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Abstract

FischerTropsch synthesis (FTS$ an important gato-liquids technology inthe
modern energy industrythe arrent trend is to carry it out ilquid reaction media in
order to take advantage of good heat transfer, high catalyst efficiency, convenience for
catalyst regeneration/reloading and lower cadi®, toeitherthe use ofiquid mediaor
the associated reactor desgAdding water vaporda FTS has been proven to promote
the reaction in many catalyst systems, but there was no attempt prior to this point to add
liquid water in organic media. The choice of catalyst supports would be critical from
multiple perspectivesrirst of all, the ceexistence of both water and oil necessitates a
support that could maximize the liquid interface for better mass transfer as well as
dispersion of the catalysthe productsupport interaction is another important issue,
especially for FTS product in liquidhpse where secondary reaction happens when
primary products r@adsorb onto catalysts. And finally, as with any catalyst, the metal
support interaction greatly affects the catalyst particle sizes and reactivity.

We choseRu catalyst supported on a mukdaled carbon nanotube/Mg@l,0s
hybrid as the catalyst suppdar biphasic FTSand carried out systematic studies that
rationalized the choice of the support in terms of catalyst activity, deactivation,
production selectivity as well as product separatés it turned out, the amphiphilic
properties of the nanohybr&lipported catalyst and the thus formed emulsion system
were among theessentialfactors in the successfulmplement of the concept A
comprehensive interpretation of the resalit&l a compateve investigation with some

other catalyst supports V& revealed the importance of choosing the right catalyst

XVii



support, as well as given a better understanding of the FTS mechanism that incorporates
recentprogress reported in literature.

We then wenbn to study the synthesis of carbon nanot{B®¢Ts)in the effort
to find optimal conditions for their productiohn addition, &aring similarities in
mechanistic pathways in a broad sense, but with much heavier molecular weight, CNTs
have strongeinteraction with catalyst supports than FTS products and were therefore a
more typical model to study and demonstrate tteglyctsupport interactioras well
On the planar substrate supporgpdnding on thesotropyanisotropyof the CNF
support intera@bn, either random networks or aligned arrays of CNT films were
synthesized on the corresponding support. Here another important continuation from the
studyof FTSvast he pr omoting ef f ect s \oaferfavlgatese r .
CNT growth in thesecond step, i.ethe step where monomeric C witondense into
CNTs, while in the case of FTS, water plays a nmolestly in the first step of CO
dissociating into the monomeric CH speci€snally, a novel method to fabricate
devices of the CNT films are presented that tested the merits of using planaogapp

for CNT growth in actuahpplications.
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1. Fi scher 1 Tr ops c barbos ynanbthbessipparted us i ng

catalysts at the water/oil interface inan emulsion system

1.1 Introduction
1.1.1 FischefTropsch synthesis
1.1.1.1 FischeifTropsch synthesis process

FischerTropsch synthesi¢FTS), a long establishedasto-liquids technology
where hydrogenation of carbon monoxide produces products of predominately aliphatic
straightchain hydrocarbons, has been gaining @rekving interests both scientifically
and commercially in recent decades. There are two major driving foetesd this
renewed attention. The first is the exploration for alternatives to conventional olil
production, since crude oil reserves wenltle are finite and it is only a matter of time
for their extinction. The second driving foras the increasing caern about
environment. In comparison to conventionally produced oil, FT oil contains very little
aromatics and no sulfur. Its fuel range products have higher cetane numbers and
therefore lead to lower emissions. The feed gas.ohiid CO ( s o sm®3g!l liesd
from gasification of coal, steam reforming of natural gas, or gasification of biomass.

Commercial FBis performedn three major reactor types: fluzed-bed, fixed
bed and slurry bubble columns, with the latter two involving organic solvents as
reaction medig1]. Multiphase reactors involving gas (syngas), liquid (reaction media
and products) and solid (catalysts) are considered most prom&ingofy example,
slurry bubble columns have the advantages of good heat transfer, high catalyst
efficiency, conwenience for catalyst reloadimggeneration and low cost8,4]. Sasol

uses slurry bubble column reactors for the production of middle distillates inH&LC

~

r



range p|, while Shell uses multi tubular fixed bed reactors for this procéks |
Improvement on liquid mediumbased FTS is thus practically and industrially

appealing.

G GppL Egﬁ

coolant
B C
RIS
| b
lant
coolant \‘FE J oo
Gl

a. b. C. d.

slurry

o

Schematicl Reactors for commercial FTS: Slurry bubble column reactor (a), multi
tubular trickle bed and circulating reactor (fixdzed, b andc) and fluidizeebed
reactor (d) (Adapted from Referente

FTS is a highly exothermic polymerization procgss]:

CO +2H, = —(CH,)— +H,0 AH = -40 kcal/gmol CO

with a number of reactions as summarized in Table 1.



Table 1 Major reactions in FTS process

Main reactions

Alkanes nCO + (2n+ 1)Hy — CyHanin + nH,0
Alkenes nCO + 2nHy; — ChHa, + nH,0
Alcohols nCO + 2nH; — CyHyp1OH + (n—1)Hy0

Side reactions

Water-gas shift CO + Hy0 < CO, +H,
Boudouard reaction CO + CO - C + CO,
Carbonaceous species (X ‘ (%))Hz + xCO — CGiHy + xH0
Bulk carbide yC + xM< M,C,
Hydrogenolysis
(Demethylation) CoHansz + Hy <> CpqHap + CH,

Typical synthesis conditions are temperatures in the range eBAWC and
pressures of 2680 bar B]. Group VIII metals, especially Ru, Fe, ldnhd Co (in the
order of decreasing activity), are the most common catalysts. Co catalysts have the
advantages of giving the highest yields, longest lifetime and producing predominately
linear alkanes, and are usually designed for heavy prod&@tH.[ This is attributed to
the strong alkene fadsorption on Co1213]. In addition, Co is not subject to
inhibition by water and therefore exhibits higher productivity at a higher syngas
conversion 14]. Fe has high WGS activity and selectivity to alken®s.[It is used
together with alkali and/or Cu. The former acts to enhance activity by increasing the
electron density in Fe to increase CO adsorptibgl[/], and the latter helps the
reduction of Fe18]. Different from other FTS catalysts, the active specieSedfased
catalysts are not only pure met afe)iromhe i dc¢

oxi des (-ReOg magnetite R, @nd FgO), and five different forms of iron



carbides, Gcarbides (carbides with carbon atoms in octahedrat int¢ i -EegCs ; UU
Fe ,C, and FgC), and TP carbides (carbides with carbon atoms in trigonal prismatic
i nt er sFeiCamdeC) [£9-22]. Ru is the most active2B] and gives the highest
molecular weight product2{]] without any promoters. Thus it & catalyst of high
scientific value in exploringthe fundamentals ofTS, and it has been spurring
increasing interest for its potential of producing clean FTSfumés [25-33]. In
addition, Ru has shown high resistance against oxidation of watéchws a

concomitanproduct of FTS 34).

Table 2 Characteristics of commoRTS catalysts (from F. Morales, B.M/eckhuysen,
J. Catal.19(2006)1).

Active metal Price FT activity ~ WGS activity ~ Hydrogenation activity
Ni e + +/- ot

Fe + + et +

Co e e +/- e

Ru et ot +/- g




1.1.1.2 Reaction mechanism

Many mechanisms have been proposed oveyeélaes but the complex nature
of FTSmakes it difficult to reach to an explicit conclusion. Following is a brief
introduction of some major mechanisms.

Carbide mechanism

The most adopted mechanism is surface carbide mechanism bingattion
[18,35,36]. It assumes dissociative adsorption of CO anaiicatalyst surface to form
CH; (along with CH and C§j as the building block, which couples ¢ach other to
propagate to long hydrocarbon chains. Termination happens via addition of hydrogen or
CHs to form alkanes, hydrogen abstraction to form alkenes, or with oxygen containing

surface species to form alcohob~].

c=0 ¢ 0
PP I
4 1 2
H H
= )
5
H H.
c . . C
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i
H, R oH,
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R
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CH, =
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> R-CH,CH,
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Schematic2 FTS via surface céde mechanism (adapted from A.T. Bell, Catal. &ev.

Sci. Eng.23 (1981p03 and B. SarupBW. Wgciechowski, Can. J. Chem. Eng7
(1989)62).



Enolic mechanism

Another important mechanism is hydrogassised CO dissociation (enolic
mechanism) 17,36,38], in which hydrogen reacts with nafissociatively adsorbed CO
to form an enlic (HCOH) species, which then couples with each other and hydrogen to
remove oxygen in the form of water to form £species for chain propagation, with
similar termination steps as in the carbide mechanism. This mechanism has been
gaining more attentioas recent theoretical work has provided further support. Iglesia et
al. showed that the energy barrier for hydregesisted CO dissociation is muchver
than that for direct CO dissociation, and therefore it is the predominant path for CO

dissociation 39,40].

CO,

ol 11111111 *iﬁi
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|
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| | 1|
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| |
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Schematic3 Elementary steps of H*assisted CO* activation on Ru surfacguast
equilibrated stepare denoted by reaction arrows overlaid waltircle; the kinetically
relevant steps denoted with a reactioarrow overlaid with a carrot symboladapted
from Referencd0).



CO insertion mechanism

In this mechanism, met&O bond is reduced to aldehyde, which is further
reduced to form metaCHs. At this point CO insertion takes place as shown in

Schematic 4.

o

redactlon | | redacilon (L]

M—0—M—L—H-———+M-CH,

Irmerilon

O

|i reductiun ‘o
M—C—CH, —— s M—CH,CH; ——— elc.

(L]

Schematic4 CO insertion mechanism (adapted frath Masters,Adv. Organomet.
Chem.17(1979)61).

1.1.1.3 Product selectivity

The process conditions exert strong influence on the product selectivity.
Increase in temperature leads to higher selectivity toward products of lower carbon
number [L8]. Increase in total pressure or CQ#tdtio results in heavier products, while
the former gives more oxygenates and the latter gives higher alkene casiéhup).
With increase in space velocity (decrease in conversion), increase in alkene/alkane ratio
[43-45] and decrease in average molecular weight were obsedAld Jelectivity

variation by process and catalyst conditions is listed in Table 3.



Table 3 Selectivity variation by process and catalyst conditions (from M. Roper, in
Catalysis in C1 Chemistry (W. Keim, ed.), Reidel, Dordrecht, 1983)

Chain Chain Olefin Alcohol Carbon Methane
Parameter length branching selectivity selectivity deposition selectivity
Temperature 1 T * ! T T
Pressure T l * T * l
H,/CO 1 T ) ) l T
Conversion * ¥ l l T T
Space velocity * * T T o l
Alkali content
iron catalyst T 1 T T T l

Note: Increase with increasing parameter: T. Decrease with increasing parameter: |. Complex
relation: *.

In spite of the complexity of the process and sensitivity to reaction conditions,
FTS product distribution shows strong regularities and can be essentially described by
AndersonSchulzFlory (ASF) equation46], wherem, is the mole fraction of the

product with chain length of:

n—1

m, =(1—a)o
It can also be expressed in terms of weight fraatign

w, =n(l-a) o™
Uin the above equations is considered independent bbfis the chain growth
probability and calculated by the following equation:

_RL

u fd
R, + R;
where R, and R, are the rates of propagation and termination, respectively. Typical

ranges ofJon Ru, Co and Fe are 0.89.95, 0.70° 0.80 and 0.50 0.70, respectively.
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Figure 1 FTS product distribution predicted by ASF model.

However, significant deviations from ASF distribution are a common
observation, and there are several causes. One cause is the relatively high methane yield
in comparison to theest of the products, and it can be attributed to high termination
probability of G precursors47], a different site for methanatiod§], heat and mass
transfer limitations 49], or hydrogenolysis (demethylationp(]. Another reason
responsible for the d@tion is secondary reactions, including reinsertion,
hydrogenolysis and isomerizatiod4[51-53]. Although secondary hydrogenation was
also considered to contribute to the deviati®f,[our own study showed that this is not
the case. A third reason is changes in chain growth pilaga(U) with respect to
carbon numbern). Three effects were proposed to cause the changesddpendent
diffusion limitations B55556], 2) n-dependent solubility in heavy FTS products

[44,5257,58], and 3)n-dependent physisorption streng#4,50,52).



1.1.1.4 Catalyst deactivation

Several causes can lead to catalyst deactivation, and they strongly depend on the
catalyst. For Co, sintering, carbon deposition and surface reconstrixd]draje been
identified. Fe and Co-based catalysts are subject to wateluced oxidationg0]. Ru,
as mentioned above, has demonstrated high resistance against oxidizing environment
under FTS conditions. It has been found, however, that volatdeafonyl species
could form and caudess of catalyst during FT®]], or lead to larger aggregateés?].
Formation and deposition of inactive species on catalyst surface is an important
deactivation mechanism, which leads to blocking of active sites and hindrance to CO
chemisorption §0,63-65]. On Ru, carbon deposition, carbidic carbon as well as alkyl

chains have been recognizé&&68].

1.1.2 Carbon nanotubes as catalyst support

10
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Figure 2 TEM images of Pd nanoclusters dispersed on functionalized (a) and pristine
SWCNTSs (b). The corresponding SWCNTs beforéepdsition are shown as reference

in (c) and (d), respectively; Raman spectra of pristine (dashed black line) and
functionalized (red solid line) SWCNTSs (e); Raman spectrum of pristine MWCNTSs (f).

With high surface area, chemical inertness and good mechanical strength,
carbon nanomaterials have demonstrated to be excellent catalyst supports68]REBS |
well as in other reactiong(-73]. For singlewalled carbon nanotubes (SWCNTSs), we
have shownhat their ability to anchor catalyst particles can be further enhanced by
creating defects on the nanotube walls, which lead to a stronger-suppairt
interaction [4]. Multi-walled carbon nanotubes, even at their pristine (without any
treatment) state,gssess much more defects and functional groups sucb@®H and
TOH, as evidenced by the much strongetbdnhd of their Raman spectruni5|.
Therefore they have a stronger effect on the electronic structures of metal catalyst and

are an even better choices @&atalyst support for their outstanding metal particle

11



dispersing and stabilizing capabilitiegg]. Furthermore, carbon nanotubes have been
proposed toincrease catalyst activity probably due te &dsorption and spillar
effects [/7]. Our grouphas recetly reporteda novel reactionsystem [/8] in which
metatdoped carbon nanotub&organic oxide hybrigd simultaneously stabilize

emulsion due to theamphphilic nature and catalyze reactions at water/oil interface

aqueous
°  phase

Schematic5 Reactions at water/oil interface in an emulsion system using ‘oetal
nanohybrid catalystDepending on the reactiolemperature, the prevailing reactions
are hydrogenation, hydrogenolyst, decarbonylation, and depending on the relative
solubilities, the products remain in the aqueous phase or migrate to the oil phase.
(adapted from Referends).

1.1.3 Research objectives
Here, we explored the applicatio the emulsion reaction system in FTS, in
which both water and decalineapresent as the reaction mediaRu catalyst supported
on multitwalled carbon nanotube/Mg®i,03 hybrid was used as catalyst. Hydrocarbon
and short alcoholic products spontaneously separated into decalin and water phase,

respectively, fulfilling the initial objective of product separation. Much higher CO

12



conversion rates than decalin singlease rections, along with other intriguing
observations in products were analyzed and multiple benefits of emulsion phase FTS
were assigned and further envisioned. To investigate and extend itplrasé based
potential advantage, FTS reactions were conductéteipresence of hydrochloric acid
pyridine, respectively, which did not affect the activity severely as could be expected in
a typical FTS process with such common-symgas impurities. Relevant calculations
were carried out for additional theoreticalpport. The preliminary results indicate
higher impurity tolerance in emulsion phase FTS, and imply great potential for

industrial applications.

1.2 Experimental

Ru on CNT hybrid was prepared via incipient wetness impregnation method.
Ruthenium (lll) chleide hydrate (99.98%, Sigmadrich), used as the metal precursor,
was dissolved in water and impregnated elngge onto a determined amount of CNT
hybrid (~70wt% carbon nanotubes and balance of MD; support 9, kindly
donated by Southwest Nanoteclogies Inc). The sample was then dried for
approximately 12 h in a vacuum oven at 80°C and subsequently annealed in flowing He
at 400°C for 3 h, followed by calcination at 200°C in a conventional furnace for 2 h and
another He annealing session for 5 hamalternative method, the first annealing step
was replaced by reduction in a@/He (10% H) flow. The two catalysts are denoted as
Catalyst #1 and Catalyst #2, respectively. Their surface areas were determined by BET
(Micromeritics, ASAP 2000) and Ru ddings by inductively coupled plasma (ICP,

Galbraith Laboratories), along with the mean particle sizes based on transmission

13



electron microscope (TEM, JEOL 206X). The FTS reaction was performed in a-100

mL stainles steel autoclave batch reacttom Par Instruments. In a typical

experi ment, 200

99% purity, Sigma&Aldrich) and an equal volume of water (HPLC grade, Fischer

mg of

catal yst,

15

mL

Scientific), which would emulsify upon stirringivere added to threactor vessel. The

reactor was sealed, purged and pressurized witb KOO psi for a reduction period of

dec

12 h at 250°C. After reduction, the reactor was cooled to room temperature and purged

with H, again. Finally, H and CO were introduced at the ned ratio until a total

pressure of 600 psi was reached. The actual composition was determined by thermal

conductivity on a GC/TCD (Carle 400 AGC). The reaction was conducted at 200°C for

12 h at a constant stirring rate of 700 rpm. Same as the redstgmrthe vessel was a

closed and isolated system during the reaction. Conversion was monitored at different

times by the pressure change observed during the reaction. The gas phase products were

measured on the GC/TCD, while the liquid phase products analgzed after filtration

using gas chromatography mass spectrometer (GOM3010S, Shimadzu) and GC

(Agilent 6890). Two immiscible layers of clear liquid were obtained after filtration and

were analyzed separately.

Table4 Characeristics of thawo catalystsinvestigated

Catalyst | . DISthtN.e post- Mean size Surfacze area | pu loading
impregnation step (m?/g)
#1 Annealed in He 4 nm 268.4 3.7%
#2 Reducedin H,/He | 1.5nm 260.6 3.5%

14



Calculation of the distribution of the,B and NH between water and decalin
phaseswas conducted in the emulsion reaction system at reaction temperatures and
pressires that vary from 150 to 28D and 600 to1200 psi, respectively. These
estimations were performed in ASPEN Plus employing as feedstock-syrigas
composition similar to that reported in the Biomass Gasification Technology
Assessment publish by NREL in 20180]. The process flow diagram utilizet
simulate the emulsion reaction process is depicted in FRjurere, thebio-syngasis
fed in combination with makap H, to achieve a ratio of 2:(H,:CO) in the feed stream
of the FT reactor. In addition, water and decalin were fed to the FT reacader to
simulate the operation condition of the emulsion reactor. The products of the FT
reaction and the unreacted fraction of the feedstock are then separated in a flash that is
at the same operating conditions employed in the FT reactor. Thissprané& was
simulated using a NRTL thermodynamic method. In this way we can obtain the fraction
of H,S and NH that would leave the reactor as vapors in the real operation. Then, the
liquid fractions are sent to a liqulgjuid separator where the orgamibase is separated
from the aqueous phase at the same pressure and temperature used in the FT reactor.
This enables us to determine the fraction of the impurities that would partition in each
one of the phases inside the emulsion FT reactor. In this dasepartition was

calculated using the UNIFAC thermodynamic method.
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Figure 3 Process flow diagram employed to simulate the separation and reaction
process during the conversion bio-syngasvia Fischer-Tropsch in a watedecaln
biphasic system. The thermodynamic methods employed for the distribution of the
species in the flash and liquidjuid separator were NRTL and UNIFAC, respectively.

Mass transport calculations were performed to determine the rates of transport
of H,S and NH; in the aqueous phase and organic phase (i.e. decalin). The mass
transport coefficients and mass transport rates were calculated in using the Fick’s Law
and the Frossling equation, respectively. The molecular diffusivity estimated employing
the Changet al. correlation at 1200 psi and 250 psi. The viscosity of theéecialin and
water was determined using the correlation published by Lucas at high pressure and low
temperature (1200 psi and 298K) and then extrapolated to higher temperatures (523 K)
employing the approximation of LewiSquires, which is based on the empirical fact
that the sensitivity of viscosity to temperature variations appears to depend primarily
upon the value of the viscosity. The density at low temperature was estimated asing th
Rackett equation. The initial concentrations of ths tdnd NH were assumed to be
equal to the equilibrium concentrations obtained in the simulations performed in

ASPEN plus.
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1.3 Results and Discussion
1.3.1 Stabilization of emulsions by catalytemohybrids

Fig. 4a shows an optical microscopy image of the emulsion formed upon stirring
the mixture mentioned in the experimental part. The microscopy image shows droplet
sizes in the range of 1 to hn. An optical image of the mixture is displayed-ig. 4b,
in which the dark top part consists of waiteoil emulsion B1l] with oil as the
continuous phase, while the clear bottom part is the free aqueous phase. In previous
studies of our group, the emulsion was prepared by ultrasound sonication, which
resulted in very stable emulsions that remained almost unaltered for more than 10 days
[78,81]. Without ultrasound sonication, the emulsion can be sustained under constant
stirring, but when left standing, the droplets collapse as denoted by the emergence and
gradual enlargement of a clear top phase and gradual enlargement of the bottom
water phase. This situation is desirable in easily breaking the emulsion, separating the
products from the different phases, and recovering the catalyst. It should be noted that,
despite the elevated tempenats during reduction and reaction, majority of the water

present inside the vessel was in liquid form.
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Figure 4 (a) Optical microscopy image of an emulsion formed by stirring a 1:1 mixture
of decalin and water in the presencERuU/CNT nanohybrid, (b) optical image of the
emulsion system, (c) TEM image of Catalys{pt&pared without a reduction steghd
(d) Catalyst #4dprepared with a reduction step)

Fig. 4c and d show TEM images of the catalytic nanohybrided in this
system. Catalyst #1 (Figc), which contained Ru particles with a size range of 2 to 6
nm uniformly deposited onto carbon nanotubes, was used for most of the catalytic

experiments described below, unless specified otherwise. Catalyst gt24qfihad

smaller and more uniform patrticles (1 to 2 nm range).

1.3.2 Fischer Tropsch Synthesis (FTS) in the emulsion system
When a low H/CO ratio of 1.2, which is close to bg&ngas composition
[82,83], was used, a complex variety of products, congjstiialkanes, alkenes, and

long-chain alcohols, were obtained (Figp), with CO conversion of 38.1% over 6 h.
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Therefore, to saturate hydrocarbon products and simplify analysis, a Higl Hatio

of 3.5 was adopted (Figb). After an FTS period of 12 lhe total pressure decreased
from 600 to 290 psi (both measured at room temperature). Liquid products were found
to be predominantly alkanes that partitioned in decalin. A small amount of isopropanol,

the only oxygenated product, was detected in waterephas

»Jm M‘LMM\MM L JMM VJU]UJ’M
|

Figure 5 Representative sections of GC chromatographs for products in decalin phase
obtainedwith syngas ratio (CO) of 1.2over a 6h reaction(a) andwith syngas ratio
of 3.50ver a 12h reaction(b).

Intensity

|

|
Retention time >

The hydrocarbon product distribution is summarized in &agand6c. It can be
seen that the liquid hydrocarbons followtr@nd that highly resembles Anderson
SchulzFlory (ASF) distribution typical of FTS product84]. Fitting with the ASF
equation (Fig6c) resulted in @hain growth probabilityf 84%, which is typical of Ru
catalysts 49]. It should be noted that, at shorter reaction time (foe@nversion),
products (mainly alkenes) other than alkanes were also obtained, indicating that part of

the alkane products at high conversions were fronringertion and secondary
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hydrogenation of alkenes. Liquid hydrocarbons represent more than 80 wh&otofal
hydrocarbon products. Gas products consisted of mainly methane and negligible
amount of G-C4 fraction due to the relatively high ;,KCO ratio and reaction
temperaturedb]. Gas phase analysis also indicated that only 3% of the initial CO was
conwerted to CQ via watergas shift (WGS) reaction in spite of the presence of
extensive amounts of wateAt the end of the 12 hun, the CO conversion was
determined to be 96% heinitial CO conversion ratavas determined to b28.1 mol

CO (mol Ru)*h™, which corresponds to a turn over frequency (TOFD.0282 s?,
assuming a Ru dispersion based on TEM observations of Th&Se values are in the
upperrange among those reported for Ru cataly8&88]. Catalyst #2, with much
smaller and uniform parties (1 to 2 nm), had much higher activity of 7&@l(mol
Ru)*h* with a corresponding initial TOF of 0.0149". This dispersiomlependent
difference in TOF agrees well with studies on both &3) find Co PQ] catalysts and is
ascribed to large domain aattion of sites present on planar surfaces needed for high
FTS activity. As will be discussed in Chapter 2, we proposed a new explanation for the
particle size effect on catalyst activity that takes into account a recently developed FTS
catalytic model. e product distributions (overall and liquid products) were similar to

those obtained on the first catalyst as summarized i6lFand6d, respectively.
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Figure 6 Weight distribution of hydrocarbon products obtained with Catalyst #1: (a)
eqguation; and Catalyst #2: (b) overall and (d) liquid phaReactions were carried out

with H,/CO

<«—— Ajusuay|

Decalin single phase reaction was conducted under otherwise exactly the same

with almost no hydrocarbon products larger than The results agree well

Figure 7 Representative section of GC chromatograph for products at shorter run.

conditions.
34.1%

with FTS studies on adding small amounts of water vapor in syngas, which generally
21



showed enhanced conversion rates and higioetucts selectivity towards longer chain
hydrocarbons 91-93]. Various mechanisms regarding water effects have been
proposed, including assisted inprarticle transport of syngas and hydrocarbd@, [

and assisted transport of hydroged9][ . I n our case, in addit
promotion effects of water, advantages unique to emulsions are expected to further
contribute to the pronounced imgvement over oil single phase FTS. The formation of

small droplets of watein-oil dramatically increases partictBspersionand interfacial

surface aresbetween the organic and aqueous phabeis results in improved contact

between catalysts anceactants, andnuch better mass transport between the two
phasesAs a result, as produced molecules can be continuously removed from the
reacting emulsion phase to other phases based on their differences in solubility (see
results below]78]. Besides easy product collection, this featurepzfintaneous product

mi gration could help to create fAcleando ca

FTS reaction equilibrium forward, but also keep the catalyst from fast deactivation.

22



Dichloromethane a
/ co e—“7 Decalin

6 c12 15

Ll

|1 -

Intensity —>

I} ) J\}Lm o ,__.u_»rm.«_lél.—————//_»

Retentiontime —— >

Figure 8 Wholerange GC chromatographs for FTS products obtained in emutsion
(a) and in decalirrun (b). Dichloromethane was usededernal standard. Catalyst #2
was used for both runSyngas ratio was 4 and reaction time was 12 h.

The production of short alcohols was found to increase as the syngas
composition deviated from the,KO ratio of 4 (Fig9a). These results can be uged
illustrate the reaction/separation advantages of this system. Representative sections of
GC chromatographs of decalin and water phase from the reaction with a syrga$ rati
5.4 are presented in Figb9As demonstrated, alcohol and hydrocarbon predwetre
collected in the respective phases in which they were soluble, without any detectable
crossover to the other phase. Longer alcohols would partition more into the oil phase,
but current commercial interest exists towards thé C, alcohol range frm FTS P5),
and can be conveniently separated and collected in the aqueous phase. Besides alkanes,
alkenes and alcohols as target products, a variety of undesirable products, including
aldehydes, ketones, acids, esters and carbon, are typically obtaimelstrial FTS.

These products are known to deactivate the catalysts and foul and/or etch the system

The oil/emulsion/water structure is an effective system to deal with this issue.
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Undesirable watesoluble products could migrate into the aqueous pheseing the

reaction zone in the middle emulsion phase less affected and thus less severe catalyst

deactivation.
o | —
\
b - N > I:;S/CO " ¥ 54-
g sopropanom/ dichlorome thane e ‘
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Figure 9 (a) Liquid phase product yields at different/EO ratios. (b) Representative
sections of GC chromatograghior products in decalin and water phadatained with
syngas ratio = 5.4 over reaction time of 12 h.

The changes in product composition, or relative alcohol yield, with changing
H,/CO ratio is an interesting aspect. It can be rationalized by takingastount the
presence of water in our case, and general rules and patterns of primary FTS products.
Considering that isopropanol was the only alcohol in the water phase, and the
abundance of water in the reaction, isopropanol was likely the product ditioyel

dehydration equilibrium with propen®§,97], rather than that of FTS, which would
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result in a range of primalcohols[13]. At the low H/CO ratio side (below 4), alkene

yield decreased as the ratio increasEl4?], leading to decreasing alcohol yield; at the
high H/CO ratio side (above 4), increasing ratio led to higher CO conversion rates (see
the discussion below) and thus higher local water production rates on thestcataly
surface, which pushed hydration forward and thus increased alcohol yield. In all cases,
the asproduced isopropanol migrated to water phase. Thus the equilibrium largely
favored its production. Longer alcohols from hydration of heavier alkenes woulte not
favored, since they tend to migrate to oil phase where dehydration would more likely
happen. Ethene hydration to ethanol was not favored either, since it would involve a
primary carbonium ion as an intermediate, which is much less stable than a sgconda
carbonium ion as in the case of propene hydration. While the explanations are subject to
extensive experimental examination for further verification which is beyond the scope
of this paper, this result may imply the possibility of better alcohol (anotfoer

products) selectivity with emulsion system. The conversions emain growth

probability( U) val ues af%feorl itshteesde irne aTcatbiloens, exc

the run with H/CO ratio of 1.2 which gave a large variety of products and made
guantification rather complex as mentioned earlier. It is generally observed that CO
consumption rates are proportional te ptessures, and proportional to CO pressures
only below certain values (threshold), beyond which the latter have no effect®®n rat
[98-100. The conversion values at different/B0O ratios reflect the combined effects

of both pressures. In all the cases, reactions started with much higher CO pressures than

the threshold (e.g.,, ~50 psi(dl)). So b pressure was thengonly
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pressur eo. T h u s/CQaratiosrokll.2aandi 32,adagtion$ were slév and

low conversions were obtained.

Table5Conver sions and chain growth probabil:i
this study

H,/COratio | 1.2* 3.2 35 4.0 4.8 54 | 3.5%*

Conversion | 38.1% | 58.5% | 96.0% | 96.1% | 93.4% | 90.9% | 87.8%
a value N/A | 80.0% | 84.3% | 84.2% | 81.2% | 81.2% | 86.6%

* 6 h reaction
** 6 h reaction, with Catalyst #2

An important conceptual point must be raised h#rés well known that the
driving force that determines chemical reaction and diffusion rates is given by
thermodynamic properties, such as chemical affinity, chemical potential or activity.
Only in idealreaction mixtures is it possible to express the reaction rates as a function
of the concentration of the species present in the sydte#h Specifically, in the case
of a reactant or catalyst poison with low solubility in one of the phases, this concept
plays a very important roleBoudart etal. [103 noted that whena component
distributed in more than onghase readas thermodynamic equilibriumits chemical
potentialis the same in botphases. Thereforéhe presence of a catalyst poison in one
phase sbuld affect equally the catalyst regardless the phase in which this is present.
However,the chemical potential of a given component may remain low in a phase with
low solubility when the rate of mass transfer in that phase is so lowhthghases are

not in thermodynamic equilibrium
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Actual syngas often contains other components besidgesnd CO. The
inorganic impurities include HCI, 4%, COS, NH, etc., which are catalyst poisons.
Despite a multistep and integrated approach that is usually involvesyngas
conditioning [LO4], impurities are only eliminated down to a certain level due to
economic considerations and technological limitations. With higher solubility in water
and more restricted mass transfer in oil of these impurities (see discussia), lagid
confined location of the catalyst due to the hydrophobicity of the supporting carbon
nanotubes, it is possible to further lower the impact of the trace amounts of poisons to
catalyst activity in emulsion phase FTS. To test this concept, we peddfTsS in the
emulsion system in the presence of HCI in one case and pyridine in another, which may
be taken as representative compounds of acid armbnbhining tar impurities,
respectively, both of which are known to poison FTS catalyss For the HCI run,
5mL of 0.012M hydrochloric acid was fed into the catalyst/10mL water/15mL decalin
mixture in the reactor through a syringe after the reasts cooled down from the
reduction step. A mixture of 5mL water and 0.5mL pyridine was injected to the same
catalyst/water/decalin mixture above in the case of pyridine run. Then the reactor was
pressurized to 600 psi with syngas ob/€GD = 4 and broughto the reaction
temperature. The amounts of HCl and pyridine added to the system corresponded to

composition ranges of actual syngas from biomass gasific&8pn [
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Figure 11 Representative sections of GC chromatographs for products in decalin (a)
and water phase (b) from reaction in the presence of HCI.
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Table 6 Partition of pyridine and its derivatives in decalin and water phase after
reaction(Syngas ratio = 4, reaction time = 12 h)

Partition
(mol%) Decalin Water
Compound
Pyridine 0.83 4.99
Piperidine 3.73 81.35
Alkylated piperidine 9.10 0
Total in each phase 13.66 86.34

Intensity ———>
£
L
-
—
.
2
%
1

/ R-piperidin C
alkanes \

A “ HHHMMM;\MM

Retention time >

Figure 12 Representative sections of GC chromatographs for products from the run of
decalin singlephase without pyridine (a), decalin singdaase with pyridine (b) and
emulsion phas with pyridine (c).
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Results of HCI run are reported in Brg 10 The product distribution at CO
conversion of 94.7% was very similar to that obtained without the addition of HCI.
Adding pyridine to decalin singlphase reaction resulted in much lowenwersion and
a wide spectrum of products in comparison to the run in clean decalin single phase
(Figure 13, including alkanes, alkene, long chain alcohols, acids and esters, clearly
indicating the poisoning effect of pyridine. While conversion was aldectaf
considerably in the emulsion phase run in the presence of pyridine, products consisted
of only alkanes and alkylated piperidine, derived from pyridine, each following a neat
ASFtype trend. The partitions of pyridine, its hydrogenated product,igiper as well
as alkylated piperidine were obtained after the reaction and listed in @&##e3% of
the pyridine and its derivatives were captured in water phase due to their higher

partition capability in water.
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Figure 14 Partition of H,S between organic and agueous phasedifgrent reaction
conditions.
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Calculations of partitions and mass transport of the impurities in different phases
were conducted assuming thermodynamic equilibrium under a range of temperatures
and pressures common to FTS. Figlideshows the partitionlpt of H,S and it clearly
indicates much higher partition in aqueous phase than in organic phase. Mass transfer
parameters foH,S and NH are shown in Tablg. While the two molecules have
similar diffusion coefficients in both aqueous and organic phases mass transport
coefficiens are smallerin organic phaseéhan inaqueous phasdn addition, nolar
fluxes of HS and NH; in organic phasareat least twice smaller in organic phase than
in aqueous phasAs a result, the undesired polar impuritegerience higher transport
resistance in organic phase. Thus the calculations lend support to the possibility of
improving catalyst stabilityby adding additional resistance ti@nsportof undesired
polar impurities, and therefore higher impurity tolerann emulsion phase FTS as

shown experimentally.

Table7 Mass transfer parameters ob,8 and NHin decalin and water phase.

Molecule H,S NH;
Phase Decalin | Water | Decalin | Water
Diffusion coefficient (x10® m?/s) 3.42 3.94 3.91 451
Mass transport coefficient (x10" m*s) | 0.942 1.12 1.06 1.26
Concentration ( x10 Kmol/m®) 131 2.98 3.09 5.96
Molar flux (x10~° Kmol/m?**s) 1.23 333 3.28 752

Finally, to confirm that the formation of emulsion is partially responsible for the

high CO conversion rate, Ru on carbon nanotubes only (without the hydrophilic head)
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was used for a 12 h FTS reaction witt/ GO = 4 under otherwise exactly the same
conditions. As it turned out, the conversion with carbon nanotubes only, which was not

expected to form emulsion, was only 28.1% as compared to the latter of 96.2%.

100

CO conversion (%)
£ = =]
< (=] <

[\
<

0 -

CNTs only Nanohybrid

Figure 15 CO conversionsvith syngas ratio of éver 12 h in an oil/wier mixture (1:1
ratio) using carbon nanotubes (CNTs) and nanohybrid as supports.

1.4Summary

A novel multiphasic FTS system is proposed and demonstrated in this study, in
which water and oil were mixed as the liquid reaction medium. The amphipatlice
of the nanohybrid catalyst support used in the study facilitates the formation of the
emulsion, in which the nanohybrid particles are stabilized at the water/oil interface. The
FTS reaction conducted in the emulsion resulted in high CO conveeties and a
uniform ASF product distribution. Multiple potential benefits are envisioned for the
FTS reaction in the emulsion system. One advantage of this system is that it allows for
spontaneous product separation under reaction conditions purely baseduloitity

differences. This is especially significant for reactions like FTS that produce a wide
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range of products with different polarities and solubilities. In addition, a more restricted
mass transfer rate of impurities from the aqueous phase torgheio© phase could
greatly enhance impurity tolerance of FTS. One of the potential applications of the
proposed system would be in FTS units with integrated syngas production by biomass

gasification.
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2. Liquid-phase FischefTropsch synthesis: the rationale behind the
choice of catalyst supports toward better productivity and selectivity

2.1 Introduction
2.1.1 Water effects in FTS

Water is the primary and inevitable FTS product. Therefore, its effects have long
been studied105106. There are usually multiple factors dictating the influences of
water to FTS, and they largely depend on the metal chosen as the catalyst. The effects
of water on Fecatalyzed FTS are well understood, i.e., wateyxidizes Fe during FTS
and thus redces catalyst activity3B,94,107-109. Water effects on Gbased catalyst
are more complex, depending on catalyst composition, nature of the support and
catalyst preparation method. The water effects on FTS with unsupported Co catalysts
were studied using fixeded reactor]1( and CSTR 111], andwere found to result in
enhanced CO reactivity, which was ascribed to lower barrier of CO dissociation due to
waterCO interaction J12114], oxidation of low coordination sites, or surface
reconstructionf15. Methane selectivity was found to be lowering@mr i son t o fc
conditions in all these cases, and was attributed to higher surface concentration of active
carbon intermediated 19. Meanwhile as a result of competitive adsorption of water,
secondary hydrogenation of alkenes was inhibited and more alkenes were produced
[117]. Study hasalso shown that oxidation of Co by water is possible when the particle
size is smaller than 4 nM16. For supported Co catalyst, besides the above mentioned
effects, extra considerations are given to the interaction between support, metal and
water. For gample, the addition of water vapor facilitates the formation of cobalt

silicate of Cesilica catalyst. Cobalt silicate has stronger interaction with cobalt oxide,
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which retards the reduction of the latter and causes catalyst deactivafidn [
Similarly, when alumina was used as support, the formation of-tioarelduce cobalt

aluminate was observed with water additiddd. TiO,support doesnodt r e
in the presence of water. Therefore, the effects of water ehi@pcatalyst are similar

to unsuppaed Co catalyst at low water partial pressure. However, at higher water
particle pressure, it was postulated that water would form a condensed phase,

facilitating the transport of CO and,}-and therefore favoring FTS4].

With highest tolerance against oxidation by water and high activity by itself, Ru
is an ideal catalyst to study the fundamentals of FTS, such as the effects of water
[13119124. A more recent study on this topic using Ru catalyst was conducted in a
continuously stirred slurry reactd®]], which is close to the experimental apparatus in
our own study. It was found that as the water partial pressure was increased, CO
consumption rate also increased, while methane selectaatgdsed andsCselectivity
increased, which was in agreement with several studies on Co cata8i$ 127
and ascribed to product desorptiornibition and chain growth promotion by water
[109. Low carbon number range products{C;), which are not subject to secondary
reactions, incrased with water partial pressure in formation rate and weight
distribution, reflecting the promoting effect of water on the primary chain growth
probability. On the other hand, secondary hydrogenation was inhibited by water, as
indicated by higher alkeneontents at large carbon numbers, a range more subject to
secondary hydrogenation due to longer chagtuced higher solubility]2,52,128-131]
or diffusivity [17] , and therefore longer residence

conditions.
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As can be seen, the effects of water on &al Rubased catalysts share many
similarities, e.g., increased CO congution rate, suppressed methenation, and higher
alkene contents. The essential question is how water affects the catalyst activity, a
guestion thatodos been eluding concl-Gsive a
interactions 112114 , t hese studies didnot pin point
a step believed to be raieiting for FTS [L01]. Rate enhancement due to water
assisted transpord{] is still a possibility. However, the use of very small catalyst
particles (< 100 mm) in the above study largely excluded inpellet transport
limitation. Another explanation given in this study was that water supplies a source of
surface hydrogen needed for £species formation. While the explanation was rather
brief and ambiguous, it did point to a direction that is better supported and elucidated by
recent studies on Fe and CI0J], and Ru £0], which compared, experimentally and
theoretically, the activation energy for CO dissociation via direct route vsodpyar
assistance, i.e., carbide mechanism vs. enolic mechanism. It was determined that
hydrogenassisted CO dissociation has muotver energy barrier. Therefore it is the
dominant pathway. Water may increase the rate of kineticalivant CO activation
steps by mediating the formation of COH* via asHuttling mechanism, in which H*
transfers to a nearby,B® molecule to form a shelived H;O" intermediate which can
then protonate the O of CO39]. The thus formed COH* undergoes atldition at the
C to form *HCOH* and then dissociates with,® nearby as a solvent in the

kinetically-relevant step. The transition state for this step has an enetg9 &8 mof*

compared to a CQtovered surface with Hand HO in the gas phase, while it is 193

kJ mol* compared to a CQtovered surface and.Hn the gas phase. The CO
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consumption rate, methane angl @ith respect to water pressure follow similar tten
as reported above. Beyond a water pressure value of 0.3 MPa, the effects became much
weaker, suggesting blocking of active sites by water derived intermediates. It should be

noted that all of the above studies involved the addition of vplpase wateonly.
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Figure 16 (A) DFT-derived energy diagram for vacancy generation and direct CO*
activation on (111) terraces of Ru (1.55 ML CO*). The apparent activation energy
(pEapp) for the direct p a ttohgenerate aavacangym o f
(7T pHroma COt*covered surface (a) and ¢gfore intr
direct activation of CO* by a surface vacancy (b) to form chemisorbed C* and O*
species (c). (B) DFtalculated energy diagram for-BHissisted CO* avation path on

the (111) terrace of Rw (1.55 ML CO*). The apparent activation energy for the- H*
assisted path is a sum of the enfemgy r eq!
CO*-covered surface (a), the enthalpy of &d s o r p ty;i(b) to (c)), theHenthalpy

of H* addi t igdéhto (d)ph an@ O activagpdn barrier for H* addition to

HCO* ,((dpte (e)). The barrier for the dissociation reaction of HCOH* to CH* +

OH* ((e) to (f)) is shown to justify the irreversibility of HCO* hydewogtion.
Transitionstate energies are denoted by double daggers (from Refet@nce
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2.1.2 Research objectives

We have demonstrated in Chapter 1 the concept of FTS in emulsion phase using
nanohybridsupported catalysts and its multiple advantages, among which the enhanced
CO consumption rates in comparison to oil sifghase are an important observation
and in line with literature reports, which, however, only explored the addition of water
vapor together with syngas feed. As will be discussed below, the presence af liqui
water would be expected to behave differently from water vapor in three major ways: 1)
liquid water under FTS conditions guarantees maximum chemical potentials that water
could reach at thermodynamic equilibrium, since water is saturated; 2) liquid water
induces ot her effects that water vapor
coefficients in water that are three times higher than in typical hydrocarbon liquids

[132133, meanwhile its solubility in water is lowefL34. In addition, FTS products
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have \ery different diffusion and solubility behaviors in water than in organic solvents
as well. Therefore, mass transfer ntigke an important consideration; Bgpending on

the catalyst and catalyst support used, thphlaisic system, i.e., the mixture of wat

and oil, might have different configurations. A direct example is the emulsion system
that we focus on in this study, which results from the amphiphilic nature of the support,
i.e., the nanohybrid support possesses both hydrophobic and hydrophilictipsope
This solvenicatalyst interaction not only determines the liquid configuration (e.g,
emulsion), but also how catalyst particles are distributed. For example, our study
showed that the majority of the catalyst particles are located on the hydropadina
nanotube side of the nanohybrid. Therefore, catalyst would be more in the oil phase in
the emulsion system. In this sense, catalyst support plays a more important role in liquid
phase reaction than in gas phase reaction. A detailed examinatio® BNS reaction in
biphasic system, emulsion in particular, would provide significant insight both
scientifically and industrially. Recently, FTS carried out in liquid water was reported for
the first time and showed promising results, i.e., much highec@@umption rates

than in common organic solventd3H. In light of this result, and as a natural
continuation of our study, FTS in water singlease was carried out as well, and
showed very different behavior than FTS in emulsion phase. Interpretatithres#
results involves the formentioned considerations, as well as new insights on FTS and

on catalysis in general.
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2.2 Experimental

Catalysts were prepared via incipient wetness impregnation method to load Ru
onto different supports. Ruthenium Jlthloride hydrate (99.98%, Siga#ddrich) was
dissolved in water and impregnated dmege ontoa determined amount of support,
which were nanohybrids as used in Chapter 1, activated cabmono( Aldricl), or
fumed silica Aerosil 380, Evonik The samfes were then dried for approximately 12 h
in a vacuum oven at 80°C and subsequently reduced in flowaffy KL/10 ratio) at
400°C for 3 h, followed by cooling down and passivation in flowing1® (1% Q) for
2h. Ru loadings were determined by inductively coupled plasma (ICP, Galbraith
Laboratories), and the mean particle sizes were based on transmission electron
microscope (TEM, JEOL 200BX). The FTS reaction was performed in a 10D
stainless steel autoclave Hateactor from Parr Instruments. In a typical experiment,
150 mg of catalyst and 30 mL of solvent(s), i.e., decalin (mixture of cis + trans,
anhydrous, O  9Mdfich) pwateri (HPYG graBd, Bisther Scientific), or
decalin/water mixture at a 2rhtio were added to the reactor vessel. The reactor was
sealed, purged and pressurized withtél 400 psi for a reduction period of 12 h at
250°C. After reduction, the reactor was cooled down to room temperature, and syngas
was introduced from a cylindeir§/CO = 3.5, Air Liquide) to purge and then pressurize
to a total pressure of 600 psi. The reaction was conducted at 200°C at a constant stirring
speed of 700 rpm. Same as the reduction step, the vessel was a closed and isolated
system during the reactioBonversion was monitored at different times by the pressure

change observed during the reaction. The gas phase products were measured on the
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GC/TCD (Carle 400 AGC), while the liquid phase products were analyzed after
filtration using gas chromatography ssaspectrometer (GCMQP2010S, Shimadzu)

and GC (Agilent 7890B).

2.3 Results and Discussion

At the early stage of this study, FTS reactions were tested at a CO conversion of
20% or lower using 100 mg of catalyst, & €O ratio of 2 and run time of 2 to
acquire the initial catalyst activity, i.e., turnover frequency (TOF) as a function of
changing amount of water, while the total volume of the solvent(s) was kept constant. It
should be noted that, the calculation of TOF excluded vgaershift reactio, since
this reaction converts CO into G@vhich is not a direct and desirable FTS products.
Figure B shows the evolution of TOF along with thatrokthanationi.e., the molar
percentage of methane produced with respect to the amount of CO consumed.
According to calculation (se&ppendi®, water in excess of 1.2 mL and 0.5 mL would
be in liquid form at the reduction and reaction conditions, respectiVak.observed
TOF enhancement and methane selectivity drop with increased water content agree well
with previous studies conducted in the vapor ph&$. [An interesting point to
emphasize is that the trends continue well beyond the threshold for appearanae of liq
water. That is, while the chemical potential of water does not increase beyond the
saturation, the presence of increased amounts of liquid water seems to continue to
enhance TOF and suppress methanation to a certain extent. We chose 10 mL of water +

20 mL of decalin as the standard composition, as this is the point where the catalyst
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activity and product selectivity (as indicated by the TOF and methanation curves) are
fairly stable, and the relatively higher fraction of oil phase coupled with the domina

hydrophobicity of the nanohybritacilitates the formation of watem-oil emulsion

[81].
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Figure 18 Evolution of TOF andnethanation as a function of initial amount of liquid
water added into decalin, keeping a total of 30 mL of solveDH&). obtained with
syngas ratio of 2 at a low conversion of below 20% over 2 h reaction time.

The syngas ratio of 3.5 was used from fognt throughout this study. TOF of
the nanohybriesupported catalyst was tested using 100 mg catalyst in decalin, emulsion
and water with a relatively short reaction time df,2vhich reached a conversion below
30%. Furthermore, to test catalyst deation, three more-B runs were followed in
each case. Between these runs, the reactor was cooled down to room temperature, gas
phase was sampled and released from the reactor vessel, then fresh syngas was
introduced to the vessel to timtial pressure H600 psi. The data were summarized in
Figure19. As can be seen, the catalyst exhibited lowest TOF of 25.2x"10 decalin

phase. In emulsion and water singlease, a much higher TOF of 39.2 x°4® and
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40.8 x 10°s* was obtained, respectivelyn hddition, the catalyst showed much slower
deactivation rates over the four reaction cycles in emulsion and water phases: the TOF
dropped by 33.6% and 22.9% respectively after three cycles, as compared to 62.2% in
decalin phase. The enhanced catalyswigtin the presence of water agrees well with

our earlier results of FTS in emulsialBfg and with other relevant FTS studies as well.
The latter represent the long and-gwing interest in exploring and unraveling the
effects of water in FTS reactions. tinese efforts, small amounts of water vapor were
mixed with syngas to feed into liquid phas#l] or vapor phase reactof37,13g
Mechanisms drawn from these studiesy, from water assisted intpellet transport of
syngas and hydrocarbor®], to watershuttled transport of hydrogen to the active site

to facilitate CO disociation B9]. As mentioned above, syngas diffuses in water much
faster than in organic solvents. In addition, in emulsion, the presence of the organic
phase maypose a hindrance to the function of
catalyst surfaces. Therefore, water siAg@se is more advantageous in terms of CO,

H, and proton transfer, which is possibly the reason for the slightly higher activity in
water sinde-phase than in the emulsion phase. Studies have shown that carbon
deposition tends to form on Ru catalyst, causing deactival@®14d. In our study, at
similar conversions, decalin singiase had a carbon balance of less than 70%, while
emulsion and wr singlephase gave carbon balances of above 80%. Since gas phase
and liquid phase products were captured by the respective GC and/or TCD, it is
reasonable to speculate that carbon deposition on the catalyst was more severe in
decalin singlephase reaabn, causing the observed higher rate of deactivation relative

to that in emulsion and water singdbase. Hydrothermal gasification of carbon
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[141,147 and biomassl43-147], where carbonaceous materials are converted to gases
(mainly CO and H) in the presencef water at elevated temperatures and pressures, are
well established technologies, and the latter has been highly pursued as a promising
approach toward biomass utilization. Ruthenium, among many other metals, has been
shown to be a very active catalyfst this process 148149 Therefore, with water

under the FTS conditions of elevated temperature and pressure, the carbonaceous
deposition on Ru surface could easily undergo hydrothermal gasification, a scenario that

explains the slower deactivation ratesha cases of emulsion and water sifghase.
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Figure 19 Turnover frequency of nanohybraipported catalyst in different solvents
over four reaction cyclesach cycle being 2 Between cycles, the reactor was cooled
down toroom temperature, gas phase was sampled and released from the reactor
vessel, then fresh syngas was introduced to the vessel to the initial pressure of 600 psi.

The molar fractions of the three major FTS products, i.e., alkanes, alkenes and
alcohols, weresurveyed for G, Ci» and Gg at similar conversions around 65% (Figure

20). In comparison to products of decalin singlease, those of emulsion and water
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phases are higher in alcohol content, especially at low carbon numbersgje QuIC
previous studyhas shown that alcohols are products of alkene hydration in our case
[134. In the presence of abundant amount of water, alcohols would be less subject to
dehydration and therefore more likely tend to retain their alcoholic form. This is
especially true for shortl@hols due to their higher affinity to water. Another
interesting observation is that, relatively less alkenes and more alkanes were produced
in water singlephase. While alkenes can promptly dissolve as a primary product in the
presence of decalin as theaction medium, in water singphase, their poor solubility

in water would enable more contact and moradsorption to the catalyst surface, and
therefore more secondary hydrogenation. It should be noted that, pure alkane products
can be easily obta@d upon hydrogenation of the-poduced products, or at higher

conversions, as shown in Figute
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Figure 20 Alkane/alkene/alcohol fraction forgCCi, and Gg products in decalin (a),
emulsion (b) and water (c) at a conversion 6 5 %.
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Figure 21 GC chromatographs of products from FTS with nanohybugdported
catalyst in emulsion phase at a conversion of 64.7% before hydrogenation (a), after
hydrogenation (b) and at a converison of 91.0% without hyetration (c).

Figure 22 compares product carbon chain length distribution in terms carbon
molar fractions at the same neaidigntical conversions as above. It can be seen that in
decalin singlephase, the lightest group {C,) has the highest fraction afrbon of
nearly 47%, and nearly 33% in the case of water siplgése. In the case of emulsion,
chain length distribution is drastically different: the fraction of the lightest{range
is the lowest (&410.5%) in comparison to
decalin and water singieghases. The 4C;, range, in contrast, is the highest at over
55%, andthef p r i maCoymake Gp the vast majority (76.2%) of the produ For
reference at low conversions, the-C; hydrocarbon fractions, defined as the
percentage of total number of carbon atoms in this product portion with respect to the
total number of CO molecules consumed, are listed in T8bdong with their
corresponding conversions. The light product fractions were measured in this way so
that only gas phase measurements were involved, since at low conversions, liquid phase

products exhibit higher noige-signal ratios on GC, causing more systematic errors. In
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addition, in catalyst recycling test, in which the liquid products are collected only after
the last cycle is finished, this is the only way to measure the selectivity toward light
products for each individual cycle. Although this leaves out the alcopaticof the
products, if any, it is not indiscreet to conclude that at low conversions, the fractions of
the G-C, range products follow the same order of decalin > water > emulsion.
Furthermore, as the conversion increases, th€,Graction increases awell in all

three cases. The much higher selectivity §o 2oducts in the presence of water agrees
well with numerous studies on RA115( and other catalystsuch as Co151-153

and was attributed to waterhibited hydrogenation leading to more alkene availability
for chain growth and/or watenhibited product desorptionl$4, intra-pellet water

phase facilitating syngas transpd@4], or water as surface hydrogen sup@$][
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Figure22Pr oduct di stri bution at a conversion
(Syngas ratio = 3.5, 150 mg catalyst, reaction temperature 200
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Table8 C1-C4 hydrocarbon fractions at low conversions

Reaction medium | Decalin | Emulsion | Water

Conversion (%) 23.2 25.5 28.8

C1-C4 hydrocarbon

fraction (%) 22.1 6.0 13.4

While the high selectivityo light products (&C,) in the absence of water is
explainable on the basis of prior studies, the selectivity to products of this range in
water singlephase is much higher than in emulsion, which defies straightforward
interpretation and deserves funthexamination. Product carbon chain length
distributions at incremental conversions from emulsion and water ghgkee reactions
are shown in Figur@3a and23b, respectively, and the difference is apparent: not only
was selectivity to &C4 much higherin water singlephase, the selectivity also
increased dramatically with increasing conversion. In contrast, in emulsion, only slight
increasein C;-C, was observed with increasing conversion, and the change in the
overall chain length distribution was nmimal: the fraction of the £Cy, range shifted
from 76.6% to 72.3% with corresponding conversions from ~40% to ~80%, as opposed
to a large drop from 53.7% to 35.7% in water sifg@se with a similar conversion
span. A more straightforward comparison ifessvity to light products between water
and emulsion is shown as gas phase hydrocarbon product fraction in Eigure
Meanwhile, conversion in these two systems evolved differently as well. As shown in
Figure 24, the conversion rate in water singlea® started off higher than that in

emulsion phase but decreased much faster, and dropped below that in emulsion phase
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shortly before 2. It should be noted that, since the FTS was carried out ieddesth,

syngas pressure would drop as conversion went up. Therefore conversion rate is
expected to drop, and eventually down to nearly zero as syngas is exhausted, whether
there is catalyst deactivation or not. Nevertheless, the observation of the terosgst

the same conversion makes comparative sense, since FTS consumes syngas at a
stoichiometric H/CO ratio of ~2. At the same conversion, therefore, difference in
syngas partial pressure should be excluded from accounting for the different conversion
rates. The higher conversion rate at low conversion level in water $hgke
corresponds well to the higher TOF of the catalyst mentioned above. And as discussed
earlier, it is a result of higher diffusion coefficient of syngas in water, which, in turn,
indicates the presence of syngas mass transfer limitation to a certain extent in emulsion.
Taking together the evolution of carbon chain distribution and conversion rate with
respect to conversion, one can see a clear association between the catalysitidaacti

and increase in selectivity to light products in both emulsion and water -pingée,

and this deactivation, and correspondingly the increase in light product selectivity,

happened in water singfghase to a much larger extent.
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Figure 23 Product distribution at different conversions in emulsion (a) and water
singlephase (b); Gas phase hydrocarbon fraction vs. conversion with different

catalysts in different solvents (¢pyngas ratio = 3.5, 150 mg catalyst, ctan
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Figure 24 CO conversion vs. reaction time in emulsion and water phase, with each data
point from a separate run (a), and CO conversion rate vs. conversion in emulsion and
water phase, analytically obined from the plot of CO conversion vs. reaction time (b).

To obtain more insight into the deactivation mechanism, FTS were carried out
with 150 mg catalyst for 6 h first. Then a sho+h 2un was followed, observing the

same betweerun procedures used the recycle tests for catalyst deactivation. Data
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from this 2h run were compared with those from therfb (last) 2h run of the
aforementioned recycleéest, and are listed in Table. The first and foremost
observation is that, in emulsion, the TOFtloe catalyst after a-B run was not very
different from that after three-I2 rurs. In sharp contrast, in spite of the same total
reaction time beforehand, intermittently or continuously, the catalyst in water phase
suffered much more severe deactivatiorthe latter case, that is, the catalyst after a
continuous éh run was 33.9% less active than that after threeuhs. This comparison

can be better illustrated in Figu2s (Columns highlighted inside the rectangle).
Furthemore, while the two compead 2-h runs in water gave similar CO conversions,
the run with much less active catalyst (i.e., the one precedeehbyi®) led to much
higher selectivity to gas phase products. This further consolidates the association
between catalyst deactivation amitreased selectivity to light products established

earlier.

Table9 Data of 2h FTS reactions with different catalyst pretreatments

Solvent Parameter after three 2-h runs | after one 6-h run
(100 mg cata.) (150 mg cata.)

TOF (x103s1) 26.0 26.5
Emulsion | CO conversion (%) 19.0 29.4
Gas fraction (%) 9.3 13.4
TOF (x10-3s1) 31.4 20.8
Water | CO conversion (%) 23.2 23.9
Gas fraction (%) 13.6 22.6
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Figure 25 Evolution of catalyst TOF during recycle tests and aftérr@action(Syngas
ratio = 3.5, 100 mg catalyst for recycle tests, and 150 mg catalyst foR & hest,
reaction temperature = 20C).

This association between catalyst deactivation and inatesdectivity to light
products has been observed earli&b5156. Very recently, an explanation was
proposed 139 that takes into account the Iptedeveloped duasite model for FTS
[157,158, in which one of the two sites on FTS catalyst (Site 1) is responsible for CO
dissociation while the other (Site 2) responsible for chain growth. According to the
explanation, FTS catalyst deactivates due to cabeous species formation on the CO
dissociation site, leading to decrease ins@ecies and consequently, decrease in chain
gr owt h possibility and thus |l ighter hydr
explanation coordinates well with our observations, and the difference in the results in
water singlephase and emulsion can belweterpreted in light of the duaite model.

In water singlephase, where syngas has much higher diffusion coefficient than in
organic phase as mentioned above, production;a$p€cies can quickly pick up on

fresh catalyst wheee2&s)eanésalfasdael | ake
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C, species can easily exceed the consumption capability of Site 2, causing excess C
that then forms carbonaceous deposits and poisons Site 1. In addition, hydrocarbon
chains may not desorb promptly upon fotima due to their hydrophobicity, and this
further reduces the number of chain growth sites available. When reactions are carried
out intermittently with short runs, as in the case of catalyst recycle test composed of
four 2-h runs, each termination enabléhe still active CO dissociation sites to restore
their original state before poisoning sets in, and the interval allows more time for
hydrocarbons to desorb and free up chain growth sites. Thus, catalyst deactivation does
not appear as severe as aftaoatinuous run of equal total duration. In emulsion, the
balance between Site 1 and Site 2 can be well adjusted in two major ways. First, there is
constraintof syngas mass transfer to a certain extent due to its lower diffusion
coefficient in oil that ispart of the emulsion, so that@ or mat i on on Site
overwhelm G consumption on Site 2, or at least not as soon as in the case of water
singlephase. Second, in emulsion, products can more readily desorb from catalyst
surface into oil due to thehigher solubility in oil phase, and Site 2 can be regenerated
quickly for continued chain growth. Therefore, different from water sippkse,
emulsion serves to preserve both sites and helps to retain a reidtineebetween the

two sites. The catgst deactivation in this case is not expected to be a strong function of
time, which is well illustrated by the almost equal TOFs after thrbeeuhs and after

one 6h run.
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It should be noted that there existed studies prior to the proposal esitual

model that hinted in the same direction. Through carbon isotope transients study on Co

catalyst, Bertole et allfl5 pointed out that water increases CO activity to dissociate

and thus increases the surface coverage of C*. However, there is no parallel increase in

the overall reactivity of CrAs a

resul t,

there is a
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higher selectivity to heavy products. Despite a different explanation regarding the
effects of water in enhancing CO dissociation, this opinion shares the essential
perspective with our explanati using the duadite model, that is, there exists an issue

of balance between the production of active carbon monomer species and consumption

of them, and that the consumption rate of the monomer species is not altered by water.

On the other hand, the ath or s di dnot consider Acar bon
deactivation pathway but catalyst sintering instead. In our study, TEM examination of

the spent catalysts from emulsion and water sipbkese suggested that the Ru catalyst

particles sintered to thersa extent in both cases, as shown in Fi@ére

Figure 26 TEM images of fresh Ru catalyst (a), spent catalyst in emulsion for 8 h (b)
and spent catalyst in water for 8 h (¢pyngas ratio = 3.5, 150 mg catalyst for 8 h
reactionat 200°C. Scale bar is 10 njn

Given that the nanotube ends of the nanohybrids bearing most of the Ru catalyst
particles are hydrophobic, it is a reasonable hypothesis that in water single phase, the
hydrocarbon molecules would tend to stick to the aarbanotube walls instead of
desorb, while in organic phase or at least in the presence of it, the driving force to

desorb is much higher. As a result, as the conversion increases in watepbkaxgge
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thin layers of hydrocarbon film would form around ttegalyst particles. This has two
effects: 1) it blocks the active surface sites, causing catalyst deactivation; 2) the affinity
of the hydrocarbons to the catalyst surface makes them more prone to hydrogenolysis.
As a test, a model hydrocarbon compoundied@ne of nearly equivalent C amount to
that after a 8 h reaction, was placed in either emulsion or water-pingée at 200°C
under 400 psi kifor 6 h. The resulting composition after the reaction is shown in Figure
27. It can be seen that in water sidghase there are shorter hydrocarbons that make up
for the loss of dodecane. In emulsion phase, however, there is only very slight loss of
dodecane. While the extent of hydrogenolysis did vary between emulsion and water
singlephase, the amount of methanem the hydrogenolysis in water singdase was

still only negligible in comparison to that from FTS in water sifghese. Therefore,

we conclude that this is a possible but minor effect.
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Figure 27 Hydrogenolysistest in emulsion (a) and water singlease (b)using
dodecane as the probe compoutrbets: schematics of the extraction of hydrocarbon
products in emulsion (a), and formation of hydrocarbon film coating on catalyst
particles in water singlphase (b).
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Extending the type of catalyst supports provided further insights into the
interplay between catalyst supports, solvents and products. As a comparative study, two
other support materials were used, activated carbon, which is hydrophobic, and silica,
which is hydrophilic. The TEM images of the three catalysts are shown in Figure
along with the optical images of the three supports in decalin/water mixture. As can be
seen, the Ru particles on activated carbon has a very small average size of about 1.3 nm,
while the average Ru particle size on silica is 4 nm. This difference is expected,
considering the complexity and high defectiveness of the surface of activated carbon,
which includes carboxylic groups, hydroquinone free radicals, quinones, metallic ions
and nitrogen impurities159. The defects, together with the large surface area, make
activated carbon a good dispersing agent. In comparison, silica surface is rather inert,

and it has much lower surface area.

C
Nanohybrid b Activated C Silica

Figure 28 TEM imagesof Ru supported on nanohybrid (a), activated carbon (b) and
silica (c) and optical images of the corresponding support in decalin/water mixture.
Scale bar is 10 nm.
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Figure30 shows the TOFs of the three catalysts in the three solvents based on 2
h runs. Ascan be seen, TOFs of the activated carbugoported catalyst are much lower
in all three solvents in comparison to that of nanohybugported catalysts, while the
silica supported catalyst has the highest TOF except in emulsion. That is, the TOFs
roughly follow the same order of particle size variation. It should be notedrthhe
cases of activated carbon and silica, the tBremmu | meretydedotes a mixture of
10 mL water and 20 mL decalisince neither support actually facilitates the formation
of emulsion. The CO conversions of the three catalysts in different solvent$ fanc
8 h runs are plotted in FiguB®.

These results reveal the particle size effect on FTS activity, as well as the critical
role of nanohybrid as catalyst support lre ttmulsion system. Studies have showed a
common observation that the catalyst activity is usually higher on relatively large
particles. For example, a study on the patrticle size effect on TOF investigated Co in the
range of 2.&27 nm and found highest TO&ccurred on 8 nm particles 16Q. In
another study on FTS with R@§1], the highest TOF appeared with particle size of 6.3
nm. This was usually ascribed to large domain or fraction of sites present on planar
surfaces needed for high FTS activity, whichnsed rather ambiguous. Here we
propose an alternative explanation incorporating the-sitmlmodel. According to the
model, B sites, which consist of an arrangement of three Ru atoms in one layer and two
further Ru in the layer directly above this at anmatomic step on an Ru(0001) terrace
[162, are the sites responsible for CO dissociation (Sitel®g] Calculation has
shown that the maximum concentration gf d&es is obtained on Ru particles with a

diameter of 2 nm 163, which happened to be the average Ru particle size on

59



nanohybridin this study Below 2 nm, the site concentration rapidly drops to zero;
above 2 nm, the site concentration drops in a parabolic and less dramatic way. On the
other hand, the smaller the particle is, the less stablsit® are and the higher the
barrier for CO dissociation I58. Taken both effects into consideration, Ru particles
less than 2 nm in size favor CO dissociation the least, and the optimal size for CO
dissociation would be one somewhat larger than 2 nm, e.g., 6.3 nm as reported in the
above mentioned study. Therefore, the three catalyst in this study would exhibit CO
dissociation activity in the order of Ru/silica > Ru/nanohybrid > Ru/C, the same order
with their particle sizes. As we see from Fig@e this is the case in both decalin and
water singlep ha s e . However, this doesnot apply
Ru/nanohybrid is the catalyst that exhibited the highest TOF, that is, the amphiphilic
effect of the nanohybrid overruled that of the particle size and became a more dominant
factor. By reference to the explanation given earlier for the higher TOF of the
Ru/nanohybrid catalyst in water singlbase, we propose that the emulsion phase
formedin the presence of the nanohybrid can be considered as a new single phase that
has a higher syngas diffusivity than the overall diffusivity of oil/water mixture where
Ru/C or Ru/silica is present in one of the plsaggareful calculation is needed to

consdidate this explanation.
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Figure 29 (a) A typical calculated Ru particle, with an average diameter of 2.9 nm.
Atoms that belong to active; Bites are shown in red. (b) Density of active sites as a
function of particle diameteras calculated through analysis of the atomistic Wulff

construction (adapted from Refererk&s).

An interesting and noteworthy observation is that, in wsitggle phase, for 2
run, silicasupported catalyst had a conversion of ~26.3%, which is much less than that
of its nanohybrid counterpart at 47.2%. However, after 8h reaction, the former gave a
conversion of 80.7% which is close to 84.8% given by therlain other words, the
silica supported catalyst seemed to deactivate in water to a much less extent. With less
number of Site 1 on the much larger-Busilica, the forementioned deactivation
mechanism on Ron-nanohybrid, i.e., Site 1 quickly fulfill$he needs of Site 2 for
chain growth and causes site poisoning by excess carbon, is less likely to happen.
Therefore, this catalyst didndét deactivat
low CH supply from Site 1, chain growth probability shoaldo be low, leading to
more light products. This is evidenced by the constantly high gas phase hydrocarbon
fraction, as plottedni Figure 28. Overall, these results underpin the critical role of

catalyst supports in determining the catalyst performance.
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Figure 31 Conversions of FTS with three catalysts in different solventshaard 8h
reaction time.
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Figure 32 Alkane, alkene and alcohol fractions of, C;2 and Gg products with silica
supported catalyst in water singase at aonversion of 80.2%: before (a) and after
(b)hydrogenation,and with silicasupported catalyst in decalisinglephase at a
conversion of 33.5% before hydrogenation (c).

Another important difference between the carhbamanohybrid and silica
supported catalysts is that, in the former two cases, products at high conversions were
only alkanes, or at lower cuersions, could be hydrogenated byatl the end of the
reaction into alkanes, regardless of the liquid medium being water or emulsion, as
shown in Figure21l. Notice that at high conversions, the jpartial pressure would be
much higher than CO and the/BO ratio would be much higher than the initial ratio of
3.5, since FTS consumes syngas at #CB ratio of approximately 2. Therefore
conditions at high conversions largely favor hydrogenation. However, in water-single
phase when silicaupported catalysvas used, only alkenes can be hydrogenated into
alkanes while alcohols remained, as clearly shown in FigRseand b. To test if this

was due to the effect of catalysts of different sizes or due to different supports, products
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were hydrogenated right aft@ run with silicasupported catalyst in decalin single
phase, and it showed that the alcoholic products were hydrogenated into alkanes (Figure
32c. Also see GC chromatograph Appendiy. Clearly, the use of silica support in
water inhibited the hydrogation of alcohol products. The hydrophilicity of the support
played a critical role here. The pathway of alcohols to alkanes presumably involves
dehydration to form alkenes as the first step as shown in Schém@ith hydrophilic
support, water molecudecan easily participate into the equilibrium and act as a strong
force to inhibit dehydration and keep the alcohols intact. In other words, the hydrophilic

surface enables the full presence of water molecules, or its chemical potential.

H,0

H,
CHyOH <—"> CoHyy —2 5 c

Schematic7 Alcohol to alkane pathway.

2.4 Summary

FTS involving both water and organic phases seem taraéonal choice for
liquid-phase operation. On one hand, as demonstrated earlier, the products can partition
into different phases based on their solubility differences and thus enable easy product

collection. On the other hand, an equally important athgn with the wateoil
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biphasic system is the effect of water in enhancing the FTS activity, which has been

well documented before but only with water vapor. This study extended the application

of water into liquid zone and found dramatic decrease irctbaty to light products

(gas phase) and favors selectivity toward more valuable heavy products, in addition to
enhanced FTS activity, in much agreement with reported effects with water vapor.
However, t he same do e-ghasetin whip pithibar product wat er
selectivity to organic singlphase, and faster deactivation was observed. We
rationalized the observation based on the -dital model and proposed that the use of
wateroil dual liquids mediates CO dissociation rates and facilitatesegjudibrium

between the two sites.

The choice of support, i.e., nanohybrids, is critical. Their amphiphditire
facilitates the formation of wat@n-oil emulsion, which maximizes interfacial area
between the two phases, enhances the catalyst particle dispersion and eases the mass
transfer of productslhe horizon of the study was extended by including suppther
than nanohybrids. Although more stringent and comprehensive studies are needed for
thorough comparisons, the current results pinpoint the rationale behind the choice of
nanohybrid supports for the water/oil biphasic system, and the interplayedretw
catalysts, supports and solvents. The newly proposeesdaahodel was incorporated
in the effort to better comprehend the observations, which also shed new light on some
inconclusive issues of FTS, such as the relationship between catalyst gaésland

their TOFs.
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3. Synthesis of singlavalled carbon nanotubes on planar supports and
their applications

3.1 Introduction
3.1.1 Synthesis, catalysts and growth mechanisms of carbon nanotubes
CarbonnanotubegCNTs)are cylindrically structured fldrenesOwing to their
excellent properties in electronict64-166, mechanical strengthl$7,168, thermal
conductivity [L69-171] and hydrogen storag& 72173, experimentally or theoretically,
CNTs have long been extensively studied since their official debut 94 [1974.
Depending on the number of composing cylindrical layers, there are -giatiés=l
carbon nanotubes (SWCNTs) and mualled carbon nanotubes (MWCNTS).
Synthesis is the first step toward CNTs research, and oftentimes proves also the
foremost step ithat their structures and/or compositions, and therefore, properties, are
highly dependent on the conditions under which they grow. There are three major
techniques for CNTs synthesis, namely, chemical vapor deposition (CVD), arc

discharge and laser abtat.

CVD is a process where the volatile precursors flow through catalysts and react
and/or decompose to form the desired deposits on substrates or supports carrying the
catalyst. Major variants of CVD include fluidized bed and fixed bed systems. Oyr grou
has pioneered the synthesis of carbon nanotubes using fluidized bed1CYDr§
and has successfully commercialized the process (CoMSLATis method uses Co
and Mo bimetallic catalyst and CO precursor at GBD°C at a total pressure that
typically ranges from 1 to 10 atm. CO disproportionate into CNTs and carbon dioxide.

One critical condition for CNT growth was found to be high CO space velocity to keep
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low CO mnversion, which can be easily achieved by the tubular fluidized bed reactor,
in which small catalyst particles are suspended by the upward motion of the incoming
CO gas. In addition, other advantages include: thorough mixing and efficient contact
betweenthe gas and the solid catalyst particles and therefore uniform temperature
distribution throughout the catalyst bed, since the catalyst particles are in constant
motion within a confined region in the reactor; re®vere mass transfer limitations due

to the small size of the catalyst particles, and the possibility of continuous addition and
removal of solid particles from the reactor, without stopping the operation. The
SWCNTSs produced by CoMoCATare of high quality and with a remarkably narrow

distribution of tube diameterd.¥7].

-
gas out

product out

CO, traps

recycled CO

4"—*—“"— make-up CO

reciculating pump

Schematic 8 CVD CoMoCAT® process developed by our group
(http://www.ou.edu/engineering/nanotube/comocaf htm
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When the flow rate idelow the minimum fluidization velocity, the system
becomes a fixed bed CVD. It is a more suitable set up for studying growth mechanisms
and for growing CNTs on flat substrates. For this reason, a horizontal furnace is more
often used for easy placement the substrate, as shown in Figus8 Common
substrates for growing CNTs include silicon wafet3{, quartz L64 and Safire
[179, and CNTs candthe in the form of vertical forest&§Q or horizontal films. In
the latter case, the configurations of the film can be either aligned arrays or random tube
network, depending on the interaction between the CNTs and the sub&Bdte [
Different from the mcipient wetness impregnation method for fluidized bed, which
method is commonly used to prepare supported catalysts, catalysts are casted onto the
substrate through various other means, including dropping the catalyst precursor
solution onto the substrafd 82, dipping the substrate into the catalyst precursor
solution [L83, physical evaporation of metal particles onto the substrate, such as

thermal evaporationlB4 and ebeam evaporatioriBg.

Figure 33 Horizontal CVD system used in our group.
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Figure 34 Radom networks (a) and aligned CNT arrays (b) obtawviadCVD method
in this research. Inset: interaction energy profiles between CNTs and substrates,
adapted from Referend&5s.

Arc discharge is a technique that applies an electrical potential to two closely
spaced graphite electrodes to generate a-teigiperature plasma. The electrodes
sublime and condense rapidly to form CNTs and other carbonaceous byproducts. Laser
ablaion technique is based on similar principle, except a laser source is used to generate
the heat on a carbon target.

Catalysts used for CNT growth are usually transition metals, especially cobalt
[184,186,187, iron [188192 and nickel 193194. These catalysts can produce either
MWCNTs or SWCNTSs, depending on reaction conditions and carbon feed. Bimetallic
catalyst often proves more efficient for CNT production. For example, in the
CoMoCAT® process, cobalt is the active catalyst for CO adtmatvhile molybdenum
prohibits sintering of cobalt particles and therefore inhibits the formation of undesired
carbonaceous species that lower the selectivity. Cobalt is reduced and stays in the
metallic form during the reaction while molybdenum is coreetito the carbidic form

(M02C).
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The growth mechanism of CNTs is still an issue of debate. The most adopted
theory is the vapesolid-solid (VSS) model that has its origin in the earlier vapor
liquidi solid (VLS) model 195. According to this model, carborirom feed
decomposition precipitates on the catalyst surface, diffuses into the catalyst and
nucleats as CNTs at the edges of the catalyst. Two growth models are possible,
depending on the catalystibstrate interaction. When the interaction is relatipelgr,

i.e., the surface energy of the substrate is lower than the that of the esublyisate
interface, as in the case of Fe on Si@p-growth is observed, where the catalyst
particle stays at the tip of the growing CNT and moves along as the QiNifiuEs to
grow; when the interaction is relatively strong, as in the case of Fe on Tagrbadk

is observed19q.

support

Schematic9 Two popular models of CNT growth mechanismgtipwth (left, adapted
from S. Hofmann, G. CsanA.C. Ferrari, M.C. Payne]. Rdertson, Phys. Rev. Lett.
95 (2005) 3 and basegrowth (right, adapted from A.A. Puretzky,BD.Geohegan, S.
Jessel.N. lvanovG. Eres, ApplPhys. A: Mater. Sci. Process. 81 (20Q23).
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3.1.2 Applications ofarbon nanotubes

Their excellent mechanical, electronics, thermal and energy storage properties
lead to a wide range of applications where CNTs are expected to show, or are already
showing great promises. For example, addition of 1wt% MWCNTS to epoxya&sin
enhance its stiffness and fracture toughness by 6% and 23%, respedi®élyThe
current discussion will focus on electronics properties and applications of SWCNTSs, the
type of CNTs that is most intriguing and is more scientifically valuable irf,iiadine

with the applications the efforts of this research is directed to.

The understanding of SWCNTsd6 electroni
graphene, a single atomic layer of graphite from which SWCNTs are made from, and a
material that ha been studied for over 50 yeat®9§ but has been receiving extensive
attention only since recently when single layered samples were isolated from graphite
[199. A SWCNT can be considered a graphene sheet being rolled up to in the form of a

seamless cylinde

Figure 35 SEM of graphene obtained by CVD growth in this research.
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Made up of spbonded carbon atoms, graphene has a-divensional
Ahoneycombd s t3Ga)uA tritical dactdr Fidetarmireng its conducting
properties is the nature of the electronic states near the Fermi engrglye Energy of
the highest occupied electronic state at the temperature of zero Kelvin (absolute zero).
Figure36b shows the energy of the electronic states as a function of thesrweator,

k, near E. This band structure, determined by the way electrons scatter from the atoms
in the crystal lattice, is different from a metal or a semiconductor. In the former, there
are many states that freely propagate through the crystal at e latter, there is an
energy gap with no electronic states near EF due to the backscattering of electrons from
the lattice. The band structure of graphene is therefore somewhere in between that of a
metal and a semiconductor. In most directions (als i@-M direction) in kspace, there

i's a band-Kgmn pve othHemdirectibns that pass through the Fermi points (K

points), there is no band gap and graphene behaves as a metal.

Figure 36 (A) Wrapping a graphengheet into a CNT. The wrapping and the resulting
nanotube are characterized by the chirality vector C #vanal ( n, m) andwh er e
a, are the unit vectors of the hexagonal lattice. In the example shown here, point B is
brought over point A, resultinop a tube with a circumference C = Ba,. (B) Top:
Bandstructure ofgraphene. Bottom: The first Brillouin zone of graphene. (Adapted
from Referenc@38).
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When graphene is folded to a SWCNT, the transition frorD 20 1-D
introduces an additional confinement of electrons arounditbemferencewhich can
be expressed by the quantization conditkyG = , &héerekc is the wave vector in
the circumferential directiorC, the chirality vector; an@l an integer. Thug,denotes a
number of onalimensional subbands split from each band of graphene. The black lines
in Figure34b shows the allowed statg®f a (3,3) CNT Two of these subbands pass
through the Kpoint, and the tube is metallic. When no subbands pass through a K
point, the tube 1 s s e mRO0Rnthtutebesiaregnetalict 6 s &
when n =m or r m = 3i (i = an integer), while semiconductimpen n-m | 3 i , (n,
being the chirality vector mentioned in the caption of Figéte Therefore, statistically
and normally, metallic and semiconducting SWCNTSs coexist at a 1:2286p [

One of the most promising applications of SWCNTs is thin cotieki films,
owing to the highly conductive metallic components of SWCNTs. Their excellent
electrical conductivity and high optical transparency make them attractive coating
materials for a large number of devices, such as light emitting diodes (LEDshagnd
become a potential replacement for widely used indium tin oxide (ITO) glass. On the
other hand, by making use of the semiconducting components, SWCNT films can be
used to fabricate field effect transistors (FETs), an important building block for moder

electronic devices.
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Figure 37 Optical image of a transparent, conductive SWCNT film on a sapphire
substrate (a), and optubalbdoi mhegei bf eabr ani
transistors (TTFTs) on a plastic substrate, with arrow indicating the S/D structures(b).
(Adaped from Reference 1).

While SWCNT-based FETs can take different compositions and forms, the basic
configurations are the same and are a reflection of the FET working mechahisms.
metal electroded e si gnat ed as faseomonectee iy aeamicahdudtidgr ai n o
channel, which is a semiconducting SWCNIS&/CNT) in place oSiin conventional
devices.A third, i g a elextéode isseparated fronthe channel by a thin insulating
film. While the conductivity of SWCNTSs intrinsically originates fromlextrons (A
type), under atmospheric circumstances, interaction with oxygen makes them deplete of
electrons, leaving holes as the charge carrieftyd@). A negative bias to the gate

electrode induces holes on th&WCNT and makes it conduct, and a pusitbias

depletes the holes and decreases the conductance.
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Figure 38 Schematic structure of a tamted CNTFET (left) and output electrical
characteristics of a tojgated CNTFET (right). (Adapted from Refere@8e).

3.1.3 Objectives of this study

It is well known that SWCNTs possess excellent charge transfer properties and
unigue mechanical properties, making them promising candidatesadvanced
applications in electronics, including field effects transistors, thin film electrodes,
flexible circuits, and biessensors 164-166. In order to realize the adveages that
SWCNTSs present, they must be integrated into the device construction at high densities
without losing the intrinsic properties of the individual nanotube. Efforts to make ultra
thin films from SWCNTs produced by chemical vapor deposition (CV&)ehbeen
ongoing for some time. Those efforts have produced a variety of methods including
LangmuirBlodgett, layer by layer deposition, and spin castR@4R05. Horizontally
aligned SWCNTs (HASWCNTS) present another route towards integrating nanotubes
into devices by utilizing the crystal structure of the substratpetectly align the
nanotubesHA-SWCNTs have been grown on a variety of substratesc(®Tjuartz
[164], Silicon Oxide R0g, and Rcut Safire[207]) using chemical vapor deposition

(CVD) with a variety of conditions and catalys08-211]. The resulting films can be
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produced with uniform densities across a whole wafer for integration into active devices
using a lift off transfer technique21Z. In order to further enhance the properties
(current density, sensor sensitivity, and conductance) of the devices made from HA
SWCNTs the linear density of nanotubes must be increased. Such efforts have been
underwg to further increase the capacity of devices, e.g., double growth CVD and
sequential deposition213. A more rudimentary method to increase the tube density is

to reduce the distance between parallel catalyst lines to utilize the typically higher

densitynear the catalyst edge.

In those reports for CVD synthesis of FBWCNTS, iron was used as catalyst
and methane was used as carbon feed source. In the following efforts, ethanol is used as
the carbon feed source, which proved to give equal or even betdrsrp13181]. In
some other contrutions where ethanol was used, a small amount of water was added.
For example, Qian et al. reported superlongnted SWCNT arrays grown from
ethanol mixed with B% of water with FeMo nanoparticles as the catalys&l{.
Meanwhile, the incorporation e¥ater into the growth of SWCNT forests or carpets has
been shown a success3[), and various enhancement mechanisms of water have been
proposed, including water induced oxidation of catalyst surface to prevent iron
silicification [2195], inhibition of the Ostwald ripening of the cataly&idf, and etching

of coating carbon around catatyparticles217.

While it seems that the growth of super long SWCNT arrays was a successful
incorporation of the water enhancement effects as demonstrated in the cases of forests
or carpets, reports are rare that explain how water improves the grovetigréd

SWCNTSs on substrate17], which is to be addressed in the first part of this research
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as we optimize the growth efficiency by adjustingt&r content. So far, using iron as
catalyst, we have grown HAWCNT arrays on S€ut quartz using pure ethanol and
ethanol mixed with different contents of water as carbon feed. Scanning electron
microscope (SEM) and atomic force microscope (AFM) were tisecharacterize the
samples. By comparing the samples obtained with different water contents, we show
that the addition of water up to a certain amount improved the growth efficiency. On the
other hand, too much water caused elimination of SWCNTs antle@sn a decreased

tube density. To better illustrate the role of water, reactions with ethanol mixed with 3%
of water, 1% of water and pure water were carried out on the same sample successively.
The preliminary results provide further evidence fordagon etching mechanism, and
serve to construct the guideline of wassssisted growth of SWCNTs on substrates.
Greater enrichment in tube densities is possible once the enhancement mechanism is

fully understood.
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Schematicl0 Prevention of iron silicification for CNT growth (frof. Satq Y. Hori,
K, Hata, K, SekoH. Nakahara Y. Saito,J. Appl. Phys. 100 (2006)04321).
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Schematicll Inhibition of Ostwald ripening through the ability of oxygen and hydroxyl
species to reduce diffusion or migration rates of catalyst atoms on the substrate (from
Reference16).

Inspired by the results from the first part, we went on with ethamatér blends as
the carbon feed and tested other conditions in an effort to synthesize conductive
SWCNT films with ultrahigh transparencies.

As mentioned earlier, SWCNfilms possess excellent electrical conductivity and
high optical transparency, making them a potential replacement for widely used indium
tin oxide (ITO) glass. Albeit widely used today for transparent conducting electrodes
(TCEs), ITO has significant rhitations for current and future opébectronic
applications, not only because it is optically, electronically, and chemically problematic
[218, but also the availability of Indium is questionable and therefore expensive.
Consequently, research related ttee fabrication of SWCNT TCEs has received
extensive attention. In the majority of the reported methods, carbon nanotubes are
prepared essitu and transferred to a substrate as a susper&zl®&Pp5. In general,
the assynthesized SWCNTs are pdstatel in order to purify the nanotubes and

facilitate the application of the suspension onto the substrate by different techniques,
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including transfer printing 419220, filtration [221,222), spray R23, dip-coating

[224), and drop casting 2R5. Typically, the postreatment that produces the
suspension includes soniimat, acid or caustic attack, use of a surfactant, etc. Most of
these methods have a negative impact on film performance. Acid or caustic attack and
sonication may cut the nanotubes and introduce defects. External surfactants or
dispersant are also be dgtental to conductivity. They are difficult to remove
completely and their presence incorporates an electrical barrier that increases the
contact resistance between nanotubes, increasing the resistance of the network.

In addition, the asyntheized SWCNTs are often in the form of bundles and
typical posttreatment methods are not effective inhiendling them. As discussed
below, bundling further limits film conductivity and, as a result, it is difficult to produce
thin SWCNT films with low shderesistanceZ26. Moreover, in some applications of
TCEs, such as display panels, uligh transparency is a more desirable feature than
conductivity. But these methods cannot produce films of such high transparency.
Therefore, the methods are highly idaisle that can simultaneously reduce sheet
resistance and maximize transparency into the-blgh region (i.e. > 98%).

While growth of horizontally orientated SWCNT arrays grown on flat substrates
by chemical vapor deposition (CVD) has been ndgeeported 210227-229, the use
of these arrays in TCEs is limited by the anisotropic electrical properties caused by their
particular morpholog [230231]. Isotropic thin films appear as a more suitable
structure to maximize conductivity at high transparency.

Iron can be effective in catalyzing the selective growth of SWCR3Z[ A

common protein, ferritin has been widely used as catalysum®@c which can be
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conveniently applied onto substrates by dippiB83 or spincoating R34]. Previous

efforts on SWCNTSs synthesis involving ferritin include either growing SWCNT arrays
on substrates such as -8Ut quartz and sapphire249235236, which result in
electrical anisotropy as discussed earlier, or discrete SWCRBB284], which were

not continuous enough to form conducting networks. Recently;dimensonal
networks have been grown using ferritin as the catalyst prec@3dr However, they

were formed on notransparent silicon substrates, so no optical transmittance test was
conducted. I n addition, the repouat.&\@ s heel
have found that ferritin is an effective catalyst precursor when combined with- water
doped ethanol as carbon feed. Under these conditions, conductive SWCNT films with
ultrachigh transparency on transparent quartz substrates have been successfully
synthesized. To optimize the film performance, the effects of catalyst annealing and
concentration were studied. Scanning electron microscope (SEM) and Raman
spectroscopy were used to characterize the SWCNT films. The optoelectronic
performance of the filsn was monitored by measuring the sheet resistance and optical
transmittance on the same samples.

In addition to the excellent optoelectronic properties that points to promising
applications in TCEs, we have developed a method that combinet aukjetransfer
printing to fabricate FETs using the SWCNT films, which not only further showcases
the potential applications of the SWCNT films in FETs, but also is a novel and
noteworthy FET fabrication technique by itself. Graphene synthesized inlowals

also used via this technique with success.
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Carbonbased nanoelectronics has received extensive attention over the past
decade largely due to the outstanding electrical properties of SW288sand more
recently, the demonstration of even better guenance of graphene in certain aspects,
such as carrier mobility239-241], along with the development of CVD method to
produce it in higher quality and larger scgB12. Thin film transistors (TFTs), the
primary building units for many devices such as liqargistal display, is one of the
areas where carbon nanomaterials have shown their promises as the functioning
building blocks. Deposition of a corresponding suspension is one way to make thin
films toward that goal. The thus obtained films, however, ateideal for device
applications. For example, the-sgnthesized SWCNTs are pdstated in order to be
purified and facilitate the application of the suspension onto the substrate. Sonication,
acid or caustic attack, use of a surfactant, etc. are usnattived and they have a
negative impact on film performance due to introduced defects on nanotubes and added
electrical barriers between nanotubes. In comparisesitunsynthesized, bundfeee
SWCNT networks donot have teeerga prdpérties t at i o
superior to their counterparts from suspensj@4s]. Analogically, graphene grown on
metal substrategia CVD methodhas much fewedefects than that from graphene
oxide reduction[244-246 and overcomes the size limitation of graphitdokation
method[247].

In following fabrication procedures, a transfer step is required to place the surface
grown materialsfrom their source substratnto the substrate of the devifrget
substrate) This is especially true when it comes to flexible TFTs, wiieeeflexible

polymer substrate @snot provide the smooth surface for themiconducting material
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to grow on, nor cant withstand the high temperature during thewth process.
Conventionaltransfer methosirely on a combinatorial use of gold deposition, thermal
releasing tape and polydimethylsiloxane (PDMS) swnip4g. More recently,
poly(methyl methacrylate) (PMMA) has become a widely used transfer meébator
carbon nanotube249 and grphene 250 due to its ease of use and high reliability. In
this method, a PMMA solution is spin coated onto the source substrate and cured,
followed by partial etching of the source substrate in a basic solution to detach the
PMMA/nanomaterial layer in wate The floatingfilm is then laid over the target
substrate and acetone is used to dissolve the PMMA. Meanwhile, witHeatmite
constant range of 2.8.5[251,252, PMMA is among the few polymeric materials used
as gate dielectri¢250253255. Yet to our knowledge, its usage has been limited to
organic TFTs (OTFTs) mainly with pentacene as the semiconducting material
[250251,254,256.

Conventional photolithography andoeam/thermal evaporator are Wwestablished
tools for the deposition of electrode2g7]. For gate dielectric deposition, spin casting
or atomic layer depositioifALD) is usually usedlnkjet printing provides acost
effective alternative that circumvents the complexity of the aboveoappes, and
enables mass production lairge-area electronic circuit2pg, which, along with its
low temperature processability, makes it a technique especially promising for flexible
electronics.

We present aovel andfacile method to fabricatéexible thin film transistors of
carbon nanotubes and graphene that incorporates PiMamAfer andnkjet printing.

The nexus between the two procedures, and the most unique part of this method, is the
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multifold function that the PMMA has: instead of bgiremoved after landing on the
target substrate, the transfer mediator stays and serves as gate dielectric. In addition, it
can be a protective encapsulation for SWCNTs/graphene agathspigg in air,
making it possible to achieve atable ntype devies. As proofof-concept, we show
preliminary measurement results that are comparable to those from devices of same
types of materialsthat are structurally similar (e.g., similar nanotube network
density/coverage)but fabricated using more conventional meds. The PMMA

functions well as the dielectric layeven atelatively large currents.

3.2 Experimental
3.2.1 Surfacguided growth of horizontally aligned SWCNTSs on quartz
The HA-SWCNTs were grown on Sgut single crystal quartz wafers (Hoffmann

Materials). First the wafers were cut into 1.6 cm x 0.8 cm pieces and then annealed at

800 C for 8 hours. Using photolithography, well defined Fe stripes of 0.3 nm in

thickness were deposited via thermal evaporation (Edwards thermal evaporator). The

substratesver e t hen annealed at 900eC in air to
To grow HASWCNTS, the substrates were heated in a furnace (Lindberg/Blue)

t o 9 2 5xuring growth a mixture of Ar andH3:1, 35 sccmin total) flowed

over the sample with ethanol (pure or premixed with a small amount of water) either

with Ar and H going through a bubbler or injected with a syringe pump at rate of 0.27

ml/h for 20 min. The HASWNTSs were characterized using SEM (Zei€8)%and AFM

(Nanoscope Il and Topometrix). It should be noted that although traditional SEM can

observe the nanotubes effectively it cannot distinguish tube diameter or two tubes lying

close together due to the relatively large beam widths compared typibal nanotube
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diameter (sub nm to 5 nm as measured by AFM). Thus all linear densities derived from

SEMSs constitute a minimum of the measurement.

3.2.2 Growth of conductive SWCNT films with uliigh transparency
Transparent quartz substrates weralvea thoroughly with soap and dipped in

piranha solution (i.e., one part of hydrogen peroxide in three parts of sulphuric acid) for
15 min at room temperature. After this treatment the samples were rinsed with acetone
and isopropanol and blowdried with ntrogen. Ferritin (Type I, saline solution, Sigma
Aldrich) was diluted in distilled water by 10, 30 or 200 times to achieve iron
concentrations of 100mM, 33mM and 5mM (indicated below as C100, C33 and C5).
The solution was spinoated onto the quartz sutade on a spinner (Laurell W&0
6NPRLITE) at 5000 rpm for 10 sec. The substrate was then dried in a vacuum oven at
90eC for two hours and annealed in air
(indicated below as A0, A10, A20, A30, A45 and A60). Glowt SWCNT films on
the quartz/catalyst substrate was carried out in a horizontal furnace (Lindberg/Blue). In
each run, the substrate was placed at the center otiadn&ibe reactor and heated up
t o 9 2 5.¢Then, ethandl mixed with 0.5% of wateasvinjected at a rate of 0.30
ml/h along with Ar and K (35 sccm total flow, ~ 3:1 molar ratio) for 20 to 30 min. We
identify the samples used in this study with the notatiorA¢»Rz, where x is the
ferritin concentration in mM, y is the annealing timenminutes, and z is the reaction
time in minutes.

Sheet resistances were measured on a test meter (JANDEL HM20). Current

voltage measurement was conducted using a Keithley SourceMeter (2410) with probes
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applying onto silver electrodes (Ted Pella) omo ends of the SWCNT film.
Transmittance spectra were obtained on a Shimadzyig\spectrophotometer (UV
2450). Raman spectra were acquired on a Jovin ¥Hanba Lab Ram equipped with a
chargecoupled detector and a Hde laser (632 nm) as excitatisource. SEM analysis
was carried out on a FEI Quanta 600 fieldission gun environmental scanning

electron microscope.

3.2.3 Synthesis of graphene

Copper foil 0.05 mm thick (Alfa Aesar, Puratronic) was hpaotished and
placed inside the same reactorab®ve. The reactor was then heated up to 800°C in a
mixture of 10 sccm KHand 600 sccm Ar. After staying at this temperature for 15 min,
the temperature was brought up to 1000 °C and methane was introduced at 30 sccm.

The reaction lasted for 15 min befa®oling down to room temperature in Ar.

3.2.4 Fabrication of thin film transistors and device measurements

Two types of source substrates were prepared: SWCNT films grown on quartz
glass and graphene grown on copper foils. Electrodes were printede otarget
polyethylene terephthalate (PET) substrate using silver ink (InkTec;|J-B00) and a
materials deposition system (Dimatix DMIB31, nominal drop volume of 1pL and
drop spacing of 2@m). Prior to printing, the substrates were treated with coreaser
(ETP, BD20AC) to enhance ink wettability. From this point, our TFT assembly
strategy involves three major steps (Figb6a): integrating SWCNTSs or graphene onto

PMMA, detaching the PMMA/SWCNT or PMMA/graphene layer and loading it onto
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the targetsubstrate, and printing the gate electrode. The PMMA/SWCNT and
PMMA/graphene layers were obtained following established protocols starting with
spin coating a PMMA solution (950 PMMA C4, MicroChem) onto the source substrate
[242248, which eventually resulted in a transparent film floating on water. The target
substrate bearing source and drain electrodes then reached into water to allow the
attachment of the PMMA filmAfter drying the target substrate in vacuum oven, the
gate electrode was printed on top of the PMMA. The target substrate was subject to a
180°C oven baking for 10 min after each printing in order to cure the electrodes. The
electrode patterns were desigh on ACE Translator 3000 software, which then
converted the design to a printecognizable format. A typical pattern consists of three
silver bars 10 mm long and 0.5 mm wide as source, drain and gate, each with a 1.5 mm
x 1.5 mm square pad at one enddasy contact with measuring probes.

Devices measurements were conducted on a probe station (Signatone) connected
with two Keithley SourceMeters (2400 series) providing scdregn and sourcegate
voltages, respectively. Specific contact resistance \aé=ulated using transmission

line-model R59.

3.3 Results and discussion

3.3.1 Surfacgyuided growth of horizontally aligned SWCNTSs on quartz
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Figure 39 SEM images of H&SWCNTs grown with pure ethanol (A and B) and AFM
image (C); corresponding images with 1% of water mixed with ethanol in the bubbler
(D, E and F).

Figure39 shows the results of HSWCNTSs grown with pure ethanol {8) and
with 1% of watermixed with ethanol in the bubbler {B) (denoted as BO and B1).
Without water, the SWCNTs appear relatively sparse with many short, small diameter,
and disorder ed pnaatthe aathlgst efige GrigBesBo& C). Wihs
1% of water, the SWCNS appear much denser, which is further demonstratedtari
magnifications in Figur83, and f eéwar efilodbises ved39DIE t he e
and F). These observations led us to a preliminary conclusion at this point that it was
the small disordexd nanotubes that stopped further growth of SWCNTs and decreased
the tube density. I n B1, some fAhairso shoy
form of whatwe cal | i h oc k edl), whithi acekleng narjotulbeg that e

deviated and went axss their normal growth direction. As can be seen from the SEM
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and AFM i mages, most aligned nanotubes stoc

indicating a tubdube interaction termination mechanism.

Figure 40 SEM images of HAWCNTs grown with bubbler with ethanol mixed
with 1% of water, showing high density.

The above difference observed prompted us to look further into the effects of water. To
obtain an easrecontrol over ethanol injection rate as well as water content, we replaced
the bubbler with a syringe pump, since it is more reliable to vary the concentration in
solution rather than depending on the uniformity of the bubble formation (and thus

water corment) in the bubbler.

Figure 41 SEM and AFM images showing the hockey stick termination of tube growth.
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Figure42 shows the SEM images of the FBWCNT arrays grown with ethanol
mixed with water contents of 0 and 1% (denotedS8sand S1). With pure ethanol
(Figure42 A and C) , many HAhockey stickso were
long enough and failed to bridge the gap between two catalyst bars. Besides, a
considerable portion of void substrate surface deplete of SWCNTshsasved. We
estimated the average tube density on this sample to be aroundv.pgerS1 (Figire
42 B and D), hockey sticks were seldom seen, and the substrate surface was covered
with long and derss SWCNTSs. A density of aroundngn was estimated heré/hen we
increased water content to 3% (fig 8 A) and 5% (Figure & B) (S3 and S5),
however, degeneration was observed. While both samples showed straight and aligned
tubes, their qualities dropped dramatically: many short tubes protruded along the

catalyst bars, and tube densities were only unchen Iér S3 and lower 0S5.
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Figure 42 SEM images of HSWCNTs grown with pure ethanol (A) and the zaom
view of the center part (C); with ethanol and 1% of water (B) and the -moomew of
the center part (D).

Figure 43 SEM images of HAWCNTs grown with ethanol and 3% of water
(A); with ethanol and 5% of water (B).

The fact that ethanol has been more employed than methane in the growth of

SWCNTSs on substrates and shown better results serves as an implication of the water
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effects in the first place, since water is known as a thermal decomposition product of
ethanol, ghough that the decomposition of ethanol is much easier than that of methane
could be another consideration. In this study, the comparison between samples from
reactions of different water contents presents straightforward demonstration of the water
effects as a doublsided sword: a small content of water (1% in our case) promotes the

growth of SWCNTs on the substrates, while excessive water demotes it. We believe
that both the positive and negative effects derive from the etching of carbon by water,

which can be simply depicted by the following equatigthy:

C+HO—* CO+H

Carbon coating ovetatalyst has been believed to contribute to the termination
of SWCNT growth[217]. In the presence of abundant amount of water; carbon coating
waspromptly etched away, leaving catalyst particles active for continuous deposition of
carbon atoms that werbuilt into carbon nanotube€n the other hand, excessive
amount of water not only etched away the carbon coating but also the carbon nanotubes
themselves. The net effect, as a result, was a water content (around 1% in our case, as
we can see) at which the highest growth efficiency was achieved. This corresponds well
to the case of wataassisted growth of SWCNT forests, where it has been shown that

the growth efficiency maximizes at a certain water/carbon sourcq 2&th
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Schematicl2 Reactivation of catalyst by hydrothermal effect of water (adapted from
Reference 199).

I nterpretation of Ahockey stickso Dbring
Similar observation has been repor{@b1], where the bent structures were named
Asi ckl eso. The authors sugges-gr@vth, ahdittet t he
alignment was due to catalyst partkdabstrate interaction. As the growth proceeded,
the nanoparticles on the tips of the nanotubes collided with each other, forming larger
nanoparticles that no longer energetically favored a certain direction on the substrat
along which they slid. While we agree on the-gipwth mechanism, as it can
conveniently explain our observation as discussed later, the idea of particle collision
doesndt quite f andtubesubstrate intdraetiofdlarveovereicias o f  n
supported by our observation that adding more water resulted in fewer hockey sticks.
Here we propose that the hockey sticks were caused by excessive carbon deposition
either on catalyst particles or on the tip of carbon nanotubes. When catalyst particles
were coated with carbon, conceivably, incoming carbon atoms would not deposit in the
way they would on clean catalyst particles to form ordinary nanotube structures. As a
result, defects were formed that shaped the morphology of the nanotube with a
curvaure. When the second scenario occurred in which, probably due to very high

92



activity of the catalyst nanoparticle, excessive amount of carbon atoms were deposited

on the tip of the nanotube but would not be built into the nanotube wall, the nanotube

substrée interaction was interrupted by the attached amorphous carbon and the

energetically favorable direction was no longer the same. The nanotube ended up

growing along another direction. In either case, excessive carbon was accumulated

enough to terminate natube growth eventually, which probably serves as a more

dominant termination mechanism especially in S1, where no pronouncedtulgbe

interagion termination was observedlVhen water was introduced into the reaction

below a certain percentage, the unteancarbon was etched away before it could curve

the nanotubes, and thus straighter, longer and dens@W®NT films are obtained. In

the case of B0, carbon contamination was so instant that without additional water input

the Ahockey s tatthekcatalyst Edge amckrdn intoieach ather very soon

due to the high tube density at the cataly
Also noticeable is that compared to B series, water seemed to played a more active

roeinS i n that it seems t-shteirfet owaisn aS wrad leat i

example, water as a thermal decomposition product of ethanol in SO showed its effects

as what the additional water did in B1. This is conceivable since the two injection

methals could result in quite different water input rates.
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Figure 44 SEM images of samples grown with ethanol and 3% of water (A) and the
zoom in view (C); rgrown with ethanol and 1% of water (B) and the zoomiew

(D).

To further verify the etching mechanism of water, reactions with ethanol mixed
with 3% of water, 1% of water and pure water on the same sample were conducted
successively. For the experiment with 1% of water, the sample was first annealed at
9002 @n air to burnoff SWCNTs grown with ethanelvater (3%) mixture. Then it was
processed in the furnace following the procedures in the experimental part. After SEM
characterization, the sample was put into the furnace without annealing, and the reaction
was carried out & water injection rate of 0.03 ml/h for 5 min, with the other steps the
same. The results with 3% of water were similar as shown before, where there were
loose SWCNT arrays on the substrate (Fei4 A and C). The density of SWCNTs
was dramatically increased with 1% of water introducedujiéig4 B and D). Dense

SWCNT mats were grown on the catalyst bars, making the catalyst patterns visible with
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high contrast. This further reduces the role of Ostwabéning, which is not a
reversible process as we see here. It is interesting to see what happened after pure water
injection (Figire45). We notice that the tube density between the catalyst bars were not
decreased by much, while the visibility of théatgst patterns dropped again, indicating
drastic elimination of the SWCNT mats on the catalyst bars. The preservation of
nanotubes in the catalyst gaps suggests that water preferentially reacted with carbon on
catalyst, indicating that the carbon etchimg water is catalytic. This lends us a hint

when we reexamine the two scenarios we proposed in explaining the hockey sticks and
leads to more confidence in the first one, i.e., water acted to etch away carbon coating
on catalyst nanoparticles to revive itheatalytic activity. This conclusion is also

supported by preceding studiei7].

Figure 45 SEM images of samples after water injection for 5 min.
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3.3.2 Growth of conductive SWCNT films with uhliigh transparency

3.3.2.1SWCNT film general characteristics

Figure 46 Optical photo showing quartz substrates without (left) and with a SWCNT
film (right). The black dot on the bottom left corner of the right substrate was used as a
marker for tke side with the film.

Figure 46 shows a photograph of one typical transparent SWCNT film thus
synthesized (in this case, GAB0-R30). The SWCNT film exhibited a sheet resistance
of 7.1 kn/sq and transmittance of 98.4% at 550 nm wavelength. Its dc edébctri
conductivity was calculated to be around 3.9 £ 30n, which is superior considering

its ultrahigh transparenc{262263, and twice as high as pure bulky pap264]. Dc

el ectri cal g)avasrcacaulatediusing theyequ@ation

@

v —_—

» Q) (‘11)

where G is the electrical conductance obtained from the slope oMlwaive, | is the
distance between two electrodes, t and w are the thickness and width of the SWCNT

film, respectively.
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As seen inthe image, the substrate with the SWCNT film (right) displays a
transparency hardly distinguishable from that of the plain substrate (left), which had a
transmittance of 99.5 %. The SEM images for this sample are shown in &fguree
low-magnification &M image (Figire 47A) demonstrates the uniformity of the film.

The highemmagnification images (Fige 47B and 47C) reveal that the film is
composed of essentially unbundled and long nanotubes that interconnect and form a
continuous network. It is worth ting that, at the acceleration voltage (20 kV) used for

all the SEM observations, no charging effects was observed, indicating a high electrical

conductivity of the film.

Figure 47 SEM images of the SWCNT film at magnificatiohg15 000 (A), x50 000
(B) and x100 000 (C).

The observed uniformity of the films can be largely attributed to a uniform
distribution of the Fe catalyst clusters as a result of the piranha pretreatment of the
surface that renders the substrate highly hydrophilic, and the high spinning speed (5,000
rpm) used in the spiooating step. The long nanotube length and individuality (i.e., no
bundling) are in sharp contrast to those typically observed in films made from solution,

in which the nanotubes have been shortened to get dispersed, but tend torfdies bu
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as they dry from the suspensi@25. Theoretical and experimental studies have shown
that long and individual SWCNT have a significant @age in generating films of
high conductivity[219265-267]. It has been demonstrated that the film resistance is
largely dominated by the resistanof the nanotubeanotube contac{268. Therefore,

the fewer junctions in the film, the higher is the overall conductivity
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Figure 48 Raman spectrum of the SWCNT showing the D and G band.

The Raman spectrum for this samfiegure 48) shows that the intensity ratio
between the G band (ca 1582 tnsignature of a $pcarbon structure) and the D band
(ca 1350 crt, due to disordered carbon) is high (~16) and indicative of low defect
concentration in the nanoteland an overall good qualitnd, most importantly, such
a high G/D ratio is indicative of SWCNTs rather than MWCNiraulti-wall carbon
nanotubes)The radial breathing mode (RBM) could not be seen due to the strong

scattering appearing in this regioorn the quartz substraf235.
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3.3.2.2Effects of catalyst annealing

In this comparison, we used a C33 ferritin solution and 20 min reaction time
while varying the annealing time. The rdsudre summarized in Figure K.can be
observed that the sheet resistance generally decreases with increased annealing time,
from above measurement range of the test meterq(st] - ~10 Mq/sq) with no
annealig to 12.6 ky/sq at 60 min. At the same time, the transmittance at 550 nm is
seen to gradually and slowly decrease with annealing time from 9&6P& min to
99.3% at 60 mininterestingly, without annealing, the observed optical transmittance

was even lowr than with annealing.
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Figure 49 Sheet resistance and transmittance (at 550 nm) as a function of anneal time.

The films were characterized by SEM (&ig 50) to keep track of the
morphology changes caused by the annealinggao Without annealing, no SWCNTs
could be observed on the substrate. With 10 min annealing, a rather open network
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composed of short tubes was obtained, with a density of ~5 tmifeStarting from 20

min, a denser and more interconnected network feased as the annealing time
increased, andhe tube density boosted by ten times to ~50 tubes/ which
corresponds well with the increase in film conductivity observed after 20 min
annealing. The changes in morphology also correspond théh changes in
transmittanceThat is, the open film obtained with only 10 min annealing time resulted
in the lowest SWCNT coverage and highest optical transmittance. Without annealing,
an amorphous shell associated with the organic fractions of the ferritin stilihesohnan

the substrate, causing deactivation of #&9. In addition, these fragments increase the
absorption of light but do not enhance conductivity. Therefore, this sample exhibited

high resistance and low optical transmittance.
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Figure 50 SEM images of SWCNT films obtained with annealing time of 0 min (A), 10
min (B), 20 min (C), 30 min (D), 45 min (E) and 60 min (F).
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Figure 51 Higher-magnification SEM images of SWCNT films obtained with annealing
timeof 20 min (A), 30 min (B), 45 min (C) and 60 min (D).

The clear correlation observed between the catalyst annealing time and the film
morphology (performance) can be explained when we look into the SWCNThgrow
and termination mechanismis. a recent sty on the growth of aligned SWCNTs on
ST-cut quartz substratd270, we have observed that the termination of the nanotube
growth was accelerated by nanotutanotube interaction that lead to hindrance of the
growth and subsequent catalyst deactiva®iil]. On the other hand, it is well known
that high temperature treatments (e.g. during annealing) lead to metal particle sintering
[272. As can be seen from the highmagnification SEM images of the annealing
series (Figre 51), when the samples were annealed for less than 30 min, the sintering
of the catalyst particles did not result in particle growth large enough to be detectable.

By contrast, annealing treatments for more extended periods (e.g. 45 and 60 min) led to
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partides large enougho be clearly observed by SEMt has been previously
demonstrated273-279 that there is a direct correlation between the size of the metal
clusters that catalyze the growth of SWCNTs and the nanotube diameters, i.e. larger
metal clusters gneratenanotubes of larger diameteiiderefore, we proposed that the
growth hindrance caused by nanotutaotube interaction is less pronounced when the
diameter is larger, since larger diameter implies highertnheaigidity. Therefore, one

can antigpate that these nanotubes should be longer and thus of higher conductivity. In
addition, Dai et al.[276 have shown that contact resistance seems to increase

significantly for the small diameter nanotubes.

3.3.2.3Effects of catalyst concentration

For this comparison we fabricated films with varying ferritin concentration (C5,
C33 and C100), while keeping the rest of the parameters constant. That is, all the
samples in this series went through 60 min annealing and 30 min reaction. The results

of theoptoelectronic performance are summarized in Fig@re
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Figure 52 Sheet resistance and transmittance (at 550 nm) as a function of ferritin
concentration and their corresponding SEM images. The samples were annealed for 60
min and reaction lasted for 30 min.

First, it is observed that the optical transmittance of the film decreased with increased
ferritin concentration. The sheet resistance, on the other hand, went through a minimum
at C33. This behavior can be rationalizedarms of the film morphologylserved in
the SEM images (Figure®B, C and D). It can be seen that, at high Fe concentration,
relatively large Fe clusters were formed on the substrate. It appears that the high
concentration of ferritin precursor not grdecreases the transparency but also reduced
the concentration of nanotubes formed. Instead of the tight network observed at
intermediate Fe concentrations, a relatively sparse structure with a density of ~40
tubesim? is obtained at high concentrationst the lowest concentration end, very
small catalyst particke were formed after annealings can be compared in Figures
52B and C, no catalyst particles are visible on the sample made with C5 solution while
they are clearly observed on the one made W3 solution. As discussed earlier,
smaller particles generate small diameter nanotubes, which are more easily hindered by
interaction with other tubes and terminate growth more quickly. As a result, shorter
tubes are produced, evidenced by a larger nurob&ube tips but lower tube density

(~7 tubestm?) observed in the image. Therefore, on the film made with the C5

solution, a higher transparency but lower conductivity were obtained compared to that
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made with C33 solution. The C33 film, on the otherdydas a tube density as high as
~70 tubegtn?’.

It is also worth noting that the C3860-Rz sample of this series showed higher
conductivity and lower transmittance than the @&®-Rz sample of the annealing
series.This difference can be ascribed to #ulitional 10 min of reaction that the latter
underwent. This result indicates that reaction time is another important parameter that

one can use to optimiZgm performance.

3.3.2.4SWCNT film evaluation

A popular method to quantify TCE perfoamce is based on the following equation

[277):

1 "o.uen
uY: 1+ — 25 2
( 2 Yy 'o,,'QI))

Where T is the transparency measured at 550 ninthd&Rsheet resistancéy. the

electrical conductivity,lop the optical conductivity, * T pmmUO the free

space permeability, and vt m 60 & the free space permittivity.

For a given sheet resistance, the lowerlthflq ratio the higher is the transparency of

the film. Therefore, films with lowl./lqc ratios are good candidates for TCEs. For
example, to reach a sheet resistanck 6f k Y/ sq at a transparenc)

ratio is 2.5. However, to increase the transparency to 99.5%, the ratio should decrease

to 0.15.
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Table10U,y/ ddvalues of the samples from this study

Sample Name Oop/Tac

Annealing Series

C33-A10-R20 0.36
C33-A20-R20 0.21
C33-A30-R20 0.25
C33-A45-R20 0.24
C33-A60-R20 0.23

Concentration Series

C100-A60-R30 0.93
C33-A60-R30 0.30
C5-A60-R30 0.44

The Uy Ugcratiosobtained for the two series in this study are listed in Tafblé\Ve
compared transparensyeet resistance data reported in smveecent publications
(Table 1) with those in this study. While small ratios have been obtained in the
intermediate transpancy region, in the ultrahigh transparent region, open circuit are
often observed (i.eloy/ d¢ infinitely large). By contrast, for the annealing series, our
films have transparencies above 99% and an aveigfje. ratio of 0.26. Figures3
shows the results of the annealing series along with some data extracted from recent
literature. Using thél,y/Uqc ratio of 0.26 one can extrapolate the high transparency data

to the lower range for comparison with the less transparent films.
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Figure 53 Transmittance vs. sheet resistance in this study and literature.

Table 11 Optoelectronic performance of films reported in the literature

Process R, (Q/sq) T% Reference
Liquid-liquid interface 20000 97% [38]
Air brush 1000 90% [39]
Mayer rod or draw- down rod 700/300° 90% [40]
Filter 1100 88% [8]
Layer by layer 1620 85% [41]
Layer by layer 1100 85% [42]
Air brush 956/472" 85% [43]
Roll-to-roll 24 83.4% [44]
Ultrasonic spray 70 81% [45]
Dip or spray coating 332 80% [46]
Spray coating 150/80° 80% [5]
Filter/stamp 150 80% [47]
Spin-coating 100 80% [48]
Vacuum filtration 1000/220° 79% [49]
Vacuum filtration 1300/231" 75% [4]
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3.3.3 Graphene synthesized on copper foils

Figure 54 SEM images of graphen synthesized on copper foils.
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Figure 55 Raman spectrum of the synthesized graphene.

3.3.4 Application of the synthesized SWCNT films and graphene in FETs
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Figure 56 (a) Schematic of the fabrication procedure: spin coating PMMA onto source
substrate, transferring PMMA/SWCNT layer onto target substrate witkpnmeed
source and drain, printing gate electrode on top of PMMA. (b) optical entagen by

the camera of the printer showing source (S), drain (D), gate (G) and PMMA layer. The
length of the image corresponds to ~1.6 mm. (c) a complete-ttlresstor array
device on PET substrate.

Figure 57 SEMimages of SWCNT film transferred to polyimide (a) and glass (b)
substrate.
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Figure 58 Plot of resistance versus channel length for calculating the specific contact
resistance of (a) electroegrapheneand (b) electrod&SWCNT film. Insets show

schematics of electrodes used for this measurements.
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Figure 59 Electrical measurements of the SWCNT TFT device. (a) lds/Vds
characteristics at various Vg. (b) transfer charawtcs of the device, inset: SEM
image of the SWCNT film on source substrate. (c) Ids/Vds characteristics of a SWCNT
TFT device reported in Referen283
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