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Systematic investigation of the catalyst composition effects on single-walled

carbon nanotubes synthesisin floating-catalyst CVD

Saeed Ahmad, Yongping Liao, Aqeel Hussain, Qiangnfg'*h Er-Xiong Ding, Hua Jiang and
Esko I. Kauppine*n

Department of Applied Physics, Aalto University 8ohof Science, P.O. Box 15100, FI-00076
Aalto, Finland.

Abstract

Enormous technological promise of single-walledboar nanotubes (SWCNTSs) can only be
harnessed with the premise of controllable synthe§iISWCNTSs, where catalyst composition
thermodynamically plays a vital role. Herein, werdaystematically investigated the effects of
catalyst composition on SWCNTs synthesis, usingogeh floating-catalyst chemical vapor
deposition (FCCVD) system, consisting of catalyghtkesis via spark generator, FCCVD
reactor and a real-time monitor of catalysts andC8Ws. We synthesized SWCNTs from both
monometallic (Fe, Co, Ni), bimetallic (Co-Ni, Cojreatalyst particles and kinetically optimized
yield and performance of SWCNTSs films. We foundt e highest yield of SWCNTs from Fe
is 15 times as that of Ni SWCNTs and the Co-Ni SWENilm possesses best opto-electronic
performance. Interestingly, the mean diameter ofCBWs was found related to the catalyst
particle size distributions, but not composition.onfgover, detailed atomic structures
determination revealed that SWCNTSs from Fe and &ea wide chirality distribution spanning
from zig-zag to armchair edges. However, Co-Ni SWE&Nhave comparatively narrower
chirality distribution having 71% SWCNTs in the ciiangle of 15-30 Our results indicate that
catalyst composition can efficiently tune yield actthracteristics of SWCNTSs, but it does not
dramatically shift chirality of FCCVD SWCNTSs.

1. Introduction
Since their discovery by Sumio lijima in 1993 [1{ingle-walled carbon nanotubes

(SWCNTs) have attracted a great deal of attentianng to their excellent mechanical,
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electrical, thermal and optical properties [2]. Tgreperties of SWCNTs are mainly dependent
on their morphology and chirality. Therefore, istldew decades significant efforts have been
devoted to control their morphology and chiralityridg synthesis [3-5]. In this regard, the most
important parameters which have been mainly focasedhe size, composition and structure of
catalyst particles [5—8], selection of carbon feéeds [9,10] and the synthesis technique.

Chemical vapor deposition (CVD) technique is on¢hef most commonly used processes
for the synthesis of SWCNTs. Based on the catdlysttion, CVD is further divided into
supported [3-5,7] and floating-catalyst (FCCVD) 12} methods. In supported-CVD, the
catalysts are prepared and reduced before SWCNihesia, which makes this multi-step
method tedious. Moreover, interactions between lysitgparticles and support makes the
synthesis process more complicated [12]. On theratide, FCCVD is a single-step, scalable
method in which the entire process of catalyst BWCNTs formation takes place in a gaseous
environment [9,13]. In addition, FCCVD promise<lging highly pure products without
contaminations.

It has been observed that the proper choice ofysatparticles plays a significant role in
controlling the morphology and chirality of SWCNT$1,13-15]. Specifically, bimetallic
catalysts have shown more promising results to gmamow chirality of SWCNTs [11].
Normally, catalyst particles in FCCVD are obtainmddecomposition of volatile organometallic
compounds such as ferrocene and nickelocene etcl3L However, with this conventional
method of nanoparticle fabrication, it is hard &kd a full control of composition, number
concentration, size and structure of both monornetaand bimetallic nanoparticles.
Furthermore, the integrant of catalyst particledinsited because of their toxic precursors.
Therefore, only a few papers have presented [115]14esults on the effect of metallic and
bimetallic catalysts particles on FCCVD grown SWGNHowever, they produced very low
purity of the final product containing a mixture cdrbon black powder along with single and
multi-walled CNTs, thus SWCNT has to be separatechfthe mixture through a post synthesis
liquid-based sonication-centrifugation-annealinggesss [11,14,15]. This type of post synthesis
separation treatments are not only time-consumungchn also contaminate and damage the
nanotubes [16,17]. Also, no detailed atomic stmegwof the grown SWCNTs were presented as

only optical methods were used to characterizengimotubes [11,14,15].
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To overcome the above-mentioned difficulties, weadgled catalyst particle generation
process from SWCNT growth. The catalyst generatvas devised by a purpose-built, ex-situ
spark discharge generator (SDG), permitting a pescontrol of catalyst, and thus, SWCNT
number concentration during growth [9,18]. In SD€atalyst particles are produced from
physical evaporation-nucleation-condensation ofelleetrode’s material in the presence of some
inert or non-reacting carrier gas. Depending onelleetrode materials and by tuning other spark
parameters (e.g. applied voltage, current, frequeetc.), we can control composition, size and
number concentration of catalyst particles [18].r&tver, we can measure the size and number
concentration of catalyst particles in gas phaseidigg differential mobility analyzer (DMA)
before feeding in the CVD reactor. Therefore, iiseliable technique to study the effect of
catalyst composition, size and concentration on SMXC synthesis. So far we synthesized
SWCNTs from spark-produced Fe catalyst nanopasticidy with CO as carbon source [9]. The
two major problems of using CO as carbon sourcésitew conversion rate and high toxicity.

In this study, for the first-time we have systemalty investigated catalyst composition
effects on yield, morphology, helicity and conduit$i of single-step grown SWCNTSs in
FCCVD. For this purpose, we utilized various spar@educed monometallic (iron, cobalt,
nickel) and bimetallic (cobalt-nickel, cobalt-ironatalysts particles [18]. Nitrogen was used as
the main carrier gas with 15% of hydrogen and @06% ethylene. Ethylene was employed as
a carbon source due to its similarity with CNTsriature of chemical bonding (i.e. %p
Compared to carbon monoxide, ethylene as the casborce makes the synthesis process more
economical and environment friendly. From real-timeasurement of the catalyst and SWCNTs
number concentration using DMA, we observed thatpbiiticles have low catalytic activity
towards the synthesis of SWCNTs. Whereas, SWCNodymed from Fe and Co have higher
yields and better conductivity of SWCNTs films. tharmore, for the first-time we utilized Co
for SWCNTSs synthesis in FCCVD method. AdditionaNye made bimetallic nanoparticles of
Co with Fe and Ni and we found that Co-Ni bimetaltatalyst particles are more effective to
control chiral structure of SWCNTs. Furthermore, \weantitatively compared yield and
conductivity of SWCNTs films with various monomdi@land bimetallic catalysts particles.
Finally, effect of three most auspicious catalysts Fe, Co and Co-Ni on SWCNTs chirality,

morphology and conductivity was studied in detisibre importantly, the atomic structures i.e.
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(n,m) indices of the as-synthesized Fe, Co and Co-Ni SW#Cwere determined using a direct

method based on electron diffraction technique.[19]
2. Experimental section

2.1 Catalyst synthesis

Catalyst particles were prepared in gas phase éyrdd-to-tube type spark discharge
generator which has been discussed in our earlierk j18]. Rod and tube electrodes
(Goodfellow, UK) of highly pure iron (99.8%), nidk@9.5%) and cobalt (99.95%) were used as
a source of catalyst particles. Bimetallic Co-NddDo-Fe catalysts were synthesized from cobalt
rod with Ni or Fe as tube electrode. For materidp®ration from electrodes a high voltage
source (HV) (Heinzinger PNC 20000-10 ump) was engdoto charge 220 pF external
capacitor (Cthrough 1 M2 ballast resistor (R). Nitrogen (99.995%) was uagcaarrier gas to
produce catalyst particles in spark discharge ggoerThe regulation of carrier gas (1.5-2 Ipm)
through the spark chamber was maintained by a fit@sscontroller (Aalbrog GFC37 ().

The complete set up for particles production issghechematically in Fig. 1.

2.2 SWCNTssynthesis

SWCNTs were synthesized in a vertical FCCVD reaatith spark-generated Fe, Co, Ni,
Co-Fe and Co-Ni particles as catalysts and 0.1g2¢eim (200-800 ppm) ethylene &)
(99.999%, AGA) as carbon source. The FCCVD reamtosists of a quartz tube (inner diameter
22 mm) vertically placed inside a 90 cm long higmperature furnace. The temperature of the
furnace was set at 105C. The temperature profile shown in Fig.idl the centerline N
temperature measured by the 1.5 mm thermocaipiee setting furnace temperaturel®50 °C.
The average residence time in the growth zone (88D°C) is about 10 seconds.

420 sccm N containing catalyst particles from spark chamimer 80 sccm K(99.999%,

AGA) were introduced into the CVD reactor. The ramrag N, from spark chamber was just
guided to exhaust. Gas flows into the reactor vearefully controlled with highly precise mass
flow controllers (MFCs). In all cases, ttaal flow inside the CVD reactor was kept constaint

500 sccm. The schematic for gas flows is showngnE

Gas phase SWCNTSs grown in the reactor were direcllgcted at the outlet of the reactor

on nitrocellulose membrane filters (Merck MilliporErance, diameter 13 mm) in the form of
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thin films. For further characterizations, the SWI&N\wvere also directly collected on to a TEM
grid, or deposited on to Si/SjQubstrate using thermophoresis technique [20].inCeease the
SWCNT films conductivity, they were doped with 1éMnsolution of AuCj (99.99%, Sigma-
Aldrich) in acetonitrile (99.999%, Sigma-Aldrichy ldrop-casting technique [21]. After doping
for three minutes, films were washed with pure @oiétile and driedbefore measuring sheet

resistances
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Fig. 1. Complete set up of spark-FCCVD system for SWCMithesis and temperature profile
of the reactor at set temperature of 10D Catalyst particles were produced from purpose-
built ex-situ rod-to-tube type spark discharge gatm and then introduced in to the vertical
FCCVD reactor for the gas phase synthesis of SWCNTs

2.3. Characterizations
2.3.1 Real-time measur ement of catalyst particlesand SWCNTs number size distribution
The catalyst particle number size distribution (NSkere monitored in real time by

scanning mobility particle sizer with Faraday cupctometer (SMPS+FCE, the GRIMM
Aerosol Technic GmbH, Germany). To measure NSD tatal number concentration (NC) of
the catalyst particles, 1 Ipm flow of the aeroswinf spark discharge generator was directly
introduced into SMPS+FCE. In addition, SMPS+FCE vedso employed to characterize
SWCNTSs total NC and yield in gas phase with simpliaocess.
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2.3.2 Optical characterizations
For optical characterizations, SWCNTs thin filmdlected on membrane filters were

directly transferred on transparent quartz slidelQ$300, Heraeus) by dry press-transfer
technique [22]. Optical absorption spectra (OAS) aansmittance of the SWCNTs films were
measured by Agilent Carry 5000 UV-vis-NIR spectréeng€Agilent Technologies, Inc.). Raman
spectra of SWCNTs was obtained by Horiba Labram-83{® (Horiba Jobin-Yvon) Raman

spectrometer by three different excitation laseth wavelengths of 488, 514 and 633 nm.

2.3.3 Electron microscopy for mor phology and chirality of SWCNTs
The bundle length of SWCNTs were measured by angggrelectron microscope (Zeiss

Sigma VP, Carl Zeiss GmbH, Germany). Whereas, tioidke diameters and electron diffraction
(ED) of SWCNTs, and for X-rays energy dispersiveecspum (EDS) of the catalyst
nanoparticles, double aberration-corrected higbto#i®n transmission electron microscope
(HRTEM) (JEOL-2200FS, JEOL Ltd., Japan) was empdoye

2.3.4 M easurement of sheet resistances
Sheet resistances of the SWCNTSs transparent canedditins (TCFs) were measured by

4-point probe (Jandel Engineering Ltd, UK, tip &R50 pum, tip spacing 1 mm) connected to a
multi-meter (HP/Hewlett Packard 3485A). A set oftad@oints were obtained by analyzing
SWCNTSs films with various thickness and transmit&nData points were nonlinearly fitted

using the method described in the literature [22].

3. Resultsand discussions

3.1 Optimization of the synthesis parameters
Here, the synthesis process is optimized basedhetilin performance, i.e. to minimize

the sheet resistances of SWCNT films with 90% tratiance (@ 550 nm wavelength). For
guantitative research and comparison, all catapsticles were preset to the same size
(distributions) and concentration, as shown in F2g. For minimum sheet resistances, the
required flow rate of Klis 80 sccm and for Ns 420 sccm at a setting furnace temperature of
1050°C. The optimized amount of,84for monometallic catalysts: Fe and Co is 0.1 sc200(
ppm), for Ni is 0.4 sccm (800 ppm), whereas, fandtiallic catalysts: Co-Ni and Co-Fe is 0.3
sccm (600 ppm). The results and discussion belosv bersed on the optimized synthesis

conditions.
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3.2 SWCNT yield and performance

SWCNTSs yield were compared among various catalgsts the result is Fe>Co-Fe> Co>Co-
Ni>Ni, as shown in Fig. 2b and S1. For all catayshe geometric mean mobility diameter
( D) of particles was adjusted 85 nm with a total NC of ~4.3x10%cm® before feeding into
the FCCVD reactor. We found that as-synthesized S8W&from Fe, Co, Co-Fe and Co-Ni
catalysts have simild),; of ~45nm. Also, NC of SWCNTs from Fe, Co, Co-Fe are
comparable, but NC of Co-Ni CNT is slightly lowétowever, SWCNTs synthesized from Ni
were found utterly different. Ni SWCNTs have vemgal Dy, (~15nm) and much lower NC
compared to SWCNTs from other catalysfy,; of CNT is correlated to their bundle length (
by a mathematical relatiaby,; < VI [23]. Hence, DMA result indicates that SWCNTsnird\i
have shorter length compared to SWCNTSs produced &iher catalysts.
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resistance of pristine Fe, Co, Ni, Co-Ni & Co-Fe GMT films with 90% transmittance (@ 550
nm wavelength).d) Optical absorption spectra of as-grown SWCNTs shgwifirst

semiconducting (9 and metallic (M,) transitions peaks.
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Furthermore, the quantitative comparison of the SWWE yield was also carried out by
collecting sample on the membrane filter (13 mnmaiter) for a fixed time. Depending on NC
of SWCNTs from various catalysts, the film thickeesd optical transmittance were different.
Therefore, based on optical transmittance dataplteined normalized yield and it has been
provided in supporting information as Fig. S1. Ta¢a revealed that yield of SWCNTs from Fe
is ~15 times higher than that from Ni having poor catalgctivity towards SWCNT synthesis.
Since, for the transition metals, carbon solubitigcreases from left to right in periodic table
[24,25] and Ni has lower carbon solubility than &ed Co. Therefore, we propose that Ni
showed poor catalytic activity towards SWCNT systhend as a result, we got comparatively,
lower SWCNT vyield and shorter bundle length.

Moreover, we compared sheet resistance of thein@isSWCNT films from various
catalysts which is plotted in Fig. 2c. We foundtthiae opto-electronic performance of the
SWCNT films from Fe, Co, Co-Fe and Co-Ni is supetathat of the Ni SWCNT films, owing
to the short length of nanotubes from Ni catalybtence, in our case, Ni SWCNTs are not a
good choice for TCFs applications. For the comparisf SWCNTs diameters with various
catalysts we obtained their optical absorption 8pg©AS) as shown in Fig. 2d. Since the mean
diameter of the nanotubes is strongly correlatatl Wie position of first inter-band transitions in
semiconducting (&) and metallic (M;) nanotubes and we did not observe any prominefit sh
in S;; and M; peaks positions with the change in catalysts. dams that as-grown SWCNTs
with various catalysts have similar average diamate their diameter is around 1 nm, analyzed
from Kataura plots [26,27]. The OAS result indicatkat, in our case, the diameter of SWCNTs
is dominantly controlled by the size of catalysitiotes rather than catalyst composition.

Transition metals Fe, Co and Ni as catalysts forCBIW synthesis are cheap, easily
available and highly active which has been provedupported-CVD process [25,28]. But our
results show that spark-produced Ni is not a hightyive catalyst for FCCVD growth of
SWCNTs. On the other hand, Fe is an extensiveldietu catalyst in spark [9,18,29] and
ferrocene (Fe(€Hs),) [16,30] based FCCVD methods. Our earlier workveta that ferrocene
based Fe catalyst particles with ethylene as cadmumce are not effective to control chiral
structure of SWCNTSs [30]. Therefore, to synthedizmetallic catalyst particles Co was selected
as major catalyst which have never been studideCi6VD method for SWCNT synthesis. We

combined Co with Fe and Ni to produce Co-Fe and\Coatalyst particles. The integrant in
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bimetallic catalyst particles were confirmed byrsdag TEM-EDS analysis and plotted as Fig.
S2 in supporting information.

Compared to pure Co catalyst, Co based bimetalysttagive lower SWCNTSs yield but
better performance of SWCNT films. Specifically,-8obased SWCNT film has much better
performance than Co-Fe and Co based ones as shdwg.i2c. It's worth mentioning here that
for optimized conditions with similar NC and sizkfive different catalysts (Fe, Co, Ni, Co-Ni
and Co-Fe) there are noticeable changes in NC o€ SV¥. It means that catalyst composition
can significantly affects £, decomposition and nucleation of SWCNTs. More inguatty, we
observed that Co-Ni SWCNTs gave relatively higherpgak compared to other SWCNTs in
OAS (Fig. 2d), indicating that Co-Ni may produce SMTs enriched with some specific
chiralities. However, SWCNTs produced by Co-Fe @udcatalyst particles have very similar
absorption spectra. Also, Co-Fe CNTs performanes in between that is pure Co and Fe
SWCNTs (Fig. 2c). Based on above mentioned compparanalysis of SWCNTs vyield,
performance and OAS with five catalysts, three &in SWCNTSs (i.e. Fe, Co and Co-Ni) were
characterized in more detail, to investigate effeft catalyst composition on SWCNTs
morphology, chirality and conductivity. The selectiwas made on the basis of better
performance with reasonable yield and having disitie optical absorption peaks.

3.3 The change in morphology of SWCNTswith the catalysts
We investigated the effect of catalyst compositon bundle length and diameter of

carbon nanotubes grown with Fe, Co, and Co-Ni gstsl particles. The bundle length
comparison of SWCNTs was made from SEM by measuength of 200-220 bundles directly
collected on to Si/Sigsubstrate. The results obtained are plotted asdl®length distribution

in Fig. 3b, ¢ and d with Fe, Co and Co-Ni as thalgats, respectively. A typical SEM image

used for the bundle length analysis is also shawkig. 3a.
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Fig. 3. a) A SEMimage of SWCNTs deposited on to SifSifbstrate. Bundle length distribution
and mean bundle lengtld,) of SWCNTSs produced by Fe (3.4 um)¢) Co (3.5 pmpandd) Co-
Ni (3.8 um) as catalysts particles.

We observed a slight shift in average bundle leriégh of the nanotubes by changing
catalyst. The nanotubes produced by Fe have shéyte§3.4 um. Whereas, Co SWCNTs have
[, 3.5 um and longest tubes (3.8 um) were foundse of Co-Ni as catalyst.

For the measurement of mean bundle diamgtgy and bundle diameter distribution of
the nanotubes, HRTEM was used. In all three caggsyas carefully measured by analyzing
170-180 HRTEM micrographs. A typical HRTEM image akingle and a SWCNT bundle is
shown in Fig. 4a. The variation in bundle diamelistribution of SWCNTs with Fe, Co and Co-
Ni catalysts is plotted in Fig. 4b, ¢ and d, respety. Diameter distribution revealed that Co
SWCNTs have comparatively largés (4.4 nm) with only 12% individual nanotubes. Whereas,
for Fe and Co-Ni SWCNTH,, is 4.1 nm and 4.0 nm with approximately14% of individual

nanotubes.
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Fig. 4. a) A typical high-resolution transmission electron microscopeRTHEM) image of a
bundled and an individual SWCNT. Bundle diametstrithution and mean bundle diameter
(dp) of FCCVD grown SWCNTs wity) Fe (4.1 nm)c) Co (4.4 nmjandd) Co-Ni (4.0 nmkas
catalysts.

Another very important parameter for many applamagiis the SWCNT diameter which is
also investigated here. The variation in diametahe SWCNTs was compared by using OAS,
Raman spectra and analysis of ED data. In OAS thst mtense § peak for both Fe and Co
SWCNTs lie at1322 nm , corresponding td.01 nm mean diameter. This result is consistent
with the result obtained through supported-CVD rodtivhere different ratios of Co and Fe did
not affect diameter of SWCNTs [31]. But for Co-NW&NTs, maximum intensity peak is
at1305 nm, corresponding t60.98 nm mean diameter. Such small diameter nanotubdsnm)
owing to large bandgap are very useful for manyepidl applications, for instance, in
photovoltaic devices [8]. Radial breathing mode KRBf Raman spectra with three different
lasers 633,514 & 488 nm) was also analyzed to get diameter range of asegized
SWCNTs with different catalysts. The diamefed) of SWCNTSs is inversely proportional to

11
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RBM frequency(w) through the relationv = 217.8/d + 15.7 [32]. The diameter range by
RBM frequency from Fig. 5a, b & c, with all threatalysts is from0.75 nm to1.65 nm.
However, it can be seen that the relative abundahspecific diameter nanotubes varies with

the change in catalysts.
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Fig. 5. Radial breathing mode (RBM) in Raman speatfaas-synthesizedarious SWCNTSs
usinga) 633b) 514 & c) 488 nm lasersDiameter distribution from electron diffraction and

geometric mean diametc{ng) of SWCNTs witld) iron (1.05 nm),e) cobalt (1.06 nm) and)

cobalt-nickel (0.99 nm) as catalyst.

We also quantified diameter distribution of variaypes of SWCNTs using ED data
which is more advanced, accurate and precise tge@rjil9,33]. For this purpose, 125 Fe, 116
Co, and 123 Co-Ni based randomly selected individd/CNTs were characterized. The
diameter distribution obtained from ED statisticshwFe, Co and Co-Ni SWCNTSs is plotted in
Fig. 5d, e and f, respectively. Interestingly, veeirid that there is no remarkable change in

geometric mean diamet¢pn ) of SWCNTs with the change in catalyst from @e05 nm) to
Co(1.06 nm). However, the Fe SWCNTs have wider diameter rdrye 0.67 — 2.0 nm with
45% SWCNTSs havingl < 1 nm and geometric standard deviati(sy,) of 1.23. Whereas, for
the case of Co SWCNTSs diameter distribution liebetween 0.78 to 1.65 nm withég of 1.16
having 36% SWCNTs witld < 1 nm. From ED, the Co-Ni SWCNTs have comparatively small
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ug of 0.99 nm with narrower diameter distributio61.15). The percentage of the SWCNTs

havingd < 1 nm increased to 57. The most interesting result abthifrom ED is that Co and
Co-Ni can produce SWCNTs with much narrower diamdtstribution compared to Fe. Such
small-diameter FCCVD-SWCNTs having narrow distribat synthesized in this work have
never been reported before.

3.4 Tuning chirality of SWCNTs by monometallic and bimetallic catalyst particles
The chirality of FCCVD-grown SWCNTSs is also catalgependent. The chiral structure

of SWCNTs was studied by ED technique through amaty more than 115 individual, clean,
and straight tubes from each sample. The resulmredd from the ED analysis are plotted as
chirality maps with Fe, Co and Co-Ni in Fig. 6aatd ¢ along their chiral angle distribution in
Fig. 6d, e and f, respectively. Based on an unanghig intrinsic layer-line spacing analysis
method [19], the representative diffraction patseohthe zig-zag, chiral and armchair nanotubes
with their (n,m) indices are displayed in the Fig. 6g, h and i. &kalysis revealed that Fe
SWCNTs are distributed with 12% nanotubes havin@)8(9, 5) and (10,4) chiralities. Most of
them are clustered near 1 nm region but few hawe small & 0.67 nm) or large~(1.85 nm)
diameters as well. The fraction of semiconductimges is 61% with the mean chiral angle of
16.06+8.35 having no preference towards the zig-zag or aringltges. Our result is consistent
with the reported result in the literature by Ageelal. using ethylene as carbon source and
ferrocene (Fe(€Hs),) as catalyst precursor [30]. Hence, our resulicetés that in FCCVD

method selection of catalyst precursor has noinolening chirality distribution of SWCNTSs.

Co SWCNTs have comparatively narrow chirality disttion. A very high fraction (71%)

of SWCNTs lie in 0.3 nm diameter interval startingm 0.9-1.2 nm as shown in Fig. 5e. 15%
of the Co nanotubes are enriched with (9, 8), B)land (9, 7) chiralities. Some chiralities with
very small or big diameter, for example (8, 1),48,(7, 4), (21, 2) and (17, 11) etc. which were
found in Fe sample were absent in Co sample. Atsist abundant chiralities in Fe SWCNTs
(8, 6), (10, 4) and (9, 5) account for only 6% ino €ample. But similar to Fe SWCNTs, Co
SWCNTs are also randomly oriented from zig-zag nmachair having the mean chiral angle
15.78+9.06 with 60% semiconducting tubes.

13
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Fig. 6. Chirality distribution maps and chiral angle didtrtion of individual SWCNTs based on
a) & d) monometallic Fep) & e) monometallic Co ana) & f) bimetallic Co-Nias catalyst
particles. Representative diffraction patterns of the seleajy zig-zag (12, 0)h) chiral (16,
12), andi) armchair (9, 9) SWCNTSs.

The most promising results were from Co-Ni bimétathtalyst particles. We found that
Co-Ni can produce SWCNTs with narrower chiralitydatiameter distributions than Co and Fe.
In this case, 73% of SWCNTs have narrow diametegireg from 0.8-1.1 nm and we found that
71% of the tubes lie in the chiral angle from 15-@@h the mean chiral angle of 20.18+6208
Furthermore, fraction of semiconducting nanotulse69%. It is interesting to note that out of
123 nanotubes, only a single nanotube has zig-zagtgre of (12, 0). The most dominant
chiralities from Co-Ni which are 20% of the totabes are (8, 5), (8, 6) and (9, 5). The possible

reason of getting narrow chirality with Co-Ni migh¢ due to synergistic effects of two metals,
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resulting in activation of small catalyst area @s fbeen proposed in supported-CVD growth
process [8,34]. Also, the higher fraction of neanehair nanotubes is the frequently observed
phenomenon in chiral-selective growth of SWCNTs had been attributed to thermodynamic
stability of near arm-chair nanotubes [35]. Morepwy comparison of chirality maps in Fig. 6b
and c, it can be seen that we can increase snthlereter nanotubes<(0.75 nm) with the
change in catalyst from Co to Co-Ni. Some spedafiall diameter nanotubes having chiralities
(6, 4), (6, 5), and (6, 6) were only found with leiallic Co-Ni catalyst. The detailed statistics on
change in individual chirality with different cayals is provided in supporting information (Fig.
S3-S5).

Hence, we conclude that similar to supported-CVDRhods [5—7] chirality is tunable in
FCCVD with the change in catalyst composition. Bart very high selectivity in FCCVD,
further research needs to be carried out, such as wontrol on catalyst size and structure.
Moreover, comparison of chirality distribution gbassk based Fe SWCNTs in this work using
ethylene and in our earlier work with CO [9] shdwvait carbon source also plays significant role
in tuning chirality distribution of SWCNTs. The s might be very different products
obtained as a result of CO and ethylene decompnsdt high temperature in the synthesis
reactor.

3.5 Catalyst effect on SWCNTsbased TCFs
From the above analysis, we observed that the ehahgatalysts affects yield, bundle

length, bundle diameter and chirality of SWCNTseTonductivity of SWCNTs based films is
mainly dependent on their morphology [36] and strtec[16]. For better conductivity, SWCNTs
with high fraction of individual nanotubes or smalindled, having large tube diameter, and long
length are more preferred [37]. To further gainighs on the effect of catalyst on SWCNTs
TCFs, we fabricated films with various transpareadoy collecting samples on the membrane
filter for different collection times. The flmsdm membrane filters were directly transferred on
transparent quartz slides by a dry press-transfgmique [22] for measuring % transmittance
(T). A plot of data points having different $oversus sheet resistan@®;) with various types of
SWCNTSs is shown in Fig.7a. Data points were fitbtgdhe relatiorR, = —1/KInT where,K is
constant of proportionality which depends on optasal electrical properties of SWCNTs [22].
A representative SEM image of 97% transparent SWECINM is also displayed in Fig. 7b.
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Fig. 7. @) The sheet resistanc@/sq.) vs. transmittance (%) at 550 nm wavelengtpristine
and AuCi doped SWCNTs based transparent conductive filmsguse, Co and Co-Ni as
catalyst particlesb) An SEM image of 97% transparent conductive filnwshg very clean,
long and randomly oriented network of SWCNTSs.

As, can be seen from Fig. 7a, the pristijevalue of the 90% transparent (@ 550 nm) Co-
Ni SWCNT film (1090 Q/sq.) is much lower than Fe (15X2/sq.) and Co ((1704X/sq.)
SWCNT films. The Co-Ni SWCNTs films were found tave lowestR; value because Co-Ni
SWCNTSs have little defects (Fig. S6), long bundegth (3.8 um), and small bundle diameter
(4.0 nm). To further improve the conductivity, wepgd SWCNTSs film with AuGlwhich is
considered to be a more stable dopant for SWJRI} Doping of SWCNTs with AuGlshifts
the Fermi level of both metallic and semiconductiragotubes down towards valance band [38]
which helps in improving conductivity of the filnThe doping factor K, ratio of pristine and
doped films) for our SWCNTs is ~6 and we could fiotd any observable difference in the
doping factor with the change in catalyst. Aftepoig @ 90% transparency, minimukg value
was found with bimetallic Co-Ni (172/sq.) and then with monometallic Fe (2@55q.) and Co
(274Q/sq).

4. Conclusion

We have, for the first time, successfully synthediSWCNTs from a variety of spark-
produced monometallic (Fe, Co, Ni) and bimetall@o{Ni, Co-Fe) catalyst particles using
ethylene as carbon source. We systematically stuelifects of catalyst composition on yield,
morphology, chirality and conductivity of singleept grown-SWCNTs from various catalyst
particles. It was observed that spark-produceddtilgst particles show poor catalytic activity
for SWCNT growth. Interestingly, the mean diameterSWCNTSs is independent of catalyst
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composition under similar catalyst size distribnto However, the Co-Ni SWCNTs show
narrower diameter distribution than the others. dddition, Co-Ni SWCNTs present
comparatively small bundle diameters, long bundregth, little defects, resulting in better TCFs
performance. Furthermore, unambiguous electrorradifiion analysis demonstrated that as-
grown SWCNTs from monometallic (Fe and Co) haveidewchirality distribution spanning
from zig-zag to armchair. On the contrary, with btallic Co-Ni catalyst, we observed that the
chirality distribution is slightly skewed favoririgrge chiral angles with 71% SWCNTSs lying in
the range from 15-30 Moreover, fraction of semiconducting SWCNTs fr@o-Ni is 69%
compared to 61% with Fe and Co as catalyst. To sanmm in our spark-discharge- based
FCCVD, the catalyst composition plays significanlies in tuning SWCNTSs vyield, quality and
opto-electronic performance of the SWCNTSs film w8WCNTs morphology is less dependent
on the catalyst composition. Moreover, in FCCVDabat composition can tune relative
abundance of specific chiralities, but it does doamatically change chirality of SWCNTSs,

which is significantly different from that in supped-CVD growth process.
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