COVPCSI TE CATALYST AND METHOD FOR MANUFACTURI NG CARBON
NANOSTRUCTURED MATERI ALS CROSS- REFERENCE TO RELATED
WARBRIGATE ONS [ 0001] This appiication ciains tPer/US2007/079528
benefit of U S. Provisional Application No. 60/862,123
titled "Catal yst and Method for Manufacturing Carbon
Nanostructured Materials," filed Cctober 19, 2006.
BACKGROUND OF THE | NVENTI ON [ 0002] Car bon nanot ubes
are used for a variety of applications such as in
sensors, reinforcenment in conposite materials, and the
i ke. Although there are many different ways to form
carbon nanot ubes, there are two distinct types of
car bon nanot ubes, individual nanotubes formed by bul k
synthesi s and arrays of nanotubes fornmed by surface or
oriented synthesis. The individual nanotubes are nuch
| i ke spaghetti where each nanotube is grown wth
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goal to formlonger and | onger nanotubes. If |onger
arrays of nanotubes are forned, one can spin nanotubes

CROBSREFBERENCH IO RELAREDR ARPOKARDMNS i ghter t han any
existing fibers and that are electrically
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has been a roadbl ock to many of their applications.
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r Qw,car pban, nanqt.u rrays having a honogeneous and
Mat%ﬂﬁ%&'ﬁﬁ@?ﬁ?&%ﬁé@@%@ a large surface area greater

than one square centineter would enabl e carbon

nanot ube arrays to be used in nmany

BACKGROUND OF THE INVENTION

[06002] Carbon nanotubes are used for a variety of applications such as in
sensors, reinforcement in composite materials, and the like. Although there are
many different ways to form carbon nanotubes, there are two distinct types of carbon
nanotubes, individual nanotubes formed by bulk synthesis and arrays of nanotubes
formed by surface or oriented synthesis. The individual nanotubes are much like
spaghetti where each nanotube is grown with random orientation. Arrays of aligned
nanotubes may include literally billions of nanotubes side-by-side, formed on a
substrate.

[0003] It has always been a goal to form longer and longer nanotubes. If
longer arrays of nanotubes are formed, one can spin nanotubes into fibers that may

be stronger and lighter than any existing fibers and that are electrically conductive.



di fferent structural and sensing applications. [0005]
Car bon nanotubes have been traditionally fornmed by

W@ b@sileBe vapor deposition of carbon on a cat aPgt/U82007/079528
substrate One effective catal ytic substrate is iron.

10008 e oFPE e FeRef ot Ur e T BEGE ekt gn many of

prem sed _on the reali zatl on that car bon nanot ube
thelraﬁﬂpéyetiw& hGeawthoel aaaba Ddretuhas Wil canigliagd ngprehelogy is an
than 1 mllinmeter up to and exceeding 2 centineters
intensarelpevebtigateddrby. Vapabilite pogrdw carbain mandbioe anmbys daving a
catal yst coated substrate. The conposite catal yst on

hombb@né@@fnéﬁ@hﬁtfbﬁn atrLaies edet Q'Eaﬂgé'sluﬁ’eéé l2¥&4 HFater than one
conprising a conbination of a known nanot ubé cat al yst

squaZ{%‘%@nﬂﬁe'téro\Noulﬂ rﬁ%ﬁ)'ie C%Bﬁlr{aﬁt Sy ?ﬁ'ﬁﬁ@ oot?cﬁ %’éé in many

ments, in co Fon W an e IS no
itself for carbon nanotube

diffe?egpﬁ&ycﬁ%ave B%?%ix%ﬁpﬁ Cat'f)ﬂg non-catal ytic elenent is

preferably a | ant hani de group metal, such as, but not
[0005] i ¢ edCtatJDorga@raﬁfph@%hw@?en trafitienalivfermed bwehemical vapor
europium (Eu). In one preferred enbodi nent, a
depasitposi ¢arboatcl § satahdigesubstate. Ooastffeptive t:aﬂal;gtic substrate is
oxi di zed by thermal treatnent in air. The oxidized

iron.CRIgkebahe cobhifthyst alsyesen Ssddencderdfigigd to the
el emental formprior to introducing reactant gases to

grow a carbon nanotube array. [0007] In one enbodi nent
the remai ni ng conposite catal yst |layer left on the

SUNMR%%\%}:‘HJ@E @Pgr\gﬂgyyng the grown CNT array is reused

swi t hout additional pr oceSS| ng
the substrate, [0008] In anot her enbodi ment

WOGELH | uTHE SresHRinENgon & RiEAn Bac 6 thRdcalsIes that carbon

catal yst layer for bulk synthesis of carbon nanotubes.
nanqtalgp erayhavidb¢arbos nandtubes dravingelengthst greatardsamt millimeter up

invention will be further
to and exceeding 2 centimeters can be obtained by vapor deposition of carbon onto
a catalyst coated substrate. The composite catalyst on the substrate is a layered
thin film structure comprising a combination of a known nanotube catalyst such as
iron, nickel, cobalt or other group VIil elements, in combination with an element that
is not an effective catalyst by itself for carbon nanotube formation. In particular, the
non-catalytic element is preferably a lanthanide group metal, such as, but not limited
to, gadolinium (Gd), lanthanum (La), or europium (Eu). In one preferred embodiment,
a composite catalyst layer is at least partially oxidized by thermal treatment in air.
The oxidized composite catalyst layer is then reduced to the elemental form prior to
introducing reactant gases to grow a carbon nanotube array.

[0007] n one embodiment the remaining composite catalyst layer left on the

substrate after removing the grown CNT array is reused to grow multiple arrays



appreciated in light of the follow ng detailed
description and drawi ngs i n which: BRI EF DESCRI PTI ON
W@R00SHESIOBRAW NG [ 0010] FIG 1 is a process fl orCcHUsZpoE0NIS28
of an enbodi ment of the nmethod of the invention; [001
1], FlG. 2 1S a cross:sectiopal view of an enbodi nent
W{th8%‘t %d@ﬁ%%qlrpé?(ée%‘qqpfa%éogﬁ‘ﬁsgﬁiee cat al yst | ayer having
a plurality of carbon nanotubes formed thereon; [0012]
[0008]c 3 Iaholbepembodivediapaniculpte subsivatads ceatssdnnie:
of the substrate having the conposite catal yst |ayer
compepits catdy St larardor klk synibesisrofsiangomngnoupey] | !
el enent and a non-catalytic elenment; [001 3] FIG 4A

[0009F & cr Use-cifsdts aRaladvhhtget et PRasRRAhIBRiPhe fikeher
substrate whéerein the conposite catal yst layer

con 5P 10 SR B PR 4 R

cross-sectional view of another enbodi nment of the
substrate wherein the conposite catal yst |ayer
includes four alternating layers of the group Viil

BRIBFdWpRERIREIGN OMIHEBRAWING el enent; [0015] FIG 4C

is a cross-sectional view of another enbodi nent of the
[001dlibst r aFEG Whéy @iproddse floaniagrdre of ahadnpisédine bf the method of
i ncludes three alternating |ayers of the group Viil
the ial/en®d: and the non-catalytic element; [001 6] FIG 5A
is a cross-sectional view of another enbodi nent of the

[0(}1?!132}r r ng%h% Q%rc%s%}ezzggﬁéli VLDF aﬁg%}ﬂ%a fedt %g%' ABsyrate with a

er ned on Strate,
comBhERS HAEE R A B b B P R TR e SlS g
[OO?iZ?Cl Udeglé .l 15 Eesran ?:;Asggselc%ggglsvig\fv of another embodiment of the substrate
having the composite catalyst layer deposited from an alloy comprising a group VIl
element and a non-catalytic element;
[0013] FIG. 4A is a cross-sectional view of another embodiment of the
substrate wherein the composite catalyst layer includes alternating layers of the
group Vil element and the non-catalytic element;
[0014] FIG. 4B is a cross-sectional view of another embodiment of the
substrate wherein the composite catalyst layer includes four alternating layers of the
group VIl element and the non-catalytic element;
[0015] FIG. 4C is a cross-sectional view of another embodiment of the
substrate wherein the composite catalyst layer includes three alternating layers of
the group VIl element and the non-catalytic element;

[0016] FIG. 5A is a cross-sectional view of another embodiment of the

substrate having a discontinuous composite catalyst layer patterned on the



the group VIIl elenent and the non-catal ytic el ement;
[0018] FiG 5Cis a cross-sectional view of another
werwsdiiyent of the substrate wherein a patter nedr/us2007/079528
catal yst layer includes four alternating layers of the
up VIl elenent and the non-catal ytic el enent;

SUb?‘ﬁ% FIG G6A is a cross-sectionai view of another

errbodl ment with a particulate substrate with the
[00dnposi FKc2R i g srossagestionabvsm @ anaihengmapdisrendtor Hie

| ayers of the group Vil! elenent and the non-catal ytic
substrateeviigrenC0Rote fFieG, codlp osteacatalpsislagecinichnias alieevatof layers of

anot her enbodi nent of the particul ate substrate having

the ?mpmuadwmeﬁt SHO i AbR-cAeR® dieghdnt four alternating
ayers of the group VIl elenent and t he non- catal ytic

[ooﬂf]emem lcuse @%%H)S{b%ho@ﬁl ln% ﬂﬁﬁ?ﬁ%ést R qt\ﬂf%

anot er enbodi nen e su

t.h the catal t|c te de
subPiS it PrdengaRiataiy @a&’ﬂaﬂﬁaﬁee Bt die fAR of the
DETAI LED DESCRI PTI ON [ 0022] Car bon nanot ubes may be
grouly Ylrelgpeat ond the popreataktihelement such as ori ent ed
synthesi s and bul k synthesis. In oriented synthesis,
[001%4r bon RERhJIAIRS covss-sedtignabiviawdf gmomiimeri embbdinfent miibf a
an array on a substrate. The array contai ns many

partical#e substrnt witstgr edmpoditeattRalgst gt a8podirdad tko alternating
synt hesi s, carbon nanotubes are randomy grown on nmany

layef 6 R WPSldrAt RSan P dRoRBI b @ik AkRE SUbSL rat es.

here are a vari ety of carbon nanotube norphol ogi es.

rbon ori.zed a rdin o

IOOﬁe nunb %“%méﬁf‘éseﬁ HEBoRLER Sk DRSSz 8r
xa ere e nul t.i - | ed carbon nanot ubes
Pamﬂi wr{h%trafa Ning q%@v&%&@@ﬁraﬁeﬁ@mm d fripeRmiternating
si ngl e-wal | ed carbon nanotubes (SWCNT). As used

layers of the group VIl element and the non-catalytic element; and
~[0021] FIG. 6C is a cross-sectional view of another embodiment of the
particulate substrate with the catalytic substrate deposited as an alloy of the group

Vill element and the non-catalytic element.

DETAILED DESCRIPTION

[0022] | Carbon nanotubes may be grown by a variety of technigues, such as
oriented synthesis and buik synthesis. In oriented synthesis, carbon nanotubes are
aligned and grown in the form of an array on a substrate. The array contains many
carbon nanotubes grown in one direction. In bulk synthesis, carbon nanotubes are
randomly grown on many individual substrates, such as particulate substrates. There
are a variety of carbon nanotube morphologies. Carbon nanotubes are usually

categorized according fo the number of walls that the carbon nanotube has. For



herei n, carbon nanotubes refers generally to any of

t hese norphol ogi es, unless otherw se stated. [0023]
waeaoR/16®Berence to FIGS. 1 and 2, in one enbodPeens2001/079528

the invention, a carbon nanotube array 10 is forned on

strate ompat e apor
exaf&@% Sk srdietdled %rﬁmpﬁg)o{ib@aﬁ%@P?Q%cﬁ?%wwaﬂed carbon
r 30 is_deposited on the substrate 20 whic
nanp bR Ao/ GNES. IAnsosingieonlad sampen nEmoiRe e FoH s used
| ayer 24, as shown in FIG 2. There are a variety of
heraiaperboe peso’muibea rpfers geserlly do dep of thesenhorphedtgiebeiniess
various | ayers of substrate 20. By way of exanple and
othematsel staisdat i on, el ectron beam deposition, thernal
evaporation, spin coating, electrochem cal deposition,

[OOZﬁjgem r Omﬁﬁre@&%ﬂﬁbttb s sPh aa?f@BQ R é?ﬁh?@éﬁh{én@?&mg) invention, a

gnet ron sputterlng, pul sed 1'd@ser deposition

oGSy B SRR TR oA OGS  vevor

termi ncl udes knovvn nodi fi cations to CVD i ncl udi ng
depegioRRERRSSE, INfialy PaCURRAFER@VE! IaYRE PB R FBPeNiSd Shthe
| aser _enhanced CVD. In addition, other vapor
substegie 20twhiah ndudes e siliney diexide idver &8 ans' g eluraiastiayer 24, as
nanot ubes according to the aspects of the present
shownvreAtG oh. ThefRdle dherisiybsftuaabed@fositiom psdgegkes ¢ta Yspadit and
silicon wafer because its use in chem cal vapor

treaf@ROIHoLSayes WP EMbYGhIe ZIOCBRMN RSt e/ HRNRY Shd rANINIBEGH,
substrate can be used such as ceram CS, quar Z,

elecPer %ra\ym z%slh{‘(?nst rﬁQi%va}%Pé}mnrg :natj:djdﬂn eie%ﬂ‘gcﬁ&ﬁcg!

e su rate 'S él I con, I's tre
on di oxi,de 22 on its .pl anar
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for exanple, electron beam deposition onto the silicon
DUESGQé@ﬁQﬂéjeIPé??'é'PniE LDynand pheniies ¥apor ¢rpositipn (afR), apegng others.

iIs not critical. Generally, it wll be from about 10
Whilernefeseatm may be made specifically to CVD, this term includes known

modifications to CVD including, for example, plasma enhanced CVD, microwave
CVD, and laser enhanced CVD. In addition, other vapor deposition processes may
be utilized to grow carbon nanotubes according to the aspects of the present
invention.

[0024] The substrate 20 is a single crystal silicon wafer because its use in
chemical vapor deposition is very well documented. However, any inert substrate
can be used, such as ceramics, quartz, polycrystalline silicon, sapphire, alumina, and
the like. When the substrate 20 is silicon, it is treated to form the layer of silicon
dioxide 22 on its planar surface. A thin film of aluminum is then deposited by, for

example, electron beam deposition onto the silicon dioxide layer 22. The thickness



20 nm with 15 nmpreferred. [0025] The alum numis

oxi di zed by plasna oxidation to formthe al um num
w@xoodaodoayer 24, also referred to as al um na. A¢EUS2007/079528

alum na | ayer 24 provides a porous surface. This, in

effect, creates m croscopic cavities,throughou he

of tng, IR IS o SHREF cBeRRBRL, LT ph A BBBH 10 o abou
the conposite catalyst layer 30, formng a staging

20 nam,é&*thggwm@r%‘ﬁ&%n and growt h of the nanotube. [0026]
The al um num oxi de | ayer 24 can al so be forned by

[0028] her t Mhe dlihimudeisosdidizen byl dmds oxigetioado dnethte aluminum
magnetron sputtering of alum num oxide, or direct

oxidehgyarcH, avapesfedepasad amiah. dhenalomimoyde 24 Prevides a porous
nmet hod of formng the |ayer of alum num oxide is not

surf&dd. LTRR! i Ofedt r@e@fe%%ﬁf&?oéd&?fé‘&é\ﬁﬁbs'gr&‘@éahdd?%é surface of the

m cropor ous substances can so be used as the base

sunBEFATTHEL BBl AL o EoEPE BB, formin

t hen deposited . onto the substrate with the silicon
stagiiLRiEFOr ByyelFabon gRd W%‘@ﬁh‘Pﬁsﬁ?ﬁﬁWP e | ayer 24

deposited thereon. Any typical carbon nanotube o
[00263t al ysiThealurpimunsexide Geyairdd ¢3n alshdwefofiner tyeotaeqvuplm

VIIl elenent, including iron (Fe), cobalt (Co), nickel
depddiion nrathbdnsuch §Rdirectrrhadneatnod Bgttenral bloalumimyrRdixide, or direct

osmum (QGs), iridium(ir), and platinum (Pt) or

cher®REP VA3 @1sosttfont dfeg@minum eRRice MRAdhEBd of foPhiddgth@ layer of
preferred catal yst due to its |ower nelting point and

alunh e o e D i s Bl 9. A (FER Fygroporous
subsiBRERs CiF BB A gPeses KR hdvh aBco R apoafaa e Caeh e caror
(La), cerium (Ce) 1 praseodym um (Pr), neodym um (Nd),
na“?fﬂ@ﬁé@_’ﬁﬂ@“#ﬁ"( Pm), samarium
[0027] The composite catalyst layer 30 is then deposited onto the substrate 20
with the silicon dioxide layer 22 and the aluminum oxide layer 24 deposited thereon.
Any typical carbon nanotube catalyst can be used. Generally, these will be a group
Vil element, including iron (Fe), cobalt (Co), nickel (Ni}, ruthenium (Ru), rhodium
(Rh), palladium (Pd), osmium (Os)}, iridium (Ir), and platinum (Pt), or combinations of
these. In one embodiment, iron is a preferred catalyst due to its lower melting point
and its low cost compared to other group Vil elements.
[0028] In addition to the group VIl element, the composite catalyst layer 30
includes a non-catalytic metal, preferably a lanthanide, for example lanthanum {La),
cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium
(Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho),

erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu). Other inert metals such



(Sm europium (Eu), gadolinium (&), terbium (Tb),
dysprosium (Dy), hoimum (Ho), erbium (Er), thulium

W@ Toup/10398¢ er bi um (Yb), and lutetium (Lu). O hePCT/H82007/079528
nmetal s suchas gold can al so be used. The wei ght

cent .. 9 ratio of group VLI, to lanthani
as L FaReiss et Fhe diun iRyt el S PLORR Tty
from5/95 to 95/5. The weight percent ratios that _are
lanthanide &lerveni ethercqipperia abraf papsiRip 680 vasy frae H§s to 95/5.
20/ 80, preferably 50/50, and nore preferably 95/5.

The[vgigh] paitcentatipedhatareanateysifedtiagen pBBucany barbon hanotubes
deposited by any well-known method, such as e-beam

incl@tPR6/80;, prafermyNSY/60Nas@ uidrerjratbraloly 95N cal vapor
deposition, in one of at |east two manners in order to

hi eve | o LQ, f _
00 T e el e ST el b ary Well-known
- a [ : o deposit the.
et SR EaBaM A dsf8r BonSRh SOHERRT o ehefygrLyaper
| ayer 30 nmay. al so be forned b){ si mul t aneousl )
dep@%ﬁ?‘ﬂe’ﬂicﬁ‘@ frfeaatitwp pnanngyst te Pr9gy to Acqiave t};'ﬁéjes“ed catalyst
el ements sputtered fromthe targets may then conbine
raticgant #ltoysafibe gealp Yol atd isolantarsdo alement Kpnodaatalyie metal)
conposite catalyst |ayer 30 nay al so be forned by

can teposid fonde palstt g abmpositayatayslaydra0grvmpedbbsite catalyst layer
el ement and the noncatalytic elenent. The first |ayer

30 rddy BRY @@fﬂ?ﬂe@!%ﬂ sEiﬁ‘ﬁldt%éBu%iR%pﬁﬂéﬁr@frbﬁyﬁhlt% sputtering targets.

conprising gadofinium or the reverse construction is

Thef‘%l%ﬂgé?mg§ %Fﬂéﬁgdﬁlﬁg PO mgﬁgtg%%p?ﬁlﬁﬁ'\een&n b L@fate 20.

., 1ron an nrumi's
ntrol l.ed by th hi ckness of the | ayer 0Q31] As '
rooifoun”; rSrsa IR e camber i cry st lpver S0kl giso be
deposited onto one another. FIG 4B is an illustration
fOFthﬂd byvdepasitieg aldeinalng dapars of mmaieupt\HE elemerhasd thampon-
nunber of |ayers determ ne the anobunt of group VIM and
catahdic-edatraing tThe Bbtieyat 38 epas comdrisd ren catipibei dezond [ayer 34
_ catal yst layer 30 nmay al so conpri se an odd nunber of
comprising gadolinium, or the reverse construction is also possible. The amount or
weight percent ratio of the two metals, i.e., iron and gadolinium is controlled by the
thickness of the layer.
[0031] As shown in FIG. 4B, multiple alternating layers can be deposited onto
one another. FIG. 4B is an iliustration of four alternating layers. Again, the thickness
and number of layers determine the amount of group VIil and non-catalytic element
deposited. The composite catalyst layer 30 may also comprise an odd number of
layers, for example the three layers 32, 34, 36 as depicted in FIG. 4C. Thus, the
amount of the group VIl element relative to the amount of the non-catalytic element

may be modified by changing the number of layers of either the group VIl element or

the non-catalytic element. In addition, the individual thicknesses of the layers may be



| ayers, for exanple the three |ayers 32, 34, 36 as
depicted in FIG 4C. Thus, the anobunt of the group
wO/kdoB/1ed98srent rel ative to the amount of the  PCT/US2007/079528
non-catal ytic el ement nay be nodified by changing the
nunber of layers of either the group VIII elenment or
changed wobringaoabyt @ padicelremasd rafiadditive groupt VBl éladient duabn-
t hi cknesses of the |ayers may bechanged to bring about
catafiytioasibineut 8Y theassaly it lagepBOL he group VIITI element to
noncatal ytic elenent in the catalytic layer 30. [00321
e a i | t t
[003;58 ppfﬂh%dagdgggtfnﬂtg :?)%étéf oft@g ﬂiz%%ﬁoué‘cgt ﬁé Sitad 8¥&id be

should b nano ter

vord B8 0535 BELERp RSB0 By B DL P gt 2
eir%[] H?rékq e@%@?%@\?ﬁggg tgiléyn 3?%@9%42%}?6 f rg gach measure about

thi ckness of about 1 nm and one |ayer of gadol I ni um

T nmalnagrefertedcksseredncludesone teenics iroadwvincthe thiekngas of about
percent ratio of iron to gadoliniumis about 50/50

1 nrsianderichiayer ohgadudingad dleivinguanthdednsistiofd aneln this case, the
approximately the sane. Wth reference to FIG 4Bl

weigr’ﬁ’! PlhesntRaRd of Ired t@béé@nmwrﬁ ib %buﬂ@@;sb%ﬁc@ﬂhfeafd?ﬁémg
ayers of iron and gadolinium each about

acbilih o &X%@%{?roﬂg{ft%gtthé 248l %tmfefe%@eftbﬁg 48, another

I ron, secon y conprise gadol1 nium

r.3 co rLon our t er
pfeféﬁeﬂéyueéﬁem&%%@a|r5ﬁ Foy gV 3 Tofl e iAdh R each
t hi cknesses total about 2 nm NMore | ayers, are
aboglgd 8ingn nickdvhveramrlent fiENt 13%Rg S4Bay KPBItisgdron, a second layer
uniformty becomes increasingly nore difficult for
34 mawerrmprise hathiinikme sdbisd tfyed 35 may anthprisesronbeed a fourth layer
though alternating |ayers are described, the | ayers

38 may chreptep gadbielummsubihf thet #iet inaivilieras thifkHE33ks Aotbhabslt 2 nm.
catal ytic conponent can be added to the conposite

Moré‘?é ry gte b@gﬁbiégov‘fgb@r %Bhfrgiilﬁg'm@ﬂ%ﬁnés%rhrﬁ%rﬁﬁy becomes
itive catal yst typically uséd in carbon

mcreasmgly more difficult for layers with thicknesses of 0.5 nm and less. Even

though altemnating layers are described, the layers may be deposited in different

orders.

[0033] A third catalytic component can be added to the composite catalyst

layer 30. The third component can be an additive catalyst typically used in carbon

nanotube growth. These include, for example, yttrium (Y1) and tantalum (Ta), as well

as scandium (Sc}, titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn),

zirconium (Zr), niobium (Nb), molybdenum (Mo), hafnium (Hf), tungsten (W), and

rhenium (Rh). These can be added to the composite catalyst layer 30 in the same

manner as the group Vil and the non-catalytic elements.



nanot ube growth. These include, for exanple, yttrium
(Yt) and tantalum (Ta), as well as scandium (Sc),

W aoandaese (Ti ), vanadium (V), chromum (Cr), neCyES®ET079528
(Evlin), zirconium (Zr), niobium (Nb), nolybdenum (M),

fniu ), tu en, (W, a nium (Rh). The
1003 "o B Pt RESC G 50; 2886 A5 SOMelap B caifa: ayes 30
same manner as the group VI and the non-catal ytic
mayebeemﬂ%tﬁpma]dls&:@nghw laver-y.es.in gpatmn. Bhripaiterntmay have a
conposite catal yst layer 30 may be deposited as a
pluralitg cbavdtadauead dPef the group VIN aepant end thdhenpatalgiicelement
may have a plurality of coated areas 40 of the group

depdditeli fRiremeatillencad depinted s M@! SA] §g@hawens tstapesdkneds
fromthe alloy, as depicted in FIG 5A, again with a

prefé@b SoftAf%Bcﬁﬁ Pe$H. PRl &bl Xgé%\fs Aﬁ?%e/o%% ggﬁ)ar&l@d lg)géﬁ &hcoated

are nmay be separated by an un d area
oro S LRy, LR 2SR S B e ot

t o apout mllipmeters. One preferred pattern consists.
by agypaging ¢ aﬁ%?étt SO Tifomais 3 BlliEPiess oOnearia %ﬁc? ReiHaIndangists of
by about 1 mllimeter of uncoated substrate, although
1 mibimeder gamaiensireles operisiyst separatesday about 1 trilmeianafruncoated
. may be deposited as a plurality of alternating |ayers
substte Aithoflughhathgr paflerit ble pagsibigstn additibhethe pattern may be
non-catal ytic element, as shown in FIG 5B. Therefore,

depddite@n £BRAditRiTbiteime 26 487 8251 4% A EdtBlyst and th
eplé}?er 42?anévgﬂsegondn$qa}?ﬁer 44, The topg?@hei ght %Ifs andine

non-%%%lé@ﬁ%%:ng’ééyﬂwé% Ry, 5pE Tlflé’rrﬁf@é?%ﬁ? ﬁ@'@%ﬁﬁmgr\t, the

as 1llTustrated in
talytic . Layer.30 may,include four, alternatin rou

coatG R helE T EVRRger s Seuihd ke 34 TR REht of the
.E/e_i ?ht of the coated area 40 nay be between ,
cataly§p fyer Hek 'BRY ke, SorfxamRie AU e Sifpilagiys @sufiustratediip FIG.

being preferred. [0035] Once the conposite catal yst
5C, heyeatalglic iayed Sfosay éblude fous atlesiatiabl grotp Vibil/eak-agtalytielayers

conposite catal yst layer 30 into small particles
42, 40)aABodBUSTHRY ®)tal hBgis of the coated area 40 may be between
approximately 0.5 nm and approximately 5 nm with 2 nm being preferred.
[0035] Once the composite catalyst layer 30 is deposited, it is desirable to
break up the composite catalyst layer 30 into small particles (nanoclusters). This
can be accomplished by heating the composite catalyst layer 30 in an air
environment at a temperature of between approximately 300 and 900°C, preferably
about 300°C to about 500°C, most preferably about 400°C for about 5 hours,
although the temperature may vary with the composition of the group VIl element.
This treatment will at least partially oxidize the group VIil element and cause it to

form small (about 4 nm to about 40 nm) nanoclusters of the group VIill oxide in a

layer.



can be acconplished by heating the conposite catal yst
layer 30 in an air environnment at a tenperature of
whedrsaess@ppr oxi mateiy 300 and 900 OC, prefer abtHUsi»oU079528
300 OC to about 500 OC, nost preferably about 400 0OC
r aboyt 5. hour al t hough, t he t erature. m ar,
o3y , ¢ nihe Sigod e shha e isiGa TR FORPRLA Ex el Laver 30
treatment will at |east partially oxidize the grou
may\ae) infla@riachdy mﬁ@gwéemper@tuf%pﬁmmmp@%%%taE{Shﬁwbw As
about 40 nm nanoclusters of the group VSII oxide in a
the meljiag.teopa6dtumhefl fiezwnafodiiecadast lapandt deeteases ohet he
conposite catal yst layer 30 may be influenced by the
nandtiistengmbgniperadsdia sife. tle goalRpsidrechiatakysbdliaysenaller
30. As the nelting tenperature of the conposite

dianfAbatABbn rAYSHubR &ﬁ%mww&w%ﬂgmwm@ Selfyg point may be

decrease in size. The smaller nanoCiusters producCe

I e [ t q
red S8 Oy orisMEL e AN BB b RSP H)0nh Db de b Freor
different tal s which have low nelting t ratur .
alloysfoLTINGy QW RRCFRIUI G- o eI et ea arpganum alloy wil
exanpl e, an iron-lanthanumalloy will have_a | ower
haveng laweigmelingt painfthap puee irpper ST lardhanthiiumna daiglyst
a catal yst deposited fromsuch an all oy or deposited

depasdted| ftem sath g dlyesrsiapioklied as altarhaingr layedstwit drapeianiower
than pure iron. The oxi di zed conposite catal yst | ayer

melting pathethaheflie @dnl OrHE Gdizbe corisite aladdlyStiayer is later reduced
nanoci usters prior to growi ng the carbon nanot ube

formg{dé @érégfa} Eg%ﬁ@inégﬂﬁfgg??%} f(ﬁ%r%?\gﬁ%i’ﬁé cé%ﬁrn#r@&be array

y re ng th osite cata

10, Y St ot JR00 0 SRp v ORI B A
e T G e R

conposite catal yst |layer 30 conprises the group VIII
[003&] emrent Thaathed wbosidiziny end reducing a catalyst layer prior to growing
carbon nanotubes produces surprising results even without the lanthanide present.
When the composite catalyst layer 30 comprises the group Vil element and the non-
catalytic element even better results are achieved.
[0038] The carbon nanotube array 10 is grown by thermal chemical vapor
deposition utilizing a gas mixture of hydrogen, ethylene, water, and argon. An
EasyTube Furnace from First Nano, Inc., can be used, although other known
methods of depositing carbon nanctubes can be employed. In one preferred
embodiment, the chemical vapor deposition is initiated with an argon flow at about

400°C followed by hydrogen flow at about 700°C to convert the group VIl oxide back

_ to elemental group Vill.
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el ement even better results are achieved. [0038] The
carbon nanotube array 10 is grown by thermal chem cal

wWo 2penoxseposition utilizing a gas m xture of hpCdr/O§®N7/079528
et hyl ene, water, and argon. An EasyTube Furnace from

I,r st o, Lnc., can used, al though ot her known
[003R]; hodsN?' EP a&@@ggrqwﬁgogg@%@ﬁb%ﬂmwsgs égﬁﬁnge“ a mixture of
enpl oyed. In one preferred enbodi ment, the chemni ca
hydrogiesr ethwisosi wader, Badiaigen i appligidtat satenapejehirelacdWOREC to 800°C,
about 4000C fol |l owed by hydrogen flow at about 700C to
preferabheabottts0§Couesitied ettviate, btek dasbat preeitrsdrsgsisipas,
VII11.[0039] The actual growth of the carbon nanotubes

metBhRe lactBena MbthbHBE c®hart dha e orehibHoRR MERIRY usedNdThe
argon is applied at a tenperature of 7000C to 800 C

watdl’ lrﬁfag rb@tgu?pﬁé’@ Hk fiﬁg\gﬁ%{ﬁf‘ﬂﬁ@@% Waletggt?u %@%ﬂgé]%r‘léﬂﬁ& % room

precursor suc

et hano! —and _carbon .monoxi de. be used. The er m .
tem SRR TFEah R B e SoRTE FiedBahte fapaiartr bl o unti
operating at roomtenperature. The gas flowis
caraft hyleleRI9ToNtB StPRS.react or for about 10 hours or
unti! carbon nanotube growth stops. [0040] The m xture
[0040] t he Jhsesixiurewf the gases idwingeaicttoe reagtov aray. vargr For
exanple, the volunetric ratio of argon flow ng through

exampaties volualted rdt dhergoRifldwaigonoliyiew Walehgubbleetgthe main
the reactor nmay be between 0.5 and 3, the volunetric

argc{rﬁgé\e gﬁLﬂ@hmﬂﬁnﬁeﬁga@g&o?ﬂ o BEREIVE Stk B, B8R clumetric

tric ratio of ethylene to hydrogen nay be

. b : , d ' ' - the
ratl%cg%:glgﬁgttcga &Oﬁvalgél{/é B%M%gﬁ%éﬁg%%pé%&!%lc.rgﬁo of ethylene
o W GRPRh e BG5BT binaih M b suerpoen o

hydrogen flowi ng at 200 seem and argon flow n _
argarhmeydie heteepddhd te ipdrataxaapribbiose pieferssl gr@‘gﬁdsment,

ethylene is introduced at 200 sccm with argon flowing at 300 scem, hydrogen flowing
at 200 scem, and argon flowing through the room temperature bubbler at 150 scem.
[0041] The flux of carbon to the catalyst particle is a significant variable that
influences the degree to which carbon can be delivered to the substrate, and form
carbon nanotubes. The water in the reaction gas is designed to drive off unwanted
amorphous carbon that can block the catalyst function. Therefore, about 150 scem
of argon carrier gas is passed through a bubbler to carry a sufficient amount of water
to remove the amorphous carbon but not the graphitic carbon that forms the carbon
nanotubes. The carbon vapor deposition is continued as long as the carbon
nanotubes continue to grow. Before the growth stops, additional catalysts can be

added to promote further growth. Specifically, ferocene or iron pentacarbonyl can be
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[0041] The flux of carbon to the catalyst particle is

a significant variable that influences the degree to
waonioshoas bon can be delivered to the substrateCT/E82907/079528

form carbon nanotubes. The water in the reaction gas

added s euRanan Rt et il WD oG ToRiah B 6e 50 den gt e

150 seem of argon carrier gas is passed through a

nan@iybes evhicl M%ﬁ?&a%a%@ﬁﬁ terurtagrd0Rtease ARavEr t
renove the anor phous carbon but not the gr aphltl c

[00423r bon Thataftmmmmsandiebeapghomn maactontasce Wik avatisoembodiment
vapor deposition is continued as |ong as the carbon

of thaanetHdaaacloes NWBN TOWGEahe BehDoBitE f@@tﬂysﬁw&ﬁer&im@% shown in
addi tional catalysts can be added to pronote further

AR SR e

clenfify o it PRl 9o B3 B gt P BLSENE dn HBh Zho

o S AR B RTS Wl
the conposite catalyst layer 30, as shown in FIG 3 is

exhlaé@d:ﬁavfr@éerqu@hpahmmawmerﬁhén@rﬂ@dﬁﬁr\ﬂmbocémmémthetha

the non-catalytic elenent, for exanple froman all oy
compbsite omamdlmdebiwmteﬁishdmm Fiih Shevitheahal lapenod iron of
are deposited substantially sinultaneously. Generally

abolithe nMACRH &neXaNdrids 1%%@@@%&{0@1 i Qhikk 2@ tBF}nEPiéEMW@NTs have

i n anot her enbodi nent with the conposite catal yst

dlan%f:ﬁ?él%r ofdhd ?ﬁﬁgﬁ:‘nt NTS Eﬂ&\%ﬁgﬂi [EV\%Nf'ﬁg}%\k r%eth'eaéb‘ﬁ‘iposﬁe

ron o out nmw ayer o anum

Cataﬁfﬁgfﬁtveiéﬁm bRpgad 'Qtnaﬁ%%%ﬂﬁ%wsfﬁvﬁ bA0BIEI, 85

onposite catal yst Y\yer 30 i s deposited in
lustEpleer IR &G g AR 4B ofVhiE 8RS aifargngIeyaranpreaiously described, are
illustrated in FiGS. 4A and 4B. Wile the alternating

mor¢ aget affeqiivehauliiealitys dréybalde generatyrgrovastrberf heovivbes having
than the alloy, they al so generally grow carbon
lengttangleabershatiagarbon nanotubes grown on the composite catalyst layer 30
deposited from the alloy.
[0043] SWCNTs may grow by controlling the composition of the composite
catalyst layer 30, the structure of the composite catalyst layer 30, annealing of the
composite catalyst layer 30, the nature of the carbon precursor, and the growth
conditions in the reactor. The composition of the composite catalyst layer 30 may
affect the number of walls of the carbon nanotube. As the atomic radius of the group
VIt and the non-catalytic elements decrease, the size of the catalyst nanoparticles
produced during annealing of the composite catalyst layer 30 decreases. The smaller

sized catalyst particles (nanoclusters) produce smaller diameter carbon nanotubes.

In addition to the atomic radius of the catalyst, the layered structure of the catalyst
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| engt hs greater than the carbon nanotubes grown on the
conposite catal yst |ayer 30 deposited fromthe all oy.
WO 0B43P59BNCNTs may grow by controlling the conpoBUS$100T079528
of the conposite cat aI yst Iayer 30, the structure of
asi t cata ! 3 anne of the
il BT 92t o 11 wdtopd pahBes; Ao AR BnBrat0% ek
recursaor, and the rovvth condltl ons in the reactor,
prodhes @ k%.p@rftﬁlﬁsc@urmeth@&ﬁﬁaga&téea&m%t%@l%@b@@efg@tﬁM‘{/CNTS
affect the nunber of walls of the carbon nanotube. As
and {1 Ct ientiocanond iptefesbly the catelypt pavtickesdprotieced should be below 5
non-catal ytic el ements decrease, the size of the
nm ioafiad, YR prualuepanidlicdzasly s msiticled tiieitémpetivead irivg) @8hort
the conposite catal yst |ayer 30 decreases. The smaller

therﬁ'a?ﬁ*lgaﬁﬁérﬂl S0 PHUES BB UlNBRISEYS B 8bo! 994RS and close to

di anet er carbon nanotubes.” In addition to the
goacq; omc radius of the catalyst, the layered structure
the catal ystinfluences the size of the carbon

not ub anneal i n ture that roduces
00420 | oF Thacared ne ey KRB En G anC Al Ren s ragtive at
may permt SWCNTs and DWCNTs to grow, preferably the
eleva@tdahemerawess anesape bihas despawpcgitive rpasoynbariikaly to grow

size. To produce small catalyst particles the

MWEBITpleecausedhdyigengrate Sigher catmymiilx. (Troegrome8WEINT Ehd DWCNT,
m nut es shoul d preferably be above 500 C and close to

the &H0Q& of Re4He EA®0oRAE RULRHESHES8E g &h kBpRIPHYEE BRURhr, such

acetylene are reactive at el évated tenperatures and

W AN8hanle %S{He'rl%l!y @La%’?%ﬂi% &Eglehbﬁ‘ﬂdya&é%i%@%{nd

because t ey generate er car

thustERteeRey @@?%%W’ 3\»@1\5%?0@3{%?04 bl B et

nmet han ane is nore thermally stable than
Presgpiy fig &a Héetyl ene and thus requires |ess
managenent, such as dilution for controlled carbon
[00453r t i al The growth conditions in the reactor, particularly the flow rates of the

hydrogen gas, argon gas, carbon precursor, and the temperature, affect the
morphology of the carbon nanotube growth. Hydrogen is introduced to dilute the
precursor and to control the decomposition of the hydrocarbon precursor. Thus
controlling hydrogen flow can prevent unnecessary excess of carbon within a carbon
nanotube growth zone, particularly amorphous carbon. The greater the flow rate of
hydrogen gas the higher the probability of SWCNT growth. Hydrogen and argon act
as diluting gases preventing amorphous carbon formation. Argon flow dilutes the
carbon precursor and decreases the flux of carbon atoms towards the growth zone.
As the flux of carbon atoms decreases the probability of SWCNT growth increases
because the hydrogen may prevent the formation of amorphous carbon. The flow of

the carbon precursor should likewise be kept low to prevent the formation of
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pressure and carbonflux. [0045] The growth conditions

in the reactor, particularly the flow rates of the
wWhy@B00e®e6 gas, argon gas, carbon precursor, anBCT/082007/079528

tenperature, affect the nor phol ogy of the carbon

PRk EapSanOp sttt PRl el il deere gl e Ripdts

rocarbon precursor. Thus controlling hydrogen flow
SWE&%%’P Bnt gnnecessary excess of carbon within a
car bon nanotube growth zone, particularly anorphous
[004&r bon. Thkerowtatesnparaturée influenaee tios moydhalggn of fe cdmbon
hi gher the probability of SWCNT growth. Hydrogen and

nanatugeniragénaral, didusted ergesratrBE QVE BhEE heASITRROMBbIlity of the
car bon fornati on. Argon flow dilutes the carbon

Carb%heé)c%‘?soﬁ'hﬁ@% Q%@rt&% @?aturlé% Fhéﬂ*ér u&ﬁ@?/%g;\ AIBO0°C and

towards the grovvth z ne. on at oms

oo RERSRR L P IR, BB R i
o R S SRS, R e} eSSt SHE P hapion ot

of anor phous carbon. Low carbon precursor flowrate is
of thedyrecurses) Yhe bigheodaeempuElon galevinay thereise berealgnead with an

tenperature influences the norphol ogy of the carbon
increasoinube flownomgen aind/e| edad @sh yaspecatitsl éise cadreeafie: and help
the surface nobility of the carbon atons. Thus higher

prevteﬂtrﬂﬁﬁedts@hetﬁan@cﬁr@ﬁ@u@bébbohetWeen about 800 C and 1000
i ncrease the probability of grow ng carbon

[ao4ﬁn0t UDERIDEL I TS REL ABho VBB HUEKSL i

h temp eratures al’'so i ncrease econpositidn rate

con %é%%ferbﬁ i LR ane TR RoEhare Pl tofo

on and/or ﬁ}rogen gas to control the carbon fl ux
i

exafaﬁ Hel' & ph e Rirdrschani e haysbgpiraarecaaibained at a higher

temperature, such as 400°C. Thus, the three-zone furnace helps control the
temperature in the middle zone.

[0048] In one embodiment, improved production of the carbon nanotubes is
achieved by using the composite catalyst layer 30 to regrow multiple arrays 10 on a
same substrate without additional processing of the substrate 20. In other words, by
removing the carbon nanotubes from the composite catalyst layer 30, additional
carbon nanotubes may be grown on the same composite catalyst layer 30. The
composite catalyst layer 30 is not reprocessed between successive periods of
growing carbon nanotubes. By way of example, removing the grown carbon
nanotubes from the composite catalyst layer 30 may only require a slight physical
pressure, particularly when the carbon nanotubes are in the reactor at elevated

temperatures. Growth of additional carbon nanotubes on the composite catalyst
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[0047] One preferred reactor uses a three-zone
furnace. The growmh is conducted in a mddle zone. In
w0 b@sfld93¢ zone t he reactant gases are preheatdr/Us20hT079528
exanpl e 45Q0C. In the third section, the exhaust gases
i.ntained . at ..a hi r. te u as4OO
faye?ﬁﬁﬂwe%fﬂ?@% 8 e PieiR el RS Hellpfinedy TS Sale
ure in the mddle zone. [0048] In one
SUb%FﬁS%giO ing a&@mﬁe&ep}a&@mtfaw ”’t%’e/'%lgrfﬁfélﬁple arrays 10 of
nanot ubes i s achi eved by using the conposite catal yst
carboay@no8gaso regrow nultiple arrays 10 on a sane
substrate wi thout additionai processing of the
[00499bst r aTke 20mpdsitetdatdlystaayks, 3Myari asRMidg@e pditeeadrb@io opposing
nanot ubes fromthe conposite catal yst |ayer 30,

side@@f tid @u@tr&@@@%r ﬂ%?@ééé@?oﬂﬁ&hﬁ%oqm%b@ﬂa@@o %a%nted for

conposite catal yst |ayer nposite catal yst
e 0
exa”n?%g#%%‘?% S0l bR R B PR G B IR o Bl fdes of
ving_t he r bon na otube fromthe conposite
the SURSHAIR 0 IS GEPOSRY IReiedRRGIaREgRR S THEsTAThR NG IPERITTOW
pressure, particularly when the carbon nanotubes are
accqrdingte the ge\deusly d@lseﬂreﬂf:baropeﬁp@n foweyer, taeearrorpopranotubes
addi tional carbon nanotubes on the conposite

grove &rbed gt side rof 3ite Bobstoate 20esmviibnedudihenpadetiteh, g alternatively,
car bon nanotubes. Thus, a single substrate 20 having a

mcréé@éﬂ%bb@ctﬁﬁt&&h&?be'o%t@he@Qy'@po&élt?ﬂg@h%ﬁﬂﬂsﬁe&faﬁﬁyﬁ layer 30
10 of carbon nanot ubes. [0049] he corrposHe cat al yst

over \?éff Larag CBBirale30 Egﬁg depasibeta Qﬁféot%hg S %kﬁﬂﬁﬁﬁeters

e substrate or 1 ncrease pro UCt IVIity

atong R fthnEidon Fof R %@ﬁﬁd*%%?émﬁg?f“?géeﬁ’y%%‘v%ﬁ@%?ﬁv be

si.des of the substrate 20 is exposed to the reactant
deperiled VIt RRoPSIERSPYAROPABBL Hiesk lacothshigles gecomposite

eviously descri bed procedure; however, the carbon
cataﬁ@h@wbég may also be deposited with CVD techmque on these large

substrates.

[0050] Bulk synthesis of carbon nanotubes are grown on a plurality of
particulate substrates 60. FIGS. 6A, 6B, and 6C illustrate cross sections of spherical
particulate substrates 60. However, the shape of the particulate substrate 60 is not
critical. The particulate substrate 60 is generally a nonreactive, refractory particle
having high temperature stability, for example, magnesium oxide (MgO), alumina
{(AlO3), silica (SiO,), or other oxides.

[0051] The composite catalyst layer 30 is preferably deposited onto the
particulate substrate 60 in alternating layers, discussed above. The individual layers
comprise the group Vil element or the non-catalytic element. For example, as

shown in FIG. 6A, the composite catalyst layer 30 coats the particulate substrate 60
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grow from each side of the substrate 20
simul taneously. In addition, or alternatively,

w0 p@see®ad productivity may be obtai ned by deppST/ub1997/079528
the conposite catal yst |ayer 30 over very |arge
substrates, such as on substrates exceedi ng tens

sucly et prisidkernPargatsdbn ravtiriale swDskrale 63 anpitee Segend or outer

conposite catal yst layer 30 may be deposited with
layenadwetisohesrat lagei 68 Omeopreferssl stavgjeresbbs altatnading ‘hers of
conposite catal yst layer 30 may al so be deposited wth

iron @B daeiohmiuey dn emotiesenbatigent ubs toaimsite [AGHM 1830 has
synt hesi s of carbon nanotubes are grown on a plurality

four%ﬂteﬁ%t%b%y&%%f%@? & R @Igmeﬁt _d tﬁé\noﬁfbatél%'c Blement. For

lustrate cross séctions of spherical particulate

exaﬁH%&% g?céggi%w%\fé’ thtﬂEsgll%@ géwﬂgmﬁa} Oi' & YeBbSited on
oo BRI U8 F e 0h

exanpl e, magnesi um oxi de (MyQ), alum na (Al 233) ,
depesitedean (hei el layes F2on Hiird BYEHES CONUUBTY m!wﬁwﬁaﬂ@n the

catal yst layer 30 is preferably deposited onto the
secqar lByeubdtandabisttiatayet 68iconarisergngadoloniliayigdsposited on the

di scussed above. The individual |ayers conprise the
thirddegase/M el ement or the non-catalytic el ement. For

exanpl e, as shown in FIG 6A, the conposite catal yst

[oodfz?yef 3PnE& %ﬂ@yéthﬁ C{]h*a%g'b%tc?e %Hrffﬂrﬁ Sg?ir atéihg%?@étg%e

st Iayer coa arti te su

ts the fi
catalyl BEE L 92 H ﬁ@ylﬂ? Sedraif B Fot Biamilg asdMirasdin Fio.
and gadol i ni um In anot her enbodj ment, the conposite
6C, tha RASylalegdrstaie BRsmRY Be coptad Kam &y allay eempEsingHion and
group VII! elenment and the non-catal ytic elenent. For

gadelidupl e, as depicted in FIG 6B, the first layer 62
conprising iron is deposited on the particul ate

[0053Ubst r aTiee COMMdslte Tasapsingydradletarbbe eleppsitéd 06to the particulate
gadoliniumis
substrate 60 and the substrate 20 by any well-known method, such as a plasma
deposition system, e.g., an radio-frequency plasma or a microwave plasma CVD.
With the plasma deposition, the group Vili element and the non-catalytic element
can be bonded to the particulate substrate 60 or the substrate 20. For example, the
plasma CVD produces the composite catalyst layer 30 having iron onto the
particulate substrates 60 when ferrocene vapor, Fe(CsHs ), is introduced into the
plasma. Similarly, in another example, iron deposits when an iron precursor, such as
iron pentacarbonyl, Fe(CO)s is introduced into the system. To deposit a composite
catalyst layer 30 having gadolinium, a gadolinium precursor is introduced, such as
gadolinium chloride GdCls, gadolinium propoxide Gd(OCsH-"), gadolinium (2,2,6,6-

tetramethyl-3,5-heptanedionate}, Gd(C1+H:902)s tris{cyclopentadienyl), gadoiinium

16



deposited on the first layer 62, a third | ayer 66

conprising iron is deposited on the second | ayer 64,
w@nsaofsurth | ayer 68 conprising gadol i ni um i BCT/US2007/079528

deposited on the third [ayer 66. [0052] The catal yst

CoRE ms?f@?%ﬁgﬁiwﬁb&%ﬁéﬁfﬁ&esg CrileBreMlubd(CEPR08s: B, Any

For exanple, as illustrated in FIG 6C, the
of th&aﬁ"ﬁ%'@loéﬁ BAYOG LW aﬁem‘e@ra&ﬁyreo@a&m istrodrer o the gsma
conprising iron and gadolinium [0053] The conposite
systenit witly stbubiesr elBterdeomiselid spais ior ébnosolaitipheSimilarly, other group
particul ate substrate 60 and the substrate 20 by any

Vill glehlerktsoun bedhioducelioto &% plaphasitarposrddrad deystiethe
e.g., an radio-frequency plasma or a mcrowave plasna

com%@te Whalyst g/eP h@%mo W%ﬁ’bb% stib§r&tE BPoMMe s@b%ﬂﬁﬂat 20.

and the non- cata ytic el enent can be bonded to

o0 U S S S S i

cat al r 30 having iron onto the particul at
depajtit %&3%@@ P%’F'P&'@%%‘JR’%{%? B03 (S presanseia] one or more
introduced into the plasma. Simlarly, in another
saltsegempriging ithe Aalabsbéaves campesiion: LMD (m-beamstgposiiash magnetron
iron pentacarbonyl, Fe(CO is introduced into the
sputsarisige theriral éeamﬁatioa, sagebsythtbesiat bay atillihgyles paficulate
havi ng gadol i nium a gadolinium precursor is

subdtRfte9d06athin SUSRHAS cﬂ@ﬁ@'drﬁhé‘@ ééMsQir'&@déBjé%mﬁnsmg the group
gadol i ni um propoxi de Gd( OC3 , gadol i ni um

VI %%eréﬁ‘ o@thé ﬁBr‘é ?ﬁﬂ%’d %légwn%ﬂ:?)%r Eatc%gx’ﬁﬁlh ms@@égﬂh"safts or any

o R B B8 e S P B,
sure rray be i ntroduced into the plasma systemwi th

buikéyat?@@rse@f casbemapneiubes i the RarigdatsrsubististePRprenseds

Simlarly, other group
according to the growing step as outlined above with respect to the carbon nanotube

array 10.

[0055] The invention can also be practiced using a floating catalyst. In this
embodiment the catalyst is introduced as a gas using, for example, vaporized
ferrocene or cobaltocene and gadolinium chloride gas. The catalyst gases are
infroduced with the reactant gases, such as ethylene, as previously described.
Generally the catalyst gas will comprise about 1 to about 3 volume % of the total gas
flow into the reactor. The catalyst will be about 95 to about 5 wt. % of the group Vi
element and about 5 to about 95 wt. % of the lanthanide element , as with the
tayered composite catalyst 30.

[0056] In order fo facilitate a more complete understanding of the method of

the invention, the following non-iimiting examples are provided.
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Vill elenments can be introduced into the plasma system

in order to deposit the conposite catalyst |ayer 30
WOnH08/103986 parti cul ate substrate 60 or the subspPCHUS2080079528

[0054] Ot her nethods such as e!ectro-less deposition,

ei ectrochem cai depositi | ci,nati on on the

particul ate substrate 60gsqé\hgﬁlegaresence of one or

more salts conprising the catalyst |ayer conposition,
[00FID, e- Hebdmarpoidm wan depagied Pbe-ReAM CEPPAFONaNe grIOXIdized

evaporation, sol-gel synthesis, ball mlling the
singbacryistallsdtcon svaist. TaeeSiGa0ayet dcha dhinkixeasr & approxienadely 500 nm.

nore salts or oxides conprising the group VIIl el enent

TheA! flifewa® BoRairldihiccaleharBmt oxide By @RpbBsiRgtt foR aBbut 10 minutes in
oxi des and salts, or any thin filmtechnique may be

' : ' t o3
s Pl SR B OIS A T o PRt o

3 t at 0. rdi to row ng.st.e
vol. AR g SRR e S B8 LT B T OB A i Bo Gunes
arra aio. %0055{; Tge i nvention can al so be practiced
perfggpﬁé PFGs548 RYPLALH yst. In this enbodi nent the
catalyst is introduced as a gas using, for exanple,
[005&dpor i zédcarapesieeeaialyst aybahevog methinkdegagdhbailidmm was
chloride gas. The catal yst gases are introduced wth
depbéited bpetiardm dapesiios vahtopof ¢hdsiuatiaumeasxigs eMiooshyosite
descri bed. Generally the catalyst gas will conprise
catzhRyel Wb RRABY fdny ahuIRy %rabolingo WAl & ir@Rand l®Wut PO Wt. %
t'he r'eactor. The catalyst "will be about 95 to about 5
iup of the group VI1i element and about 5 to about
W . %of the |lanthanide elenment , as with the
yered.conposjte catal yst 30.. [005 Jn order to
oosdi! | 7t P8 LoRkse 431 il daminid AERA! i 7S hnerhenmaly
of the invention, the following non-limting exanples
annggledgpbd ingets @dMSCanair. Following annealing, the substrate was loaded

gad

into a CVD reactor to grow a carbon nanotube array. The reactor was purged with
about 1000 sccm argon for about 10 minutes at room temperature before the
temperature was increased. The substrate and the composite catalyst layer where
heated to about 400°C and held at that temperature for about 20 minutes to permit
the argon flow to preheat. To reduce the oxidized composite catalyst layer, the
temperature was increased up to 700°C and a flow of about 200 sccm hydrogen was
introduced into the reactor for about 15 minutes. The temperature of the CVD reactor
was increased to about 750°C. The substrate and reduced composite catalyst layer
were held at that temperature for about 10 hours while several gases were
intfroduced into the reactor to grow the carbon nanotube array.

[0060] The following gases and their flow rates were adjusted and introduced

into the reactor to grow the carbon nanotube array: ethylene at 200 sccm, Ar at 300
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[0057] A 15 pm Al filmwas deposited by e~beam

deposition onto an oxidi zed single crystal siiicon
wowrdenosoIhe Siq 2 iayer had a thickness of PCT/US2007/079528

approxi mately 500 nm The Al filmwas converted into

scor, AT AR B BOAL o 401a b°c3%ﬁ%§ﬁih“sﬁ§ i, room
20 vol. % 2 and about 80 vol % Ar. The ra
temperagirerRUPHR 2 ane hy@ww@@%m%né\ﬁ?hke%&w&t fhereggter was

performed at pressure of 60 Torr. [0058] A conposite
cooledttalrgem teamperathss Img flawtdiiaDonkees 4f. Hyemethodmprodigced a CNT

deposi ted by e-beam deposition on top of the al um num
arragXiadéng darboc oapokities of apalgxdinately Frmmais |&ogied from an

all oy of about 80 wt. % iron and about 20 wt. %

gadol inium [0059] The sphamm@terand the conposite

catalyst filmwere then thermally annealed for 5 hours

woea:;s4?22gm¢%feafaa@ggwgggr wgt%%bg?gew 4 FUBEbh LBt
oo RR G ] OB B CSRPBE S S o i Phness o
before the tenperature was |ncreased The substrate
abogind ntmand srasdeinmed &anapy slloy geingvaieiren Hegeddiniemaweioht
400 C and held at that tenperature for about 20

peraenh tatesoft abqpe58Y30.t he argon flow to preheat. To reduce
t he oxi di zed conposite catal yst |ayer, the tenperature

[006MS | NncTRaseBsihtel sd B1& SorApésite ddtalysPlayaPdte dARe588MNd
hydr ogen was introduced into the reactor for about 15

redJEe@Lgc%%r dﬁ??o ‘El’géTﬂgt %glre%ﬁ% driB8d VBxh (Fé erﬂ"\@%ﬂztlon the

I'ncrease e substra and
nan§OPRESISE 3V ERr ANFLoNE P B i FIBRARE 3o
timei. nto the reactor to grow the carbon nanotube array.
[0063] This method produced a CNT array having carbon nanotubes of
approximately 5 mm in length.

EXAMPLE 3

[0064] A composite catalyst layer was deposited onto a silicon substrate
prepared as described in Example 1. The composite catalyst layer had a thickness of
about 2 nm and was formed from an alloy having an iron to gadolinium weight
percent ratio of about 20/80.
[0065] The substrate and the composite catalyst layer were annealed and
reduced according to the procedure described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions and time

[0066] This method produced a CNT array having carbon nanotubes of

approximately 7.5 mm in length.
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[0060] The follow ng gases and their flow rates were
adj usted and introduced into the reactor to grow the

w@ a00B0es9B@not ube array: ethylene at 200 seem PCT/HS2007/079528
300seem and water vapor carried by Ar flow ng at 150

seem passing through a r rature bubbl er, and
hydr ogen at 200 seem AfW:E)%ours, t he reactor was
cooled to roomtenperature in a fl ow of 500 seem Ar.
[006Thi s mefrrsinproiguedlvel laver wes dppasitachegntess siliepn substrate
nanot ubes of approximately 7 mmin | ength. EXAMPLE 2
prepp0abas dascumedii Exaropledl. yidte tapposittasatdlysbkiyeetad @t tbickness of
silicon substrate prepared as described in Exanple 1.

aboUffenecambeiasdoeas @ lrgat anh afiey hbddgar ifdretogsdolipiura Right
2 nmand was forned froman alloy having an iron to

perc8ACRItbrHBMRI0gY percent ratio of about 50/50. [0062]
The substrate and the conposite catal yst | ayer were

neal e C cor di t r
00e§fcri 5o AT BE R AR kS BLCHERH BRngereo and
were grown under conditions simlap to the Example 1
redugBA @icEPisHag ghﬂ‘et ﬁ)ﬁ%.@gw@@&ﬁc %'m%%ﬁ@@fepf JARLoD, Eher
array having carbon nanotubes of approxinmately 5 nmin
nanotebes wer@grnPn Bngef cosiions sioeoin the txamplest cobagitiens and
was deposited onto a silicon substrate prepared as

timedescri bed in Exanple 1. The conposite catal yst |ayer
had a thi ckness of about 2 nmand was formed from an

0068 O NIl SEAIT Ll gbieongaples o
appr%QMgi);f}nﬁﬂtiﬁlié'@tth.l ayer were anneal ed and

EXAMPLE 5
[0070] A composite catalyst layer, having two alternating layers, was
deposited on a silicon substrate prepared as described in Example 1. The composite
catalyst layer was formed with a gadolinium layer having a thickness of about 1 nm
on top of an iron layer having a thickness of about 1 nm.
[0071] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions and
time.

[0072] This method produced a CNT array having carbon nanotubes of

approximately 8 mm in length.

EXAMPLE 6
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reduced according to the procedure described in

Exanple 1. In addition, the nanotubes were grown under
weoenditeidans simlar to the Exanple 1 conditi onBCHO007/079528

time [0066] This nethod produced a CNT array havi ng

rbon nanot ube [ OX|
1007331 och. Bprese SHialraRe iRnG aﬁgf%tvgtlawﬁﬁavam%DOSIted
deposited onto a silicon substrate prepared
on tifa SUEPB SHOR B IAIRPRIEIIES FRRCTDERB EHEEA T GtComgasite catalyst
had a thickness of about 2 nm and was forned from an
layeawiasyformed hy depositiog arorgrakiyker havimgvweihrgtinepe ot ehout 1 nm on top
rati o of about 95/5. [0068] The substrate and the

of a gaphsiutrelaget Abyisy o tajkneyeotaloutenrhed and reduced
according to the procedures described in Exanple 1. In

.[Oﬂﬁﬁd' ti o‘?he@u%sﬂéféoé@% &&ﬁ&o&{@d&ta%ﬂ%&e?%% th«gaﬁ(fd and

simlar to the Exa condi tions  an
o WL YRR S R PR Miatrsne
nangiibes NP REOT BYIE! CBLUNED B8 B i BapIEbondions and

substrate prepared as described in Exanple 1. The
timeconposite catal yst |ayer was fornmed with a gadolinium

| ayer having a thickness of about 1 nmon top of an

[007i5]on | aYhis thaticdgpradubed kT aofaydinitg danion rfPTddes of
The substrate and the conposite catal yst | ayer were

apprRRSalefds ane iheshiprd according to the procedures
described in Exanple 1. In addition, the nanotubes

were grown under conditi@pg,sdihar to the Exanple 1
condi ti ons and

[0076] A composite catalyst layer, having four alternating Iayérs, was
deposited on the silicon substrate prepared as described in Example 1. The
composite catalyst layer was formed from four alternating layers with each layer
having a thickness of about 0.5 nm. The layers were deposited as follows: iron,
gadolinium, iron, and gadolinium, with gadolinium being the topmost layer.
[0077] The substrate and the compaosite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
.nanotubes were grown under conditions simitar to the Example 1 conditions and
time.

[0078] This method produced a CNT array having carbon nanotubes of
approximately 11.5 mm in length.

[0079] This procedure was independently reproduced with a three zone CVD
reactor and 18 mm growth was achieved.

EXAMPLE 8
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time. [0072] This nmethod produced a CNT array having

carbon nanotubes of approximately 8 mmin | ength.
WE0MRPR36[ 0073] A conposite catal yst | ayer haRCTHyS1000079528

alternating | ayers was deposited on the silicon

bstrate prepared as described in Ex le 1. The
1008 rposi Aecdmp *{ﬁs?atﬁg@g#ay%w rBenatogiayais was
iron layer having a thickness of about 1 nmon top of
depasitpebion ihe silieorayepstraieinigpared wisclaassibedfin &xeutpla 1niach layer
[0074] The substrate and the conposite catal yst |ayer
hadwetheckanee af aboaindl Srred Uthesl layecowdren depositdueapfoticadugadolinium,
described in Exanple 1. In addition, the nanotubes

iron\g&&I BN e ER, WRRGohitRNsy Sieobfiost tayidpe Exanple 1
conditions and tinme. [0075] This method produced a CNT

ray hawuj 0 : ' I '
ngt h. onposi caral ys ayer,
[ooqag ?E%\%%BEE&% f‘%cg%%o&%gésl%f c ?g&?f&{ygfh%{é( Fﬁn&éﬁ’eﬁ%nd
havi ng four alternating |ayers, was. deposiited on.the
red B &30l ¢ M BRF e the BB Bha S RGBS 1 R aions the
The conposite catal yst | ayer was formed from four
nangiubgs e'e Mo VR e GPpditieas Rimitey ée thenfxag e { mookiiess and
of about 0.5 nm The | ayers were deposited as foll ows:
time.ron, gadolinium iron, and gadolinium wth
gadol i ni um bei ng the topnost |ayer. [0077] The

[0082)bst r aTRisanetHIEpRANBOS bIENT aralyysdvih@¥afhoNeidhotubes of
anneal ed and reduced according to the procedures

sopfSSSHLEgin Sigghe L 0 sddlon, Lhe, nenotutes

condi tions and EXAMPLE 9
[0083] A composite catalyst layer having a thickness of approximately 2 nm
was deposited from an alloy having a weight percent ratio of iron to gadolinium of
about 80/20 by e-beam deposition through a shadow mask with holes of 1 mm in
diameter and spacing between the holes of 1 mm. This procedure created a
patterned composite catalyst substrate.
[0084] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions, except
the CNT array was grown over 6 hours rather than 10 hours.

[0085] This method produced a CNT array of uniform posts having carbon

nanotubes of approximately 8 mm in length.

EXAMPLE 10
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time. [0078] This nmethod produced a CNT array having
carbon nanotubes of approximately 11.5 mmin | ength.

W 2®339593hi s procedure was i ndependently repr oPCIES007/079528
with a three zone CVD reactor and 18 mm growt h was

hi eveq. EXANMBELE 8]0 co Ite catalyst |ayer
1008K].) g R SETRAS Bt ng o el G SabEaf St it dibran iRy 2 nm
sjlicon substrate prepared as descrjbed in Exanple 1.
WaSE&@ﬁsnt%g/éprrh% aloy RRWIRE ST toagrsinlinging waightipricenlyatig of
wer e deposited as follows: gadolinium iron,
aboth{¥b0 bl enpeamdidpositiondhrdughraahaddwgnaskewitio potsstof 1 mm in
| ayer. [0081] The substrate and the conposite catal yst

dianhetgeandepaciag bealeeh dralholedwf ddnac higprgetiord beated a
procedures described in Exanple 1. In addition, the

patt&aBaidobaH eIty Hsnges. conditions simlar to the
Exanple 1 conditions and tinme. [0082] This method

oduce r V]

oo T s A PR oM Al R BV BB ppeated and

conposite catal yst |gyer havi, a thickness of .
rec g it e HinrRal saaaeribauy FOATMIE i Iogdiion e

a weight percent ratio of iron to gadoliniumof about
nangighed Weye grawakndepeandifions snrlauiming Examele haerdiipanand

holes of 1 mmin dianmeter and spaci ng between the
timehol es of 1 nm This procedure created a patterned

conposite catal yst substrate. [0084] The substrate and
[oogghe conpgsirh&thedtmbiibted 8\ONT WRag cTurEahfboRtfhaving carbon
nanotubes of approximately 5 mm in length.

EXAMPLE 11

[0089] A composite catalyst layer having a thickness of approximately 2 nm
was deposited from an alloy having an iron to gadolinium weight percent ratio of
about 20/80 by e-beam deposition through a shadow mask with holes of 1 mm in
diameter and spacing between the holes of 1 mm. This procedure created a
patterned compoéite catalyst substrate.
10090] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions and
time.

[0091] This method produced a CNT array of uniform posts having carbon

nanctubes of approximately 6 mm in length.
EXAMPLE 12
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reduced according to the procedures described in

Exanple 1. In addition, the nanotubes were grown under
w@oemdileivens simlar to the Exanple 1 conditi onBCT/BK206T079528

the CNT array was grown over 6 hours rather than 10

urs. [,0085
[00911T o7 T ROSR ST TSP ARG B BB af)ap%ry?m%fslv nim
8 mMmmin |length. EXAMPLE 10] 0086] A conposite cat ai
was| dﬁp@@ltﬂg\vrqw@aa aliay ERHESSOI O BpeRNke|ifét BIWeighhpeTRaB Stio of
deposited froman alloy having an iron to gadolinium
abouk®ybtbypebeam depasitmrothragiue s6046@ rbgslewitbanales of 1 mm in
deposition through a shadow mask with holes of 1 nmin

diardétarahe spabidgiRagkag thehveenf tiher dires pefcetiur@rebitéd a
procedure created a patterned conposite catalyst

pattéH{é%!téc% sst[eo&ﬁélﬂgst_@lﬁ)s‘ir‘é trate and the conposite

cat al yst ayer re anneal ed and reduced according to

oot LoSTAMBREREE) R0 o B i on

the Exanple 1 conditions and 1 This tho
redygiedRic@iing Eiheprogpd er&f?ﬁwﬁﬁgﬁbé& .nBﬂ@gEﬁE@ﬁ the
nanot ubes of approximately 5 nmin | ength. EXAMPLE 11
nanpbeswere grawosinder candifigs sinilasio N Engmala hicorditioss and
of approximately 2 nmwas deposited froman all oy
timehavi ng an iron to gadolini um wei ght percent ratio of
about 20/ 80 by e-beam deposition through a shadow mask

0094 "0 Rl BT arm npal s Moo
nanSRIBEYr L pFRLALYER 2 FURS [Bkfgth.

EXAMPLE 13
[0095] A composite catalyst layer was deposited through a shadow mask with
holes of 1 mm in diameter and spacing between the holes of 1 mm. The composite
catalyst layer was comprised of four alternating layers with each layer having a
thickness of about 0.5 nm. The layers were deposited as follows: iron, gadolinium,
iron, and gadolinium with gadolinium being the topmost layer.
[0096] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditi.ons and
time.

[6087] This method produced a CNT array of uniform posts having carbon

nanotubes of approximately 8 mm in length.
EXAMPLE 14
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[0090] The substrate and the conposite catal yst |ayer
wer e anneal ed and reduced according to the procedures

waele®snodved in Exanple 1. In addition, the nanop@iy€sS2007/079528
were grown under conditions simlar to the Exanple 1

ndi ti gns_and . 91] . Thi s duce
100Gy ot CrINPBT I aSt HAeT havd i aRRPLBBS gy ately 2 nm
approximately 6 nmin | ength. EXAMPLE 12[ 0092] A
{ed dramealajisy hed@rarhBon fg 9adeliiemrnueighbpercent ratio of
approxi mately 2 nm was deposited froman all oy having
aboah80/26rbyt e-bgadoti¢pusitianibirgbgh pehedaw mask witbfhadgmat 0.1 mm in
95/5 by e-beam deposition through a shadow mask with

| dnanh@tlee@ndfsphcm@hmwdenm Ableanst (spamihng bet veen the
hol es of mm This procedure created a patterned

[Oogz‘;ﬂrrpo& tT?’leCs&Ub% r)é%t ?ﬁ%é&% ositdOA3] s-trréﬁeﬂﬂfé?é %‘% aR%nd

e corrp08|te cata ayer were annea ed and UCG

realgit g CLOE&nbﬁa“ﬁ%a&%é@%“%é?%@%@ @ﬁwg@?eﬁéﬁﬂ?ﬁ%ﬂ@ e

simlar to the Exanple 1l conditions and tine.
nanwb@smrﬁcﬂfowﬂmé&oa IBRAS &I 1B ANG RXRBIANG Mévtnéﬂffons and

havi ng carbon nanotubes of approximately 2.5 mmin
fimg.engt h. EXAMPLE 13 [0095] A conposite catal yst |ayer

was deposited through a shadow mask with holes of 1 mm

[00100]di anathey mattcbdspradliogd lreC Weedrrdyhef drdioes mdstd hamingTdaebon
conposite catal yst |ayer was conprised of four

nan@ﬂt}b%%rtﬁtép'gago)h:%)éﬁil)?ﬁ%ﬁ‘ﬂnqgﬁ@th' ayer having a thickness

about | ayers” were deposited as foll ows:
i ron, gadolinium EXAMPLE 15
[00101] A composite catalyst layer having a thickness of approximately 2 nm

was deposited from an alloy having an iron to gadolinium weight percent ratio of
about 80/20 by e-beam deposition through a shadow mask with holes of 0.01 mm in
diameter and spacing between the holés of 0.01 mm. The shadow mask was
comprised of polymethyl methacrylate (PMMA) which was manufactured directly on
the surface of the substrate using e-beam lithography.

[00102] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions, except
that the CNT array was grown for one hour rather than 10 hours.

[00103] This method produced a CNT array of uniform posts having carbon

nanotubes of approximately 0.5 mm in length.
EXAMPLE 16
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iron, and gadoliniumw th gadolinium being the topnost
| ayer. [0096] The substrate and the conposite catal yst

wo 2008103886 e anneal ed and reduced accordi ng to PEEUS2007/079528
procedures described in Exanple 1. In addition, the

ot ubes were .gro under condj tions, sim | to th
(00K o1 o AcQBRGHES GAIYSHAY e WES CepRstgd HildaRtapng rather than
produced a CNT array of uniform posts having carbon
gadeliieTudes comrasiesriaisidpyerovasiarmeadanigt B.laaNparhanum on
14[ 0098] A conposite catal yst |ayer having a thickness
top offa Eyer okiroat Bagh Biyenmhads theposss etlapproxinaatebl 1 om.
having an iron to gadolinium wei ght percent ratio of

[00105put 8Th8Qubyirgtebeamndenoapssirncdtafevahepwehadare s land

with holes of 0.1 mmin dianmeter and spaci ng between

reducB8 JH&!O?tﬁngfto %ép%dﬁr‘é‘&%seﬁﬂ@d%@% €134 5HBRion, the
at a diced

conposite yst lTayer were anneai ed and re

v GRS 08 oy S9N o5 O B Fghent

. simlar to the Exanple 1 conditions and tine. [00100]
timéThi s et hod produced a CNT array of uniform posts
havi ng carbon nanot ubes of approximtely 8 mmin
[00108hgt h. THieAwPitRAITOHOCEd 0 (FNA acmyduing cardioal natotuaseof
- having a thickness of approximately 2 nm was deposited
appfoximaiatly alnhyin fengthg an iron to gadol i ni um wei ght
percent ratio of about 80/20 by e-beam deposition
through a shadow mask wipipless7of 0.01 nmmin
di anmeter and spaci ng between the holes of 0.01 mm The

[0019H79OW B ¥GKite catalyst layer was deposited with lanthanum rather than
gadolinium. The composite catalyst layer was formed with a layer of iron on top of a
layer of lanthanum. Each layer had a thickness of approximately 1 nm.
{00108} The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. 1n addition, the
nanotubes were grown under conditions similar to the Example 1 conditions and
time.
[00109] This method produced a CNT array having carbon nanotubes of
approximately 10 mm in length.

EXAMPLE 18
[00110] A composite catalyst layer was deposited with gold rather than
gadolinium. The composite catalyst layer formed with a layer of gold on top of a layer
of iron. Each layer had a thickness of approximately 1 nm.
[60111] The substrate and the composite catalyst layer were annealed and

reduced according to the procedures described in Example 1. In addition, the
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conpri sed of polynethyl nethacrylate (PMVA) which was

manuf actured directly on the surface of the substrate
waigiongo®ibeam | i t hography. [00102] The subst r aP€r/asab07/079528

the conposite catal yst | ayer were anneal ed and reduced

nandifift Hshe ol e’ BB BRELHGR S TREl, F bR PoRgians Ao

simlar to the Exanple 1 conditions, except that the
imecNT array was grown for one hour rather than 10 hours.
[001 03] This nethod produced a CNT array of uniform
[001385t s hahisrethadyuoducatbt (HEL avhy dFmyiraxcarabe Inanotubasmf
in length. EXAMPLE 16[ 001 04] A conposite catal yst

approfyedteas nileposdriggdl Wi th | ant hanum rat her than
gadol i nium The conposite catal yst |ayer was forned

with a |ayer of |anthangmaampiengof a |ayer of iron.
Each |l ayer had a thickness of approxinmately 1 nm [001

1001737 A Brpof il e SR PRk BBl ey than

scriped in Exanple 1. In addition the nanot ubes
gadfe%@ f%%vﬁomﬁv@éfte BNt iM% WasiheERore Tarmedml Angyer af gold on
cond|t| ons and tine. [00106] This nethod produced a
top aiNTiager elirorawitheeashribyer hewing ateiskoesspfauxprmaiely onm. The
mmin | ength. EXAMPLE 17 [00107] A conposite catal yst
subdtaye wasemrdepes fdrdd minuked atng@3000uim ainthe thdérhimaded info the CVD
gadol i nium The conposite catalyst |ayer was forned

reactdrt IThe has0bed wek®Brivh LisderdforRliddheesinfibr @fﬁtef@mmbse 1
Each |ayer had a thi'ckness of approxinmately nm

ConoQ@dnsTe;}?d Mastrate and the conposite catal yst Iayer
wer e annealed and

[00114] This method produced a CNT array having carbon nanotubes of
approximately 0.3 mm in length.

EXAMPLE 20
[0G115] The composite catalyst layer was deposited from an alloy of
approximately 20 wt. % iron and approximately 80 wt. % gadolinium. The composite
catalyst layer was about 2 nm thick. The substrate and the composite catalyst layer
were annealed and reduced according to the procedures described in Example 1. In
addition, the nanotubes were grown under conditions similar to the Example 1
conditions and time.
[00116] This method produced a CNT array having carbon nanotubes of
approximately 7.5 mm in length.
[00117] This CNT array was removed from the substrate and the substrate was
placed directly into the CVD reactor without any additional processing. The substrate

and the composite catalyst layer were again exposed to the growth conditions
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reduced according to the procedures described in
Exanple 1. in addition, the nanotubes were grown under
weoenditeidans simlar to the Exanple 1 conditi onBCHO007/079528
time. [001 09] This nethod produced a CNT array having
car bon nanotubes of approximtely 10 mmin |ength.
deS(Eb@ﬁdpnéEXme goh 10 me@@ﬁﬁgﬁw@%%mpgfraviwmmbon
osited with gold rather than gadolinium The
nan@wgp@@fﬁepﬁa@mﬂi@yﬂmmen I$regtheed with a | ayer of gold
on top of a layer of iron. Each | ayer had a thickness
of approximately 1 nm [EXHMBLE 2he substrate and the
conposite catal yst |ayer were anneal ed and reduced

[00Aggor di AGdRpédiR tgféf@@i V\ggtshé’\ﬁ \ﬁﬁ%térﬁ‘atﬁ@a{@é@ was bBposited

addi ti on, thenanot er co

on tr%] Q?Jﬂ)é'}?z%t%%&é%&g@x%'@éscnéﬁ%‘?ﬂﬁxéb%ﬁ%oI. :%ac@aggegﬂét%gllayel had a

tmc‘{‘r%%%%ose\?&én%% Fe Tiarasce SPhgatedas ‘el pedoandpium,
gold (Au) rather than gadolinium The conposite

Iron.capcagadolindyrer Wit gadelinismobeing dhertepropstdayeryer of gol d

on top of a layer of iron with each iayer having a

[00118] ckne$he alibaatcoandriicedgmpogite cathiyssiapst wateamasaled and
anneal ed for 10 mnutes at 8500C in air and then

reddc@é%%@o%ditg@ td iy FebBrGt Rscribbe 1:’6‘&&9&?’@5 We L8 dBibAMhe

under conditions simlar to the Ex condi ti ons

nanﬁﬂgeé Wee %&9& u%b{ Eghogngifé 5Pt %C edadpd cgﬁai%ns and

avi ng ca on nanot ube
time.

[00120] This method produced a CNT array having carbon nanotubes of
approximately 11 mm in length.

[00121] This CNT array was removed from the substrate and the substrate was
placed directly into the CVD reactor without any additional processing. The substrate
and the composite catalyst layer were again exposed to the growth conditions
described in Example 1. This method produced a CNT array having carbon
nanotubes of approximately 8 mm in length. This procedure was independently

reproduced in a three zone CVD reactor, as previously described.

EXAMPLE 22
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approximately 0.3 nmmin |length. EXAMPLE 20 [001 15]
The conposite catal yst iayer was deposited from an
W@Rd0sst03986 approxi mately 20 w. % iron and apprPXi/Dsi0et/§79528
80 wt, % gadolinium The conposite catalyst |ayer was
ut 2,nmthick. Th ubstrate and. the. site
100 F28 a1 < Firgihs ralafinhBaReiEh aPPeied 6 dERGaaH Ry ather then
t he procedures described in Exanple 1. In addition,
gadeliduinar be peaPastie Cafmlydidaveideamritiag @ iaies ofjanthanumen top of a
the Exanple 1 conditions and tine. [001 16] This
laverref frod. padulayedhad @Nhickneay ohappnoginsatehoh nnanot ubes of
approximately 7.5 nmin length. [001 17] This CNT

[00HR3]ay WIhelRBBYE@ didnd fempodist catbysairRet hers uhatslatiaind
was placed directly into the CVD reactor w thout any

red fod éc%%b%%%ee DcBuret e sthiBal g?ﬁa?ﬁge then %Ei@ﬁfb%i, bR

cat al yst r re agai n exposed to gr owt

R SPTAR BEAio P T Ae

time at al yst | ayer having four alternating |ayers was
deposited on the substrate prepared as described in
[00Rdnpl e This rRatiedaprodunad arfgNT @iy hevdngcamiopkmarndulgs of
about 0.5 nm The | ayers were deposited as foll ows:
appioximatefadlohrnh lemgthr on, and gadol i nium with
gadoJi ni um bei ng the topnost layer. [001 19] The

[0St T afrﬁisacﬁﬂ"rtal?ﬁaeﬁ%@%hqb@e& abal ¥ suiRY ke WRHShe used

anneal ed and reduced according to the procedures

subSETEAE ot SR, i Gy PR R TR grocessing
Thecs%%g{rta{eoanr?d %%dcomposite catalyst layer were again exposed to the growth
conditions described in Example 1. This method produced a CNT array having
carbon nanotubes of approximately 1.5 mm in length.

EXAMPLE 23
100126} A composite catalyst layer was deposited with lanthanum rather than
gadolinium. The composite catalyst layer comprised a layer of iron on top of a layer
of lanthanum. Each layer had a thickness of approximately 1 nm.
[060127] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions and
time.
[00128] This method produced a CNT array having carbon nanotubes of

approximately 10 mm in length.
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time. [00120] This nethod produced a CNT array having
carbon nanotubes of approximately 11 mmin | ength.

WO 0®32043936Thi s CNT array was renoved fromthe sPOBUSHDB079528
and the substrate was placed directly into the CVD
reactor W thout any additional processing. The

[00K4f st r atfeisdabi TtaTEa ) WAR seMEred #oa) (e sukgiwte aeddhagabsirate was
exposed to the growh conditions described in Exanpl e

plackd ditectly e hioel QWD demrtdr witldlt sanyragditiendl pgocssssiran The substrate
nanot ubes of approximately 8 mmin |ength. This

andRhE 8 fHpositM@atdl i eRRFAA | b it BX L@ thE ol E6ndithes
CvD rg?gtor, asﬁgr evi ousl yagdéscri bed. EXA 0LE 22[ 001

dosPAle OERASHLE FkahooYSEc P CHEPSRLLT B
v R KT bBI SR ERTR LA b oo | hanum on o

approximately 1 nm [00123]. The substrate and the
conposi te catal yst IayerE ELEwfeal ed and reduced
according to the procedures described in Exanple 1. in
[00HMi t i oA carhpositenastalyetlayer, dagimgvihremdiernatindilayeraswas
simlar to the Exanple 1 conditions and tinme. [00124]

deposite oRthosiliggrogusschia prdfaretraayddwryibed it &xbaiple 1. Each of the
nanot ubes of approximately 9 mmin |l ength. [00125]

layeF8 s GbuRb A MWBR KN Fﬁg‘ég%dﬁdsﬁg‘c%tﬁyﬁqu“érr WhE R d he

used substrate was placed directly Tnto the CVD
cebSRE8 oo o 8 pBU S PRy R EST PlonTefyes gt on o

100 B ATh T ThesHBat BlecRR 4t TORRS i 7313 VAR ARG were anneled and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions;
however, the array was permitted to grow over about 5 hours rather than 10 hours.
[00132] This method produced a CNT array having carbon nanotubes of
approximately 3 mm in length.

EXAMPLE 25
[00133] A composite catalyst layer, having three alternating layers, was
deposited on the silicon substrate prepared as described in Example 1. Each of the
layers was about 0.5 nm thick. The composite catalyst layer was formed by
depositing gadolinium on the substrate, an iron layer, and another layer of
gadolinium on top.
{00134] The substrate and the composite catalyst layer were annealed and

reduced according to the procedures described in Example 1. in addition, the
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car bon nanotubes of approximately 1.5 mmin | ength.

EXAMPLE 23 [00126] A conposite catal yst |ayer was
waele@ssdad with | ant hanum rat her than gadol i ni BET/UT1967/079528

conposite catal yst |layer conprised a |layer of iron on

top of a layer of |lanthanum_. Each | ayer ha "
nan§Befidte G¥Rhsfier BRRTERYS S o 653 Brpmnie T copitiase

and the conposite catal yst |ayer were anneal ed and
howeyai de ag@y ovah PRYMibed He opvs exairlautfekeysather than 10 hours,

Exanple 1. In addition, the nanotubes were grown under
[001&&hdi t i dhés miethiddaprotiocethe ENArgtay Haviron dartbioonsarartcbes of

time. [00128] This nethod produced a CNT array having

appXirhateiynametuResndgh. approximately 10 mmin
| engt h.[00129] This CNT array was renoved fromthe

substrate and the subst r@{mpg 4 aced directly into
the CVD reactor w thout any additional processing. The

strat,e_and t.he co ite.catalyst |ayer .were again
100 DS e e B AN EC B e e pRBRHYG e s
1. This nmethod produced a CNT array havi ng carbon
depogiiest eméne 9 w%rpgw&zw%pé@@ﬁr,@drﬁ%d%crfeﬁ@ﬂrh%xemﬁvﬂ@qh of the
[00130] A conposite catalyst |ayer, having three
layers wer rdouih §.9 ayehick. Was caeposite edtalysttayersias toomed by
substrate prepared as described in Exanple 1. Each of

depdditing agrich tesubbtrate, @.1anthamuhi lkiker, Binel Arwthesiayer of iron on top.
catal yst layer was formed by depositing iron on the

[00137DSt I atrBe AbgRIR| AdY é&%ﬁ%ait@éﬁa@@?ig@{@{]wb%/ Eﬁng%lteg and

iron on top. [001 31] The substrate an e conpo
e BRI o o AREY SRR ESUGRR, TOTRLEER o
ﬂan(gtlages were grown under conditions similar to the Example 1 conditions;
however, the array was permitted to grow over about 5 hours rather than 10 hours.
[00138] This method produced a CNT array having carbon nanotubes of
approximately 4 mm in length.

EXAMPLE 27

[00139] A composite catalyst layer, having three alternating layers, was
deposited on the silicon substrate prepared as described in Example 1. Each of the
layers was about 0.5 nm thick. The composite catalyst layer was formed by
depositing lanthanum on the substrate, an iron layer, and another layer of lanthanum
on fop.
[60140] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions;

however, the array was permitted to grow over about 5 hours rather than 10 hours.
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nanot ubes were grown under conditions simlar to the

Exanple 1 conditions; however, the array was permtted
wo eoognadsever about 5 hours rather than 10 houP&I/US2007/079528

[00132] This nmet hod produced a CNT array havi ng carbon

otub oxi,mately | en . EXAVPLE 25
001497 33yt ouUReE iGN ey dha R ig b S of
alternati ng I ayers, was deposited on the silicon
approxigately 8 pindpdenainas described in Exanple 1. Each of
the layers was about 0.5 nmthick. The conposite
catal yst layer was formeKAMPHENSiI ti ng gadol i ni um on
the substrate, an iron iayer, and another |ayer of

[001ai2gol i nwmmﬁoéf@caté@gtﬂa%ﬂ hEk}ﬁagsmhsM@hﬁt;@gwé h@ as

conposite catal yst |ayer were anneal ed and re

dep@%%?{ & %%liitﬁ)et%s%%ggfé\%f%d g??&%b@&%j fnr‘E%ﬁgﬁ ' 19 ﬁhe E8mposite

nanot u t1ons

ar to 1 con 0
Cafaié%y%asp@meﬁx VGRS ol dowt e 34 KBes Pyt 1 nmor
an, 10 hours. , [00135] This net hod produced a CNT
top% %VOHA@Y‘?@W&%F{“%}?@?%@?OHF appr oxi mately 5 nmin
| engt h. EXAMPLE 26 [00136] A conposite catal yst |ayer,
[001a3}i ng Theeswbatrater arat thegcdrayesits catalystiiewes iveeeiaoneslhrd and
silicon substrate prepared as described in Exanple 1.

reducadracgbrding td &yep®cedsreatingcrifed imExbhiptk 1. Theaddition, the
conposite catal yst |ayer was forned by depositing iron

nan@’tﬂbbg%éé%&%ﬂtﬁﬁe?cb%ﬁ&%@%daﬂg fhe Eﬂgmﬁﬂé’ﬁ kehdlidns
iron on top. [00137] The substrate and

s N MR N R
10 3Gt on. the
100144] This method produced a CNT array having carbon nanotubes of
approximately 1 mm in length.

EXAMPLE 29
[00145] A composite catalyst layer having two alternating layers was deposited
on the silicon substrate prepared as described in Example 1. The composite catalyst
layer was formed by depositing an iron layer having a thickness of about 1 nm on top
of a europium layer having a thickness of about 1 nm.
{001486] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. |n addition, the
nanotubes were grown under conditions similar to the Example 1 conditions;

however, the carbon nanotubes were grown for a period of about 5 hours rather than

10 hours.
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nanot ubes were grown under conditions simlar to the

Exanple 1 conditions; however, the array was permtted
wo eoognadsever about 5 hours rather than 10 houP&I/US2007/079528

[00138] This nmethod produced a CNT array having carbon

1001R35 5501 s Fha BBa e cih Yol ARk Ao R NAGILDs of

alternating layers, was deposited on the silicon
approyinatelyt® 1 preparesgths described in Exanple 1. Each of
the layers was about 0.5 nmthick. The conposite
catal yst |ayer was for nEXANFPOE®BOSi ting | ant hanum on
the substrate, an iron |l ayer, and another |ayer of

[00148Dt hanNBoRthdsRB-cat A9 erThavipHISLF at&nansy IRrs, was
conposite catal yst iayer” were anneal ed and reduced

depcgsgt%?{qq{.ot'rﬂug %ilﬁc(g}nh&&'h%%?g%&%?%&j §§‘Efeis€ﬁgetﬁ th E%%@Ple% Irpd n

nanot ube rown under co I ons

simlar, to,the Exanple condi tigns: .however, the
compille, Sialy3plever meRdBiBed fOR b BT cae e Lt Serulaver
than 10 hours.[00141] This method produced a CNI array
havipg @i thigkaasbehakridd- ey dre layproxetmteresitedms fohows: iron,
| engt h. EXAMPLE 28 [00142] A conposite catal yst |ayer,

eurohanm g, o dagurepiuat,ivath eanpeinsn beig theplogimostliayer.a
silicon substrate prepared as described in Exanple 1.

[0015bE conprs kliBsteatkalnSthel @yesosNascdialysEdy¥ WBredannealed and
europi um | ayer having a thickness of about 1 nmon top

reduF%g%ggﬂ)foﬁ]be&g rpﬁ@é&%s?e{sﬁhﬁé@ﬁ?éxgﬁﬂ APOUTH 38ibn, the

ubstrate an e conposite catalyst [ayer
nandis PRRGEH AR DAe! SO SHREFIOihe RxhbePr earakofs

however, the carbon nanotubes were grown for a period of about 5 hours rather than
10 hours.
[00150] This method produced a CNT array having carbon nanotubes of
approximately 2 mm in length.

EXAMPLE 31
[00151] A composite catalyst layer, having four alternating layers, was
deposited on the silicon substrate prepared as described in Example 1. Each layer
had a thickness of about 0.5 nm. The layers were deposited as follows: europium,
iron, europium, and iron, with iron being the topmost layer.
100152] The substrate and the composite catalyst layer were annealed and
reduced according to the procedures described in Example 1. In addition, the
nanotubes were grown under conditions similar to the Example 1 conditions;
however, the carbon nanotubes were grown for a period of about 5 hours rather than

10 hours.
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nanot ubes were grown under conditions simlar to the
Exanpl e 1 conditions; however, the carbon nanotubes

woweee/1g19eswn for a period of about 5 hours rat he€T/UkmN7/079528
10 hours. [00144] This nethod produced a CNT array

i ng carbon, nanot ubes, of proxi,mat el mmin
100488 ot h. TRRARBIES S ofdee 8 C Rl By e tarbarinotuges of
having two alternating |ayers was deposited on the
appximealgly Supstin &notpr epared as described in Exanple 1.
The conposite catal yst |ayer was forned by depositing
[00184] i r onAk spewrhiavthase aotdirtlmessambleabthe method oftheapvention
of a europium | ayer having a thickness of about 1 nm

can beQk48]to Hhew Dabisdh AhRoaBEs Rees@RH B heh Bakabmsant ayBhe
wer e anneal ed and reduced according to the procedures

C iR MR n
xS g b PSS, wP P cf SPRUF R RHORE The carbon
1] ; vt n not ubes were ar
nanG@Pey el OG5 SRS TREPAS e G AN of e
hours.[Q0147] Thj s nethad produce CNT. array havin )
presexy Wﬁlﬂﬁ%am&w%fh%a&ﬁ?@’ @rﬁi‘é‘é}l“i’/‘? 6! RraRicing thérp@%wnt?ﬂventlon-
EXAMPLE 30 [00148] A conposite catal yst |layer, having
Howexar, tietisventiomigselbyhmdd onydaidgisid oy thenappendsd ¢laioms.
substrate prepared as described in Exanple 1. The
conposite catal yst layer was formed from four
alternating layers with each | ayer having a thickness
of about 0,5 nm The | ayers were deposited as foll ows:
iron, europium iron, and europium wth europium
bei ng the topnost | ayer.
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[00149] The substrate and the conposite catal yst iayer
wer e anneal ed and reduced according to the procedures
waele®snodvad in Exanple 1. In addition, the nanop@iy®€sS2007/079528
were grown under conditions simar to the Exanple 1
ngdi g i ; ywever, the carbon nanotubes were grown
WH%@?%"@F’%&‘% about 5 hours rather than 10 hours.
[00150] This nmethod produced a CNT array having carbon
nanot u bfsmé’tfwo@%@‘f&*ﬂuﬂétaeﬂﬁra%tm ddtbbR %hﬂtut@é@ﬂ:’é BuBsttate
[001 51] A conposite catalyst’ layer, having four
rnating |layers, was deposited on the silicon
Comgt%)iﬂtgrate prepared as described in Exanple 1. Each
| ayer had a.thickness qof a 5 nm _.The, | wer.e .
denosi t GPSRiInEst O OB6 BIANRH Ner ot SHEAUBETHIE. B ol said
iron, with iron being the topnost |ayer. [00152] The
compapisa calelyshifret ReMpEHESSi Areur M helarpen awaﬂecatalytlc element,
anneal ed and reduced according to the procedures
saiddesecatbiytic etentaratnpineprising a raedi thaddoes ot watedyasbranotube
were grown under conditions simlar to the Exanple 1
growi itdeffns; however, the carbon nanotubes were grown
for a period of about 5 hours rather than 10
hours. [ Q4B STA]B %foﬁgfcié‘?@ o%’ﬁé!?éfq@ﬂerqo%ﬁn %ﬁr&&dlﬁéﬂ’ bﬁ&posﬁe
car bon nanot es o ppr oxi ma nmin | engt
4]1. As shown in these non-limting exanpl es “the
Cataﬁ?@?#agl‘of the invention can be used to grow car bon
nanotubes exceeding, 10 mmin | engt
exanpl eeyNgaRad ﬁg(‘di%e%?mﬁc$'§1g§tﬁ!ysg{}’éfter e IO%M dEedjced
about 10 hours. The carbon nanotubes included MACNTs
compaditOvaNst lapersanths been a description of the

growing said carbon nanotubes on said reduced composite catalyst

layer.

2. The method of claim 1 wherein said group VIil element comprises at

least one of Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, or Pt or a combination thereof.

3. The method of claim 1 wherein said non-catalytic element comprises a
Lanthanide.

4. The method of claim 1 wherein said non-catalytic element comprises
Gd.

5. The method of claim 1 wherein said non-catalytic element comprises
La.
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present Invention along with the preferred nethod of
practicing the present invention. However, the
wo pwenoivsn i tsel f should only be defined by theCT/US2007/079528
appended clainms. WHAT IS CLAIMED IS: 1. A nethod of
form ng plurality of carbon nanotubes on a substrate .
6. conpri siTﬁS:m@@ﬁ’Sﬁftql@i@ iw@waﬁat%neaﬁaﬁ}ﬁtc glgent gamprises
said substrate, wherein said conposite catal yst |ayer
Eu.conprises a group VIl elenent and a non-catal ytic
el ement, said non-catalytic el enment conprising a netal
t hat does not catal yze nanotube growth by itself;
oxi di zing said conposite catalyst layer to form an
7. Oxi di ZedheORRORULST SARRt WierdiB¥ald nbRYEEINE SBhbnt comprises
oxi di zed conposite catal yst layer to forma reduced
Ay, COnmposite catalyst layer; and grow ng said carbon
"nanot ubes on sai d reduced conposite catal yst |ayer. 2
The method of claim1l wherein said group VIII
el enent conprises at |east one of Fe, Co, Ni, Ru Rh,
Pd, Gs, _ir, or Pt or a conbination thereof. 3 . The
8. method dhednaihedefdrirel whesein sashcempasie ratadysé faver has a
conprises a Lanthanide. 4 . The nethod of claim1
thicknessegraatatittemeppicadirabigly 8.5etrenent conprises GJd. 5 .
The nmethod of claim 1l wherein said non-catal ytic
el enent conprises La.6. The nethod of claim 1 wherein
said non-catal ytic el enment conprises

9. The method of claim 1 wherein said composite catalyst layer has a

thickness of between approximately 1nm and approximately 2 nm.

10. The method of claim 1 wherein said carbon nanotubes are formed in a

chemical vapor deposition reactor.
11. The method of claim 1 wherein during depositing said composite
catalyst layer, said group VIl element and said non-catalytic element are deposited

onto said substrate substantially simultaneously.

12. The method of claim 11 wherein said composite catalyst layer

comprises at least approximately 5 wt. % of said group VIl element.

13. The method of claim 11 wherein said composite catalyst layer

comprises at least approximately 50 wt. % of said group Vil element.

36



Eu. 7. The nethod of claim1 wherein said
non-catal ytic el enment conprises Au. 8. The nethod of
w@b@smos3sher ei n sai d conposite catal yst | ayerP¢EHESH07/079528
thi ckness greater than approximately 0.5 nm 9 . The
met hod clajm,l erej aid conposite .catalys
4. ayer habeqneneeialEeinot B SR AT aRsE RN Rhimvane
approximately 2 nm 10. The nethod of claim 1 wherein
COMPHF@S G4 lafsh aRRIMHMBEY &5 Wit br ohedid Ef%%ﬁﬁmféﬁler\?apor
deposition reactor. 11. The nethod of claim 1 wherein
during depositing said conposite catal yst |ayer, said
group Vili elenent and said non-catalytic el enent are

15. deposi t Fheantéhodaf dismbstompessigbst anti al |y
simul taneously. 12 . The nethod of claim 11l wherein

sai d Cpﬂﬁgeéihﬁ%‘é%@ﬂaﬁ@toﬂéﬁé@ﬁatﬁ%?éﬁﬁ@f slid bﬁﬁ.ﬁi V!II element

appr oxi ma Yoof said group VII1 el enent
conposite cat aI yst
and $% ﬁg’é%%%*ﬁc%ﬁe“} e R R T
sal d group VNI elenent.14. The nethod of claim1l
wherein said conposite catalyst iayer conprises at
| east aprprom mately 95 wt. % of said group VN
- ei enent .Thegnethgd Q’?@{&ﬁ@& whereinisaid copppsitacalglyst layer is a
dep03|t| ng a plurality of alternating |ayers of said
discgnwmud layeeharmegt mtidrs abchpnisimgca phlrglity of ebateeindrean separated
to said substrate. 16. The nmethod of claim1l wherein
by aﬁprcﬂqm@m)pe dentRt@bysioxinately 8 fnra dliapafitoattpdsed. ayer
aving a pattern conprising a plurality of coated
areas separated

17. The method of claim 16 wherein said coated areas are about 1 mmin
diameter.
18. The method of claim 1 wherein during oxidizing said composite catalyst

layer, said composite catalyst layer is heated to an annealing temperature of

between approximately 300 °C and approximately 900 °C.

19. The method of claim 1 wherein during oxidizing said composite catalyst
layer, said composite catalyst layer is heated {o an annealing temperature of

between approximately 300°C and approximately 500°C.

20. The method of claim 1 wherein reducing said oxidized composite

catalyst layer comprises heating said oxidized composite catalyst layer 1o between

approximately 600 °C and approximately 800 °C in a reducing gas.
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by approximately 0.01 nmto approximately 3 nm of an
uncoated area. 17. The nethod of claim 16 wherein said
W@ o@BRs93¢ eas are about 1 mmin dianeter. 18. AEEUS2007/079528

met hod of claim 1 wherein during oxidizing said
conposi catal yst layer, sai NPos| t at al yst , .

21. Fayer i dhpero ionaiibghiedih by BERpahad cEI B S blaimeh
approxi mately 300 OC and approxi mately 900 0C. 19 .
The method of cfaim 1l wherein during oxidizing said
conposite catal yst |ayer, said conposite catal yst

22. | ayer i & methaboftforramganpliadlitygf cerpersanntebes oh et substrate
approxi mat el y 3000C and approxi mately 5000C, 20. The

compeitimgd of claim 1 wherein reducing said oxidized
conposite catal yst |ayer conprises heating said

oxi di Z?@e?@ﬁﬂﬁ’ & @tleycsétalyéb’ijﬁk%rt On B8IVG R trate, wherein said
approxi mately 600 0C and approxi mately 800 0Cin a

conSRHE S 88 3 BRI PR

lural ity of carbon nanotubes substrate o
appRIBRILY %o aBRcomrige2 YonpottkdeBatayde hoyeatalyc sloment
. said substrate, wherein said conposite catal yst |ayer
saidpn-galahiticiiensnbeomprisiea ? mei dhatraaes Not Cagalyzampanotube
approximately 2 nmand conprises a group VII! el enent
grovethdyaitsedh- cat al ytic el enent, said non-catal ytic
el enent conprising a netal that does not catal yze

nanot ubexwiAng Baleycontsite; caaXiyei [al8oby Ab &P sMEddneposite
catal yst layer by heating said conposite catal yst

[ ' o
cac B 8030 2958 b EERSERAMRBLn Bl 700 0 an
appl%riir%)a(fe%'/ 588 -EQ0RSH taﬁ 09(?&@6'33’ %mlp%)éﬁé i:ata!yst fayer;
reducing said oxidized composite catalyst layer by heating said

oxidized composite catalyst layer to between approximately 600 °C and

approximately 800 °C in a reducing gas to form a reduced composite catalyst layer,;

and

growing said carbon nanotubes on said reduced composite catalyst
layer.
23. The method of claim 22 wherein during depositing said composite

catalyst layer, said group VIll element and said non-catalytic element are deposited

onto said substrate substantially simultaneously.

24. The method of claim 22 comprising

depositing a plurality of alternating layers of said group VIl element
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reduci ng said oxidi zed conposite catal yst |ayer by
heating said oxidized conposite catal yst layer to

whedrsaess@appr oxi mately 600 C and appr oxi mat el yp@DUSIE7/079528
in a reducing gas to forma reduced conposite catal yst

and s B e P Qe %ath s S0 DEPERS T et hod o
clai m 22 wherein during depositing said conposite

catal yst layer, said group VIIl elenent and said
non-catal ytic el ement are deposited onto said _ _
25. subst r alke srasbodnf claimP4dsvieieciraadousher o saidralternsting tayers is
of claim 22 conprising depositing a plurality of
an cdttnewrmtatri ng | ayers of said group VIH el enentand said
non-cataSytic element on to said substrate. 25. The
met hod of claim 24 wherein a nunber of said
alternating |layers is an odd nunber. 26. A nethod of

2p, form ngscachan d?%‘r%iHQ%%rBMrF RafotBbEE @litnta piality of particulate
particul ate substrates conpriSing’ deposi PI ng 53

gnposi te .catal yst |ayer on said particul ate
Sumi@ﬁ% PAPR"WHerei n said conposite catal yst |ayer

conprises a plurality of alternating |layers of a group

VI el S8RAHIUNGhA campsite gatalyatildyer Aheaid Paglicyisipstubstiate,

said group VIII elenent conprises at |east one of Fe,
when st Rmpedite Galalyskiayer goroprisas amlerabyrdiialiatriaiimg layers of a

thereof, and said non-catalytic el enent conprises a
grouPafitisemdat aadd rrevatalytis alement; bod wissrelnudd gesus®ildelement

conposite catalyst layer, 27. A particulate substrate
compféeLs IKasyoVid8pES, b, Ri, R, iIHdy & IE¥M9%r a combination

thereof, and said non-catalytic element comprises a lanthanide; and

growing said carbon nanotubes on said composite catalyst layer,

27. A particulate substrate for bulk synthesis of a plurality of carbon
" nanotubes comprisfng:

an oxide particulate; and

a composite catalyst layer coating said oxide particulate, wherein said
composite catalyst layer comprises a plurality of alternating layers of a group VI

element and a non-catalytic element.
28. The particulate substrate of claim 27 wherein said group VIII element

comprises at least one of Fe, Co, Ni, Ru, Rh, Pd, Os, ir, or Pt or a combination

thereof,

39



nanot ubes conprising: an oxide particulate; and a
conposite catal yst |ayer coating said oxide

w@arBileB@t e, wherein said conposite catal yst PEye82007/079528
conprises a plurality of alternating |layers of a group

Vil el nt _and a non:cat tic.elenment. 28. The .
29. purt cul Bpoes (e A DS ERR atinsa T e s Ldnanarimgic
VI1! elenment conprises at | east one of Fe, Col N, Ru,
elemgnt compriggs a kanthaniBe. or a conbi nation thereof.29. The
particul ate substrate of claim27 wherein said
non-cata!ytic el enment conprises a Lanthanide. 30. The
particul ate substrate of claim27 wherein said
30. non- cat @hgpiaeticligeabstrates§ csm PRAMNHIrsinWaid Bod-caldigtic
particul ate substrate of claim27 wherein said
eleréM ekt idadRligi@nt conprises | anthanum 32. A
nmet hod 'of form ng carbon nanot ubes conpri sing grow ng
sai d carbon nanotubes on a conposite catal yst |ayer
conprising a group Vil! metal in its elemental form

and a ngn-catal ytic al in.its_elenental form -
31 The et R0 BTG e rmuBB Al BIBITSAT AIRGRID S RgRicatalyti
metal is a Lanthanide. 34. A nethod of formng a
elemgnicampripesfiamtippem. nanot ubes on a substrate
conprising: processing a catalyst |ayer on said
substrate, wherein said catal yst |ayer conprises a
group VII1 element;

32. A method of forming carbon nanotubes comprising growing said carbon

nanotubes on a composite catalyst layer comprising a group Vill metal in its

elemental form and a non-catalytic metal in its elemental form.

33. The method of claim 32 wherein said non-catalytic metal is a
Lanthanide.

34. A method of forming a plurality of carbon nanotubes on a substrate
comprising:

processing a catalyst layer on said substrate, wherein said catalyst
layer comprises a group Vill element;

oxidizing said catalyst layer to form an oxidized catalyst layer;

reducing said oxidized catalyst layer to form a reduced catalyst layer;
and

growing said carbon nanotubes on said reduced catalyst layer with

chemical vapor deposition.
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oxi di zing said catalyst layer to forman oxidi zed
catal yst |l ayer; reducing said oxidized catal yst |ayer

wa 200B003y8@ reduced catal yst |ayer; and gr ow ngPGHUS2007/079528
car bon nanotubes on sai d reduced catal yst Iayer with

chem cal_ v |t| 5. .The
35. wher ei ang'S' Qgéﬁ %98’%85%% sgi Wt@&ﬁ‘& a%@ttﬁkp@ﬂegs of
approxi mately 1nm and appr oxi rrately 2 nm 36 The
betweahaaPoxireatalynd m apskariraxigmatalySub®k rate is a silicon
substrate 37. A nethod of grow ng carbon nanotubes on
a substrate having a catal yst coating, the nethod
conprising: growi ng said carbon nanotubes on said

36. subst r alfaehyebersf oMimvapanherenesid sWktrate N ishigof dubstrate.
carbon nanotubes from said substrate; and grow ng

addi ti onal carbon nanotubes on said substrate w t hout
renmoving said catalyst coati ng from sai d substrate.

37. ﬁgnofubegagg}o%o@{a %H;}QC%SBC r}r% ggﬁate having a

risi n a group VI N elenment into a
Ca*%‘@i@?é&r’g ftﬁ 5 c&g&or i%rising a non-catal ytic

el ement into said reactor; wherein said rou VITI
el ement SEAVING SRi BRIMOPDAERONMES @ §ﬁi€rﬁuhsg’ @hemmf vapor
said floating catalyst; and flowng a plurality of
depogitich,ant gases into said reactor to formsaid carbon
nanot ubes.
removing said carbon nanotubes from said substrate; and
growing additional carbon nanotubes on said substrate without

removing said catalyst coating from said substrate.

38. A method of forming a plurality of carbon nanotubes using a floating
catalyst comprising:

flowing a gas comprising a group VIl element into a reactor;

flowing a gas comprising a non-catalytic element into said reactor;
wherein said group VIl element and said non-catalytic element react to form said
floating catalyst; and

flowing a plurality of reactant gases into said reactor to form said

carbon nanotubes.
39. The method of claim 38 wherein said non-catalytic element is a

lanthanide and said floating catalyst comprises approximately 5 to approximately

95% by mass of said lanthanide.
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39. The nethod of claim 38 wherein said non-catal ytic
elenment is a | anthanide and said floating catal yst
W@ vpno®es approxi mately 5 to approxi mately 95P6DYSI0%679528

of said | anthani de.40. A nethod of forming a plurality
of carbon_nanofupes on a substrate conprisipg:

40. deposi t i%aﬂe&%ﬂfg’gm@ & sl o cagron BAnQIUbE; op aspupstrate
and a second side of said substrate, wherein said

CONMyYipieki te catal yst |layer conprises a group VIIi
el enent and a non-catalytic elenment, said
non- cat alepbsiting laermnpositnpatalishigyar ovtadirst side athales secdnd side
catal yze nanotube growmh by itself; oxidizing said

of saRpesittte GRtabsdaid Weipdste fcakd SNa@s Hind e EOMBRRIZ @11
catal yst layer; reducing said oxidized conposite

eierﬁ@ﬁ?éﬁ/@é Hoﬁy@aftalwc ERIRA égigt tdt —g&?@%%ﬁé:ﬁeﬁ%ﬁhéﬁ%g% a metal

ayer; positioning sald § grow sal
nanot uhes.qon sai d .reduced. . c osite catal yst |ayer on
that i netael e tol B s LB de of said
substrate; and growi ng said carbon nanotubes on said .
first sicfdizing said eprageyiricalpst syesia @rauds pxigized composite
si mul t aneousl y.
caialyst layer;
reducing said oxidized composite catalyst layer to form a reduced
composite catalyst layer;
positioning said substrate to grow said carbon nanotubes on said
reduced composite catalyst layer on said first side and said second side of said
substrate; and

growing said carbon nanotubes on said first side and said second side

of said substrate simuitaneously.
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