E, values in our study to the unique

properties of FTS-GP.

19,29,47-52 in

We compare our low-temperature growth results to several related published papers
Table 3-1. The table summarizes the type of CVD, carbon feedstock, the lowest CNT growth
temperature achieved, and the corresponding CNT morphology for the respective studies. It is clear
that the growth of aligned CNT structures (or CNT carpets) below 400°C has so far been achieved
mainly by PECVD and photo-thermal CVD" processes. Conversely, for conventional thermal CCVD,
the growth for the most part yields unaligned CNT structures. However, our results demonstrate that

the use of FTS-GP as a carbon precursor in thermal CVD enables the growth of CNT carpets below

the standard low-temperature range of 450 — 550 °C.
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Table 3-1 Summary of studies on low temperature growth of CNTs.

CVD Method Carbon Feedstock | Catalyst Growth CNT Morphology | References
Temperature {°C)
Thermal CVD C,H, or CH;0H Co-Fe or Ni-Co-Fe 400 Unaligned Ref. 7
Thermal CVD C,H, Fe-Cu 450 Unaligned Ref. 8
Thermal CVD C,H, & CO, Fe-Co 400 Unaligned Ref. 12
Thermal CVD C,H, Cu 500 Unaligned Ref. 16
Thermal CVD C,H, Ni 550 Unaligned Ref. 47
Thermal CVD C,H, Cu-Al 500 Unaligned Ref. 48
Thermal CVD C2H2 Ni—P—Pd 400 Unaligned Ref. 52
Thermal CVD C,H, (preheated) Fe 400 Aligned Ref. 11
Thermal CVD C,H, Co-Ti 550 Aligned Ref. 27
Thermal CVD C,H, Co-Ti 450 Aligned Ref. 28
Thermal CVD C,H, (preheated) Co-Ti 450 Aligned Ref. 29
Thermal CVD C,H, Co-Al-Mo 450 Aligned Ref. 17
Thermal CVD C,H, Ni (annealed) 400 Aligned Ref. 21
Thermal CVD FTS-GP Fe or Fe-Cu 400 Aligned This Work
Photo-thermal CVD | C,H, Fe-Al-Tin 350 Aligned Ref. 19
Plasma CVD CH, Fe 400 Unaligned Ref. 13
Plasma CVD CH, Ni 520 Unaligned Ref. 49
Plasma CVD C,H, Co-Mo 450 Aligned Ref. 44
Plasma CVD CH, Co 400 Aligned Ref. 46
Plasma CVD CH, Ni 400 Aligned Ref. 50
Plasma CVD CH,& CO, Fe 330 Aligned Ref. 51

FTS-GP is a highly suitable and versatile carbon feedstock for CNT carpet growth, as further
evidenced by our ability to conduct CNT carpet growth at low temperatures on nontraditional and
temperature-sensitive substrates. In particular, CNT carpet growth was achieved from a 2 nm-thick Fe
catalyst deposited directly on aluminum foil (Figure 3-8A) and on aluminum foil with a 30 nm-thick
amorphous AlOy barrier layer (Figure 8B) at 450°C, which is well below the melting point of
aluminum. Based on the SEM images (Figure 8) and Raman spectra (Figure S3), it can be concluded
that the properties of the CNT carpets obtained at 450°C from catalyst deposited directly on aluminum
are comparable to carpets obtained from the standard CNT carpet catalyst (AlxO,/Fe).”*** In general,
CNT carpet growth on metals using conventional carbon precursors typically requires the use of a

barrier layer to prevent interdiffusion and catalyst poisoning.” The presence of an insulating barrier
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layer in the supported catalyst structure is expected to increase the substrate/CNT contact resistance,
thus limiting the applications of the CNT carpets. Note that although the direct growth of CNTs on
aluminum has been achieved by direct electrochemical deposition of Ni catalyst on aluminum
(without the use of barrier layers), the resulting CNT growth, however, was unaligned.’® Our results
reveal that the use of FTS-GP as a carbon feedstock can broaden the substrates used for CNT carpet

growth.

Figure 3-8 FESEM images of CNT carpets grown at 450°C on aluminum foil with Fe catalyst
directly deposited on aluminum (A), and Fe catalyst deposited on aluminum with a 10 nm-thick
AlOy barrier layer (B).

To understand the role of FTS in achieving low-temperature growth, it is necessary to consider
the contributions of the individual components in the mixture. From the composition of FTS-GP stated
earlier, a high fraction (> 50 vol%) of the carbon-containing species is composed of CH4, which is
highly stable. Unlike CH4, the decomposition of the unsaturated hydrocarbon components (C>Hs and
Cs3Hg) requires much less energy. The unsaturated hydrocarbons have more negative free energy in
comparison to saturated hydrocarbons due to the presence of easily disrupted m-bonds in their
structure.’’ The thermal stabilities of the various components of FTS-GP are evaluated based on the
reported Gibbs free energies as a function of temperature.® Under our growth conditions at low

temperatures, we hypothesize that the unsaturated hydrocarbons are easily decomposed to form
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unstable free radicals that attack the saturated hydrocarbons and promote their decomposition at
temperatures that would otherwise have been unfavorable. The decomposition reactions create a higher
carbon-feeding rate, which can lead to faster deactivation of the catalyst nanoparticles. However, the
Fe and Fe-Cu catalysts used in our study are generally characterized by reasonably long lifetime; we
attribute this observation to the oxidative removal of excess carbon and amorphous carbon by water
produced from CO dissociation in accordance with the mechanisms proposed for
“supergrowth.”333435 It has been shown that the dissociation of CO has two distinct pathways
depending on the partial pressure of CO. At higher partial pressure of CO, the dissociation is favored
at less negative free energy (-70 kJ/mole) and high reaction temperature is required (> 600°C) to
achieve the self-disproportionation reaction (also known as the Boudouard reaction)’”*° as shown in

Equation 1.
CO+CO) & C(5+COx (1)

Conversely, at low partial pressure of CO, which is similar to our reaction condition (5 vol%), the
reaction is favored at a more negative free energy value of -90 kJ/mole, and the required dissociation

temperature is above 400°C in the presence of hydrogen as shown in Equation 2.%7¢!
COtHag & H20+Ces) (2)

We therefore propose the following mechanism to explain the role of FTS-GP in low-temperature
growth as depicted in the schematic in Figure 3-9. First, the unsaturated hydrocarbons dissociate
forming unstable radicals (CH3*, C;H3* and CoHs*) that attack the more stable saturated hydrocarbon
in the mixture (CHa, C2He, and C3Hsg) promoting a high carbon feeding rate to the catalyst. Second, the
low concentration of CO (5 vol%) in FTS-GP favors the reaction with hydrogen to release energy (-90
kJ/mole) and form water that oxidizes excess carbon or amorphous carbon impurities generated by

hydrocarbon dissociation and the carbon supplied by the reaction between CO and H» (Equation 2).
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Figure 3-9 Proposed mechanism to explain the role of FTS-GP in low-temperature growth of
CNT carpets. The Gibbs free energies for the decomposition reactions of CH4, C2Hs, C3Hs, C2Hy,
and Cs3;Hg are 20, -35, -80, -300, and -410 kJ/mol, respectively (Ref. 58).

In summary, we present a new CCVD approach for efficient low-temperature growth of CNT
carpets of good quality on traditional and nontraditional substrates using an industrial waste gas
mixture (FTS-GP) as a carbon feedstock. The efficiency of the process is evidenced by the growth of
highly dense, vertically aligned CNT structures from both Fe and Fe-Cu catalysts at 400, 450, 500, and
550°C. The CNTs produced even at a record low temperature of 400°C consist of well-aligned
graphitic sheets and exhibit a straight morphology with hollow interior and parallel graphitic planes
along the tube walls. The synergistic effect of Fe and Cu show a strong temperature dependence, with

Cu being more influential at temperatures greater than 450°C. The apparent activation energies for
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CNT carpets grown on Fe and Fe-Cu catalysts are 0.71 and 0.54 eV, respectively. The low activation
energies, long catalyst lifetimes, and the growth of CNT carpets at 400°C, where the influence of Cu
is low, are attributed to the unique composition of FTS-GP. Our growth results also reveal that FTS-
GP is not only an efficient carbon feedstock but also a versatile feedstock that support CNT carpet
growth on aluminum foil. This new CCVD approach is expected to broaden CNT growth substrates,

enhance sustainability of the process and CNT scalability.

3.3 Experimental Details

The catalysts used were Fe supported on amorphous alumina (AlOy/Fe) and a binary-layered
catalyst (Fe-Cu) supported on alumina (Al Oy/Fe-Cu). The nominal thickness of the Fe, AlLOy, and Cu
films were 1.3, 30, and 0.12 nm, respectively; all the films were deposited by an ion beam sputter
deposition and etching system (IBS/e, South Bay Technology). The metal targets were etched using a
voltage of 5 kV and a current of 3 mA for 2 min to remove the native oxide layer prior to deposition.
Two configurations of AliO,/Cu/Fe catalysts were investigated based on the sequence of Fe and Cu
depositions. In the first case, the thin layer of Cu was deposited prior to the Fe layer and in the second
case, the sequence was reversed. All the films were deposited on Si (100) substrates with a native oxide
layer (P type and B-doped) at 10 Torr chamber pressure without exposing the films to air between
depositions. The thicknesses of the films deposited were measured by a quartz crystal thickness
monitor and corroborated by height profile measurements using atomic force microscopy (AFM). The
FTS-GP mixture used as carbon source was supplied by Matheson Inc with the following composition:

CHs (30%), C2Hs (8%), CaHy (6%), C3Hs (5%), C3He (2%), Ha (40%), CO (5%), and Na (4%).

CNT growth was carried out at atmospheric pressure using the EasyTube 101 CVD system (CVD
Equipment Corporation); it is equipped with several important features including a LabView-based

process control software, a static mixer for optimum gas mixing, and a control system for precise
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temperature control. A typical growth run involved heating the catalyst sample to the desired
temperature (400, 450, 500, or 550°C) at a rate of 45 °C/min in flowing Ar atmosphere. At the growth
temperature, the catalyst was exposed to a copious amount of H> in combination with Ar for 10 min to
reduce the catalyst; the respective flow rates were 250 standard cubic centimeters per minute (sccm)
H> and 250 sccm Ar. Thereafter, CNT growth was initiated by introducing the growth gas mixture (100
sccm FTS-GP and 1000 sccm Ar) for various times. At the end of the growth run, the samples were
rapidly cooled in H» followed by slow cooling to room temperature in 700 sccm Ar. The product mass
was determined by weighing the substrate before and after CNT growth. Representative temperature
profiles of the CVD furnace obtained from the process control software (CVD WinPrC™) are presented

in Figures S4 and S5.

The morphologies and microstructures of the grown CNTs were studied using field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). For TEM
imaging, a small amount of CNT carpet sample was mechanically exfoliated from the substrate and
dispersed in isopropanol via ultrasonication. A drop of the homogeneous suspension was deposited on
a holey carbon TEM grid and examined by TEM using an FEI Talos TEM at 120 and 200 KV. The
growth products were further characterized by Raman spectroscopy using a laser excitation wavelength
of 532 nm. X-ray photoelectron spectroscopy (XPS) was used to determine the chemical composition
of the catalysts. The XPS spectra were recorded on a KRATOS spectrometer using Al Ka (hv=1486.69
eV) X-ray source. Survey scans were acquired at a pass energy of 160 eV. Each region was background

corrected using a Shirley background.®
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Chapter 4

Catalytic CVD Growth of Millimeter-Tall Single-Wall Carbon Nanotube

Carpets Using Industrial Gaseous Waste as a Feedstock

Reproduced by permission of Elsevier
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Abstract

A gaseous product mixture from Fischer-Tropsch synthesis (FTS-GP) was utilized as an efficient
feedstock for growth of high-quality, well-aligned single-wall carbon nanotube (SWCNT) carpets of
millimeter-scale heights on Fe and (sub) millimeter-scale heights on Co catalysts via chemical vapor
deposition (CVD). Although the SWCNT carpets were grown over a wide temperature range (between
650 and 850°C), growth conducted at optimal temperatures for Co (850°C) and Fe (750°C) yielded
predominantly SWCNTs that were straight and clean, with sidewalls largely free of amorphous carbon.
Growth on Fe is characterized by a relatively high growth rate (~50 um/min) and long catalyst lifetime
(> 90 min), with the catalyst showing no decay of activity, while growth on a Co catalyst shows a
lifetime of ~60 min, with a slower growth rate of ~7um/min. The resulting area densities of SWCNT
carpets grown on Fe and Co, determined by the weight-gain method, were 1.0 x 10'> and 6.0 x 10"
cm™, respectively — among the highest achieved for SWCNT carpets on standard catalysts. Unlike
SWCNT carpet growth involving conventional feedstocks, growth rate and density of SWCNTSs on Fe

are less sensitive to the FTS-GP fraction and thus allow for relatively easy optimization and scale-up.
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4.1 Introduction

The emergence of single-wall carbon nanotube (SWCNT) carpets, consisting of self-aligned
SWCNTs grown via chemical vapor deposition (CVD) from closely packed catalyst nanoparticles on
a substrate has created new application opportunities in important areas such as nanofiltration
membranes, energy storage devices, “gecko” adhesives, thermal management, and composites.'”
Unlike multi-walled carbon nanotube (MWCNT) carpets, conditions for efficient growth of SWCNT
carpets via catalytic CVD are quite stringent and typically require specific catalyst configuration (type
and thickness of supporting and active layers) and feedstocks.*” The initial report on SWCNT carpet
growth by Murakami ef al ® and the subsequent groundbreaking discovery of water-assisted CVD (or
‘supergrowth’)’ were significant steps toward growth of SWCNT carpets. Both reports employed an
oxidant (hydroxyl group in alcohol® or water vapor as an additive to the hydrocarbon’) to achieve
vertically aligned SWCNT growth. However, poor control of SWCNT carpet density, diameter, and
chirality, as well as limited catalyst lifetime during growth are major obstacles still impeding
applications. To maximize SWCNT growth rates and catalyst lifetimes, research activities have
focused primarily on rational catalyst design, and control of nucleation and growth processes at the

10-15

catalyst site while less attention has been paid to innovating the carbon feedstock.

Standard carbon feedstocks used in catalytic CVD for SWCNT carpet growth are C;HsOH > % 1€,
C,Ha,”'7 and CoH,.* 71819 CVD processes involving these feedstocks can be classified into three types:
alcohol CVD, supergrowth, and conventional CVD utilizing a pure hydrocarbon in the absence of an
oxidant. Although these feedstocks are known to produce high-quality SWCNT -carpets, their
implementation requires tight process control and extensive optimization. First, SWCNT carpets
obtained by alcohol CVD are either limited in height *?° or only obtained with a specific catalyst type
(usually Co or its alloys). Additional steps, such as preheating the feedstock at higher temperatures,

are usually required to obtain millimeter-tall SWCNT carpets.>'® Moreover, Xiang et al.*
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demonstrated that SWCNT carpet growth by alcohol CVD requires the addition of CoH> to the growth
mixture to maintain the optimum ratio between oxygenated byproducts and the amount of carbon
required to initiate CNT growth. Second, in the case of supergrowth, whereby a miniscule amount of
water is added to the growth gas to dramatically enhance catalyst activity and result in ultralong
SWCNT,’ 222* a precise process control is required as the water concentration needs to be maintained
within a narrow range (20 — 500 ppm). Third, conventional CVD with a pure hydrocarbon feedstock
(C2H2 or CoHy) is characterized by low growth rate and short catalyst lifetime, making the growth

process highly inefficient.” %

In this study, we demonstrate the growth of highly dense, well-aligned SWCNT carpets of
millimeter-scale heights on Fe and (sub)millimeter-scale heights on Co catalysts using a gaseous
product (GP) mixture from Fischer-Tropsch synthesis (FTS) as a feedstock (hereinafter referred to as
FTS-GP). FTS-GP is a waste gas mixture that results from an environmentally friendly process (FTS)
used in industry for the conversion of syngas (CO and H>), usually obtained from low-value biomass,
natural gas, and coal, to high-value hydrocarbon liquid fuels over transition metal catalysts. As
demonstrated recently, FTS-GP is highly suitable for low-temperature growth of CNT carpets on
traditional and nontraditional substrates.?® There are several benefits of adopting FTS-GP as a standard
carbon source for SWCNT carpet growth. FTS-GP CVD is efficient for SWCNT carpet growth on an
Fe catalyst with a growth rate of ~50 pm/min and long catalyst lifetime (> 90 min), and does not require
tight process control. In addition, FTS-GP CVD has the potential of providing a viable pathway for
scalable growth of SWCNTSs at low cost. Further, FTS-GP CVD promotes a closed-loop material
model in Fischer-Tropsch and CNT syntheses, — whereby a waste gas mixture from FTS is used as a
feedstock for scalable growth of CNTs. The resulting CNTs obtained from a scalable CVD process

could serve as catalyst supports in FTS or other heterogeneous catalytic reactions.
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4.2 Experimental

4.2.1 Catalyst Fabrication. The catalyst film (Fe or Co) and supporting layer (AlcOy) were
deposited on Si (100) wafers with a native oxide layer by ion beam sputtering (IBS/e, South Bay
Technology). The nominal thickness of Fe and Co films in Al Oy/Fe and Al O,/Co was 0.5 nm, while
AlOy thickness was 30 nm. The metal targets were etched to remove the native oxide layer prior to
deposition. All films were deposited at 10 Torr chamber pressure using a voltage of 8 kV and a current
of 6 mA under Ar flow, without exposing the films to air between depositions. Thicknesses of films
deposited were measured by a quartz crystal thickness monitor and corroborated by height profile

measurements using atomic force microscopy (AFM).

4.2.2 SWCNT Carpet Growth. The carbon feedstock (FTS-GP), supplied by Matheson Inc., had
the following composition: Hz (40%), CH4 (30%), C2Hs (8%), C2Ha (6%), CO (5%), C3Hsg (5%), N2
(4%), and C3Hs (2%) — a typical product mixture obtained from FTS process 2**, SWCNT growth
was carried out at atmospheric pressure using the EasyTube 101 CVD system (CVD Equipment
Corporation), equipped with several important features including LabView-based process control
software, static mixer for optimum gas mixing, and control system for precise temperature control. In
addition, the CVD system is equipped with a shower head gas inlet for providing uniform gas flow to
the substrate. A typical growth run involved heating the catalyst sample to the desired temperature
(650, 750, or 850°C) at a rate of 45 °C/min in flowing Ar. At the growth temperature, the catalyst was
exposed to a copious amount of H> in combination with Ar for 2 min to reduce the catalyst; the
respective flow rates were 250 standard cubic centimeters per minute (sccm) Hz and 250 sccm Ar.
Thereafter, SWCNT growth under optimum conditions on an Fe catalyst was initiated by introducing
a growth gas mixture of 25 sccm FTS-GP and 250 sccm Ar while growth on a Co catalyst was initiated
by introducing 10 sccm FTS-GP and 100 sccm Ar at various times. At the end of the growth run, the

samples were rapidly cooled in H», followed by slow cooling to room temperature in 700 sccm Ar.
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Growth at various temperatures was carried out using the optimum FTS-GP fraction (10%), while
growth at different FTS-GP fractions was carried out at the optimum temperature for Fe (750°C) and

Co (850°C).

4.2.3 Characterization of SWCNT Carpets. The morphologies and microstructures of the grown
SWCNT carpets were characterized by field emission scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). For TEM imaging, a small amount of CNT carpet sample
was mechanically exfoliated from the substrate and dispersed in ethanol via ultrasonication. A drop of
the homogeneous suspension was deposited on a holey carbon TEM grid and examined by TEM. The
structure and quality of SWCNTSs were characterized by Raman spectroscopy using laser excitation
energies of 1.54, 1.96, 2.41, and 2.54 eV. Raman spectra were collected at multiple spots from the
samples using a Renishaw inVia Raman microscope. Thermal gravimetric analysis (TGA) and
differential thermal analysis (DTA) data were obtained using a thermogravimetric analyzer-
differential scanning calorimeter (TA SDT Q600); samples were heated in flowing air (100 sccm)

from room temperature to 800°C at 5°C/min.

4.3 Results

A CVD process utilizing FTS-GP as a new feedstock for SWCNT carpet growth on conventional
catalysts is demonstrated. A unique feature of FTS-GP is that it simultaneously provides a high flux of
carbon atoms to the catalysts and protects the catalysts from early deactivation. The composition of
FTS-GP [H2 (40%), CH4 (30%), C2Hs (8%), C2Ha (6%), CO (5%), CsHs (5%), N2 (4%), and C3He

2729 and is

(2%)] used in this study broadly represents a typical product mixture from the FTS process
consistent with the product distribution reported by Emerson Inc. FTS-GP CVD supports growth of

SWCNT carpets on Fe and Co catalysts over a wide temperature range as verified by Raman

spectroscopy and electron microscopy. Figure 4-1 shows the Raman spectra collected with 633 nm
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(1.96 eV) excitation from SWCNT carpets grown on 0.5-nm-thick Fe and Co catalyst films at 650,
750, and 850°C. The spectra exhibit unambiguously the characteristic signature of SWCNTs, i.e., low-
frequency radial breathing modes (RBMs). The spectra are generally characterized by intense G-bands
and RBMs for SWCNT carpets, with intensity ratio of the G-band to D-band (/c//p) of ~7.5 for carpets
grown at 750 and 850°C, and Is/Ip of ~6 for carpets grown at 650°C. The Raman features (including
those from other excitation energies in Figures S1 and S2) suggest the nanotubes are composed
predominantly of SWCNTs. Since the disorder-induced D-band is magnified for SWCNTSs containing
symmetry-breaking defects and impurities,” the high /c/Ip associated with the SWCNT carpets is
evidence of their high quality. The Raman data indicate that FTS-GP CVD has a wide window for

SWCNT carpet growth.
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Figure 4-1 Raman spectra of SWCNT carpets grown by FTS-GP CVD at different temperatures
(650, 750 and 850°C) on a Fe catalyst (a) and a Co catalyst (b), using a laser excitation energy
source of 1.96 eV.
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To determine optimum growth temperature for each catalyst, further structural characterization
was conducted on SWCNT carpet samples grown at 750 and 850°C, because these samples showed
the highest /c//p. TEM images of SWCNTs (Figure 4-2) grown on Fe and Co at 750 and 850°C,
respectively, indicate the presence of predominantly SWCNTs and a few double-walled CNTs. As
shown in Figure S3, SWCNT carpet growth conducted at 850°C for Fe and 750°C for Co catalysts
yielded mixtures of MWCNTs and SWCNTs, and nanotubes with comparatively higher defects. Based
on this assessment, optimum growth temperatures for Fe and Co were assumed to be 750 and 850°C,
respectively. The TEM images reveal that SWCNT carpets obtained at these optimum growth
temperatures for the respective catalysts consist of SWCNTs that are straight and clean, with sidewalls
largely free of amorphous carbon. Histograms of the diameter distributions of SWCNTSs grown on Fe
(Figure 4-2¢) and Co (Figure 4-2f) were obtained from analysis of more than 90 individual SWCNTs
from the TEM images. Gaussian fits to the histograms show SWCNT diameters centered at 3.1 and
2.2 nm for SWCNTs grown on Fe and Co, respectively. In agreement with the mean diameters obtained
from the TEM images, the multi-excitation Raman spectra presented in Figures S1 and S2 indicate that
for all laser excitations, RBMs at higher frequencies (which correspond to smaller diameter SWCNTs)

are more intense for SWCNT carpets from Co than Fe.
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Figure 4-2 TEM characterization of SWCNT carpets grown by FTS-GP CVD at optimum
temperatures. (a, b) Low- and high-magnification images of SWCNTSs grown on an Fe catalyst
at 750°C. (c and d) Low- and high-magnification images of SWCNTSs grown on a Co catalyst at
850°C. Histograms of SWCNT diameter distributions and their Gaussian fits of SWCNT carpets
grown on Fe catalysts (e) and Co catalysts (f); SWCNT diameters were measured from 90
nanotubes by HRTEM; mean diameters for SWCNTSs from Fe and Co catalysts were 3.1 and 2.2
nm, respectively.
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The purity of SWCNTSs grown on Fe and Co catalysts was further investigated by TGA/DTA in
air; profiles of SWCNT carpets grown on Fe and Co are presented in Figure 4-3. We note that for
unpurified nanotubes, oxidation temperatures of various carbon species have been reported to vary
significantly due to the influence of catalyst residues in the samples. However, it is generally assumed

that for unpurified SWCNTs, weight loss below 400°C with a DTA peak maximum ~350°C
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Figure 4-3 TGA/DTA profiles of SWCNT carpets grown on an Fe catalyst (a) and a Co catalyst
(b) obtained using a ramp rate of 5°C/min under air flow.

corresponds to amorphous carbon content;*'* also, weight loss (or DTA peak) ~500°C is ascribed to

SWCNTs, while weight loss above 600°C is associated with oxidation of MWCNTs, nanofibers, and
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graphitic carbon.*> Weight loss below 400°C for SWCNTs grown on Fe and Co are 8.9% and 14.6%
of the total sample weight, respectively. The absence of an oxidation peak above 600°C is additional
evidence of the absence or low amounts of MWCNTs in the SWCNT carpet samples. The TGA/DTA
data further confirm the high quality of SWCNT carpets grown on the catalysts, with Fe producing

SWCNTs of slightly higher quality.

Our focus now shifts to comparing growth behavior of Fe and Co catalysts at their respective
optimum growth temperatures. Three noteworthy observations can be gleaned from the SEM data of

SWCNT carpets grown on Fe and Co in Figure 4-4.

78



5000 400

e Fe ~l(d) Co
€ 4000 E 300,
£ 3000 E
(e)]
o 3 200
~ 2000 T
g g
% 10004 5 1007
O O
0 : : : : 0 : : : :
0 20 40 60 80 100 0 20 40 60 80 100
Growth Time (min) Growth Time (min)

Figure 4-4 Characterization of SWCNT carpets by SEM. SEM images of SWCNT carpets grown
from (a) an Fe catalyst at 750°C and (b) a Co catalyst at 850°C after 90 min. Plots of SWCNT
carpet height measured from their respective SEM images as a function of growth time for Fe
(c) and Co (d) catalysts. Growth temperature for each catalyst corresponds to the temperature
that showed the highest SWCNT selectivity.

First, the SEM images (Figures 4a and b and their respective insets) reveal that the SWCNTs are well
aligned and comparable to other SWCNT carpets grown by thermal CVD.>% 41934 Second, SWCNT
carpet growth on an Fe catalyst is characterized by relatively high growth rate (~50 pm/min) and long
catalyst lifetime, as shown in Figure 4-4c. Figure 4-4a and the insert shows a tall SWCNT carpet up to
4 mm in height after 90 min of growth, with the Fe catalyst showing no decay of activity. We also note
the high catalytic activity of Fe can be exploited for growth of different SWCNT morphologies; Figure
S4 shows different SWCNT morphologies grown on patterned Fe catalyst films. Third, SWCNT carpet

growth on a Co catalyst experiences growth termination after ~60 min (Figure 4-4d) and shows
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significantly lower growth rate (~7 pum/min) that resulted in a maximum height of ~300 um. Growth
enhancement observed with the Fe catalyst is consistent with previous growth studies.” 3>

To determine the area density of the as-grown SWCNT carpets, two independent methods were used.
The first method was solvent-induced densification, which provides a rough comparison of areca
densities of SWCNT carpets. This method involves soaking the carpets in ethanol, followed by drying
in air, inducing densification of the nanotubes via capillary forces.'®3* SEM images of the top view of
SWCNTs grown on Fe and Co after densification are compared in Figures 4-5a and b, with their
respective false color versions showing their densified regions in Figures 4-5c and d. Areal coverages
of SWCNTs grown on Fe and Co, estimated using Imagel, *° are 21.4% and 30.5%, respectively. The

19:41 generally

second method used in evaluating the density was measurement of the weight gain,
considered as the most quantitative method for determining area density of tall nanotube carpets. The
mass density of SWCNT carpet grown on Fe was 0.26 g/cm?®, while SWCNT carpet grown on Co was
0.32 g/cm’. Using known values of mass density and average SWCNT diameters, the area density was
extrapolated from the density chart presented in Ref. ! Detailed steps for determination of SWCNT

area density are summarized in Figure S5. The resulting area densities of SWCNT carpets grown on

Fe and Co from the weight-gain method are 1.0 x 10> and 6 x 10'? cm™, respectively.
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Figure 4-5 SEM images of SWCNT carpets grown on an Fe catalyst at 750°C (a) and a Co catalyst
at 850°C (b) for 90 min after ethanol-induced densification to estimate areal density of the
carpets. Panels (c) and (d) are respective false-color versions of (a) and (b), showing the
compacted area of the densified carpets. Areal coverage of SWCNTs grown on Fe and Co are
21.4% and 30.5%, respectively.

The two methods used here for characterizing area density give consistent results, suggesting that
Co produces denser SWCNT carpets than Fe. Table 4-1 shows a comparison of nanotube densities

42-46 and

obtained from CVD processes (involving different feedstocks and catalysts) in the literature
SWCNT carpets obtained using FTS-GP CVD. Note that the highest area densities of SWCNT carpets
in the literature were obtained using a special catalyst design. Zhong et al. '° achieved a SWCNT area
density of 1.48 x 10'3 cm™ using a multilayered catalyst structure consisting of Al,O3, Fe, and Al,O;
layers, with the bottom Al,Os pretreated to increase it diffusion barrier properties. Esconjauregui et al.
18 reported growth of ultrahigh SWCNT area density of at least ~10'* cm? by conducting cycles of
ultrathin catalyst film deposition, annealing, and immobilization. SWCNT area density reported for
carpets grown from standard Al,Os-supported catalysts (the type used in this study) are generally in

the range of 10" to 10" cm™;*”** this indicates that the area density of SWCNT carpets obtained in

this study are comparable to SWCNT carpets grown on standard catalysts. In addition to the high
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SWCNT densities, the Fe catalyst has the additional advantage of being characterized by a long catalyst

lifetime.

Table 4-1 Comparison of area densities of CNT carpets obtained from different catalyst
configurations and feedstocks, including SWCNT carpets obtained from FTS-GP CVD.

Catalyst Precursor Diameter (nm) | Area Density | Reference
(cm?)
Fe/quartz CH, 1.5 1x101°
Fe/Al,O, CH, 2.1 2x1012
Fe / AL,0; C,H, 3.7 2x1012
Fe / AL,O; C,H, 3.0 6x101
Fe/ Al,0, C,H, 2.3 1x1013
Cyclic deposition

Al,04/Fe/ Al,O, C,H, 1.2 2x1013
Co/TiN/TaN CH, 7.0 2x1012
Co/TiN/TaN CH, 7.0 3x101
Fe/ Al,O4 C,H, 3.0 5.2x101
Co/AlLO, FTS-GP 22 6x10%2
Fe/Al,O4 FTS-GP 31 1x1012

To test the sensitivity of SWCNT carpet growth efficiency to changes in the carbon feed rate, the
flow rate of FTS-GP was increased from 2 to 30% for Fe and 2 to 20% for Co, with Ar as the diluent.
Conventional feedstocks such as CoHy,"” C;HsOH,> CO,*! and C>H4 *? show high sensitivity to partial
pressure of the feedstock, thus requiring strict optimization of the gas composition ratio. Figure 4-6a
shows height and density of SWCNT carpets grown on Fe stay somewhat constant for the FTS-GP
fraction in a broad range from 5 to 30%, except for the modest increase in carpet height at 5 and 10%
FTS-GP. Co catalyst shows a narrower range of FTS-GP fractions — between 2 and 15% FTS-GP —
that can sustain efficient SWCNT carpet growth. The mass density of SWCNT carpet grown on Co
under optimum FTS-GP fractions (2 — 10%) is ~0.3 g/cm’. From the plots of Ic/Ip as a function of

FTS-GP fractions in Figure S6, we conclude that the high SWCNT quality is maintained over a wide
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FTS-GP fraction (5 — 30% FTS-GP) for growth on Fe, and over a narrower FTS-GP fraction (5 — 15%
FTS-GP) for growth on Co. The results show stark differences in the catalytic behavior of Fe and Co.
In general, highly dense carpets have been associated with low growth rate. This observation is
consistent with growth on a 0.4-nm-thick Fe catalyst whereby highly dense SWCNT carpets were
characterized by a lower growth rate.!® Fe catalysts appear to have higher tolerance for fluctuations in
FTS-GP composition than Co. The growth rate and area density of SWCNTs are less sensitive to
changes in the FTS-GP fraction, and thus allow for relatively easy optimization and scale-up. FTS-GP
CVD with an Fe or Co catalyst yield highly dense, high-quality SWCNT carpet, albeit with different

catalyst lifetimes and growth rates.
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Figure 4-6 SWCNT carpet height and mass density as functions of FTS-GP fraction in growth
gas with Ar as the diluent for (a) Fe catalyst at 750°C and (b) Co catalyst at 850°C (growth time
=90 min).

As demonstrated by Chen et al.,**a universal inverse relationship exists between the growth rate
of SWCNT carpets and the catalyst lifetime, which makes it difficult to simultaneously achieve high
growth rate and long catalyst lifetime during growth. While high carbon flux to the catalyst enhances
the growth rate, the resulting formation of carbon impurities can deactivate the catalyst. In Figure 4-7,

we compare the growth curve of FTS-GP CVD with an Fe catalyst to relevant growth curves from the

literature.*>® We emphasize that the growth curve for FTS-GP CVD with an Fe catalyst shows a



relatively high and constant growth rate with no loss in activity after 90 min. On the other hand, growth
profiles for SWCNT carpets obtained from other CVD studies utilizing CHa4, C;Hs, or CoH> as
feedstocks, are characterized by comparatively lower growth rates that gradually decay at higher
growth times (> 30 min), or experience early growth termination. Although alcohol CVD shows a
similar initial growth rate as FTS-GP CVD, it is characterized by a shorter catalyst lifetime.
Supergrowth is characterized by a higher growth rate than FTS-GP CVD (by a factor of 2); however,

the catalyst lifetime is extremely short, experiencing deactivation within ~10 min.>
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Figure 4-7 SWCNT carpet height as a function of growth time for FTS-GP CVD, compared to
previous studies involving various feedstocks (hydrocarbon, alcohol, and hydrocarbon in
combination with water or supergrowth).

4.4 Discussion

A unique feature of FTS-GP CVD is that it supports reasonably fast growth rates without experiencing
early deactivation. To clarify the role of FTS-GP in SWCNT carpet growth, we take a closer look at
the composition of FTS-GP. We hypothesize that the decomposition reaction of the highly rich

hydrocarbon mixture creates a high carbon flux to the catalyst, which enhances growth and can lead to
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rapid deactivation of the catalyst. In our case, growth is enhanced without the typical early deactivation
of catalysts shown in Figure 4-8, because of the ability of FTS-GP to protect or keep the catalyst clean
via oxidative removal of excess carbon and amorphous carbon from the catalyst surface. Note the
dissociation of CO has two distinct pathways depending on the partial pressure of CO.>">® At high
partial pressure of CO under CVD growth conditions, the Boudouard reaction (or CO
disproportionation reaction) is favored. However, when the partial pressure of CO is low under CVD
conditions, a reaction between H, and CO is favored, according to the reaction in Equation 1. We

emphasize that FTS-GP has a low CO volume fraction of 5 vol%.
COtHa = H20+Ce) (1)

The low CO partial pressure in FTS-GP favors the latter reaction pathway, which produces water vapor
that serves as an oxidant, thus extending the catalyst lifetime in accordance with the mechanisms
proposed for supergrowth.” 2> 47 In addition, it has been shown that higher reducibility of Fischer-
Tropsch catalysts is achieved with CO than H, *; it is, therefore, possible that the CO in FTS-GP helps
to keep the catalysts in their metallic states during SWCNT growth, thereby extending their catalyst

lifetimes.

The sensitivity of Fe and Co to the FTS-GP fraction can be explained based on their respective
phase diagrams with carbon . The solubility of carbon in Fe is relatively high, which means that a
higher carbon flux is required to oversaturate Fe nanoparticles and initiate SWCNT growth. Typically,
the increase in carbon flux will lead to the formation of metastable carbide (FesC), which has been
speculated to induce growth termination.®'> We hypothesize that the in situ generation of water by
FTS-GP via Equation 1 may promote the oxidation of Fes;C, resulting in reactivation of the catalyst
and extension of its lifetime.%® The oxidation of Fe;C by steam, as confirmed by Hisa et al.,%* follows

the reaction:

FesC + 4H,0 >Fes04 + 4H, + C )
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A schematic showing deactivation and reactivation pathways is illustrated in Figure 4-8. The formation
of metastable species such as FesC, followed by its reactivation to Fe;O4 and FeO by the oxidizer, is
unique to Fe, and may explain, in part, why most of the millimeters-tall SWCNT carpet growth reported
so far has been grown on Fe (or binary catalysts involving Fe).” %2467 [n comparison to Fe, carbon
solubility in Co is lower, so a controllable amount of carbon flux to Co catalyst is required for efficient
and sustained growth. Also, unlike Fe, formation of a metastable component is yet to be associated
with a Co catalyst during SWCNT growth.®! This behavior may account for the relatively shorter
SWCNT carpets that are grown on Co. Note that even supergrowth that yields SWCNT carpets of
millimeter-scale heights on Fe, growth on Co yields SWCNT carpets with heights that are lower by
several hundreds of microns.®® We hypothesize that the observed decay in catalyst activity and
decreased SWCNT area density observed on Co for growth with FTS-GP fractions >10% may be due

to oversupply of carbon to the catalyst that induces deactivation.

Without Oxidizer
{Growth Terminated)

Reduction
With Oxidizer
{Reactivation)

Figure 4-8 Schematic illustration of the role of FTS-GP in enhancing catalyst lifetime of Fe
catalyst during FTS-GP CVD.
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4.5 Conclusions

SWCNT carpets of high quality were grown over a wide temperature range (650, 750, and 850°C)
using a novel feedstock (FTS-GP). High SWCNT selectivity for Fe and Co catalysts were observed at
750 and 850°C, respectively. Growth on Fe is characterized by a relatively high growth rate (~50
um/min) and long catalyst lifetime (> 90 min), with the catalyst showing no loss of activity, while
growth rate on the Co catalyst is slower (~7um/min) with a limited lifetime of ~60 min. The area
densities of SWCNT carpets grown on Fe and Co from the weight-gain method are 1.0 x 10'2 and 6 x
10'? cm™, respectively — among the highest achieved for SWCNT carpet growth on standard catalysts
without special treatments or use of a multiple-layered catalyst structure. Unlike conventional
feedstocks that require strict process control, growth rate, area density of SWCNT carpets, and
SWCNT quality (/c/Ip) are generally less sensitive to the FTS-GP fraction in growth gas and thus allow
for easy optimization and scale-up. In addition to the growth efficiency, the window for SWCNT carpet
growth is wider for an Fe catalyst than a Co catalyst. A comparison of the growth curve of FTS-GP
CVD, using an Fe catalyst with other conventional CVD methods for SWCNT carpet growth, reveals

a growth behavior superior to existing approaches.
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Chapter S

In-Situ Generation of Water during FTS-GP CVD

5.1 Introduction
As discussed in section 4.4, the high activity and long lifetime of catalyst observed during FTS-GP
CVD!'? is attributed to the role of water as a growth enhancer — analogous to the so-called

“supergrowth.”

According to models proposed to explain supergrowth, water enhances growth by
oxidizing carbon contaminants deposited on the catalyst surface and inhibiting mass loss (Ostwald
ripening and subsurface diffusion), thus extending catalyst lifetime.*> The proposed model for FTS-
GP CVD assumes that water is formed by the thermodynamically favored reaction between H> and
the low volume fraction of CO. To verify the in situ generation of water, we performed thermal

decomposition of FTS-GP in a batch reactor at different reaction temperatures (650, 700, 750, and

800°C).

5.2 Experimental
The products formed during FTS-GP CVD in a batch reactor were analyzed by a Hewlett-
Packard 6890 series gas chromatograph (GC) with a thermal conductivity detector (TCD). The
injector port was held constant at 170 °C, operated in slip mode with a 150:1 split ratio, and a split
linear with deactivated wool (Agilent 5183-4711) was used. Samples were separated using a non-
polar column [HP-5 (Agilent 19091J-413)] connected in series with a polar column [DB-Wax (Agilent
122-7032)]. Columns were connected using a press fit connector (Agilent 5190-6979). Columns were
operated in constant flow (1.2 mL/minute) with helium as a carrier gas. The GC temperature was

initially at 50 °C and held at this temperature for 1 minute, followed by a ramp of 20 °C per minute to
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a final temperature of 200°C; total run time was 8.5 minutes. The detector was maintained at 150°C

with helium as the reference gas.

5.3 Results and Discussion

In the following, AG® of the Boudouard reaction is calculated to find out whether the reaction
is capable of generating water, and estimate the amount of water produced. This theoretical
thermodynamic perspective allows for direct comparison of the experimental and theoretical data.
Using data for free energy of formation with respect to temperature presented on FactWeb®, AGy (T)
for CO, Hz, H20 and C at standard conditions (1 atm partial pressures of CO, H» and H>O) are obtained.

First, AG°reaction is calculated using Equation 1:

AGL,, = z nAGy (products) — Z nAG; (reactants) (1)

The free energy formation AG° as a function of temperature for CO, Hz, H>O, and C is given as:

AG? reaciion= AG® (H20) — AG® (C) - AG® (Hz) — AG® (CO) ()

To calculate the AG under non-standard conditions, AG is expressed as:

AG = AG° +RT InQ 3)
Where Q is the reaction quotient:
Phz0
Q= “4)
Pyz Peo

Since the partial pressure of water is unknown, we can only pursue our calculations under at
equilibrium.

At equilibrium, AG = 0, to calculate the partial pressure of water:

AG°
P(H20) = P(CO) * P(H2) exp <— ﬁ) (5)
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Figure 5-1 (a) A plot of amount of water generated during thermal decomposition of FTS-GP in
a batch reactor as a function of temperature. (b) Plots of amount of water generated for various
FTS-GP fraction as a function of temperature determined from theoretical calculations using
Equation 5.

Figure 5-1a shows the amount of water generated in the batch reactor at different temperatures.
The amount of water formed during FTS-GP decreases with increasing temperature. For the theoretical
calculations, different fractions (dilutions) of FTS-GP (5, 10, 20, and 30 vol. %) were considered, and
plots of water amount formed as a function of temperature are shown in Figure 5-1b. Therefore, the
partial pressure of H, and CO were calculated using the composition of FTS-GP and diluent. The
results show a good agreement with the experimental results. Also, for the theoretical calculations we
assumed that the reaction proceeds on a small enough scale that it does not alter the partial pressures
of H, and CO significantly.

The growth rate of SWCNTs using Fe catalyst at 650, 700, 750 and 800°C after catalyst
reduction always occurs at the growth temperature, were determined after 30 min whereby the slope
of the linear fit plots of the average carpet height as function of growth temperature represent the
growth rate. Temperature is a key factor that can influence the catalyst lifetime, the duration SWCNT
growth is sustained before termination occurs (Figure 5-2a). The results suggest that 750°C is the

optimum growth temperature for Fe catalyst with a growth rate of ~44 pum/min and no evidence of
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deactivation. The growth of SWCNT was carried out at the optimum condition of the FTS-GP
described in section (4-2.2). The profile also exhibit a long catalyst lifetime (>90 min) at 750°C. The
growth rate for 650 and 700°C are 7.4 and 16.7um/min, respectively, which is significantly lower than
the growth rate at 750°C. By increasing the temperature to 800°C, the growth rate was 28.1pum/min
with an early deactivation of the catalysts (after 30 min).

Our hypothesis suggest that the high growth rate and long catalyst lifetime at 750°C is related to the in
situ generation of water that keeps the catalyst active. The results from Figure 5-2 suggest that ~32ppm
(from experimental) is the optimum amount of water generated in situ to keep the Fe catalyst active
and support growth of high quality SWCNTs, evidenced by the //Ip ratio of different temperatures
(Figure 5-2 (b)). Raman spectroscopy is a typical tool to evaluate the quality and diameter of
SWCNTSs.” Every spectra shows RBM, indicating the presence of SWCNTs.® The relative intensities
of the G-band and D-band for 750°C were higher (/g/I[p =9.1) compared with other growth

temperatures, suggesting a better quality of SWCNTs inside the forest.
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Figure 5-2 (a) Growth rate of FTS-GP (10 vol. %) on Fe catalyst at different growth temperature,
(b) Raman spectra of SWCNT carpets grown by FTS-GP CVD at different temperatures (650,
700, 750 and 800°C) on an Fe catalyst using a laser excitation energy source of 1.96 eV.

5.4 Conclusions

The in-situ generation of water from FTS-GP has been demonstrated through theoretical and
experimental approaches. The high growth rate (44 pm/min) and long catalyst lifetime (>90 min) on
Fe catalyst at 750°C is related to the optimum amount of water (32 ppm) that keeps the catalyst active.
The growth rate is not only influenced by growth temperature but also effected by the amount of water

generated. The presence of water reactivated and extended the lifetime of Fe catalyst deactivated with

amorphous carbon.
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Chapter 6
Chiral and Diameter Control of SWCNTSs

Using High Melting Point Metals as Promoters

Abstract

Proper control of the geometry of single walled carbon nanotubes (SWCNTSs) using chemical vapor
deposition (CVD) will enable many their widespread applications. Here we demonstrate growth of
SWCNT carpets with diameter distributions that are smaller than SWCNTSs in conventional carpets
using a CVD process that utilizes the product gaseous mixture from Fischer-Tropsch synthesis (FTS-
GP). The high-resolution transmission electron microscopic (HR-TEM) and Raman spectroscopic
results reveal that the use of a high melting point metal as a catalyst promoter in combination with
either Co (1.5 nm £ 0.7) at 850°C or Fe (1.9 nm £ 0.8) at 750°C yields smaller-diameter SWCNT arrays
with narrow diameter distributions. A time-dependent study of the evolution of catalyst particles during
growth via FTS-GP CVD using atomic force microscopy (AFM) suggest that the presence of Ru (a

high melting point metal) as a catalyst promoter inhibits sintering of catalyst particles.
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6.1 Introduction
Controlling the diameter of single walled carbon nanotubes (SWCNTSs) is considered one of the
challenges that researchers face in the area of synthesizing SWCNTs. Electronic and optical properties
of SWCNTs are highly influenced by their geometric orientations, like chirality index (n,m).’
Generally, a SWNT is classified as either metallic (m-SWNT) or semiconductor (s-SWNT) depending
on the tube diameter. The tube diameter is inversely proportional to the band gap?, and therefore allows
for the electronic property of SWNTs to be tuned. Large band gap tubes (s-SWNTs) are preferable in
the field of electronics since those large band gaps will serve as channels in field-effective transistors
(FETs)®. Extensive theoretical and experimental studies have concluded that catalyst particles size one
of the key factors that determine the SWCNT diameter size.*®

Typical SWNT carpets contain both metallic and semiconductor nanotubes (wide range of
SWNT diameters) which limits their application. In order to increase the participation of SWCNTs in
the electronics, tube diameter must be controlled more effectively. Recently, efforts have been focused
on either directly controlling the diameters of SWCNTs during CVD growth or conducting post-
synthesis separation of m-SWCNT and s-SWCNT mixtures via dielectrophoresis, density gradient
centrifugation, adsorption of bromine and diazotization.”"!° Note that post-synthesis approaches have
significant drawbacks: (1) They frequently lead to short and defective tubes or cause significant
contamination, which may affect the performance of the SWCNTs in a device.® (2) The techniques are
non-scalable and do not always offer high chiral selectivity.!' CVD method is a sufficient tool for
control of the diameter of SWCNTs, if the catalyst size and stability are properly controlled. A number
of studies have established direct correlations between catalyst size (prior to nucleation) and nanotube
diameter, suggesting that catalyst particle size is in fact the main factor in nanotube diameter
control.'*!* Other factors such as growth temperature and precursor concentration have been used to

control nanotube diameter. As examples, different nanotube diameters were obtained by manipulating
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the growth temperatures; Tian et al.'

was able to control SWCNTs diameters from 1.2-1.9 nm by
changing the concentration of carbon dioxide. An extensive study using density functional theory
(DFT) concluded that catalyst particle size is one of the main parameters responsible for nucleating
SWCNTSs with specific diameters. '

Catalyst sintering at CVD growth temperatures is a common phenomenon and it typically
broadens the size distribution of catalyst particles and consequently yield nanotubes with wider
diameter distributions. One way to overcome this problem is by leaving sufficient space between
catalyst particles, which prevents them from aggregating and preserves the particle size distribution
formed after annealing catalyst film or depositing particles.'*!>'® However, the resulting SWCNT
density from substrates with well-spaced catalyst particles is usually low and may not the requirements
for many applications that require dense SWCNT arrays.'® Mattevi et al.?’ suggested that the supported
layer AlOy plays an important role in enhancing SWCNT nucleation density by reducing the mobility
of the Fe catalyst and preventing Ostwald ripening effects due to the strong interaction with the support
at high growth temperatures. Kim et al.?! proposed that the growth termination step starts when Fe
particles begin diffusing through the alumina support. Experiments and theoretical models have
concluded that Ostwald ripening and subsurface diffusion are the two critical factors affecting the size
of catalyst particles, and subsequently the diameter in SWCNTSs.?? Pretreatment of the catalyst support
by ion beam bombardment and thermal annealing has been found to be an effective approach to
minimize the effect of Ostwald ripening and obtain ultra-narrow tube diameter distributions in
SWCNTSs.? The introduction of controlled amount of water was shown to inhibit the diffusion rates of
catalyst atoms during annealing.**

In this work, we demonstrate improved control of SWCNTs diameters and hence SWCNT
chiralities via CVD using FTS-GP as a carbon precursor over Fe or Co catalyst with a high-melting

point metal (Ru) as a catalyst promoter. The growth results show improved stabilization of catalyst in
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the presence of Ru as well as a shift in the diameter distributions of SWCNTSs from 2.5 nm to 1.5 nm

and 3.1 to 1.9 nm for Co and Fe catalyst respectively.
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6.2 Experimental

The morphologies and microstructures of the grown SWCNTs were studied by field emission scanning
electron microscopy (FESEM) using FEI Versa 3D dual beam with multiple detectors and transmission
electron microscopy (TEM). For TEM imaging, a small amount of SWCNT carpet sample was
mechanically exfoliated from the substrate and dispersed in ethanol via sonication. A drop of the
homogeneous suspension was deposited on a lacey carbon TEM grid and examined by TEM using FEI
Tecnai F20 XT operating at 200 kv. The structure and quality of SWCNTSs were characterized by
Raman spectroscopy using multi laser wavelengths of 488, 514, 633, and 785nm. Raman spectra were
collected at multiple spots from the samples using a Renishaw inVia Raman microscope. Atomic force
microscopy (AFM) was used for studying the surface topography of catalysts before and after SWCNT
growth.

The catalyst film with nominal thickness of 0.5 nm Co or Fe, 0.1 nm Ru (as catalyst promotor),
and 30 nm supporting layer (Al Oy) were deposited on Si (100) wafers with a native oxide layer by ion
beam sputtering (IBS/e, South Bay Technology). The metal targets were etched to remove the native
oxide layer prior to deposition. All films were deposited at 10 Torr chamber pressure using a voltage
of 8 kV and a current of 6 mA under Ar flow, without exposing the films to air between depositions.
The carbon feedstock (FTS-GP), supplied by Matheson Inc., has the following composition: H> (40%),
CHa4 (30%), CoHs (8%), CoHa (6%), CO (5%), C3Hs (5%), N2 (4%), and CsHs (2%); it represents a
typical product mixture obtained from FTS process.”*¢ SWCNT growth was carried out at
atmospheric pressure using the EasyTube 101 CVD system (CVD Equipment Corporation), equipped
with several important features including LabView-based process control software, static mixer for
optimum gas mixing, and control system for precise temperature control. A typical growth run involved
heating the catalyst sample to the desired temperature (850°C) at a rate of 45 °C/min in flowing Ar. At

the growth temperature, the catalyst was exposed to a copious amount of H> in combination with Ar
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for 2 min to reduce the catalyst; the respective flow rates were 250 standard cubic centimeters per
minute (sccm) Hz and 250 scem Ar. Thereafter, SWCNT growth under optimum conditions on a Co/Ru
or Fe/Ru catalyst was initiated by introducing 10 sccm FTS-GP and 100 sccm Ar at various times. At
the end of the growth run, the samples were rapidly cooled in H», followed by slow cooling to room

temperature in 700 sccm Ar.
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6.3 Result and Discussion

Thermal dewetting of the deposited metal films into finely/homogeneously nanoparticles is
highly dependent on the melting point of that metal and porosity of the underlayer.?” AFM images in
Figure 6-1 show the effect of Ru on the stability of catalyst during annealing in CVD. In the absence
of Ru, Co catalyst experiences severe Ostwald ripening and coalescence after annealing in hydrogen
environment at 850°C for 5 min as particles larger than 5 nm are formed. However, Co catalyst particles
appear to be more stable in the presence of Ru as particles remain small and highly monodispersed
(Figure 6-1b). The addition of a small amount of Ru as a promoter impedes sintering during the

annealing conditions and ensures high uniformity of catalyst particles before and during growth.”

15.6 nm 1.2 nm

Figure 6-1 AFM images of catalysts nanoparticles formed on the substrate after annealing for 5
min in H; at 850°C for (a) Co catalyst and (b) Co/Ru catalyst.

TEM images illustrate the morphology of SWCNTSs grown on Co/Ru (Figures 6-2a and b) and
Co (Figures 6-2d and e) catalysts supported on AlOx. The difference in SWCNT diameters is obvious
and further supports the role of high-melting temperature promoter (Ru) to in preventing sintering and
supporting growth of smaller-diameter SWCNTSs with average diameter between of 1.5 nm as shown
in Figure 6-2 (c,f). The average diameter of the grown SWCNT from Fe/Ru was smaller (1.9 nm)

compared to Fe catalyst (3.1 nm) as shown in Figure S1. According to Dai et al.,® the role of Ru as a
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promoter in the formation of smaller-diameter nanotubes is due to its alloying structure and strong Fe-

Ru interaction that enhances the stability of smaller catalyst nanoparticles at high temperatures.

d=1.5%0.7
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Figure 6-2 HR-TEM images of SWCNT grown by FTS-GP CVD at 850°C. (a,b) High-and low-
magnification images of SWCNTSs grown on a Co/Ru catalyst. (d,e) High-and low-magnification
images of SWCNTSs grown on a Co catalyst. Histogram of SWCNT diameter distributions and
their Gaussian fits of SWCNT grown on Co/Ru catalysts (¢) and Co catalysts (f); mean diameters
for SWCNTSs from Co/Ru and Co catalysts were 1.5 and 2.5 nm, respectively.

SWCNTs grown on Co and Fe catalysts with and without Ru were further characterized by
multi-excitation Raman spectroscopy. The Raman spectra are characterized by intense G-bands (not
shown) and the low frequency radial breathing modes (RBM), which are characteristic of SWCNTs.
Figure 3 (a,b) shows the effect of Ru on the growth properties of SWCNTs from Fe/Ru catalyst at
750°C (optimum growth temperature for Fe); The RBMs shift to higher wavenumbers indicating the

formation of SWCNTs with smaller diameters.
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Figure 6-3 Multi-excitation Raman spectra of SWCNT synthesized at 750°C on (a) Fe catalyst
and (b) Fe/Ru catalyst.

Figure 4 shows Raman spectra of SWCNT grown on Co-Ru and Co at the optimum temperature for
(850°C). Clear differences are observed between the two samples. Although the growth of SWCNT
has been carried out at higher temperature compared to Fe catalyst, the effect of Ru is still evident.
Multiple new peaks at 250 and 265 cm™ are observed at high Raman shift for SWCNTs grown with
Co-Ru and they are in good agreement with TEM results. The full Raman spectra shown in Figure 2S
reveal that the addition of Ru to Co or Fe as a promoter actually improve the quality of the resulting

SWCNTs, evidenced by the relatively higher ratio of tangential G-band to defect-induced D-band.
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Figure 6-4 Multi-excitation Raman spectra of SWCNT synthesized as 850°C on (a) Co catalyst
and (b) Co/Ru catalyst.

When using high-melting point metals like tungsten (W) with Co as a bimetallic catalyst for
synthesizing SWCNT,” the growth results show high selectivity towards a specific chirality (12,6). A
modeling simulation study by Balbuena et al.** to predict the parameters that influence chirality of
SWCNTs reveal that changing the catalyst shape during growth is the main factor that can impact
chirality and SWCNT diameter. It has also been shown that by strengthening the metal-substrate
interactions, a more stable particle shape can be obtained.! The AFM, TEM, and Raman data show
that using Ru, a high-melting point metal as a promoter, has the ability to limit the mobility of the
formed Co nanoparticles and eventually decrease catalyst sintering. The same observation has been
reported using Pt with Co as a bimetallic catalyst,’® where Pt plays a crucial role in stabilizing Co

catalyst and support the formation of SWCNTSs with a narrower diameter distributions. Also, using Ru
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with Fe as a bimetallic catalyst can effectively grow SWCNT with narrow diameter and chiral

distributions.®
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6.4 Conclusions

We have demonstrated the role of Ru, a high-melting point metal, as a catalyst promoter in the growth
of SWCNTs on Fe/Ru and Co/Ru catalyst via CVD. FTS-GP was used as a carbon precursor at 750°C
for Fe catalyst and 850°C for Co. Deposition of 0.1 nm-thick layer of Ru on Fe or Co catalyst was
found to impede catalyst sintering at CVD growth temperatures and enhance the quality of the grown
SWCNTs, as evidenced by the higher ratio of tangential G-band to defect-induced D-band. In addition,
the presence of Ru supports growth of smaller-diameter SWCNTSs. The average diameter of SWCNTSs
produced is decreases from 2.5 nm (using Co catalyst) to 1.5 nm when Ru is used as promoter. While

using Ru with Fe catalyst, the diameter of the grown SWCNT decreases from 3.1 to 1.9 nm.
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Chapter 7

Batch Reactor for the Scale-up Production of Carbon Nanomaterials

Abstract

Scalable synthesis of carbon nanotubes (CNTs), carbon nanofibers (CNFs), and onion like carbon
(OLC) in a batch reactor using supercritical fluids as a reaction media is demonstrated. The process
utilizes toluene, ethanol, or butanol as a carbon precursor in combination with ferrocene that serves as
a catalyst precursor and a secondary carbon source. Growth with supercritical toluene at 600°C in the
absence of water yield large-diameter CNTs and CNFs while the introduction of 0.05 ml of water
enhances the product yield by 50% and promotes the formation of smaller-diameter CNTs. The exterior
surface of CNTs was decorated with highly monodispersed Fe nanoparticles. At lower temperature
(400°C) in the absence of water, supercritical toluene produces mainly OLC, and the same structure is
observed by increasing the amount of added water to 0.1 ml at 600°C. The tendency for alcohols to
produce tubular structures increases in the order C;HsOH < C3H;0H < C4H9OH, which suggests a
direct correlation between the aliphatic chain length of alcohol and the tendency to form a tubular
structure. The use of supercritical fluids for growth does not only provide a route for selective growth
of a variety of carbon nanomaterials, but also provides a unique one-step approach that is free of
aggressive acid treatment for synthesis of CNT-supported metallic nanoparticle composites for

catalysis and energy storage applications.
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7.1 Introduction:

Carbon nanomaterials such as carbon nanotubes (CNTs), graphene, carbon nanofibers, onion-like
carbon (OLC) and fullerenes have attracted a great deal of interest due to their unique mechanical,
chemical, thermal, and electrical properties.' There have been concerted efforts to scale-up synthesis
of nanocarbons for important applications such as composites, ® heterogeneous catalysis, and energy
storage whereby high yield of CNFs, CNTs and OLCs are required.”” As examples, CNTs are good
candidates for reinforcing cement composites to enhance the flexural strength, compressive strength,
and failure strain of cement composites, and as CNT-polymer composites for heat sinks in electronic
devices.!*!! Scalable production of CNTs are of particular importance as they are strong candidates to

1213 and electrodes in batteries and proton

replace conventional supports in heterogeneous catalysis
exchange membrane fuel cells (PEMFCs).The conventional methods used for producing carbon
nanomaterials include arc-discharge,'* laser ablation,'> and chemical-vapor deposition.'® However, the
relatively low yield, apparatus complexity and high operating cost of these conventional techniques
limit the widespread application of carbon nanomaterials. As revealed by bibliometric analysis, the
main factor limiting the growth of nanomaterial’s application is the industrial scale production of these
materials.'”!?

Efforts to scale up production of multi-walled CNTs (MWCNTs) have focused on developing
a supercritical fluid approach (SCFA), widely used for synthesis and processing of mesoporous
carbonaceous buckyball, nanowires and MWCNT.?*** Zhonglai et al.”® reported the growth of
MWCNTs using the supercritical condition of carbon monoxide. A continuous-flow SCFA approach
(P=5.17Mpa, T=750°C) showed growth of MWCNTs with high yield and selectivity (100%, based on
catalyst weight). Scalable production of single-walled carbon nanotube (SWCNTSs) with a productivity

of up to 10 g/day of SWCNTs has been achieved using HiPCO process under severe conditions (3.1

Mpa and 1050°C).** Korgel’s group® demonstrated the use of supercritical toluene in nitrogen
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environment at 600°C and 12.4 Mpa for growth of MWCNTs. The catalysts used in batch reactors with
supercritical fluids include Fe and Fe/Pt and the catalyst nanoparticles were prepared by thermal
decomposition of their precursors (platinum acetylacetonate and iron pentacarbonyl). They found that
the yield of MWCNTs is dependent on temperature and catalyst particle size. Scalable growth of
bamboo-shaped CNTs was synthesized using ethanol as a carbon source and magnesium as a reductant
in a stainless steel autoclave at 650°C.?® Further investigations by the same group?®’ reported growth of
three types of bamboo-shaped CNTs, cubic, and spherical carbon nanocages using ethanol as a carbon
source and magnesium as a reductant catalyst. The coexistence of cubic and spherical shaped structures
was rationlized as a bending attempt of the graphitic sheets to minimize the highly energetic dangling
bonds at the edge of the growing structure?’. OLCs are typically synthesized by thermal annealing

28-29

(vacuum or inert gas) of nanodiamond precursor, underwater arc discharge,*® heating a carbon

1,! or chemical vapor deposition via catalytic decomposition of acetylene

filament in liquid alcoho
using iron as an active catalyst at synthesis temperature of 420°C followed by heat treated at 1100°C
to obtain a concentric graphitic layers.*> For CVD, Fe nanoparticles were found to be encapsulated
between the graphitic layers. The main limitation of SCFA for its commercialization is the reaction
time, Luo et al.’* synthesis CNTs for it is about 70 h and Liu et al.?® for 10h. Also the post-treatments
of the catalyst which requires several heating stages, a flow of reducing atmosphere (H2: Ar), loading
in inert gas environment, mixing with promotors and preparing a bimetallic catalysts.?* 2>263% The
fabrication of OLC usually requires an expensive apparatus or a high temperature in addition to a better
understanding for the growth mechanisms.

In this work, we report a scalable and efficient process for selective growth of carbon
nanomaterials using a single-step batch reactor and super critical fluid approach with a variety of
precursors: aromatics (toluene, xylene) and alcohols (ethanol, propanol and butanol) along in

combination with ferrocene as a catalyst source. The resulting carbon nanomaterials include

MWCNTs, spherical carbonaceous materials (carbon like onion structure) and MWCNTs filled/or
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decorated with Fe nanowires. The role of water in the growth process using different precursors has
been examined along with the growth temperature and loading ratio of ferrocene. This approach has
the potential of scaling up the production of carbon nanomaterials to meet industrial demand. The
design simplicity of the apparatus, high productivity, and the adjustable product selectivity to the

structure types of the carbon nanomaterials favor this approach among others.

7.2 Experimental:

The experimental setup used for synthesis carbon nanomaterials consist of a 50 ml capacity stainless
steel cylinder used as a batch reactor as shown in Figure S6. The reactor was loaded with 30 ml of
carbon precursor [anhydrous aromatic (toluene, xylene) or anhydrous alcohol (ethanol, propanol and
butanol)]. Ferrocene powder (0.01, 0.1, 0.2 and 0.3 g) was dissolved in the carbon precursor and mixed
(if present) with DI-water (0.025, 0.05, 0.075 and 0.1 ml). After mixing all the reactants together, the
reactor was sealed properly and the initial pressure was maintained at 1 atm. Thereafter, it was heated
to 400-600°C for 1 h using a ceramic heater (Omega) with an iron-chrome-aluminum ribbon elements.
Then the reactor was allowed to cool to room temperature naturally. The black solid powder was
collected and washed with ethanol and distilled water respectively, and then dried in a vacuum oven at

80°C for 5h.

7.3 Characterization:

The morphology and microstructure of the reaction products were characterized using transmission
electron microscopy (TEM) FEI Tecnai F20 XT, operating at 200 kV and equipped with energy-
dispersive X-ray spectroscopy (EDS), and field emission scanning electron microscope (SEM) FEI
Versa 3D Dual Beam at different magnifications. For TEM, the final dry products were dispersed in
ethanol by sonication for 5 min, dropped on copper microgrid coated with lacy carbon film. The Raman

spectra of as-grown nanomaterials were carried out using Renishaw inVia Raman Microscope with a
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laser 633 nm as an excitation source. X-ray powder diffraction (XRD) measurement was carried using
Rigaku Miniflex I desktop X-ray diffractometer with monochromatic Cu Ko radiation (A = 0.154 nm)
with a step size of 0.1° and a scan speed of 2.0° per minute, to determine phase purity and degree of
crystallization. Nitrogen adsorption-desorption measurements were conducted at -196°C using a
Quantachrome Autosorb-1 instrument, and the BET specific surface area (S4get) and total pore volume
measurements were determined from the isotherms. Prior to adsorption measurements, the samples
were degassed at 250°C for 12 h to obtain the base weight of the samples. SAger was determine from
the adsorption branch in the linear range of relative pressure from 0.02 to 0.35. The total volume was

evaluated by a single-point pore volume at relative pressure of 0.95.
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7.4 Results and Discussion:

7.4.1 Supercritical toluene in the absence of water. Scalable synthesis of carbon nanomaterials in
supercritical toluene without the addition of water was investigated at 400, 500, and 600°C. Figure 7-
1 shows a representative Raman spectra and corresponding SEM images of carbon nanomaterials
grown at the different temperatures using 30 ml of toluene and 0.2 g of ferrocene for 1 h. The results
reveal that the nanocarbon morphology has a strong dependence on temperature of fluid phase
(supercritical toluene). At low fluid phase temperature (400°C), the structure of the synthesized
nanocarbons is mainly spherical, further confirmed with TEM (Figure S1). As temperature is increased
to 500°C, cylindrical nanocarbon structures that appear to be carbon filaments are obtained with lengths
in the range of 2 — 3pum. A close examination of Figure 7-1d reveals the encapsulation of catalyst in
the hollow interior of the filament. Further increase in the fluid phase temperature to 600°C, yield dense
MWCNTs with Fe particles at the tip of the nanotube. The omnipresent disorder-induced mode (D-
band) at ~1345 cm™ and tangential stretch mode (G-band) at ~1593 cm™ associated with graphitic
materials are present in the Raman spectra of all the samples. The degree of graphitization increases
with increasing temperature, evidenced by D- and G-bands that are well defined and the decreasing

full-width at half-maximum (FWHM) of the G-band.
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Figure 7-1 SEM images and Raman spectra of carbon nanomaterials synthesized in supercritical
toluene in the absence of water using ferrocene as catalyst at 400°C (a,b), 500°C (c,d), and 600°C

(e,f).

Figure 7-2 shows the energy dispersive X-ray analysis (SEM/EDS), the iron occupied the entire inner
surface of the carbon tubular structure. EDS analysis of the nanocarbon sample grown at 500°C
confirmed that the exterior wall consist of mainly carbon while the hollow interior is completely
occupied by Fe, forming structures that appear to be nanowires. The average diameter of the carbon

filaments is quite large (~350 nm), which we attribute to the encapsulation of Fe and eventual formation
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1.35

of Fe nanowires. A similar phenomenon was observed by Weissker et al.” whereby the encapsulation

Fe in CNT resulted in the enlargement in tube diameter size.

Figure 7-2 SEM image and EDS analysis of carbon nanofilament with encapsulated Fe nanowire
obtained by heating 0.035 mole/liter of ferrocene in toluene solution at 500°C.

Encapsulation of foreign nanomaterial in the hollow interior of CNTs is an attractive approach
for tuning their electronic and mechanical properties.?? 37 The mechanism used to explain growth of
CNTs and carbon filaments from supported catalyst usually involve a tip-growth or base-growth mode
depending on the strength of the catalyst-substrate interactions. The complete filling of Fe catalyst in
the hollow interior of the filament at 500°C appear inconsistent with the conventional mechanism for
CNT and filament growth as neither of the growth modes are applicable. However, a folded growth
model which assumes that the carbon layer formed wraps around nanoparticles®® appear to be more
representative of the observed wrapping of Fe nanowire by the graphitic layer.

Increasing the growth temperature to 600°C yielded CNTs or filaments with catalyst
nanoparticles embedded at the tip as shown in the low- and high-magnification TEM images in Figures
7-3a and b. The high-resolution TEM image (Figure 7-3¢) shows the tip of the filament with several

graphitic layers encapsulating a large catalyst particle (20 nm).
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Figure 7-3 TEM images of CNTs and filaments prepared using 0.2 g of ferrocene and 30 ml of
toluene, (a) filament with bigger catalyst particle at the end of the tube, (b) CNT with defined
hallow interior, and (c) particles embedded at the tip of nanotube.

The main difference between nanotube and filament (fiber) consists in the lack of an hollow cavity for
the latter.” We distinguished that nanoparticles with size bigger than 50 nm supports the formation of
filament, while smaller particles (>40 nm) favor the nanotube structure, same observation reported
elsewhere.?”-3’
The growth of CNTs using supercritical toluene in a batch reactor unavoidably nucleates metal
nanoparticles on their external surfaces, SEM and TEM presented in Figure S2 shows highly
monodispersed Fe nanoparticles are decorated on the exterior surface of the CNTs. Defects in CNT
structures can provide suitable sites for nanoparticle nucleation.?!.

Having determined the impact of temperature on the selectivity of carbon nanomaterials, our
next step focused on investigating the effect of the amount of ferrocene on the growth behavior.
Increasing the concentration of ferrocene is expected to increase the size of particles formed as well as

the diameter of the resulting CNTs. Singh et al. showed a direct correlation between concentration of

ferrocene and diameter of grown CNTs,.** For SCFA growth process, catalyst synthesis and carbon
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precursor decomposition occur during the growth process,*' and precursors require sufficient amount
of catalyst to obtain a high yield of carbon materials. Therefore, increasing the amount of ferrocene is
expected to increase the reaction rate However, we found that increasing the pressure of the batch
reactor increased with the amount of ferrocene (Figure 7-4 a), suggesting that the dissociation rate of
the precursor increased and more free radicals were generated. For all the ferrocene ratios, the final
products were mainly a dry black powder, except for 0.01 gm after 1.5 h whereby the final products
was a thick dark solution (Figure S3) probably due to insufficient ferrocene to dissociate the high

volume of toluene used.
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Figure 7-4 (a) Plots of product yield and pressure of batch reactor as functions of ferrocene
concentration using 30 ml of toluene at 600°C; (b) picture of bulk quantity ~12.5 g filament and
CNTs powder obtained at 0.036 mole/liter ferrocene in toluene solution; (c) Inset low-
magnification SEM image of filament and CNTs.

7.4.2 Supercritical toluene in the presence of water. To understand the effect of water on the diameter
distribution and yield of CNTs, growth with supercritical toluene was conducted in the presence of
different amounts of water (0.025, 0.05, and 0.075 ml); the Raman spectra, SEM images, and
corresponding diameter distributions of the resulting CNTs are summarized in Figure 7-5. The
products obtained are predominantly CNTs. The highest mass yield of product from 12.5 g (without
water) to 18.7g was obtained for growth run with 0.05 ml of water, and thus assumed as the optimum

amount of water. The highest Ic/Ip ratio (1.32) and the lowest FWHM (54.4 cm™) are observed for
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CNTs synthesis with 0.05 ml of water, suggesting that this 0.05 ml of water yielded well graphitized
CNTs with the fewest defects. Furthermore, a significant decrease the diameter of CNTs was observed
in the presence of water, which we attribute to the inhibition of Ostwald ripening analogous to the role
of water in super growth.*? Since the size of catalyst particles determines the diameter of the MWCNT,

the smaller particles formed in the presence of water supports growth of smaller-diameter CNTs.*
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Figure 7-5 Raman spectra of CNTs with different amount of water: 0.075 ml (a), 0.050 ml (b),
0.025 ml (c¢), and no water (d), under excitation of 633 nm laser. SEM images and corresponding
histograms of diameter size distributions with Gaussian analysis fittings of CNTs: 0.05 ml of
water (e) and no water (f).

By increasing the amount of water to 0.1 ml under the same operating conditions changes the
morphology/structure of the obtained products. A high yield of spherical carbonaceous structure is
observed. Figure 7-6 shows SEM (a, b) and TEM (c,d) images which consist of an assembly of

concentric spherical graphitic cage, 0.34 nm is the distance between adjacent graphene layers (e).
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Figure 7-6 SEM (a,b) and TEM (c,d) images of carbon-like onion (OLC) structure synthesized
by using 0.035 mole/liter ferrocene in toluene solutions with 0.1 ml of water at 600°C. Inset TEM
image of OLC (e) exhibit concentrically stacked graphite sheets.

During CVD growth of CNTs, the introduction of miniscule amount of water vapor in the widely
known “supergrowth” is an effective way of extending the catalyst lifetime by etching carbon
precipitate on the catalyst particles surface.**® On the other hand, since water is a weak oxidant, it can
change the oxidation state of catalyst particles. Under supercritical condition, water acts as a
supercritical oxidant that is able to eliminate excess amount of organic compounds and maintain the
activity of the catalyst.*’ Therefore, the addition of optimum amount of water can effectively improve
the initial growth rate and extend the catalyst lifetime, and as subsequence result in a higher yield of
CNTs.®

The thermal Decomposing of toluene along with ferrocene (to form Fe particles)® will
introduce carbon atoms bounded in infinite hexagonal sheets, which mainly form concentric tubular

atomic planes (CNT) if the provided energy exceeds their internal energy.*’ In order for the carbon
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hexagonal sheet to grow in a helical orientation, sufficient energy is required, otherwise the formation
of curved or closed sheets is favored to eliminate the highly energetic dangling bonds at the edge of
growing sheets.”

To explain the synthesis of OLC using SCFA with toluene at either low growth temperature
(400°C) or in the presence of excess amount of water at 600 °C, we hypothesize that OLC forms only
when the energy available is insufficient or the available energy has been consumed by excess water.
Therefore, the graphitic sheets tend to minimize their energy by curling into onion-like carbon
structures as shown in Figure 7-7. We test this hypothesis by using a variety of alcohols (ethanol,
propanol and butanol) as carbon precursors under the same reactor conditions. Pyrolysis of alcohol is
well known to generate excessive amount of water (Equation 1). To grow CNTs, a reductant such as
potassium, magnesium or any earth alkali is typically used as shown in eq. 2:2¢%’

CH:;CH,OH >2C+3H,0 (1)

CH3;CH,OH + Mg - 2C + MgO + 3Hp --------------- )
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Figure 7-7 Illustration of the synthesis pathways for CNTs and OLC using aromatic and alcohols
precursors in a batch reactor.

The use of alcohol precursors also yields the same spherical structures with different size
ranges. Figure 7-8 shows detailed SEM images of the structures grown using different alcohol
precursors. However, by using toluene (with 0.1 ml of water), the yield was higher than that obtained
using other alcohol precursors by a factor of three. The ability of alcohol to selectively grow tubular
structures without a reductant (earth alkali) increase in the following order: C;HsOH< C3H;OH <
C4HoOH; this suggests that as the ratio of generated water and carbon atoms (C: H20O) in alcohol

precursor increases the chances to grow a tubular structures is increased.
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Figure 7-8 SEM images of OLCs grown at 600°C and 0.035 mole/liter of ferrocene with: ethanol
(a,b), propanol (c,d), and butanol (e,f).

Esarte et.al,®! has reported the effect of different alcohol (methanol, ethanol, isopropanol, and
butanol) mixed with acetylene on the soot formation in pyrolysis process. The summary that he draws

from this study is that the longer the aliphatic chain of the alcohol, the higher the carbon soot yield
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found in the pyrolysis process of corresponding acetylene-alcohol mixtures. Our results are consistent

with this observation in terms of cylindrical tube formation.

7.5 Conclusions

A high yield of CNTs, filaments, and carbon with an onion-like structures (OLC) reaching 18.7 g per
run was achieved in a one-step process using a supercritical fluid approach in a batch reactor. A
systematic variation of the influential growth parameters for toluene supercritical fluid was
investigated along with their effects on the growth properties. High yield of CNTs with smaller
diameters were obtained using toluene/ferrocene solution at 600°C with 0.05 ml of water. However,
by increasing the amount of water to 0.1 ml, the product was composed mainly of spherical carbon
structures (OLC). Lowering the growth temperature to 400°C also favors the formation of spherical
carbon structure. Our hypothesis assumed that excess amount of water will reduce the amount of
energy required to form concentric plane (in the case of CNTs), will rather form a curling structures.
This hypothesis has been tested using alcohol precursors (known to produce water) without using earth
alkali promoters (typically used as water reducer), the same observation was noted. Growth of CNTs
and filament in a batch reactor using supercritical fluid approach is a promising, one-step process for
synthesizing CNT-metallic nanocomposites. Under 600°C and 0.035 mole/liter ferrocene in toluene
solutions CNTs were decorated with Fe nanoparticles while under 500°C and 0.035 mole/liter
ferrocene in toluene solutions Fe nanowires were encapsulated in carbon filaments. These
nanoparticle-CNT (or carbon filament) composites can find applications in heterogeneous catalysis

and energy storage.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

Modified photo-Fenton process offers a green environment to oxidize and decorate the surface
of CNTs in a single step. Fe/Co particles supported on CNTs were in the range of ~ 2-5 nm. Following
photo-Fenton process, the CNT structure is preserved. Further, there is no calcination treatment
required due to the absence of foreign components like nitrate, acetate and chloride. The process is
facile, highly scalable, and involves the use of green catalyst precursors and an oxidant. Photo-Fenton
catalysts for FTS reaction show high stability and high CO conversion (~80% for Co/CNT and 65%
for Fe/CNT) under the same reaction conditions. In comparison to conventional catalysts, photo-
Fenton catalysts also show higher selectivity to the liquid hydrocarbons (C5+) at lower reaction
temperature. Unlike SiO,, the use of CNTs (a highly conductive support) in photo-Fenton process
ensures that a highly uniform temperature is maintained across the catalyst bed during the highly
exothermic FTS reaction. We partly attribute the high CO conversion and C5+ selectivity especially at
low temperatures to the absence of significant gradient in temperature.

Growth of CNT carpets via CVD from Fe- and Co-based catalysts at low and high temperatures
using a gaseous product mixture from Fischer-Tropsch synthesis (FTS-GP) as a superior carbon
feedstock is demonstrated. The efficiency of the process is evidenced by the highly dense, vertically
aligned CNT structures from both Fe and Fe-Cu catalysts even at temperatures as low as 400°C — a
record low growth temperature for CNT carpets obtained via conventional thermal CVD. The
synergistic effect of Fe and Cu show a strong temperature dependence, with Cu being more influential
at temperatures greater than 450°C. The apparent activation energies for CNT carpets grown on Fe and

Fe-Cu catalysts are 0.71 and 0.54 eV, respectively. The low activation energies, long catalyst lifetimes,
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and the growth of CNT carpets at 400°C, where the influence of Cu is low, are attributed to the unique
composition of FTS-GP. Our growth results also reveal that FTS-GP is not only an efficient carbon

feedstock but also a versatile feedstock that support CNT carpet growth on aluminum foil.

At higher temperatures, well-aligned SWCNT carpets of millimeter-scale heights on Fe and (sub)
millimeter-scale heights on Co catalysts were obtained. Growth on Fe is characterized by a growth rate
of ~50 um/min and long catalyst lifetime (> 90 min), with the catalyst showing no deactivation, while
growth on a Co catalyst shows a lifetime of ~60 min, with a slower growth rate of ~7um/min. The
resulting area densities of SWCNT carpets grown on Fe and Co, determined by the weight-gain
method, were 1.0 x 10" and 6.0 x 10'? cm™, respectively — among the highest achieved for SWCNT
carpets on standard catalysts. Unlike conventional feedstocks that require strict process control, growth
rate, area density of SWCNT carpets, and SWCNT quality (/c/Ip) are generally less sensitive to the
FTS-GP fraction in growth gas and thus allow for easy optimization and scale-up. In addition to the
growth efficiency, the window for SWCNT carpet growth is wider for an Fe catalyst than a Co catalyst.
A comparison of the growth curve of FTS-GP CVD, using an Fe catalyst with other conventional CVD

methods for SWCNT carpet growth, reveals a growth behavior superior to existing approaches.

Investigations to elucidate the role of FTS-GP in the growth enhancement in a batch reactor
revealed that water is generated during FTS-GP CVD. We hypothesize that the water formed oxidizes
excess carbon or amorphous carbon impurities on the catalyst surface. At low partial pressure of CO,
which is similar to the amount of CO in FTS-GP (5 vol%), the reaction between CO and H, with a
negative free energy value of -90 kJ/mole is favored. The theoretical thermodynamic perspective
allowed for direct comparison between the experimental and theoretical data. Both analyses show that
amount of water formed during FTS-GP decreases with increasing temperature, in agreement with our

proposed mechanisms.
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The role of Ru (a high-melting point metal) was demonstrated as a catalyst promoter in the
growth of SWCNTs on Fe/Ru and Co/Ru catalyst via CVD. FTS-GP was used as a carbon precursor
at 750°C for Fe catalyst and 850°C for Co. Deposition of 0.1 nm-thick layer of Ru on Fe or Co catalyst
was found to impede catalyst sintering at CVD growth temperatures and enhance the quality of the
grown SWCNTs as evidenced by the higher ratio of tangential G-band to defect-induced D-band, as
well as enable growth of smaller-diameter SWCNTSs. The average diameter of SWCNTSs produced is
decreases from 2.5 nm (using Co catalyst) to 1.5 nm when Ru is used as promoter. While using Ru
with Fe catalyst, the diameter of the grown SWCNT decreases from 3.1 to 1.9 nm. Further, the presence
of Ru also support growth of SWCNTSs with higher ratio of tangential G-band to defect-induced D-
band.

A high yield of CNTs, filaments, and carbon-based onion-like structures (OLC) reaching 18.7
g per run was achieved in a one-step process using a supercritical fluid approach in a batch reactor. A
systematic variation of precursor type, growth temperature, ferrocene concentration, and water amount
was investigated along with their effects on growth properties. High yield of CNTs with smaller
diameters were obtained using toluene/ferrocene solution at 600°C with 0.05 ml of water. However,
by increasing the amount of water to 0.1 ml, the product was composed mainly of OLC. Lowering the
growth temperature to 400°C also favors the formation of OLC. Our results show that growth of CNTs
and filaments in a batch reactor using supercritical fluid approach is a promising, one step process for

synthesizing CNT-metallic nanocomposites.
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8.2 Future work

Recommendations for future work are as follows:

1-

Control the diameter of SWCNT using other high melting point noble metals (Pt, Cu, and Cr)
as catalyst promoters.

Synthesize graphene using FTS-GP as a carbon feedstock on conventional/nonconventional
substrates.

Study the effect of hydrogen sulfide (H2S) present in FTS-GP on CNT growth behavior.
Investigate the role of catalyst supports in CNT growth by testing different catalyst supports
(ALxO3, Si02, ZrO,, MgO and C). Ion beam sputtering (IBS) will be used for the deposition
process.

Investigate the role of crystalline structure of the substrate in CNT growth behavior. This can
be achieved by either heating the deposited support to convert it from an amorphous structure
(as deposited by IBS) to a crystalline structure. Another approach is making zeolite-like
structure, by sandwiching SiO» between two layers of Al,Os. By heating the substrate up to
350°C in air, the layers start crosslinking to form the proposed structure.

Study the influence of supercritical fluid operation conditions on the CNT-supported metals
(Fe, Co) for Fischer-Tropsch reactions.

Optimize the operating conditions of batch reactor/supercritical medium by controlling the
pressure and investigate the possibility of growing aligned CNTs on substrates.

Incorporate the synthesized nanomaterial obtained from batch reactor in applications, like

heterogeneous catalysis (FTS), energy storage.
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Appendix A - Supplemental Information for Chapter 2

Carbon Nanotube-Supported Catalysts Prepared by a Modified Photo-Fenton Process for
Fischer-Tropsch Synthesis

Table S1. Quantitative data from XPS analysis for pristine CNTs, H,O:-treated CNTs, UV/H,0»-
treated CNTs and HNOs-treated CNTs. The different components or functional groups are C=C
(sp2 carbon), C—C (sp3 carbon), C-O (alcohol), C=0O (carbonyl), and -C-OOH (carboxylic);
Cf/sp2 represents the ratio between functionalized carbon species (Cf) and sp2 graphitic carbon.

Samples C=C (%) C—C (%) C—O (%) C=0(%) -C-OOH (%) CO5= (%, cf/sp2
284.51eV 285.07 eV 286.37 eV 287.57 eV 288.76 eV 290.97 eV

Pristine CNTs 68.37 10.45 12.16 0.15 3.45 5.42 0.23

CNTs-H,0, 62.89 14.17 12.15 0.34 4.25 6.20 0.27

CNTs-H,0,/uV 48.14 18.27 24.08 0.70 5.57 3.26 0.63

CNTs-HNO; 45.74 14.24 22.89 0.64 11.15 5.34 0.76

Table S2. Comparison of the selectivity of the different Fe-based catalysts at different
conversions and corresponding temperatures.

Catalyst Fe/CNTIWI Fe/CNT-Fenton Fe/Si0,-TWI

Selectivity (C5+) 18 | 26 1375 a1 | 30 | 24 | 39 |20 49 | 38 | 3 | 10 | »n | 36 | 34

Temperature (°C) 190 | 220 | 250 | 260 | 270 | 190 | 220 | 250 [ 260 | 270 | 190 [ 220 | 250 | 260 | 270
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Table S3. Comparison of the selectivity of the different Co-based catalysts at different
conversions and corresponding temperatures.

Catalyst

Conversion

Selectivity (CH,)

Selectivity (C2-C4)

Selectivity (C5+)

Temperature (°C)

Figure S1. TEM image of CNTs oxidized with UV/H20:. Arrow shows a CNT cap that remains
intact.
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Figure S2. Raman spectra of as-received CNTs and oxidized CNTs from different treatments:
HNO3, H,0;, and UV-H;0:.
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Figure S3. High and low magnification TEM images of as-received CNTs (a,d), HNOs-treated
(b,e), and UV-assisted H,O: treated (c,f).
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Figure S4. XRD patterns of as received SiO2 (a) and CNT (b).
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Figure S5. XPS spectra of samples synthesized by photo-Fenton, Co/CNT-Fenton (a) and
Fe/CNT-Fenton (b).
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Figure S6. . Low- and high-magnification TEM images and corresponding histograms of PSDs
with Gaussian analysis fittings of fresh and used -catalysts: fresh Co/SiO:-IWI (a,b),
fresh_Fe/SiO2-IWI (c,d), used  Co/SiO2-IWI (e,f), and used_ Fe/SiO»-IWI (g,h).
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Figure S7. XRD patterns of used Fe and Co catalysts on different supports (CNTs and SiO3)
synthesized by photo-Fenton and I'WI methods.
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Appendix B - Supplemental Information for Chapter 3

Gaseous Product Mixture from Fischer-Tropsch Synthesis as an Efficient Carbon Source for

Low Temperature CVD Growth of Carbon Nanotube Carpets

Cu-Fe/AIxOy

Ig/ly = 1.3

| s | s | s |

Intensity (Arb.Unit)

| s | s | s |

1000 1200 1400 1600 1800 2000

Raman Shift (1/cm)

Figure S1. Raman spectra of CNT carpets from Fe-Cu catalysts with the sequence of Fe and Cu
depositions reversed to investigate the effect of the different stacking order of metallic layers on
CNT carpet growth properties. Fe-Cu/AlxOy catalysts with a thin Cu layer sandwiched between
Fe and AlxOy show higher Ic/Ip ratio
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Figure S2. XPS survey scans of Fe (A) and Fe-Cu catalysts with the optimal Cu thickness after
CNT carpet growth. The nominal thickness of the Fe, AlxQy, and Cu films were 1.3, 30, and 0.12
nm, respectively; all the films were deposited by an ion beam sputter deposition and etching

system.
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Figure S3. Raman spectra of CNT carpets grown on a 2 nm-thick Fe catalyst deposited directly
on Al foil (A) and on Al foil with a 30 nm-thick amorphous AliOy barrier layer (B) at 450°C.
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Figure S4. Temperature profile of the CVD reactor during low-temperature growth at 400°C.
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Figure S5. Temperature profile of the CVD reactor during low-temperature growth at 500°C.
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Figure S6. TEM images of CNT carpets grown from Fe (A and B,) and Fe-Cu (C and D) at 400°C.
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Figure S7. TEM images of CNT carpets grown from Fe (A, B, and C) and Fe-Cu (D, E, and F)
at 500°C.
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Appendix C - Supplemental Information for Chapter 4

Catalytic CVD Growth of Millimeter-Tall Single-Walled Carbon Nanotube Carpets using an

Industrial Gaseous Waste as a Feedstock
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Figure S1. Raman spectra of SWCNT carpets grown by FTS-GP CVD at different temperatures
(650, 750 and 850°C) on Fe catalyst acquired using laser excitation energies of 1.58, 1.96, 2.41,

and 2.54 eV.
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Figure S2. Raman spectra of SWCNT carpets grown by FTS-GP CVD at different temperatures
(650, 750 and 850°C) on Co catalyst acquired using laser excitation energies of 1.58, 1.96, 2.41,

and 2.54 eV.
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Figure S4. SEM images of SWCNT carpets with different shapes grown from patterned Fe
catalyst at 750°C.
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Figure S5. Correlation between area density and mass density of CNT arrays that are closely
packed, as a function of SWCNT diameter obtained from Ref. 41. Using values of mass density
and mean diameter for SWCNT carpets grown on Fe (mass density = 0.258 g/cm?®, SWCNT
diameter = 3.1 nm) and on Co (mass density = 0.321 g/cm®, SWCNT diameter = 2.2 nm), the area
density can be extrapolated from the graph.
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Figure S6. Plots of Ic/Ip as a function of FTS-GP fraction for SWCNT carpets grown on Fe (a)
and Co (b). The Ic/Ip were obtained from Raman spectra of SWCNT carpets acquired using an
excitation source with a wavelength of 532 nm.
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Appendix D - Supplemental Information for Chapter 6

Chiral and diameter control of SWCNTSs using high melting point metals as promoters
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Figure 2. HR-TEM images of SWCNT grown by FTS-GP CVD at 750°C. (a,b) SWCNTSs grown
on a Fe/Ru catalyst. (c,d) SWCNTSs grown on a Fe catalyst. Histogram of SWCNT diameter
distributions and their Gaussian fits of SWCNT grown on Fe/Ru catalysts and Co catalysts.
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Figure S2. 1. Raman spectra of SWCNT carpets grown by FTS-GP CVD at 750°C on Fe and
Fe/Ru catalysts (a) and at 850 °C on Co and Co/Ru catalysts (b), using a laser excitation energy
source of 1.96 eV.
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Figure S3. 3D AFM images of catalysts nanoparticles formed on the substrate after annealing
(for 5 min) in H; at 850°C for (a) Co/Ru catalyst and (b) Co catalyst.
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Appendix E - Supplemental Information for Chapter 7

Batch Reactor for the Scale-up Production of Carbon Nanomaterials

Table S1. BET surface area meaurments of CNT and OLC using SCF approach.

CNT using toluene 90.66 0.63 277.5
without water, 600°C

CNT using Toluene with 95.70 0.71 298.9
0.05 ml water at 600°C

CNT using toluene at 45.41 0.13 113.9
500°C

OLC using Ethanol at 67.67 0.22 127.9
600°C

OLC using Toluene and 0.1 | 75.58 0.36 188.1
ml water at 600°C
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Figure S1. TEM images showing the OLC structure obtained by under supercritical condition
of 0.035 mole/liter ferrocene in toluene solution at 400°C.
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(a)

C: 74 wt. %

Fe: 24.5 wt.%

0:0.7 wt.%

(b)

Figure S2. (a) SEM/EDS image showing the Fe nanoparticles deposited on the exterior surface
of CNT at 600°C using 0.036 mole/liter of ferrocene in toluene solution, (b) TEM images of iron
particles decorating the exterior surface of CNT.
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Figure S3. Images of the obtained products after 1.5 h at 600°C for (a) 0.0018 mole/liter of
ferrocene in toluene solution, (b) 0.036 mole/liter of ferrocene in toluene solution.
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Figure S4. TEM images of CNTs synthesized with 0.036 mole/liter of ferrocene in toluene solution
and 0.05 ml of water at 600°C.
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Figure SS5. Raman spectroscopy of different alcohol precursors (30ml) in supercritical reaction
media, growth temperature 600°C, with 0.2 g of ferrocene, (a) ethanol, (b) propanol, (c) butanol.
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Figure S4. Batch reactor used for the supercritical fluid approach.
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