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ABSTKIJICT

One oT /e eonyenlen! ané eleap Tellolll Tor growng earbon nano™mbes (CKT3) 18 1be calalylle pyroly818 proee88 ob
acelylene. Tbe gro”LU obcarbon nanolllbe8 a8 81mTleT experlwen'ally. 8cannlng elec!ron wlcro8copy 8bo”eH 1hal in 1be
pre~ence obCoC12 anT NeC12, carbon nano!nbe8 are collecleT on 1be lop oblbe porcelat calclTlcallon boa! !'brongb 1be
calaly8! anT are T1lylTeT inlo 8waller par!lcle8 anT are localeT T 1be inner 8pace8 ob COT8. Tbe bounTary conTl1llon8
leaT1ng 1o 1be 8eparal!lon anT encap8ulallon oblbe calaly8! Trop in 1be wnner 8pace oblbe C3T baye been TelertlneT.

AHHOTALWA

OfHUM #3 yAo6HbIX M AeleBMX MeTO40B BMpalMBaHWA YrnepoaHMX HaHOTpy6ok (YHT) saBnsetca npouecc
KaTtasMTU4ecKoro nuponusa auetuseHa. PocT yrnepogHbX HaHOTPY6OK M3yyancd sKcnepumeHTanbHo. CKaHupyowas
3/1eKTPOHHAA MUKPOCKONMA nokasana, 4to B npucyTcTBumn CoCl2 n NeCl2 yrnepofjHbe HaHOTPy6Ku cobupalTcs Ha
BeplwmnHe GapthopoBOi KanbUMOULMPYLOLWeA NOLOUYKN Yepe3 KaTannsatop, pasfenatoTca Ha 6onee Menkue YacTulb U
pacnonaralTcAd BO BHYTPeHHMX npocTpaHcTBax YHT. OnpegeneHb rpaHnUyYHbe YCNOBWUA, MPUBOASALLINE K OTPbLIY U
WHKancynauuy Kanau Katannsatopa BO BHYTPeHHeEM npocTpaHcTee YHT.

Key”orl18: nanopar!icle8, calaly8l, carbon nano!wbe8, encap8ulallon.
KntouyeBMe €/10Ba: HaHOYaCTULb, KaTanmaaTop, yrnepoAHbre HAaHOTPYBKN, MHKANCyNaLus.

1nlroiinclion no! Maber 1ban 1000 °C. Tbe 8econ6 aroup oTTe!b0o68
18 1beTOo8{ proTvising, a8 1118 Tore 8ullable Tor nbmMsirial
probuc!lon. Tbis Te!'bo6 allo”8 oblalnlng larae ~manfl-
11e8 oT CKT8, ayallablUly oT large nutber oT 8larlling re-
apenl8, relallyely 1o0” energy cowwutplfon, an6
81tpHclly oT 1n8lrutenlallon. Tbe gro”LU proce88 an6
proper!1e8 oT carbon 8lruclure8 are 81gniTlcanlly TMu-
enceb by Taclor8 8uch a8 1be cotpo8lllon oT 1be precur-
8or pa8 Tix!ure, 1be nalure an6 8i2e oT 1be calaly8l
par!lcle8, 1be lype oT 8ub8lrale, letperalure, pre88ure
an6 Murallon oT 1be proce88, elc. Fe, Ne an6 Co are oTlen
18eb a8 calaly818 Tor 1te Tortallon oT 1nMlyllval an6 1kelr
T1x1nre8 oT CNeT8, wlb IbealllUMonoTproToler8. [2, 4-7].

Carbon nanolllbe8 (CKT8) baye been one ob 1be
T08! protl81ng an6 618cn88e6 Talerlal8 1n 1be 8clenliTlic
coTTMnby since 1kelr 6iscoyery in 1991. 3Aue lo 1ke
nT™ne pby8reocbertreal proper!le8 obCKT8, 1belr Trelll
oTappbcallon are con8lan!ly expan6T1a, 1nclm6lng nano-
eleclronlc8, coTposiie Talenal8, ca'alysis, Te6lclne,
energy 8lorage, elc. [1-3].

ATonpg 1be Te!b068 oT gyn!besis oT carbon nano-
LLIbe8, 1bere are 170 Taln aroup8: yaporl2allon oT grapb-
11e al a bl§b leTperalure oT2700-3700 °C, Tollo”eH by
con6en8allon oT 8leat Murlng coobng an6 calalyllc py-
roly818 oT carbon-con!alnlng cotpoun68 a! letperalnre8

Franre 1. 8ckeTalic iiragraT/or (ke 3ylLIkew o/ CMT/or (ke ca(alyiic crackrng o/Kyiirocarkom

81mLLle8 on 1be 12”8 oTconlrolle6 synibesis oT carbon

1 A\
nanolnbe8 are M1811n8n18be6 by 1be pretence oT a wbe Experluwenial lecburve

range oT po88LLIMLLe8 Tor 1belr appHcal!lon Mue loanunT- Thbe Telbo6 oT 1bertal calalyllc MecoTtpo8lllon oT
ber oT 8peclal elec!rlcal, Tecbanlcal an6 8orpllon prop- acelylene C2H2"a8 n8e6 1o synibesize CNeT8 [6]. To cal-
er!le8 oT 1beBe nalural oblec!8. Tbere are Tany aly”e 1be groMDb oT CNeT8, nano M18per8e6 par!rele8 oT
pubHca!lon8 MMeyolel 1o 1ke problet oT Tonbonng 1be coball cblorlle (CoC12) anH nlckel cblorlle (NelC12) ob-
AroMb oT CNeT8 [4-6], Tany a8pecl8 oT 1be groM®b oT lateH by yacumt con6en8allon “ere HepobeH on
CNeT8 are 8IM T ulllLlenMy 81uMle6. 1n par!lcular, 1be porcelaln calcMyTy boal plale8. (F1g 2)
rea8on8 Tor 1te 0T len-ob8eryeb wnsiablly oT 1be calaly8l Pyroly818 oT acelylene ~a8 carrle6 oul in 1be leT-
par!lcle8 in 1be upper par! oT1be CNeT an6 1telr encap8u- peralure range oT 600-1100 °C. C2H2 pa8 “a8 8uppHeH
lallon T 1be inner 8pace8 oT 1be nanolvbe8 are nol coT- 1o 1be reacllon 20ne Lromgb 8Mk gel an6 glycerln. Thbe
plelely clear. Mo~ rale oT 1ke ga8 tix1lure "a8 8el i 1be range (0.5-
Tbe purpo”e oT LL1s “ork 18 1o Melertlne 1be Taclor8 1.5) 1/ 11, 1beTolar rallooTcoTponenl8 [H2] / [C2H2]
an6 confMl1;10n8 aTTec11n8 1be 8lable po8lllon oT 1te calalyllc a8 8elin 1berange TroT 1:4 1o 10:1. Ourln§ 1be exper-
par!lcle on lop oT 1be CNeT an6, a8 a re8ull, 1o Melertlne men 18, 1be ga8 tixlure MeHyery 1171e a8 8l TroT 8ey-
1be 8lable sroMb oT CNeT8 Murlng 1be calalylre pyroly818 eral T1nnle8 1o balTan bour, an6 1be oblaTteb nanolnbed
oT acelylene.
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~ere cleaneé wlb lolnene C6H6CH3. TWe lorteM 8ar-
ples ol carbon éeposii8 conlwTnf nanolnbed *ere 8lné-
1eé w Tph 8cannlng eleclron wilcro8copy 8EM, X-ray
LI 1croanaly 8is.

Ke8n118 anii LLBCLLBLLI

Tbe carbon proTuc! TeposieT 1row 1be ga3 pbase a3
a resanll ob1be calalyllc pyroly818 obacelylene 1nclmTe8 a
nuwber ob CKT3, a3 “ell a3 a 8wall atounl obator-
pbow carbon. Tbe ouler Tlateler obnanolnbes a3 in
1be range ob20-30 nT, anT KOr nanolubes coaleT wlb
atorpbowus carbon 11 *a3 up 1o 200 nT. The lenglb ob
1be CKT "a8 TelertlneT by 1be synibesis 11te anT yar-
1eT up 1o 100 nT. Tbe Ta88 anT 8lruclure obLIKT3 Te-
penT on 1be lype ob calaly3l, proce88 leTperalure,
localion ob 1be reacllon 2o0me 17 1be reaclor, elc. By
cbangth 1be experltenlal conT11lon8, 1be Lllateler ob
1be nanolmvbe3 anT 1beb lenglb can be cbangeT T 1be

WOHb, 2023 T.

range 0b0.1-50.0 pt. F*gure 2 8bo”8 a plclure oban ar-
ray obbKT3 gro”n 1n 1be presence obtckel namoparll-
cle3 on 1be 8ub3lrale. Calalysl parllcle3 “ere ob3eryeT
Bbolb 1 1be npper parl ok 1'be nanolvbes anT in 1ben nner
8pace8 (F18. 3 a-b). 8eparaleT wnio 8taller parllcles, 1be
calaly3l Troplel8 are localeT T 1be inner 8pace8 ok 1be
CKT3 1 Ibe 1orT oK 1nclv8lons.

Encap3nlallon ok calalysl par!tole8 w1b 1 nanolnbes
18 lyplcal ok all telals e baye 81uTleT. JZI8 1be groMb
leTtperalure ok COT8 tcrea”ell 1rot °C 620 1o °C 800,
an tcrea”e 1 1be nutber ok encap8ulaleT parllcle8 in-
glée 1be namolube8 "a8 ob’eryell. Calaly8l parllcle8
TappeT 1 nanolnbe8 baye an elon8aleT Troplel 8bape.
Tbis 8bape ok encap8ulaleT calaly8l parllcle8 1nTlcale8
1beb HATU pba8e 8lale Turln§ nanolube groMb al let-
peralure8 bel”een 620 °C anT 800 °C.

dNneKTpoMHoe nso6parkeHmne 156

Frours 2. 8EM reT1lx o/(He ob(aTeii nanolLibex, ylen o/(He array o/ ~“N1$ groton T(H ca(alyiic NeC12
nanoparicbes

1 18 clear 1bal 1be H MM nanoparllcle 18 a carbon 8o-
Inllon T 1be Telal calaly8l 8olmllon. Calaly81 lalllng in
Tecbanlcal e*mlUbnut al 1ke upper parl ollbe BKT
~a8 consiTereT. Calaly8l lalling al 1be lop 011be BKT 18
8nbJecleT 1o 170 opposing lorce8. The baplace pre88ure,

a)

Fraure 3. 8EM rTage”™ o/ “N1$ con(aTTg

64

an uncotpewaleT lorce Tue 1o Pb, 18 appbeT 10 1be op-
posite parl ol 1be Troplel 8urlace anT pu8be8 1be Troplel
T 1be Tlrecllon 01 BKT 8§rorlb (F1). [6]

81tWar 1o 1be 1ricllonal lorce, 8eparallon ol 1be H/-
nl Vroplel 1roT 1be 8oHW 8urlace 0ol 1be Tner caylly ol
1be nanolvbe (F2) occnr8 in 1be reglon ol 1be rear parl ol
1be Toy1ln§ Wroplel.

b

Me anii1 cobal( cMoniie are 3koton
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THe on a1 of /e F2 Faree 18 relaleT 1o !'ke aiirae!lon
0l !'ke H*MH anH 1He 8oHH boHy on 1He 3urHaee on *McH
11 18 localeH by 1He Horce8 oH 1nlerwolecular 1nleracllon.
THi8 1nleracllon can be “manHlaHyely cHaracierizeH by
1He energy re*wreH 1o 8eparale 1He HMwH Hrow 1He 8oHH
8urHace oHunl1l area. beHore HMwH 8eparallon, 1He energy
a88oclaleH wlH 1He HMwH-8oHH LUlerlace "8 e”nal 1o a8”
per vnll area. /IMer 1He Hroplel HelacHe8, "Hen 11 woye8
T 1He Hilrecllon oH nanolube aroMH, 170 8urlace8 are
HorteH Hke 1Hal: one ok 1Het 18 1He Hee 8urlace ok 1He
HMwH Hroplel wilH energy a”, anH 1He o!'Her "8 1He lree
8urlace ol 1He 8oHH boHy Ww1H energy a8 8urlace. THwWS,
1He relea8e energy ok Hrop8 lalHn§ on a unH area 18 e*nal:

Ha=a8 + ab -a8b 1)

“Helller 1He Hrop Toye8 up or break8 HepenH8 on
1He raHo ol f1 anH £2 lorce8. For 1He Hroplel 1o break,
1He 10110"1n8 conH11lon TM81 be 1ulllleH: F1 < F2. "Hen
a Hroplel 18 broken, a bnHae (1He narro”eH parl ol 1He
Hroplel) 8HoulH lorT bel”een 1He Taln parl ol 1He Hrop-
lel anH 1He 8tall HelacHeH Hroplel. THe lorce £1 pu8H1n§
np 1He 8tall Hrop can be e811taleH by ass1ianT§ a cerlaln
yalue 1o 1He Hlarteler ol 1He briHge. THe Hlateler ol 1He
briHge 18 e*nal 1o 1He Hlarteler ol 1He nanolnbe. |1 A 18
1He raH1n8 ol curyalure ol 1He back 0l 1He Hroplel, r 18 1He
wnner rallin8 ol 1He nanolvbe, anH 1He baplace pre88ure 18
Pr=2an/A, 1Hen:

Fl=x2Pb=2nr2ab/A (2)

Ne WnH 1He lorce £2, con81Herln8 1He Hrop 1 con-
lacl w!H 1He inner 8urlace 011He BKT 1 a clrcle w!H a
Hlarteler ol 2r. bel 1He Hrop m8iHe 1He nanolnbe Toye
cotplelely 1HromgH a Ll8lance H. 1n 1His ca8e, energy
con8utpllon (“ork Hone) 18 e*nal 1o 1He proHucl ol 1He
yalue ol 1He area oyer *McH 1He HMwH leaye8 1He 8oHH
8urlace.

E=2T1crHHa (3)

81ce 1He ”"ork 18 e*val 1o 1HeproHuclol 1He lorce
2 anH 1He Hsiance H,

F2=21crHa 4)

Bxpressing 1He nanolube raH1n8 r a8 1He rallin8 ol
curyalure A ol 1He Hroplel

r=781no, (5)
"Here 0 "81He "elllng angle ol 1He Hroplel.

Con81Her1n§ (2), (4) anH (5), “e TH e 1He conH1llon
F1 < F2 a8 101108

ab81n0< Ha (6)
11 10110"8 1roT 1He expression(6)1Hal 1He calaly8l

Hroplel on 1He 1op 01 1He CKT break8 anH leaye8 1He en-
cap8ulaleH HMuH-pHa8e 1nclm8lon8 wnsiHe 1He nmanolunbe,
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1 1He speclllic relea8e energy ol 1He Hroplel 18 >2ab81na,
T 1H18 ca8e, 1He Hroplel 1eayT§ 1He HMwH cap8umle8 leaye8
1He 8oHH 8urlace ol 1He nanolube. 18 Tore energellcally
benellclal 1Han openlna. ~e coTpare 1He yalve al wlll
1He "aMe 01 2a”, becan8e "Hen 1He Hroplel break8 oll,
170 8urlace8 0l 1He HMwH are lorteH. |1 1He yalue ol Ha
18 1e88 1Han 2a”~8Ta, 1He Hroplel To”"e8 T 1He HuecHon
0l nanolnbe agroMH wilHonl leayln§ any parHcle8. froT
1He conHLWon Ha/a">28Ta, IHe TTTM T "aMe 0l 1He
angle a can be lounH. 11 can be 8een 1roT expressions (1)
anH (6) 1Hal 1He cracklng o1 1He calaly81 Hroplel 18 layoreH
by fooH ~elll ng ol 1He carbon nanoluvbe 8urlace w Ll HA-
WH pHa8e calaly81 parHcle8, 1Hal "8, a 8tall angle 0. Bel-
ler ~ellabllly 18 acHleyeH "Hen CKT 8ro”1H calaly818
8ucH a8 CoC12, K1C12, elc. are nu8eH. THerelore, 1He en-
cap8ulallon ol HMwH pHa8e parllcle8 wnsiHe nanolvbe8 18
ob”eryeH wlll 1He8e Telal8. 1n aHH1llon, 1He 8Taller 1He
HLllerence i1 1He 1ree 8urlace energy yalue8 ol 1He H"MH
pHa8e 01 1He calaly81 anH 1He 8oHH pHa8e 0l 1He cry8lal-
1llkH 8nb8lance, 1He HlgHer 1He 8labllily ol 1He Hrop on
1He 1op 011He C3T, 1He 10”er 1He possibllhy 0l breaklng,
1He Hroplel anH encap8ulaHng 1He calaly81 parllcle8. A8
1He nro”1H letperalure 01 CKT8 Tcrea8e8, 1118 clear 1Hal
1He “aMe o1 1He 8urlace energy a” "8 TucH “eaker 1Han
1He enerpgy a8 ol1He Tlerlace. TM8 Help8 1o acMe”e con-
H11lon (6), belo™ "McH 1He Hrop break8 up. THerelore,
Wl increasin8 letperalure, 1He nuTber olencap8ulaleH
parllcle8 insiHe 1He nanolvbe8 increases.

THerelore, 1n orHer 1o ewwure 1He 8lable po~Llon ol
1He calaly81 Hroplel on lop 0l 1He CKT Hunng nanolube
aroMH anH 1o preyen! 118 breakage anH encap8ulallon, H
18 nece88ary 1o cHoo8e calalyHc Telal8 wlH a 1ree
8urlace energy clo8e 1o carbon 1 po88lble. 1nm orHer 1o
keep 1HeTalerlal anH groMH leTtperalure loatlnlTuT,
any 8nb8lance8 1o be wcorporaieH mnio 1He nanolnbe8, on
1He conlrary, 1HeH 8urlace 1ension 8HoulH nol be MgHer
1Han 0.2 T1/72, "McH 18 H18Her 1Han 1He 8urlace energy
0l11He carbon talenal (~ 2.0-2.5 71/ 12) 18 81gnLlilcanlly
1e88 anH 811plLLi1e8 1He proce88.

Conciln810n

aurln§ 1He sgroMH o0l CKT8, 1 a8 expentenlally
HelertlneH 1Hal 1He 8labllily 01 1He calaly81 preclpllallon
18 alllecleH by 1He increase i1 1He syniHesis leTperalure.
1n parllcular, w'!H an wncrease i1 1He leTperalure ol 1He
CKT 8ro”lH proce88 i1 1He pre~ence 0l CoC12, K1C12
naroparllcle8 LUrot °C 620 1o °C 800, 1He percenlage ol
nanolnbe8 conlalning encap8ulaleH calalyHc
nanoparllcle8 in 1He LUort ollncin8lon8 in 1He 1nlermal
8pace8 1ncreases 8lgnllcanlly. THe bounHary conHLUow
leaH1ng 1o 1He HecoTpo81l1lon anH encap8ulallon ol 1He
calaly8l Hrop in 1He nner caylly ol 1He CKT are
HelertlneH. THe crlllcal conH11lon LLbr 1He HigT 1egraHon
01 1He calaly81 Hroplel anH 1He lortallon ol H”umll pHa8e
1ncln8lon8 1 CKT8 18 1He 8eparallon ol 1He Hroplel LUrot
1He 1nner 8urllace 01 1He nanolnbe, 1He speclllic energy ol
AMcH 18 lwece 1He 1lree energy. AecottenHallon8 are
Alyen 1o ewwunre 1He 8leaHy 8lale ol11He Hroplel Hurlng
narnolmvbe groMH.
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