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gr aphene r[0002] Thk¢ prlesent heernitivheglates to2bméthodrd f birming dimplerwilled ditenabsotutsssd
helicity of a carbon nanotube. If m= 0, the nanotube is called "zigzag".
If n = m the nanotube is called "arnthair”". OQherw se, the nanotube is
called "chiral ™, since | BPAGKGROUND OfcTHFINCENTION s spiral around the
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structure with extraordlnary thermal, mechanical, electro-optlcal and electromc properties

making them promising candidates for various applications such as electronic devices,

chemical sensors or hydrogen storage devices (see, for example, Jorio, A., Dresselhaus, G.,

Dresselhaus, M. S., Eds. Carbon Nanotubes, Advanced Topics in the Synthesis, Structure,
20  Properties and Applications; Springer: Berlin, 2008; foreword, pages V to IX).

[0004] Electronic properties of SWNTs depend on their geomefry, i.e. diameter and
chirality. Each tube structure can be identified with a pair of integers (n,m), which illustrates
how the graphene is rolled up to form the nanotube. These chiral indices (n,m) specify the
perimeter of the carbon nanotube (chiral vector) on the graphene net. Thereby the integers

25 | (n,m) also determine diameter and helicity of a carbon nanotube. If m = 0, the nanotube is
called "zigzag". If n = m, the nanotube is called "armchair". Otherwise, the nanotube is called
"chiral", since in such cases the chains of atoms spiral around the tube axis instead of closing

around the circumference.

[0005] The optimal performance of SWCNTs in many potential applications relies on the

30  (n,m) monodispersity of tube samples, because SWCNTs of different (n,m) structure have
distinct properties. Most SWCNT Esynthesis methods result in tube samplés with a wide (n,m)
distribution. Studies have demonstrated that SWCNTs with narrow (n,m) distribution (less than

20 species) can be produced, and moreover, the (n,m) selectivity can be manipulated by
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four-step purification method to obtain low-defect tubes. However, the drawbacks of Co-
MCM-41 catalyst are their high cost (various expensive surfactants), long synthesis time (7
30 days in autoclave), and relative low carbon loading (1.25 wt.% carbon/1 wt.% cobalt), which
‘signiﬁcantly further increases the cost of SWCNTs. It is therefore desired to obtain a novel
mono-metallic catalyst, which can retain a good selectivity toward narrowly (n,m) distributed
SWCNTSs, and that at the same time can be synthesized at a lower cost and in shorter time

compared to Co-MCM-41. Ideally such a catalyst can produce SWCNTs with higher
35  productivity.
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[0009] In a first aspect the present invention provides a method of forming single-walled
carbon nanotubes. The method includes contacting a gaseous carbon source with a mesoporous
- TUD-1 éilicate at suitable conditions. The mesoporous TUD-1 si]icéte includes a catalytically

effective metal for nanotube growth.

25 [0010] In typical embodiments the method includes carrying out chemical vapour
deposition. In carrying out chemical vapour deposition, a carbon source in fluid form or a
carbon source that is included in a fluid such as a gaseous carbon source and mesoporous

TUD-1 silicate are used. » \

[0011] In some embodiments the catalytically effective metal for nanotube growth is a

30 metal of groups 3-13 of the Periodic Table of the Elements.

[0012] In arelated aspect the invention relates to the use of mesoporous TUD-1 silicate in
forming single-walled carbon nanotubes. The use includes contacting a gaseous carbon source
with a mesoporous TUD-1 silicate at suitable conditions. The mesoporous TUD-1 silicate

includes a catalytically effective metal for nanotube growth.
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[0017] The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying

drawings, in which:

[0018] Figure 1 depicts the physical and chemical structures of Co-TUD-1. (A) X-ray
15  diffraction, (B) nitrogen physisorption showing isotherms and pore size distribution (insert),
(C) UV-vis absorption spectra of Co-TUD-1 and the Co3Os reference, and (D) H,-temperature

programmed reduction.

[0019] Figure 2 shows a Raman spectrum of an as-synthesized solid SWCNT sample
produced with Co-TUD-1 (reduction temperature 500 °C).

20 [0020] Figure 3 depicts 2D photoluminescence contour maps of SWCNT samples
produced under different reduction temperatures with Co-TUD-1: a) 500°C, b) 450°C and c)
'400°C. Dominating tubes (6,5) and (9,8) are highlighted.

[0021] Figure 4 depicts a UV—vis-NIR absorbance spectrum of a purified SWCNT
' suspension, produced with Co-TUD-1 (reduction temperature 500 °C).

25 [0022] Figure 5 depicts 2D photoluminescence contour maps of SWCNTs samples
produced under different reduction temperatures with Co-TUD-1: A) 300°C, and B) 200°C.
Dominating tubes (9,8), (10,8) and (10,9) are highlighted.

[0023] Figure 6 -depicts 2D photoluminescence contour maps of SWCNTs samples
produced with Ni-TUD-1. Dominating tubes such as such as (8,6) are highlighted. SWCNT
30  samples producted with Fe-TUD/1 yielded similar results.

[0024] Figure 7 depicts Raman spectra measured using as-synthesized SWCNT samples

produced using Co-TUD-1 at different temperatures under 633 nm laser.
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[ 0026] Figure 9 depicts Raman spectra of SWCNT sanpl es (prereduced Co-TUD 1
at 400 C) under 785nrn |aser: (a) as-synthesi zed SWCNT, (b) oxidized at
430C, (c) oxidized aP%@U@EW%@?IBE{QN@BT%WEmcat al yst.
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formation of single-

[0028] esoporous TUD-1 silicate that includes a suitable catalytically effective metal

according to the invention has a surprisingly high selectivity toward the formation of single-

15 walled carbon nanotubes. The term “included” when used in the context of a metal and a
silicate includes embodiments where the metal is grafted onto the silica. For sake of clarity the

| expression “grafted” is nevertheless added frequently in the following. Using the mesoporous
TUD-1 silicate, preferentially single walled carbon nanotubes are formed, including at least
essentially only single walled carbon nanotubes. The term “at least essentially” in the context

20. - of single walled carbon nanotubes refers to the presence of less than about 10 %, less than
about 5 %, less than about 2 %, less than about 1 %, less than about 0.5 %, less than about 0.1

% or less than about 0.05 % single walled carbon nanotubes. . Typically exclusively single
walled carbon nanotubes, i.e. no multi-walled carbon nanotubes, are formed. In this regard the
inventors did not find any indication of multi—wélled carbon nanotubes when carrying out the

25 method of the invention.

[0029] A carbon nanotube is a cylinder of rolled up graphitic sheets. Single-walled carbon
nanotubes (SWCNTSs) represent a unique class of carbon nanotubes in that they contain only
one layer of graphite sheet. Both single- ‘and multi-walled carbon nanotubes are known. In
carbon nanotubes, the number of shells of the nanotube can vary from one, i.e., constituting a

30 single-wall carbon nanotube (SWCNT), to as many as 50 shells, each pair of adjacent shells in
such structure having a spacing between layers that is on the order of ~ 0.34 nanometers.
Carbon nanotubes (CNTs) are typically 1 -50 nanometers in diameter and a few micrometers in

length, although SWCNTs have been grown to over 300 micrometers in length. The carbon
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microporosity into the obtained product. Thereby tetracthyl ammonium hydroxide/ tetra-

ethyleneglycol ensure that a continuous scale of pores, ranging from 20 nm ‘down to less than 1
nm is formed. Tetraethyl ammonium hydroxide and tetraethyleneglycol can be recycled after
use in TUD-1 formation if desired. As further explained below, other metal salts, metal oxides

35  or metal alcoholates (e.g. alkanoates) may be added upon or shortly after contacting the silicon
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[0037] The obtained raw TUD-1 may be calcined, for example using the rapid thermal

25 - processing (RTP) technique. Calcination may be carried out at elevated temperature with the
exact temperature being chosen at a value that does not prevent a later catalytic activity to
occur. The increase in temperature may be generated by any means, including irradiation. In
some embodiments the elevated temperature is within a range of about 450 °C to about 1000
°C, for example in the range of about 500 °C to about 800 °C. In some embodiments the

30 elevated temperature is about 600 °C. Any period of time may be selected for annealing the
gel. Typical periods of time used in the art may be employed, for example within the rahge of
about 30 minutes to about 24 hours, such as e.g. about 1 hour to about 12 hours, about 2 hours

. to about 12 hours or about 6 hours to about 12 hours.

[0038] Calcination removes the triethanolamine or tetraethyleneglycol. For the same
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2’5 Carbon Nanotubes.

[0040] In embodiments described above the metal is included into or grafted onto the
silicate already during the formation of the latter. In some embodiments the TUD-1 is formed
in a first step and the metal is grafted thereon subsequently, in a later step. Such subsequent
grafting can be carried out using conventional impregnation or standard post-synthesis

30  grafting, for example at an elevated temperature in a suitablé solvent such as an aromatic

solvent, e.g. toluene — typically under an inert gas such as argon or N,.

[0041] The size of the mesopores of TUD-1 can be tuned according to the selected
. conditions of its formation (see e.g. Shan et al., 2001, supra or Hamdy et al., 2006, supra). The

pore size may for example be selected in the range from about 2 to about 25 nm, including



WO 2011/ 002417PCT/ SG2010/ 000250 10 about 25 to about 20 nm i.e. 25 to
about 200: A (ibid.). The surface area can be adjusted to be from about 400
t o about woapno/mRg7l. [ 0042] The netal that is incorpoT#Gee0ne250 or
grafted onto the TUD-1 may be any netallOthat is suitable for catal yzing the
formati on of nanotubes. The netal may for exanple be selected from groups 3
to 13 ofabduttésrteraboutrzﬂ nmbi e 26fto abaut &0 (ibil,). Fhe surface megasianiberadjmsteditodke one

of grou 4 12, of the periodic table of the el enents.
IIIustr Oé’gé% 0%%@8&8% group 3 element such as Y, a gr oup 6

el ement s S u l.enent s S rou

ol omont & ﬂ“% Ths ShesplpCsh R Borkisf RO &N 28, 155 TR Tt PpO oy Pasgal .
Lant hanghadl is YGifabds féracatﬁl@zmg’rthe olbmdtidn Gfbmarﬁyubeﬁdl“ héEmet! thay fdmesmiple be
enmbodi nrents the netal 101 s; fthr ansi tion net for instance.a first

transi t PYRCAL{ram groupy pigsk ofjthe gerpéil%%lfoqfr@wlgmwé HEOBFBIRE ek of one
silicatgf Fﬁ) gE BQ@@Q@r Q0 32 ¥ AR peibBic thile WR IR blérheTBMIIRR A E 'e%zﬁﬂplei fhefildeh an
enbodi ment the substrate nay provide a support surface for the catal yst,

and the acgmlaﬂl Y elementrsusle anYf 4 grodp Ocelanrnt sughfascW os Mo, Hegrevh 8 elemeat suchags Fhi n

filmor S a r Ipgt

subst rate ¥ ?éﬂg"g)% @glae}r{fggdﬁgﬁ I(:'Domtl{ Sdﬁp’ ?g@%q]oe%giﬁ%ﬁ sh?l} rﬁ%fz;]?e%t QFF%%% ium
silicat é,anthqmtad sach asa[rzb(ﬂe Pamvﬁl 1@t dbs Dyj Ho) Exdormion. busome embodinteats the metgd| d,

pl atinum_pal L adi um um | f desi red t he substrate nmay have a
su@sﬂt ant‘%%ﬁpwnlﬂn&{ﬂ%ﬁﬁg‘ffr‘?ﬁ%‘é Té‘]fét rgt‘(tféatnrsg - for instance be a flake or
a wafer, ng a Si fer, The TUD- 1 be cal ci ne such a
Subst rat o DBISHG T s S0 nwrr%mamoaqusi‘#%ﬁpsﬂbcﬁfﬁ Koo s e

order t e/hidho intl§y e aﬁxeaasrarsa&ows efmbb digicdt alea@bmité nay previaé acsnpla&t @ﬂﬁifﬁJe

oxi de nanogartr cles. The catal yst may for exapple_be affixed to

subst r af@ the Fatalyeh padidgcatalyst eindis-adivkaditn ghe %lrfagi)mhe selistrats asrﬁémcf&mrygt

may al sgy Qes%fefi'\?éﬁgu§ ?atfepr? %Qﬁl%&ﬁét@n&@ K100 B8 sRhfel iNABEEBRYar mof Rfnlted to,

lithogra As an ilTustrative exanple, the catalyst nay be affixed to a
suiSabl eugubzstsrlma@s,aai@mmern@dtcaﬂeyguaeémamqm wgi Bgtatsy, ingludingabut et h@sﬁee@p for

about 2 i

cat a|:y31g8fa’rh%“§‘5 élﬁ gﬁdeir{ng)ll}ﬁog @Hﬁ?ﬁf ? ensuB tga(r%é P{ni thég%:g EﬁSt le/d in

air. p[aﬁﬁkils‘h}faber TtHeSulmrdne)dlayffoxt instanco/Bna rﬂakre brhe whEdD- mclsldhigmaSHNmiet rTht:he

additio i ncl uded in or aft ereon r s further
educed P-Toriivash T DS araleracel Seh % et &7 apbiadbft) e i bf'ah

bef or e agstuphidtenctipdtatace iRkRRr t® phsvide 1UD esOpIrées Stilchiatas wolhey enefattonl | i c
catal yst particles that are included in the TUD-1 silicate are present in

an 28xi diged o3plergnapartieley Thecatabrst Biay dor rwlebr atfixed do thsrsybsiate Hpiag dip-
reduct i @Batin e@ra)%tdo@ﬁng SrispRl &ﬁk&l% n?eréatﬁyst% Yo 609HARH itdehd iBstFiPuling

silicate w a reduci ng as SucC as €. dg. rogen, an am ne, anmoni a,
di bor anehotghﬂhpmphﬂ posaftiithopxaghya Asman llluﬁcatwdreﬁgnalef thevoatadyst e@ucbr:r@@f rgﬁﬁisws uch

L L e e R R

expl ai nednpeedtom, oftabout $HctC umoxdentih talansthe dA@l)ZSﬂl’ﬂHd)@MﬁSYRGH%Bﬁ@Mﬁ%ZSO

11 25  may for instance be heated in air.

[0044] In the method of the invention the TUD-1 silicate with the additional metal
included therein or grafted thereon (supra) is further reduced to form an activated catalyst. The
TUD-1 silicate in its state before reduction can be taken to be a TUD-1 source silicate. Where
metallic catalyst particles that are included in the TUD-1 silicate are present in an oxidized

30  form, they are converted into a reduced form by this reduction. Reduction is typically carried
out by contacting the TUD-1 silicate with a reducing gas such as e.g. hydrogen, an -amine,
ammonia, diborane, sulphur dioxide, hydrazine, including a flowing reducing gas such as
flowing hydrogen. Thereby the additional metal included into or grafted onto the TUD-1

silicate is provided in a catalytically active form. As explained below, the reaction conditions,



i ncluding the duration and tenperature, can be used to control the product
internms of the major chiral indices and distribution of chiral indices.

[ 0045] | rwoRelwe416d of form ng SWONTs typically a car b@ATSGA0O00230t he gas
phase and an energy source such as a pllhsna or a heated coil are used,
wherein the energy source transfers energy to the gaseous carbon sour ce,

t her ebyinchulsng thei dwatitec enp tiperasnre, g beased ity eonteolbtba paediet in Suoly of the

process is ner.a e va eposition. Via action of the

cat al yt P@Jﬁr%@ ‘i%\(iés ‘W@tﬂm%ét%%”ﬁox‘gﬁ@flﬁlﬁg% are formed. A variety of
chem.cal 05| ues are hg ar n f

t hese tectmﬁ‘gﬂ %‘g%fooye $W€S Pf%ltc?il g2 ?rggﬂéomﬁ?/énn N 2 Ré ¥m8
based oan QﬂﬁngYSolﬁg:eas&ﬁl dsda Jildshmaae:s urafeld echik atealiyed] whifin Bxaemirgs somcbude
but are not . limted to, plasma enhanced CVD, thermal .chem cal CVD, alcohol

cat al yt [FANERIBENEIgY &9 tf&s&qsngafm@rwwd}ee ¥ CRPSE [t decomnosigien into reactive

di spr opesrbbRRRMONSUND: pRIRHTR aAELEhdYRAIUSGRouR deheuifish. SR adcBn 0T fhe
chanber or furnace and an el ectrode. "Thermal chem cal vapour deposition is

usual | ycatalytically eciive mesalf garhmenanmfcsa amefoen«tsistAawlth ofr eligyricalt appwii gh
t enper a | ow
15600 CEl sggﬁmégﬂ)}g@ ‘t%ﬂg@Bg/ X a% sed f#%eﬁéé%n@#:es&%g% gr at ed)(/:é dqg
aI cohol the mathed @Stiesineehtionethatlis Bhﬂademrplempbymg;amdlidwhea-mpen@mﬂabsm
he chem our deposition proces rried out.
L 00! ERERPES i, P SR nRR e LS or BYRS SRl tRd, CUpS Bidbmibiticdis .
about 18186hdT, ca&ilﬁib evp, r agerabsited 49ma) W e WHighD pfkséure O Wlispf§driioatioabout
1000 C, about 450 C to "about 950 C, 20 about 500 C to_about 1000 C bout

500 C t 6VAbdilsnusenhanced foyib usepa elopndisehstige spchembsp e furrase apd ep elesade. 950

C, abou f
Shour bR SnerlicA0RbyOaGotiioh YA Bairbd dbP il RRIRAE! whoithe SR |

700 C tbroalbbtlm 60gh Gmpepaute. AkOhg catalytioGV IBEM berearrghout af soniEratyredigdew 800
C. 1I5n a uecmg%[lbg@ 0 ‘Ié} ﬁ:\{?ﬁgge Sthe u§e Sf"EV ngygdb hicitald ayér%glgted

terrpera ure abo proc e carrle out for a
tine of tI&hﬁaltC\IDmmpkb;& d@n&bmﬁsvdavlemzslaser.uch as from about 10 minutes to
about 2 hours or from about 20 m nutes to about 1 hour, including e.g. 45
i nut es or[0@45]nTheitehemidah vapeure démditivanproctssem@y/bepracied out satczarpréselctct@dt at

a furnace eratuge of .about, 800 for,a.t | n one

S bodi oo ie. SeniipedBntenie o T ahPuiist et AR 1088 -6 MhS i

about 8akbuUE4DOPCao labsiR 9(5b °®o@b6ut3@0 WCﬂUtaBSut ﬁI@bWZ&oMe rrdi to gboit 930e°C,

condi ti ons used, includ In§°P e togggrap y. of the surface of aa?)ubstraote
rolo

(s#8r a) 2baps R8P GG ahpytH 00 nEde iaBe BAN ChadIBralnEdo abautad “C
ermbodi Mewyt B0 2L! 1B abdiit B O fabshtEHoS R At 050 b@”m@l%ﬁ ft;tmeﬁe finge Bp apRd. I n

one enbodi nent, single- wal ’ed car bon nanot ubes in orm of I ndi vi dual

si ngl e- @Y PEdo @h@lﬁ(ﬂﬁo v4h aboilse B0 tof ahrome 900 °Cnalmrvié 7@9rbde rabapt 850 °C about
two- di measengl &t ¥6Y ¥ Clbotit 780 ec%'éb‘?sﬁt §4¢ bQp aﬂ&!&%lbb@é 1 SbdRTIMEC. In

another embodiment, the CVD process is carried out at a furnace temperature of about 850 °C.
25  The CVD process may be carried out for a time of about 1 minute to about 4 hours, such as
from about 10 minutes to about 2 hours or from about 20 minutes to about 1 hour, including
e.g. 45 minutes or 30 minutes. In one embodiment, the CVD process is carried out at a furnace
temperature of about 800 °C for a time of about 60 minutes. In one embodiment, the CVD

process is carried out at a furnace temperature of about 850 °C for a time of about 30 minutes.

30 [0047] Depending on the conditions used, including the topography of the surface of a
substrate (supra), nanotubes with various orientations can be obtained. In one embodiment
parallel arrays of single-walled carbon nanotubes are formed. In one embodiment, single-

. walled carbon nanotubes in the form of individual single-walled carbon nanotubes are formed.

In one embodiment a two-dimensional network of single-walled carbon nanotubes is formed.
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the majority of the single-walled carbon nanotubes thus forned have

di anet e, r'WORNTIAIOMHIA predet erm ned range. Ceneral ly, thePCHSGa100a20N

nanot ubes have a narrow di aneter distrilBution. In typical enbodi nents the

majority of the formed carbon nanotubes are of uniformdianeter. Typically
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enbodi nents the domi nant chiral indices are indices (6,5) (cf Fig. 3). In
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conditions suitable for selecte iral I ndices can be conveni entl Yy
det er ni AéthauTURY1 sofusy silécste tpapnfegr mede wpducing] agentse suettiap hlzt He majprchiral
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person s e art to errpl ermne the suit e reaction
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some enb e ts the y, t orned C on n ubes ar.e
il cos Sl adied g SadiBlte G mie ", I ioli; e e by RiRn i 8
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45 % at_ | east about 50 % | east about. 55 9% at | east about 60 at
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The 30 selectivity can also be shifted to other chiral species, such

(9, 8),; cqmwnientdyddgiarngned |usingo fre fesvriiodti HelHess andewith)adso tdyp%nd pnetheom@éai

car bon cAaS
car bon SRPRKPRER i Breofublie skl o2 i e ATRAECRA bq oBled Bk,
about 46rt% eatpiticadlytdetdroune the stgtatsde reation cabditionsS® Sbtaiat caktmmsnanabibes 058 %

at | east abgukl 6@ % at | east about 65 % at | east about 70 % at .| east
about 7deggred ghirglity ot Jhout 80 % or at | east 35about 85 %of all formed

T oo st 1 3 et biys, TP ALY X ok 8ol EEHEH naubes are of the

indices (6,5). In some embodiments at least about 30 % of all formed SWCNTs, including at

least about 35 %, at least about 40 %, at least about 45 %, at least about 50 %, at least about 55

%, at least about 60 %, .at least about 65 %, at least about 70 %, at least about 75 %, at least

about 80 % or at least about 85 % of all formed SWCNTs have the indices (6,5). The

30 selectivity can also be shifted to other chiral species, such as (9,8), (7,6), and (7,5). In some
embodiments the majority of the formed carbon nanotubes are of the indices (9,8). In some
embodiments at least about 30 % of all formed SWCNTs, including at least about 35 %, at

~ least about 40 %, at least about 45 %, at least about 50 %, at least about 55 %, at least about 60

%, at least about 65 %, at least about 70 %, at least about 75 %, at least about 80 % or at least

35 about 85 % of all formed SWCNTs have the indices (9,8). Depending on the selected



tenperature for activation/reduction, the nunber/anount of additional SWNTs
with other indices may differ (see Fig:, 3). For exanple, when the

reduct i orwoenpéatiGre i s about 500 C, SWNTs of the indi ®€3/SGBIBI0ESe by far
t he domi nating species. Wien the reductdon tenperature is decreased the
nunber of SWNTs of other indices, in particular of indices ), (7,6) and
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beers prpugriaereiest he inventors-and found to be equally suitable (see Fig.

6). It is denonstrated that Co-TUD-1 can grow SWCNTs with very narrow (n, n
di stri but i[oos1]Wid brdet gHat fHedahxitioN inidy. be ieadiEx@idel®so dArRIpl &Y pedctiadle: fidogt

(n,mM selectivi té&,n t he respectjve _CoTUD 1 caflal )ist .can be nani pul ai ed by
changi ngaitifelar embrdimshts e heegcrired by avayafihe Sillowing sy bmigierFxamplepup- 1

is a good candidate for industrial scale production of narrow (n, m

di stribution SWSEXEMﬂIQQﬁ@%Wﬁ%ﬁ@W&VEﬁ&@N i ncor por at ed

TUD-1 (e.g., cobalt T ncorporat esl’z characteri zed,
and applied for the growth of single-walled carbon nanotubes (SWCNT). O her
met al s ( ot[Re52]t AaranGexampdey o earugegl ofibthei method @if ahé orventiany tHeEynthass ¢foCon 20

t h talyst. T .y .of ,Co-TU h [ tigated,usi |
chafact Biebarash AR EiReISNen 0B the et i TER A wOLE g B R B0 N S 740
2/ g), Viedwis€dbémpebdaceEbys kieinydntdrsnaild Rndd wé bk aqualt bétable @delFidid)i ttyis The

SWCNT sanpl es pr.oduced using Co-TUD-1 is highly selective for SWONT. The
reduct i Bﬁn?‘?eﬁﬁ‘ﬁgﬁda‘gﬁtr €011 Isean @p WS WE Nk &%Ei‘f?ﬂbﬁ‘%‘i’u‘f" (perek ‘g‘ﬁtrkﬁml‘&‘ﬁ waﬁ '

shi ft t B DL By, MhelE Sdnfp 18U BembEsBaRANEEG:, B) sehROGit) YRS tRPective Co-
tenperature, the C% TUD-1 produces smal |l diameter S with a narrowy
(n, m dTSD- vatalysh carr he snapnuilated e ghanging therigdudiongemperatveaof Hie etalyss-ATuD- 1

o- i D RpREHT LTI Is A jghda SHRRRE B il scdif RGP Y 1 ©
wt . % cobatribuvas S¥WCINTesi zed foll owi ng a nodifi ed nmet hod 30reported by Handy

et al. (2006, supra). In a typical synthesis, 0.28 g of cobalt (II)
sul phat e ' [A@33] akydusstas a(c@mSOAmetFIHAM rporagdIh UBL gtee. Alobak sieprpeaatediil¥4b 1 hed

ioP t ﬁlo:;[ ‘Ir)vllalsc § éw%&?l%ggcé%%g,@gﬁ%gﬁ% ?(#%ZYR? %{J(;r&é?ofjsglgge-&glléf LdrB&H HXAotubes
~ (SWCNT). Other metals (other than Co) may be used for incorporation with TUD-1 to form

20 - the catalyst. The property of Co-TUD-1 has been investigated‘ using several characterization

techniques and it is found to have large surface area (740 m’/g), well defined pore size (7.4

- nm) and. uniform cobalt reducibility. The SWCNT samples p_rodﬁced using Co-TUD-1 is

highly selective for SWCNT. The reduction temperature is discovered to be an important

~factor which can shift the SWCNT (n,m) distribution. Prereduced at 500°C reduction

25 temperature, the Co-TUD-1 produces small diameter SWCNT with a narrowly (n,m)

distribution. This work reveals the promising application of Co-TUD-1 in SWCNT production

and it is cheaper and easier to synthesize compared to Co-MCM-1.

Example 1: Co-TUD-1 synthesis

[0054] Co-TUD-1 with 1 wt.% cobalt was synthesized following a modified method

30  reported by Hamdy et al. (2006, supra). In a typical synthesis, 0.28 g of cobalt (II) sulphate
- heptahydrate (CoSO4- 7H,0, > 99%, Sigma-Aldrich) was dissolved in distilled water, and then
added dropwise into 10 g of tetraethyl orthosilicate (TEOS, > 98%, Sigma-Aldrich) under
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for 24 kigatousatimirige dyfier atitring. foAf)JSeh, 7e2y g tridthanotanxinel ( EEARS %ri%,cFlaka)bﬁiﬂ C
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Ni
hor me IS e i o RO Piveir e b SRt eer BRatr-L it @)

vol unet ghlfaté RSt & andRickd] (LIPsidfdd Nspthydthews RSy e fep&iivaigssed at 350
C under vacuum The- specific surface area was cal cul at ed foI | ow ng the 20

met hod of Brunauer, Emmet, and Teller (BET). The pore size and pore size
di stribution were cal cul :Jfe0- ar ionand Hal enda (BJH)
nmet hod usi ng the desorption branch of the isothernms. UV-vis diffuse -

reflect a“%o%]e%{zﬁcé@’%h@ ch&ARAOSIpGiefo MES ITAD AR WER diﬁﬁl%fehﬁéd 9& ﬁd
spectrophotoneter. The spectra vvere recorded in the range of

wi th puray BifSaztions (XRPf eitegee. phasisopsiopl &5V -wisr spagtpsatpsit an@diﬁempéraﬂilrg ht

bef re i was
cha(rgact rlg%%€%%?us@%mt %e %E?Snu% %:hgénglu%:et%oéfi Jte(gﬁ%]ﬁ%? 5#@%5 y[§ %é gas
chr omat cgyr diffractqrieteh@nige, 729005, 4 dpptOKVIE0 ah). :P@ﬁr tgtest smap:lhs warqxlr@dveas

| oaded i a quartz.cell ior.to eac TPR.run, the sa

pur ged h)@é gFrO lgle}oﬂ?f ?%Fﬂ?e?‘%?ﬂ’rt@n'dteﬁ‘gﬁ Qth &SOFMERBS P Inéeagﬁgg ﬁ??e%s‘%@j fo
500 C aQuantectrbie, A&Oﬂ%bfﬂtlclv%ﬁétrk%tﬁmttmetbﬁnurygls et agPidsadert 0
roomtenperature. This procedure oducefs ean 30 surfacedtb fore

r unni ngOBIgasSFR A PRD *Fhandgn yasyusy Poesmesi %Wéﬁwﬁ Gresopvpp Falpulated fo liowingstbe i ne
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was heated at 5 ¢/ mn and held for mn a An acetone trap was

hotal | cdobatddurine Rartstidsyaes an HelendeH@ DD ale desion fecdsrantion bpastinded
by sarrpt 1Eoetﬂé‘i%}s' BV-vis \é\gﬁ%g }éfie%pa%é&zﬂa gll-ja %996%1%99 8§ 9 ‘Varian 5000 UV-vis near-

infrared spectrophotometer. The spectra were recorded in the range of 200-800 nm with pure

- BaSO; as a reference. All samples were dried at 100 °C overnight before performing the test.

25  The reducibility of calcined catalysts was characterized by TPR using the thermal conductivity
detector (TCD) of a gas chromatography (Techcomp, 7900). Approximately 200 mg of each
sample was loaded into a quartz cell. Prior to each TPR run, the sample cell was purged by air

at room temperature, then the temperature was increased to 500 °C at 5 °C /min, soaked for 1 h

at the same temperature, and cooled to room temperature. This procedure produces a clean

- 30 éurface before running the H,-TPR. The gas flow was switched to 5% H,/Ar, and the baseline
' was monitored until stable. After baseline stabilization, the sample cell was heated at 5 °C/min
and held for 30 min af 900 °C. An acetone trap was installed between the sample cell and the

TCD to condense water, produced by sample reduction.



15 Exanple 3: SWCNT grow h and characterization [ 0057] The SWCNT

Synt hesis using Co-TUD-1 was perfornmed using a pressured CO chem cal vapor
deposi ti ONO 2818102417 The carbonyls in CO were renpoved byPaTNGAGONSIRSO
Purifilter from Matheson Gas Products. 160-TUD-1 catal ysts of 200 ng were
firstly pre-reduced atgAQ0 C 0 sccm for 0.5 h.
The reactor tenperature we T S .

pressured CO (6 bar, 100 sccr‘r) was t hen |ntroduced into the reactor at 800
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[0060] Overall, various characterization results show that Co-TUD-1 possesses
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383 °C. Therefore, Cobalt can be reduced partially or entirely under different temperatures and

35  the cobalt cluster sizes can be varied leading to the different SWCNT diameter and (n,m)
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becane WO 2011/002417PCT/ S&G010/ 000250 19 intensified as the increase of
reduct i onwbenpenaiiare and vice versa for the blue regi orcRBE2p@AK®RS0 Fr om
this point of view, the Raman spectra &8e consistent with PLE results.
[0064] Large cobalt clusters not only produce |arge diameters SWCNT but
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raphite unmar ’
arap phenomenon )\/;vas observed in Co-MCM-41 and the anchoring effect was considered as the
cause of the cobalt cluster stability (Chen, Y, et al., Journal of Catalysis (2004) 225, 453). It
25 was analysed whether the same effect also applied in the TUD-1 which shares a similar
~ curvature structure. By controlling the reduction temperature, the SWCNT (n,m) distribution

can be shifted and the narrowest (n,m) distribution can be obtain at 500 °C.

[0063] To further confirm the reduction temperature effect on the SWCNT chirality
selectivity, Raman spectroscopy was performed on the as-synthesized SWCNT samples under

30 633 nm laser shown in Fig. 7. Although the abundance evaluation of (n,m) tubes for bulk
SWCNT samples are complicated requiring both continuous laser excitation Raman
spectroscopy and intrinsic properties of each chiral species, it still can be discovered that under

500 °C, more smaller diameter tubes were produced compared with 450 °C and 400 °C as the

RBM position is in inverse proportion of SWCNT diameter (Milnera et al., 2000, supra). The

35 RBM peaks located in green region corresponding to smaller diameter tubes became
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highly intensified- aﬁer the combustion at 430 °C and the RBM peaks are identical with the as-

_ | synthesized sample (Fig. 9a). The insert (Left) shows the zoomed RBM peaks and two peaks
25 at 200 and 278 cm’ shrink indicating a small portion of SWCNT has been oxidized.
V Furthermore, after combustion at 620 °C, only a small G band at 1597 cm’ can be observed

and it is originated from the graphite residue. The other profiles are identical with the raw
calcined Co-TUD-1 catalyst (Fig. 9d) and are clearly not from carbon. Overall, it is concluded

_ that the peak at 520 °C, appearing in Fig. 8b and Fig. 8¢, is from SWCNT oxidation as well,
30  and the samples grown using Co-TUD-1 are highly enriched with SWCNT, although still

combined with a small portion of amorphous carbon and graphite.

Summary

[0065] In summary, cobalt incorporated TUD-1 having large surface area and well defined

pore structure was synthesized in the above Examples. This mesoporous catalyst was applied
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TUD-1 silicate conprises a catalytical B} effective netal for nanotube
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one of . distiEee i Gomige By (GAMat ts BASE o8 GeerLREL rE PR o 1 B A e
consi st kdiic@dn fedpe aihe én,wgtdi@ﬂmtiorﬁédﬂMhimdtoaﬁgwhﬁﬂféterGangﬁ%dr(@w)od .
of any one of clains 1 - 5, wherein the gaseous carbon source is contacted
wi t h t heabe eperrves mprpintensi fiqde Atompareda witheausigntdy ividelhicuised kgeMGMil Goo
about 1 ’ 7. Lal i ot ' .. 208.
The. met Ro orc RO ke Eh AL 1RR o Tyfty SWERS B BF o SREH. Jop s

si | i cat eimpdicitpad eeaohy givdit atorearedit oserTUPMCNedI.ce silicate, wherein the
TUD-1 source silicate is a nmesoporous TUD-1 silicate conprising a netal or

a metal 0XoB6s|OMrnd iSRS oraitchsOlbn o1G FreVibAdY GulRiles dBlurhlif RIS dica
9. The rre?{hod]-o - cllal_ % 1\%%& ein thlg rle%i&?}lon o? t&e TUD-1 so rce
si 110cat shaudd netmeresdardybe 28@n ag heveknow ledgomentathatrtbe document is part of the state of

~ the art or is common general knowledge. All documents listed are hereby incorporated herein

by reference in their entirety for all purposes. -

[0067] The invention illustratively described herein may suitably be practiced in the absence

of any element or elements, limitation or limitations, not specifically disclosed herein. Thus,

15  for example, the terms “comprising”-, “including,” containing”, etc. shall be read expansively
and without limitation. Additionally, the terms and expressions employed herein have been

used as terms of description and not of limitation, and there is no intention in the use of such

" terms and expressions of excluding any equivalents of the features shown and described or
portions thereof, but it is reco gnizéd that various modifications are possible within the scope of

20 the invention claimed. Thus, it should be understood that although the present invention has
" been specifically disclosed by exemplary embodiments and optional features, modification and
variation of the inventions embodied therein herein disclosed may be resorted to by those skilled

~1in the art, and that such modifications and variations are considered to be within the scope of

this invention.

25 [0068] The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form part
of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus, regardless of whether or not

the excised material is specifically recited herein.

30 | [0069] Other embodiments are within the following claims. In addition, where features or
aspects of the invention are described in terms of Markush groups, those skilled in the art will
recognize that the invention is also thereby described in terms of any individual member or

subgroup of members of the Markush group.
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WO 2011/ 002417PCT/ SG2010/ 000250 22 11. The nethod of clains 9 or 10,
wherein the source TUD-1 silicate is reduced at a tenperature at 450 G or
hi gher. MO 2TH&EThod of any one of clains 9 - 11, whePETSGROIS/0ASOPOr ous
TUD-1 silicate is reduced at a tenperalre up to 1000 C. 513. The nethod of
any one of clains 9 - 12, wherein the mesoporous TUD-1 silicate is reduced
at ate ture in the range fron1about 500 C to about 850 C. 14. The

met hod of any one of claipms 1 - 13, wherein at |east 50 % of the

si ngl e-wal | ed carbon nanot ubes - f or ned have one of the chiral indices (6,5),

(9,8), (Whbs clhithed)is:and (7 6). 10

5 1. A method of forming single-walled carbon nanotubes, the. method comprising contacting
a gaseous carbon source with a mesoporous TUD-1 silicate at suitable conditions,
wherein the mesoporous TUD-1 silicate comprises a catalytically effective metal for

‘nanotube growth.

2. The method of claim 1, wherein the catalytically effective metal comprises a metal of

10 : ' groups 3-13 of the Periodic Table of the Elements.

3. The method of claims 1 ori 2, wherein the method comprises carrying out chemical

vapour deposition.

4, Thé method of any one of claims 1 - 3, wherein the metal of groups 3-13.of the Periodic

Table of the Elements is at least one of cobalt, nickel and iron.

15 S. The method of any one of claims 1 - 4, wherein the carbon source is selected from the

group consisting of CO, inethane, methanol, ethanol and acetylene.

6. The method of any one of claims 1 - 5, wherein the gaseous carbon source is contacted ,

with the mesoporous TUD-1 silicate at a pressure in the range from 1 to about 10 atm.
7. The method of claim 6, wherein the pressure is 6 atm.

20 8. The method of any one of claims 1 - 7, wherein the mesoporous TUD-1 silicate is
obtained by reduction of a TUD-1 source silicate, wherein the TUD-1 source silicate is a
mesoporous TUD-1 silicate comprising a metal or a metal oxide of groups 3-13 of the

Periodic Table of the Elements.

9. The method of claim 8, wherein the reduction of the TUD-1 source silicate is carried out

25 at elevated temperature.

10. The method of claims 8 or 9, wherein the reduction of the TUD-1 source silicate is

carried out by exposure to H,.
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11.

12,

13.

14.

22

T:he: method of claims 9 of 10, wherein the source TUD-1 silicate is reduced at a

temperature at 450 °C;or higher.

The method of any one of claims 9 - 11, wherein the mesoporous TUD-1 silicate is

reduced at a temperature up to 1000 °C.

The method of any one of claims 9 - 12, wherein the mesoporous TUD-1 silicate is

reduced at a temperature in the range from about 500 °C to about 850 °C.

The method of any one of claims 1 - 13, wherein at least 50 % of the single-walled carbon

nanotubes formed have one ofthe chiral indices (6,5), (9,8), (7,6), (8,4) and (7,6).



