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depend Baleheg sfpe®ratry, i.e. dianeter and chirality. Each tube structure
can be identified with a pair of integers (n,m, which illustrates how the
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If n = m the nanotube is called "arnchair". O herw se, the nanotube is
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20 Propertzes and Applzcatzons Sprmger Berlin, 2008; foreword, pages V to IX).

[0004] Electromc properties of SWNTs depend on their geometry, 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 SWCNTSs with narrow (n,m) distribution (less than

20 species) can be produced, and moreover, the (n,m) selectivity can be manipulated by



selections (n,nm on the graphite sheet for form ng SWNT decreases, so that
the diversity of possible chiral conformations decreases. Accordingly,
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pr oduce
“into a mesoporous molecular sieve (MCM-41), and use it as a catalyst for SWCNT growth

~ (Ciuparu et al., 2004, page 10196, supra; Ciuparu et al., 2004, page 503, supra; Chen, Y, et al.,
25 Carbon (2006) 44, 67). Other metals such as Ni and Fe can be also incorporated into MCM-41
| for SWCNT growth. The nanowést (n,m) distribution from a bulk SWCNT sample has been
reported on tubes produced from a Co-MCM-41 catalyst. This catalyst also enables a mild,
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.



productivity.[0007] It is therefore an object of the present invention to
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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 silicate 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.



includes a catalytically effective nmetal for nanotube growth.[0013] In sone
enbodi nents the catalytically effective netal for nanotube growth is a

met al of WPGOp#H03+113 of the Periodic Table of the El eneRCISGROODLN250Nn a
further aspect the present invention relates to single-walled carbon

nanot ubes obtained by a nethod according to the first aspect. [0015
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maps -of SWCNT sanpl es produced under different reduction tenperatures with
Co-TUD-1: a) 5000C, b) BRABFDESCRIPTIONCOF THWEIDRAWINGSbes (6,5) and (9, 8)
arqgohi ghli ghted. [0021] Figure 4 depicts a UV-vis-N R absorbance spectrum

of a purifi S - suspensi on roduced with Co:- TUD- | ti _
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are hi giamgngse Whigi23] Fi gure 6 depicts 2D phot ol umi nescence contour naps
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[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.



[ 0026] Figure 9 depicts Raman spectra of SWCNT sanpl es (prereduced Co- TUD- I
at 400 0C) under 785nm | aser: (a) as-synthesized SWCNT, (b) oxidized at
43Q0C, (cWyoeriidiozgd at 6200C and (d) cal ci ned raw Co- TUBRCI/SGA01AI096250

DETAI LED DESCRI PTI-ON OF THE | NVENTI ON [D027] The present invention provides
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i nvent.i on f/ any desired length, such as in the range from about 10
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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



be freely selected according to any specific requirenents of particular
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nanot ubeaalyfioto meacmlthq: gowmgttmhuiaust;rudt)mteCﬁpmsxemppingtarhund)and)t:hemgnmbe aof
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carbon source is flowed as the flujdizing nedju The car bon- cont ¥l gas
may f or OEX9RH Han 9% e‘al%pemauteééet freanisa mtpabw%esc afoRey fMoge fap bel Bt

TUD- | sidihisptes %ﬁ%ﬁ?dsmé‘l‘éf\@dll%d EYorP mBRSHHE BRY a8 BePRerxﬁQed Tﬁ&pbﬁﬁiyh}é the
gaseous car bon source i s app ied at a &?essure in a range from about
about 2decempositign of atgble oatboatyoatalrmsgn@ ules anelyding g ettylegenn the gas ni@emt 12

at ys ab81l1'§)re2fo%ﬂet‘?pﬂ stjrgart%l Xy g@%@ﬂ&te%erﬁ erpyt 10 atm In some

enbodi e pressure e range from about 2 atmto about

9 atm su BO %‘onéictu% t}g’: agemﬁ Hibch @ opfe%) gd(hg%ffgs ﬁ%?g‘ﬂcﬁlg i's

carried out terrpe urelnarangeo froma out Otoa

pr essur silicate anmhgearfrtedmlmbmuny Jsuttnblalnondltlms &rmn cpmmmaw ngntacptmg e gbout

1 second to a flow rates I ons i ha

o foct i 6 SPRGH PR e bRl SaBTES. By RERRlsmay arholel ©

erTbOdI Npriicesshig Gprspiaten tt shevife iraplementatiotof aﬁgﬁamffadtﬁmtg ﬁlh}ﬁation41&6y be
t 600 C, Ed’;lﬂéquressure n a ran%e of . gbout 1to about ﬁ%{ea
on ewploy 3qtine may tor instange by dﬂ“é‘bﬁf%"é“ﬁa?é’e ane,

et hane, rdatep aRfough W RER thé kb 8arbBh @wﬂcs nNe flodeatas! s eﬂulaﬁtng rtﬁedlbﬁn 9ge,

napht hal ene, tol uene, xyl ene, m xtures of Cl-C20 hydrocarbons, an organic

al cohol carbogcorﬁ@mmrgﬂs mast fogr%amp]ﬁmeoﬁgén@p a reactor cell having catalytic particles of
TUD-1 silicate disposed therein. Any pressure may be applied. Typlcally the gaseous carbon

~ source is applied at a pressure in a range from about 1 to about 20 atm, such as 1 to about 15

25  about 2 to about 15 atm, 1 to about 12 atm, about 2 to about 12 atm or about 2 to about 10 atm.
In some embodiments the pressure is selected in the range from about 2 atm to about 9 atm,

such as 3, 4, 5, 6, 7, 8 or 9 atm. In some embodiments contacting is carried out at temperature

in a range of from about 300 to about 700 °C, pressure in a range from about 1 to about 12

atm, contacting time of about 1 second to about 10 minutes, and flow rates and compositions

30  that are effective for growth of the carbon nanotubes. Contacting may in some embodiments be
conducted at temperature in a range of from about 480 to about 600 °C, and pressure in a range

of about 1 to about 5 atm.

[0032] The carbon source material may include a carbon source gas such as CO, methane,

ethane, propane, butane, ethylene, propylene, acetylene, octane, benzene, naphthalene, toluene,



| sopropanol, n-butanol, isobutanol, neobutanol or tert-butanol or any other
suitable material, typically in gaseous form that is efficacious in
contact WOROtIHW2MITD-| silicate under the appertaini ng BEIEE8100002d0t i ons
for grow ng carbon nanotubes. An inert fas such as argon may be mxed with
t he gaseous carbon source before contacting the TUD-I silicate. [0033] The
TUD- | sixyleaat mixinges 20f Gr-&eo diydtosatbonal an prgsgis alcohdr €% ymetbanadn gtheael, tthus

be Sor | plopaidl? %Srolpn o Ibhtakgfe_]%@é a%f %?thﬁ{ol o?%%r(ta ?Ptfaﬁﬂsdrozﬂlg' d;igé} Aatyt of

the sil pot es i tron articu tabrlitty and
capabl e nateriahagpipaiiyaini gageous Hexm, niedt ad sﬁica'dﬂEhsl mccantabtezvfth)theéHJDnl ﬁhcnte)umctbnr e

that is _based on.the sol ...process. .This roce udes the eneration
of " soff FRErs Hioe RRcess kTS JORgRiSE LaPDT S5t pAh Srehetsach i gredh

si | isca- hﬁg@é miged With@Be gdsBbusl AABJoARG BrcB BBRREESt4tRE thelMUD- B SilicarBy f or

I nstance be generated by reacting, including hydrolyzing, a precursor such

as sili cor[oejéqomeeruﬁhesﬂmatﬂé Rasl &yt ée (ﬁfneﬁm@ﬂlél i egula! foRx byk€erh Snd Ba/ gk beO
i nduce the substitution of ﬂroups inked to silicon by silanol Si-OH
al

gr oups, & Bhsromeprlikealt therebnallpws ar ffash dgfusiprsinte @a QVéthth siljcg pores. In
condens
ot ancaddifith BUHTE SebdrlinELAER Sbifly 3hd bRABLEK REbARTARSOHEL mebll
si |i cat @UDsil (c@>b¢ iif)rmedsmpmmvpdursnlhatmba@eq Sn(lla sopgymrpcqgerﬁlyﬂ procéss dzaledes
(S| OCH,,5Hn I Sobut
(S Tocrorapition 8F YotBae b slieie SHbais 8 ABEOR ool Slicashysed,
E?tcrz agf gmlgkkbﬂiryh}taﬁd:d h@l&Ipﬁrt(cﬁls( fanii§2| QiEmﬁ)zélﬂ)r 1ﬁﬁtdmcbebne gsﬂdr:hteditlgr) re)acting,

: | aki s( -trifluoroethoxy)sil.an 2CF3) 4
t et r aki ﬁ@e@e’o &0 & |p5??@rses.se cﬁé@%? deseﬁ?ﬁyg’m yHigod g pilicon
cycl openfigkide |1§ﬂth%9%ﬁ t6 TRARE MR ubsti@tioR b DR g&ugmll%dhu IR Y Yy SileholBi<HH i coN
al koxide is carried out in water. In sonme enbodi nents sol preéeparation can

be perf 8fwps Which thenyeas to the fonasion aifg silivadicbuor| via geidensation pafinerisation.
' Sql%r OpﬁQQIBgleL g?iéﬂcoh %uioflgiefs TR R} ﬂ%mﬁéé%krﬁ?l g@?;}tggﬁﬂ@}\ﬁ@?g%}gyﬁ sifiegd to

chelat e ofrma coordi nation conplex Wt
enmbodi n(a$1(@Et)I)J eptogplo| sihnaltm (BOhy) addepopd il AiSi(@-Papsntpentyl silicate

Trieth f
Tri et hanal GeH ES e8! PRsher Floe o2t iiene APl TS e
t 0 chel aghgltekyl) con drghositieatdy| en8yOCHHIC(PBY- Hm%)addeohtra@émgkbhfwj enegllhymtel
e AR RARECuc s el e A, At Sl i
added. IS%E(D@HE@FJ»)G%REHJ:ME’BM&QM Sl pi(omcm@m %O&lnzylnfiﬂﬁﬁte or

m croporosity into the obtaijned her eby tetraet anmoni um
hydr oxi €¥glopeatyla I tspipe egrabyidjments éﬁl; preparatien by dydrolysifoak as%éhFQél alkopidecis,

rangi ng MIQH“ %Euﬁwépvm dothe! }In@rﬁs é%lgﬁpega%a& gﬁg?tgeﬁ%&%hhx'a AR M

hydr oxi de and tetraet hyl enegl ycol can
water and an alcohol such as ethanol or isopropanol.

[0034] In the formation of TUD-I a chelating agent is ﬁsed to chelate, i.e. form a

25  coordination complex with, silicon. In some embodiments triethanolamine may be added as a .
chelating agent. Triethanolamine causes the formation of a silatrane, which can dimerise,
trimerise and further oligomerise. In some embodiments as a chelating agent to chelate silicon
tetraethyleneglycol may be added. Tetraethyleneglycol can form a complex with both silicate
and any catalytically active metal oxide added (see below). In addition tetraethyl ammonium
30  hydroxide may be added. Tetraethyl ammonium hydroxide and tetracthyleneglycol induce
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



use in TUD-1 formation if desired. As further expl ai ned bel ow, other netal
salts, netal oxides or netal alcoholates (e.g. al kanoates) nmay be added
upon or sSWOrp1o0afifer contacting the siliconal koxi de an@CTiSGaeHaneSam ne or
t etraet hyl enegl ycol. [0035] If desired,8the sol may be deposited onto a
surface, for instance by neans of spin coating on a substrate. The sol

f ur t her alknxide goé tricthanataaiips extetraethglenégbycol.o form a gel, which is dried to
forma solid. If desired the obtained solid my be ground. The solid may be
hydr ot her i035] 1f desired] the salrmday be depositpd ente a svsface,dioy instance by deaansiof epin

reaction, .This heat. tr men whi ch b " | VSIS 1
anneal i ﬁ%atlél?é)f)l @S%%te’gggriﬁseor%}f%rrt]}ﬁr)}]ﬁ g%rﬁ %eadgaégﬂﬁs@ﬁraglgglggltgé& r@%% é? hvzl}c}ltlﬁat
al | ows " BeiedItb ngrat £a6lid.s U besired athe asbtgifiéda\selid Anyy per grodndf The welidrayayode

sel ected for annealing.the gel. Typical_ periods of tine.used in e art ma
be enpl gﬁatheﬂaﬂfyeﬁaﬁ%qiénwgwﬂ ﬁr@ﬂ?taﬁag l%ﬁrg%%&tmcifngaé@nt @a%twuﬂ s ﬁ?qﬁut e?/
such asygatthentl %ﬁ&ﬁn@% b&fike fo belNEatMIOFS ahiRBhFBRP MYl WhVAREIRT @rik&l out

repeat ed where-desired. Were desired the fornmed silicate may then be
exposedin dsealedigontrdner tlat o ws handbing lsteam, syahicas e prtockve ofvay peripddeldime may

organi ¢ ' : | . i Wi | ) TRy
al so bebgg%%cgée%fdtr%g%%]rhgg lliﬁ © %eg'l tﬂ’ﬁa@&’?ﬁgfs\% ti}{enqﬂl]%?a‘? Iﬁ?enélgrﬁlgg?)eteo c r‘ragi t(;?{i(g
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& it et disattoab o Besinck R Fencried oHiErk enreshoetR AR oty SR o
and t hefixglthéd BaleRBsted tb -acfurthdl EdMialidion Wat fre@tnlefiMto BifibveadfesitspPogheict he
condensati on reactions of the various silica species after the gel

f or mat | BRUCK - a] koxy bonds are of nore |abile nature than Sisiloxy bonds.
Hence, at el evated terrperaturﬁs the silica_oli gc;rrers gsondense ext ensi }géll'y,_

and t he silP838ladbe sphd obtamgd; Komedrying: thy | ek (PR URPh P BG EEPOseh te Kare

tetraet pyLARGSH K@ inATRh SXRS to LERPREL ik Ghdrgama chhddnkatiod rehdtiony TRY PoRju¥ze.
Separation of tetraethyl anmmoni um hydroxi derfgt etraet hyl enegl ycol and silica

netlMor kstoectaneds likgveise erieated, iy gridigut kisirethernmal trgatmept, ibadaynramp rate of about 1
hydr oxi ot. y el r at | S [ e
B s e
pr ocessiragmeRTR). talcinaiion)ewitiCal lownatriporatereympletecidie rdoedensatiorateaetiansa fettie

ot " or oVt 3iichsbrees AR the ST RETRUPE oG eGPE R o ol MRUERpeithartSE°
t enper atilxg Boids. e e déetledienipayatifed ik, siliciColipdni@s condrdsabitandively) andne

enbaodi nents_the el evated tenperature is within a.ran f about 450 Cto
abd®t 1860 sitatransy farmed, vaith {etgaganyl aﬁ@’é‘%\“-‘“h[}a’&fo’%‘%ﬁ) 28 ﬁlea%ﬁ%&%ee&kycqln

some - enpodh IR SredgastiedleVadrally SHPRIAMdfolySe, APutatiBA o CretABy P finRfhi@th
time maﬁ be sel ected for ‘annedl ing the ‘gel . Typical periods o tfl m; ltjgeld in
t he art hydrpxide/tesrasthylangglytelr andxsiligd retwotkhpecurh dMesgnyecdogggregates of tetraethy
ammonium hydroxide/tetraethyleneglycol form, templating the mesopores.
| [0.037] 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



about 30 m nutes 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] CaWwoi20H{(0dH7r enpves the triethanol am ne or tetra@CHBiGanO@PSOl . For
t he samepurpose extraction, e.g. Soxhl & extraction, can be enpl oyed.
[0039] TUD-I is a nesoporous silicate that is fornmed without a surfactant
or |i qupdpoystxtactiensigSexhlprxtrattidn, can k¢ éraploedyi ne or tetraet hyl enegl ycol .
Tri et hanol am ne can act as a tenplate in nesopore formation, as well as a
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conditions. Small catalyst particle $izes' are believed to provide smaller diameter Single-Walled

25 ~ 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



solvent, e.g. toluene - typically under an inert gas such as argon or N2.

[ 0041] The size of the nesopores of TUD-I can be tuned according to the

sel ect ed wondittdoenis of its formation (see e.g. Shan et aCT/[SG200Dbpo2supra or
Handy et al., 2006, supra). The pore sil@e nay for exanple be selected in
the range from about 2 to about 25 nm i ncl udi ngabout 25 to about 20 run,
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t he method of the invention the TUD-I silicate Wf%ﬁfXﬁt he additional. netal
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a sultable substrate and the catalyst-contalnmg substrate may be heated for about 2 hours at a
temperature of about 550 °C in order to calcine the catalyst. The catalyst-containing substrate

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,



form they are converted into a reduced formby this reduction. Reduction
is typically carried out by contacting the TUD-1 silicate with a reducing
gas such W6 2811¢p0241§dr ogen, an am ne, ammoni a, di bor ane, PEHISGRM/0d025%i de,
hydrazi ne, including a flow ng reduci nglgas such as flow ng hydrogen.
Thereby the additional metal included into or grafted onto the TUD-I
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enbodi n2dR °Cithabay950 °C, about 700 °C to about 900 °C, about 700 °C to about 850 °C about

700 °C to about 800 °C, about 750 °C to about 850 ° or about 750 °C to about 800 °C. 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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25 [0050] In some embodiments the majority of the formed carbon nanotubes 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



% at |east about 60 % at |east about 65 % at |east about 70 % at | east

about 75 % at |east about 80 % or at |east about 85 % of all formed SWCNTs
have t he WOd0tléW2416, 5) . The sel ectivity can al so be shi PCESG2010000289 chi r al
speci es, such as (9,8), (7,6), and (7,%3. In sone enmbodi ments the majority

of the formed carbon nanotubes are of the indices (9,8). In sone

enbodi mismpsraure] fogsactiypiéniyreduct ino the nhmpei/ Fraeuns itigngl |WMNAY with |oghest

01 Sl B R i g 80

about . 76 Wi Tt f the &isliceal§ad) ardDyofar the doemisdting(spedies Whéndhe eddubtéastermporatire 85 %
of all formed. S s have ,t iLndi.ces (9,.8)..Dependi hg.on.th

Qe oet el SREES! TRl QLSUNET 6 PREn JEliFSn i BRECH OGRS (A ¢7-6) and
addist i oppd) iaEsesW th other indices may differ (see Fig: 3). For exanple,
when the reduction tenperature is about 500 C, SWNTs of the indices (6,5)
are by far[oosy GosideatiantheSpaaition maWirehdity irRidtEddDihd RITHED Pirattical effect,
decreased the nunber of SWNTs of_ other indices, in parti cu{,ar,of ind'aces
(7,5), patigylangmbqdimaytsiwill nawshedeserived by way frthe folloans Rafliming femiRlstay be
readi |y understood and put into practical effect, particular enbodi nents

BEvpLARY Enaoos veRTe R P LR B RE IRRIIBNCE"EL%, g o

t he net hod of the invention, the synthesis of Co incorporated TUD-I is
di scl osed [DO52]hdsfanl ¢xawiphg of Fasbyihg wirt thei metbog of dbe thvertian, thé symtlesisi ddelip se

be produced b i nventors .a found. to ual l.y sui t all S Fig.
oy 10y £ PeoFERmRY TLIT A fikicked i Ufe fSHringy a0sie eelbro@R bt Rt
<(1Ii stn)ri bli{(é\@i@:é biaért brdahgérz]i by a@m&émbtsyagng$rG%X@maleqs?1@l SitabBRes Fignte. IIthiat |
n,m selectivity on the respective_ Co- -| catal yst can be mani pul aje
by changfRepsTEdr b EeTIoPlermietrarud W Ty w&hcva?ﬂ_érl ?Wi(H’MFWBBH‘?‘PSdBlt uD- |
is ago i h -

i st oty oo Sienes TIRGBABEHE I taRGRG RCHE) Rty ShRSFeBecive Cor
(e.g., Cbbhltcatalysbepopammampplited by chenging Hehieduction temneriatige of thecentalysidn
appli ed h of . s]ngl e- > :

motal o PBRebTRATOMT £a OO cEidie 6 R0 S0 ORRHO B o AR 1 e
cat al ystistribuaopS8WENTY. of Co- TUD-1 has been investigated using several

characterization techniques and it is found to have large surface area (740
2/ g), wellP03ff Fordsepsaeatilysy nigtaldnenrporated TAD{ loterg. cwbak incoawaadedTUiR-y), The
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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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calculated by the Barrett, Joyner, ‘and Halenda (BJH) method using the desorption branch of

the isotherms. UV-vis diffuse reflectance spectra were recorded on a-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.
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carbon deposits were further suspended in 2 w % sodi um dodecyl benzene

sul f onatﬁ‘gl}{ega,ygg)qumogm&#}y hiked frg@l 1 07Cote 1208, °Cg,1t9quQ °C /min ramp. The weight

of the sample was monitored and recorded as a function of the temperature. The same procedure

. was repeated after the sample was cooled to room temperature and another weight/temperaturé

2‘5- ~curve was obtained serving as a baseline. The filtered carbon deposits were further suspended
in 2 wt% sodium dodecyl benzene sulfonate (SDBS) (Aldrich) D,O (99.9 atom % D, Sigmaé
Aldrich) solution by sonication in a cup-horn ultrasonicator (SONICS, VCX-130) at 100 W for

0.5 hour. After sonication, the suspension was centrifuged for 1 hour at 50,000 g. The clear
SWCNT suspensions obtained after centrifugation were characterized by photoluminescence

30 (PLE) and UV-vis-NIR absorption spectroscopy. PLE was conducted on a Jobin-Yvon Nanolog-
3 spectrofluorometer with the excitation scanned from 300 nm to 850 nm and the emission
collected from 900 nm to 1400 nm. The UV-vis-NIR absorption spectra were measured on a

Varian Cary 5000 UV-vis-NIR spectrophotometer.
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[0059] The chemcal_ structures of Co-TUD-1 were characterized by UV-vis

spect r o@&Bificeaenr atPR0 miNg gndsa pgscrarg vPlymsafil 42 B8 g.. 1 designate the

| ocal envigr of Co jn the TU Llica t | at.e.. Co-TUD-1 s le -
exhibi 5. dORIone Shemenbiinirbrenet a0 il i chimroad BOUNe s R0 %eR 710
nm The ;RERRR AU VORY spdrh a8 p AL b IS 198 EnbR tNe 10 iVenvt8rrhém)o filUcAR$hd TOD-

i ndi cating the Co2+ tetrahedral configuration (Brik, Y, et al., Journal of

Catldl ysil silicagemplateg £o-TYRY1 sappple gpkibith e ingRoHakshaulder ay 699y and Hie hraad
simlar ' | e ' 40 V1
ang - oPHs el R GalEs APARITA ot BOO R 1R L P A et a2y oG ot
conf i guingicaGogthé 60% teirbiiedral configuhtinn (Brile Yact ebl, Touanal oh €atabesir R00DN29Bak
for our - JUD| s |l e at_4 nm Ls, nuch_br. r ared. t.o. t hat

3N ref ér hg}a;.e #ﬁ?@gﬁye?}(g %ta%}g)e raolﬁ? Ae" %lées%?nﬁid (t)? Q%Oferqregeﬁtpeldnlél 1i%lgtc\:/\(/?e’eﬁ t he
410 nm asferencidiwliicinate msinsd asseCiARl esl Wi tdndt et Hapedr i, Gadsttionshiimticaing

el Ly Rhesrrer Lty Ehs Canes’y 00,000 N J 80BN e o
extinct ToD-¢ %ﬁlflif)iecitmb nm is much broader compared to that of Co;O4 reference. This may be |

caused by the masking or overlapping between the 410 nm and additional peaks associated

“with tetrahedral Co*, which are typically observed in the range of 500 to 600 nm. In addition,

no absorption peaks are observed for octahedral Co?* ions, because the extinction coefficient

25  for tetrahedral Co®" ions are usually much stronger than those of octahedral ions. The TPR

profile shown in part D of Fig. 1 provides more direct information on the stability of Co ions

in the TUD-1 structure. A distinct and narrow reduction peak is centered at 483 °C. This

reduction temperature is higher than the reduction temperatures of silica particle supported

impregnated cobalt catalysts (Vo, M, et al, Journal of Catalysis (2002) 212, 10). Two

30  shoulders at 439 °C and 383 °C can be observed in Fig. 1D. They are corresponding to the

reduction process of Co3;04—CoO—Co on silica particle supported impregnated "cobalt

catalysts (ibid.). Therefore, the peak at 483 °C can be assigned to the reduction of Co

incorporated in the TUD-1 structure.

[0060] Overall, various characterization results show that Co-TUD-1 possesses



for tetrahedral Co2+ ions are usually much stronger than those of
octahedral ions. The TPR profile shown in part D of Fig. 1 provides nore

di rect i rWOrAH102170n the stability of Co ions in the TBDTISGeW0®WaIA®e. A

di stinct and narrow reduction peak is déntered at 483 C. This reduction
tenperature is higher than the reduction tenperatures of silica particle
suppor t eemparpblegprapesties agrinst CaM{TMstls cqtylystsivhighly atdered Jmesoparousfstgtued.ysi s

(2002) ), Lat .C..an bser i ig.
D ThefftEs sitblee a8 AABUA B Rod’ e 51 ind ko locitly YanR S Wiy B i)
silica pdich tahslatsuPlxse pespertiys ragg) daiseidraiotodiet cragiblatoythé produbtich ¢f highqusliter e,
t he pea 483.C ¢ assigned to the reductign of I ncor ed in
the TooSQT GLim L Blacsnes e L+ o dlr vbireaCeiine ot Bemien & ColbELI4 how
t hats Co174§>| possessesconparabl e properties agai nst Co- MCM 41 catal ysts:
hi ghly ordered nmesoporous structure, |arge surface area, narrowy
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sanpl e due to.th ance Raman effect. To rther_reyeal its (n, m
G obr | biTG oSN D Srer SRR it et JHE LR leaak tarbe adfingl to
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assigned to rol i'ndices (n,mM corresponding to the excitation
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transi t (B42) emdrthy %B(Ptov HENISHTH PRETEY) @Mmﬁ(ssz@;bagﬁ dEd heobspecHis tahe siperes
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(Fig. 4 rrespondi ng .t o | apnsition ener 800- 1600 copfirmed
{ e domtondiide FRRTEH Mieted, (oo oA%) L BRefRE Y dripinkecst, o3t R e
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faint peak attributing to (9,8) in large dianeter tubes re%ipon (El ‘
| >1400nFcasurefaent i) i Fpbiertoenvifoament. tSege thaPLE hig: A prlyishpyys tahfaint peak

ab SOr pt LRy FRETH (¢'8) TRk MifATE: fubQPebBR (E11>1400nm), the inventors speculated that

the ~1400 nm peak in the absorption spectrum mainly came from H,O.

_ [0062] The optimization of the éatalyst preparation and SWCNT synthesis conditions

25  using Co-MCM-41 (Chen, Y, et al, Journal of Catalysis (2004) 226, 351; Chen, Y, et al,
Journal of Catalysis (2004) 225, 453) and CoMoCAT (Alvarez, WE, et al., Carbon (2001) 39,

547, Lolli, G, et al., Phys. Chem. B (2006) 110, 2108; Herrera, JE, et al., Journal of Catalysis
(2001) 204, 129) has been systematically studied. The reduction temperature is a key
parameter correlating closely with the cobalt state in Co-MCM-41 so that the SWCNT

30 -~ diameter distribution can be varied accordingly (Chen et al., 2004, supra). Therefore, the cobalt
élusters in Co-TUD-1 should also be tuned by varying the reduction temperature so that the
SWCNT diameter and chirality can be controlled. The TPR profile of Co-TUD-1 (Fig. 1d)
shows a narrow peak 1ocated at 483 °C with two shoulders at the lower temperature 439 °C and

- 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)



[ 0062] The optim zation of the catal yst preparation and SWCNT synt hesi s
conditions using Co-MCM 41 (Chen, Y, et al., Journal of Catalysis (2004)
226, 351;wOChenyooXs17et al ., Journal of Catalysis (2004) 2e%/SGi&doesa
CoMoCAT (Al varez, WE, et al., Carbon (2801) 39, 547; Lolli, G et al.,

Phys. Chem B (2006) 110, 2108; Herrera, JE, et al., Journal of Catalysis
(2001) aBdijbulids) ThaSWIENT werstsgnthesical Lydes tdifferent. redhetionetuperatures, 590eiGt ur e

is a key_paraneter correlating closel Lt.h.the cobalt state i - MCM- 41
bo thar SR MRG0 oL S PE Bt Ob ISP bR B b2 el ot
al ., 20@fp vaththe kxcithbieh Ha9eRngth it 90@hin 161006 e fnd the EMistidR-wavekapthdigthso
be tuned By ‘varil ng the reduction tenperature so that the SWCNT, di aneter

and chi PAP inmytec 360 amclonmayimusy therpeverger. gt 5100 °€, she SFVGND. (. mFisgharioeyly

ho an [cat : | t o
¢ onbor ot B PER toss R0 RlcofitingNpbdied U RABMLAEETTIR dclifore Wies s, |
or enti (@hy (dimdeter @i T57emerin Ceffbdd-dt goes SWCNHeviobml in CotMOM-48iizdd. 0an
b i | 'eadi t .diff t5.S di d di i bytion.
e SnclHRnEEE DRt L i e T RIP LRSI ©aguaD: B2 dRna NS T8,
450 0C gdife 489ntBCeontitipn. Thiss siididd Gengpasideed 6f adidtdge ploot@-TUDNEsen -

(PLE) 2D contour na}\r})eevm'th the excitation wavelength from 30Q run tg 900 nm
and t he M{eMledli sicdlie salethdiapstar ghgriRptian, SUgsse!s nists G- SPRLsH BFETER% &P age.

At 1900 QeNrPehRYYTmbp. Thisii§ préehoMby L %"sﬂ.-@ﬂ&gisvﬂeg&a{i&§ Sow 418 aléingle

sem conducting species can be observed. The dom nant ecies is (6,5)
(di anet spec®. B ExfrachiomUBing goswfacBNENTVeindy, eefs al.n The - Jaomal 10f] Rhysical)

o O isHE s Rodsldz, 2o Blqripatimd (SR RPAE Y, X B Gd 70D,

it T Doty on Sugoeste. I'eee (R T1 Shec,as sorrdlao (o SN CrLral: Ly, ga

This i oppePupiddioge i oeD: Yhemacies) DEERIL IR e St Sidhesfmintyler

SWGNT extdraghdr Qﬁ,:ri)%éﬂ? ;gg%d)@é& RAWAMongNE R efekringfo tAk TPRIf6filkaH Fi@|1d9To;0,,
y

Physi cal  Chem st 112, 2771) or polymer (Chen, E, et al., J. Nano
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tenperature to 500 0C, the . incorporated cqobalt is reduced to snall
cl ust er BhenpHisagn wagahspryed i %ME)El\éﬁdbw the Ancheang ef%ct 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 after the combustion at 430 °C and the RBM peaks are 1dent1cal 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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el enent termp japdl texpressionsy of exﬂluchmg eng eqmalestpex,ﬂ the (f%ﬂtmys dhawn ead desrsibed or
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descri beghiadion 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.

35



portions thereof, but it is recognized that various nodifications are
possible within the scope of the invention clainmed. Thus, it should be
under st oNO2hEY002417 hough t he present invention has beenPEHSE620T008025¢

di scl osed by exenpl ary enbodi nents and2bptional features, nodification and
variation of the inventions enbodied therein herein disclosed may be
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vari ations are-considered to be within the scope of this invention. [0068]
The invention.has been described broadly and generically herein. Each of
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di scl osure also formpart .of the invention. This includes the generic

description of the invention with a proviso or negative limtation renoving
any Ssubj dctA meathed of fopmingringemigded eahan aprosubess thimesthed cippriipg ¢qbackingi sed
material | i y | er.el Rou: i t L

W thin the t BT RGPrhEE! bl AoEidpord B E0D- P Ca S RE Do B, 1

i nventi on awlkerelasthe i thesdporous eFUB- lobilibte keositpreo apeatalyticadly akdctivednétal fore
art will recognize thﬁt the invention is also thereby described in terns of
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of cl ai n8: 1Ther methodhel elaims theomBt Whdred thsr medhndc eepisey coUyinghewti ehemicapour
deposition._4. T od of any one of clains 1 - 3, wherein the netal of
groups 3- 13va8?urt4:e§0%§}r)¢odi c Table of the Elenents is at |east one of ‘
cobalt, nickel and iron. 5. The nethod of any one of clainms 1 - 4, wherein
the carbgn BRUKEBOH of 88y 6fd SEIAIRN I BewRERMRNE APV ighehpRf3- 1 f 1N IPRAGEIC

met hanol , ethanol and dcetylene. 6. The met hod of any one of clainms 1 - 5,
wher ei n t hel apdsselshe Etementmis sblgad ong of eahaltasickel and tlent he mesopor ous TUD- |
silicate at a pressure in the range from1 to about 10 atm 7. The nethod

f claim wherein the pr ' . .
© 1% a 5.6 'The I%et Iod otf agy %ngso?%{a?mlsi -64,av21ﬁgrem 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,.



8. The nmethod of any one of clains 1 - 7, wherein the nmesoporous TUD- I
silicate is obtained by reduction of a TUD- I source silicate, wherein the
TUD-1 souwOeosldopaidt e i s a nesoporous TUD-1 silicate coRpmiS&2eig/0a023et al or
a netal oxide of groups 3-13 of the Pe22odic Table of the Elements. 9. The
nmet hod of cl.aim 8, wherein the reduction of the TUD-1 source silicate is
car ri ed1butThet methodaek dlairasmeontlOy avhenein ththeownse HAdDelf sdicatiens ®dugedgat a
wherein the reductign of, the.TUD- 1 source silicate is carried out by
exposure t erﬂﬁ?ritilfeafth‘lé%nggq{gﬂg%f‘ claims 9 or 10, wherein the source TUD-I
silicate is reduced at a tenperature at 450 C(or higher. 12. The met hod of
any oneqef j - , i e Hes T f1dal e .5; ced
ot ongerecihod qf syl B Elnt O PR REiGRE e bR DS SRR TS
wher ei n t heedweed poa topetdtizelupzo 1D6ATE@ i s reduced at a tenperature in the
range from about 500 C to about 850 C. 14. The nethod of any one of clains
1 - 13, wherein at least 50 % of the single-walled carbon nanotubes fornmed

havé ond3-ofThenmethal rafi anynenec ek clagns P, - 13, wheremythg) megopormyus gHdD( I7 sdipate is

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

14. 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).
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