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ABSTRACT

Carbom nanoiubes (CHT) ane alotsoged of caiben wilh & nanosbuctios thal s bave a lengl-lo-diaseter rulhs prealer thas 1000 000, DeMesin fypes of
carbon nemotubed can be producsd by diffedent pethods: Ade dischaps, lassr sblation, chesmcal vapowr depostioe sl flose poatkenin PenfBeanon of the
tebes can he divided mbc a3 couple of masm technmiques: oxiation, 0d beEmerd, amnealing, somecatcn, fibening and functiomali=rson techmigees
Ecenomically feasible large-seade production and puificanios techoiques soill have oo be developed. Fondameotal sl practicsd meoaibe 1eiearches have
shiram posable applcanions = the felds of spergy siorage, molecelar slectmecs, macmeckame: devices, compoaie marenaly and memoh bz of cernss
Vamos: immobadization methods bave been Geveloped, and in particolar, specific stachment of eneymes oz carken panctebes ks besn an mmporsam focus of
anehon Watli the growing atemion peal 10 casceds SATFIGLE T30, i IS ol that mulh sy coammehloraess would be ooe of the st goak

e fimge B thes papsc, we R oo greparanen iectaiqoes, vaness applications of THTs ared engysne oo bilipation o8 cosbon nansrnbes
Ky wards! Cabon nanctobes, Chemical vapour degssitzan, Immahilbicabion, oxidaton and Allatropes

INTRODUCTION

Fullerenes are large. closed-cage, carbon cheters and have
sovaral epecial propertses that werd st foud in sy ether
cnponnd before. Therefore, fullerenes in gemeral form an
interesting <lass of compounds that surcly will be vsed in
funse technologies and applicaiions. Before the fimst
synthesis and detection of the smaller fullerenes Cg, and C-.
1t was generally accepted that thess larges sphenical molecules
were unstable, However, some Russinn scientists'” already
hard calbculated that Oy in the gas phose wes stmble aod hed &
relatively large band gap

Ag o the case with nomerons. dmportas  seientific
discoveries. flleresey wese accidentally discoversd. b LORS,
Kroto and Smalley’ found strangs results in mass spectra of
evaporated carbon  samples. Herewtth, fullerenss were
digopverad mud thew sabnlity in the gas please was proven,
The search for other fullerenes hod stacted.

Drinmsonsd  amd  graphite are  considéred as  tao  nasbural
crystalline forms of pure carbon. In dizmond, carbon stoms
exhibit hybodization, 1 which foor bonds ore  dinscted
towards the comers of a regular tetrabedeon The resulting
three-dimensional network (didmond] @5 extremely mgid,
which i5 one remon for = herdness [m
araphite, bylridization ceows, in ohich each atom is
cormected evenly to three carboas (120°) on the plare, and o
weak bomd is presest in the axis. The set forns the
hexagonal (hoveyeoml) lattice typical of a sheet of graphite’.
A new form of corbon, Buckmmster fullzrene (), was
discoversad o 1985 by a tesm headed by Koo and
coworkers’.

Besides  diamond, grophite, and follsrens (), quasi-one-
dimersEonal tanotube s another form of carboin st reportad
by Tnmn in 1991 when he discovered multioalled carbom
namotobes (MWCRTE] i carbon seot mads by an are-
dischares methisd . Carbon penotubes (CNT3) are allotropes
of carbon. CNTs are tubular in shape, made of gaphite The
tnbes comtained ot lzast too loyers, offen many more, and
rangsd in owter dimmster from aboiat 3 pm fo 30 mm, Al
two yewrs later. he made the cheervuhon of single-wnlled
carbon manctubes (SWONTs) © At shout the same time.

Doesselhaus ot al  synthesized  single-walled  carbon
manotubes by the same route of producing BOWCHTs bt
adding  aoime  teansdion  fetal paiticles o the  carbon
electrodas’,

The single=walled nonofubes are generally namrower thon the
nalti walled tobes, with dismeters typically in the range 1-
2 and tend fo be carved rather then straight (FIGURE 1)
A =zigmificent amount of work has been done in the past
decads to reveal the wnigue strectural, electrical, mechanical,
electromeckamical, and chemical properties of CHTs. Recent
research  has  focused on  improving  the  quality  of
catabytically-produced nanofisbes™'"
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FIGURE I: REFRESENTATIONS OF SWOENT (A AND MWONT
R WITH TYPICAL Tﬁifiﬁ\llﬂliil':?'-' FLECTREON AMCROMGEAPHS

ic)

ADVANTAGES OF CARBON MNAMNOTUBES (CNT)
= lmproves comduetive, mechanical, and fame  barmier
properties of plastics and conposites
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* Optimuzes processme fabmcstion, and reduces shippang
costs

#* Enablzs sco-friemdly anti-fouling paints. and other new
applieations

= Epables clean bulle micfomachining and assembly of
electronic components

& [mproves the tnee tofal cost of fommlation, processing,
ard manufacising

* Extremely small and lightweight, making them excellent
replacements for mmetndlic wires.

* Resourcs: required to prodoce themn are plantifal, and
many can be made with only & small amount of material

®  Age resistanl 1o temperabse climmges, eesdang they
fuanction almost just a5 well in extreme cold as they dom
extreme heat.

= Have been in the R&D phase for a lode time now,
meaning most of the kinks haee been worked out,

* As @ pew lechnology, Invesfors have been piling into
these Rl compames. which will boost the economry.

TABLE I COMPARIS0N BETWEEN SWONT AND MWCRT"

DISADVANTAGES

= Deapite bl the esearch, scisntists still don't wsderstand
exactly hora they wark

o Ewtremely amall, so are difficolt to work with s
fechnolozy

& Cumrently, the proces 15 relstively sxpensive o produoce
the nanstubes

& Would be expensive to implement this new technology in
and replace the older technology in all the placss

= At the rate o fechiodopy has been becoming obaolete; it
iy bea garabls o bet on this techiology,

TYPES OF CARBON NANOTUBES

Carhony nanotidbes are two types

1] BWONTs—Singl=-walled carbon nanctubes and

i} BAWCTN Ts—Miultiple-walled carbon nimomabes.
Comparison between SWONT and MWORT is as presented
in Table 1 41
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STRUCTURE AND ADOBEPEOLOGY OF CNT

Comprised entirely of carbon, the staciure of pure SWOIWT
can be visualized as rolled-up tabalic shell of graphene shest
whech s made up of benzene tvpe bexaeomal rings of carbon
atoms (Figure 2(a)) Graphens sheets are szamizss cylinders
derived frodn a honeyeomb laftice, representine a angle
ataase layer of coystalline graplate. A BMWOCNT i a stack of
araphene sheets rollad wp mio concsntrie oylinders. Each
panoinba iz & single melecnle composad of mdllicns of stoms
and the length of fhiz molecule can be tens of mocrometers
long with diameters as small as 0.7nm'’. The SWCNTs

E caanet be saely ramsced

usually contain caly 10 atoms arcund the crcumterence and
the thickness of the nbe 15 ooby one-atom thick. Manstubes
genverally have a large length-to-dinmefer ratio Caspect ratiol
of - about mﬂﬂ.mﬂm;,'mbecmﬂdaadaanwlyme-
dimenstonal strachures”, MWCNTs are larger and consist of
many segda-walled nbes stacked obe wside the other. The
mame WOWCHT s restricted 10 panestruciires with outed
chammeter of less than 15 om, above which the stmsctures are
callad carbon nanofibers, CWTs are distinet from carbon
fihers, which are not single molecules but strands aff Layensd-
graphrts sheats™

T —

FRGURE 3 SCHEMATIC REPRESENTATION OF FORMATTION OF SINGLE-WALLED CARBON NANOTUBES BY ROLLING OF &
CRAFEENE SHEET ALONG LATTICE VECTORS WHICH LEADS TO ARMCHAIR, FIGEAG, AND CHIRAL TUBES™,

Page 37



Kok Fir R‘r‘l'ﬁﬁ't.rmn F et il IE{P 2003 4 {?E

I adedition to the teg different hesic structures, there are three differem possible types of carbon nanobes. These thres
typres of CHNTs are armchair carbomn padwtubes, zigzag carbot nanefulbes, and chiral carbon namotubes, The differense m
thess types of carbon nanotibes are created depending on howr the graphite s “miled up™ durmg its creation process. The
choice of rolling axis relative to the hexagonal network of the grapheme shest and the mdins of the closing cylindar alloas
for different types of SWCNTs,

CARBON MANOTUBES SYNTHESIS TECHNIQES

A vartety of techniques hove been developed to produce CNTs and MWNTs with different strocture and morphology m
labotatory guantities. There are three methods commonly used w syntiesize CNT: anc disclaree™ . laser ablation . ard
chemscal vapor deposition (CVDY*. The basic elements for the formation of nanctubes are catalyst, a soarce of carbon,
arud sufficient energy. The common festure of these mathods iz addition of emergy 10 a carbon source fo produce fagiments
(zroups or single C atoms) that can recombive to generate CWT. The ewirgy source may be electricity from an ane
dischargs, heat from o fumacs (-900°C) for OV, or the igh-imtenstty light from 2 laser (laser ablation),

A) ARC IMMSCHARGE AND LASER VAPOURIZATION

Arc descharge and lases ablaton were the fisst methods that allowed smthesas of SWENT: meorelatively large (gam)
arnount ™ For the growth of single-wall tbes. a metal catalyst is needed in the arc-dscharge system’™. The growth of high-
quality SWCNTs at the 1-10 & scale was also produced wsing o leser-oblation (leser ovei) metlwod and a typical industrial
confimuous wave -laser system also can use for production of SWONT:'". With the are and laser methods. anly powdered
samples with nanotubes tamgled into bundles can be produced. The common feature of arc dischargs and Iaser ablation
enethods is the need for high amount of energy to induce the reorganization of carbon aboims avto CHTs The tempersture
used i even gl than 3000°C, which s beneficial for pood crystallization of the CNTs, thus, the products are always
produced with good graphite slhignment. However, the basic requirements of thess systems, includimg vacwum conditions
and contimmous graphite {arget replacement, pose difficulties 1o the large-scale prochaction of CMTxs

By CHEMICAL VAFOUR DEPOSITION (CVIN

The CVD method mvolves the decompeaition of o geseous or volable compowumsd of carbom, catalyzed by mesalbic
nanoparticles, whhch alse serve as mocleation stes for the mdtiation of carbon-panotibe growih Tn corirast the previous twas
methods, CVD has been proven to be a preferred route for larpe-scale production of carbon nanctwbes™' . Here the carbon
1z deposited from a hydrocarbon (or other carbon beanng source) m the presences of a catalyst st temperaturss lower than
1200°C, The CWT structure, such as its wall member, diametzr, bength, and alignment, can be well controlizd during the
CVD process. Thus, the OV method has the sdvantages of midd opesation, low cost, amd controliable process. Over the
last tovelve years, several msthods have besn developsd that have the potential for industrial-scale preporation of nanotulres,
All of them sie based o CVE medliods, The following sre the differert CWVD methods

i) PLASMA ENHANCED CVD

The plasms enlsanced CVD methed peerates & plow dischasge in a chamber or a reaction farnace by a high frequency
veltage applied to both electrodes. A substrate is placed oo the ounded electrede In order o foren & wsform Gk, the
reaction gas 15 supplisd from the opposits plate. Catalytic metal, such as Fe, i asd Co are used on for exampls a S, 5102,
or gless substrote using thermal CVEY or spuitering. After nanescopic fine metal particles pre formed, carbom nonofubes will
be grown oo the metal particles o the sul=tiate by glow discharpe cenerated from high fequescy power. A carbon
cominining resction s, sch as CIH2, CHA, CIH4, C2HE, OO0 is supplied fo the chamber during the discharge ©

Thie catalint hae & strong effect on the mnotube diameter, growth rete, wall thickness, morphalogy and microsniciune. N
szems 1o be the most suvable pure-metal catalyst for the growth of aligned multreallzd carbon nomotobes (MWNTsF, The
diamester of the MWNTs is approcimately 15 nm. The hjj,gh:ﬂ viehd of carbon nanotubes achizved wes about 50%% and was
obtained at relatively low temperatures {below 3307 ¢

iy THERMAL CHEMICAL VAPOUR DEPOSTTTON

I thiz method Fe, Wi, Coor an allow of the three catabdic mstals is initially depositsd on a substrate. After the sulstrate is
ctehed in 8 dihoted HE solution with distilled water, the specimen s placsd s a guarte beat, The boat is positionsd in &
W renction fumacs, and nonometer-gized catnlyiic metal porticles are formed after oo addstional etching of the catalyhic
metal fitm nsing WH3 gas at a temperature of 750 to 1050 ° €. As carbon nanctubes are groam on these fine catalytic metal
particles sy CWD gynthesia, foeming tese fine catalytic owetal panticles it the most iportan process Figore 3 shows a
schematic dagram of thermal OV apparains in the syothesis of carbom nanotubes.

FIGUEL 17 SCHEMATIC DIAGEAM OF THE RM AL CVIF AFFARATLS.
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When growing carbon nanstubes on g Fe coatalytic film by thermal CVIY, the dimnpeter range of the carbon nasswhes.
depends o the thickness of the catalytic film, By using a thickmess of 13 1m0, the disneter distrabution liss between 30 ard
40 nm. When a thiclness of 27 nm @ used, the dirmeier mnge 5 between 100 and 200 pme The carbon nanctubes formesd
are mukiwalled

iy ALCOHOL CATALYTIC CVID

Alcohol cstalvtic CVD (ACCVD) 15 a technique that t5 being intensively developed for the possibality of large-scale
procoction of high qeality single wall nonotubes SWHNTs at low cost. In this technique, svapomted alcobols, methano] and
ethanol, are being unlized over bron and cobalt catalytic metal paticles supponted with zeolite. Geseralbon is possibile =
poamible at a relstively low manimam tempersiure of aboot 550 % C0 Tt seems that bydroxyl radicals, who come fom
redcdiing aloohol on catalytic mefal particles, memove carboen stoms with danplivg bomds, which are obstackes in creating
bigh-purity SWHTy. The disnwetor of the SWHTs s about 1 g .

The lower reaction temperature end the high-punty features of this ACCVD techniqus guarmmtes an ey possihbility 1o scale
production up at low cost, Furthermons, the reaction tempersture, which 1s fower than 00 ° C, ensures that this sechmique 1=
ensily applicalle for the direct prowth of SWNTs oa semiconductor devices already parterned with alminmm™

iy VAFOUR FHASE GROUTH

Vipour phase groodh is a syothesis methed of carbon nenctubes, direcily supplyimg reaction gas and cotalyiic mefal in the
chamber without o subeirate *® Two furnaces ore placed in the reaction chamber. Ferrocene is used oo eatalyst. In the St
fumace, vaporization of catalytic carbon is maintained 2 o relatively low temperature, Fine catabytic porticles are formesd
arll when they reach the second firnece, decomnposed carboms are absorbed and diffiused o e catalytic metal paiticles,
Here, they are syrthesized as carbon nanetubes. The deameter of the ¢arbon naoefebes by using vapour phase srowth are o
the mnge of 2 - 4 nm for SWNTs " and between 78 and 100 nm for MWHNTs,™

VI AERO GEL-SUPPORTED CVI

In this wethod SWHTs are synthesized by disintegration of carbon iponmade on an sero ged-supported Fe'bdo catalyss.
There are many impaorinnt factors that affect the yeeld ond qualtty of SWHTs, mchiding the surfice aren of the suppociing
material, reaction temperature and feeding gas. Becmise of the kigh siurface asea, the poresity snd wltra-light density of the
aere gels, the productivity of the catalyst is nmch higher than in other methods **. Afier a simple acidic treatenent and a
axidation proosss high punty (=990 SWNTs can be obtained, When wsing CO as feeding gas the vield of the nanctubes 1=
Tower bt the overall punty of the meterials is very good, The diameter distribution of de nanotubes i befweesn 1,0 nm and
1,5 noe. The optinsl reactbon temperaiure is approsiimately 860 " C

i} LASER-ASSISTED THERMAL CVI

In laner-gasiated thermal CVD (LOVIY o medivm power, contimsous wave C0F laser, which wae perpendiculorly directed
omic a snbstrate, pyralyses sensitized midures of Fe{ OS5 vapour and acstylens in a fiow resctor. The carbon nanchibes
are formed hs.'HdJe catalyzing actxan of the very small dron paticles. Figure 4 shows the experimental set-up for laser-
assisted CVD

FIGURE 4! EXFERIMENTAL SET-UF FOR LASER-ASSISTED CVD
By usimg a reactant gs muxture of won pentacarbony] vapour, ethylene and acetylens both sngle= and molb-walled carbon

nanotubes are producad. Stlkca is ased & subsinate. The dameters of the SWHNTs rabge froon 007 1o 2.5 mn The diameter
range of the WIWHNTs is 30 10 80 .
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TABLE I: A SUNMARY OF THE MATOR FRODUCTICN METHODRS AND THEIR ETTICENTY,

Mipghnd Arc Sixchargs Lazar aklatsan Chemical vapos depomition
Focess Conrect fwe graphiie rods 1o a powsr supphy, Elz=t graphite with mmense lazer pulses; Place sshstzate @ oven, heatdo high
place them @ few millimerres s At e the lasey pulses tather than elecericsty | temsperamre, and dowly add 2 carton-
100 s, carbon raporizes and formns koo o] [ewmew'll-:u:u::u From whizh e beasing gas voch as methane. As gas
plasma. CMTs form; oy varicoes condiiiens uahl kit | decomposes if frees wp cacbon sioms,
of e that prodices podsgses smoisrs | whech secomitise e the form of NTe
of SWHTL
Condinon Lowy-presiline ohei gas Helmim). Argon of Miimogen #as ar 00 Toor High wmperame: wathen 500 10
1BHC a8 dbmosphemic pressme
Trpical vield A=91% L b 71 201
ETWCNT Short fubes with diasserers of 0 $-1,4 am Long bundles of pobes [5-20 maacaons], Loag tubees wirk dismessrs rangsag
with mdividml drmeter from [ am from 06 0 Som.
RMWCHT Short tutes with iener diameter of 1-5om Mot very nrech mrterest dnthas technigee, Lang tshes wrih dsamesier ranging
and outer Sizmericr of a1k 1 too expesave, but RMIWNT from 10 40 240 mm
appearimatdy 10 g yathes {3 poidhls.
Carbun Puie grapiui= Graphite Fuorial-based bydeoeadon and
sce boancal hydocarbon |
Cos High Hazh Low
Afvankage Can ea=ly prodere SWHT, MWNTs Food quadity, logher 1ield, asd namoover Easiest to scale up to indusinial
EWHTs have f=w disTiban on o6 SWINT than e -duciacge. prosduction; long kength, sagls
simctmral dedecks; MW N Te mathom cagabs, = STFHT &1 r=omrnll=le,
ok A and qute pure
EROENETE, OFeE L Seriey poribis.
Dumsdvantage | Tubex isnd 1o be short with mandom oxes and Contiy techauqm, became 7 feguirn Cifiem oiddled wrth debecin
directiie; afien pesds a lot of parifeation. expeaire lasers and hgh-pomer
Tequiremem
FURIFICATION AND DISPERSION OF CARBON ELECTROUHENMICAL OXIDATION
MNANOTUBES (1) CWTs with fewer defects show higher electrochemical

As-sythesized CWTe prepared by the above methods
inexitahly contain carbomacecus imquurttzes and m=tal catalyst
paticles, and the amowunt of the ioymrities conmonly
ineresses with the dewresse of CMWT dismeter. The
fundamental problems that still exist are how to remove
imgrirties, such as amerphous carboors asd metallie satalysis,
argl abtain wniform dispersions of the caton nanctubess o
dispersing medin or polymer solions, The dmpuritiss m
unpurified carbon namotubes ceverely raduce the mechamieal
or eledrical properties*

The fllowving methods are maindy used for parification of
CNTs

GAS PHASE OXIDATION

(i) In gpeneral, chemical oxidation includes gns phase
osxidation {using . mir, Os Clp O, etc) ligwd phase
oxidetion  (acid  trestment and  refloang,  ste)  and
electrochemdical oxidation.

(i1} Tubes ars heated ot & controlied rabe sither in wet air or
vasuum or other oxidizing agests for an extended time at
abourt 33070

(H) This s & good way 1o semove carbonacesns rpueiiies.
(i) The disadvmuages of thes methed ars that it oftsn opens
the end of CWTs, cwts CWTs, dammpes surface struchuns ansd
intreshices oxygenated fonctianal growps (-OH, —C=0, and —
COOH} on TWTs, Metal pariicles cmm’r |:H= directly
removed, and firther acid treatment is needed, ®

LIDUID PHASE OXIDATION

iy Usizally, the acid tremtment will remenve the mestal catalyst
ad some fullerenes.

(i} Fedlo m HMNO3, HCL, or other acid for penod of time
ranging foam 4 o 48 hours.

(HI) HNOR is the oaly acid that does not cosse degrad atiod to
tubes (unless Teft in HNOS for extendsd times frames, usally
=14 hrs),

(iv) The metal catalvst is solvated while the CMNTs temedn in
MH fu_m_ﬁ-ll.ﬂ-ii

cxrdation reststance thom CRTs waith more defects. Swmitzhble
for purifying CWT arrays witheat dastroying ther alignment.
(i) The CNT: alectrode is immersed in 0.2 M HNOA solution
or 0.2 MHC] (punerne with W2 for 20 min prior fo use) and
the potentinl was cycled betwesn +1.00 and +2.00°V af 8 scan
rate of 50 mV &1

(iii} Increases the specific areg of nanotubss by cutting off the
tamtubs tipe and by converting the awics property of
;I;‘:-ﬂl.l.&l from the hydmphobac state to the hydrophilie state.

CENTRIFUGATION

(3} Centrifige at 7000 g or more for 30 o to 3 hours. Often
supernatant is removed after ans nm and centrifuged again.
(i} This remeoves nanospheres, metal nanoparticles, other
carbon particles, but some methods produce a low yield of
manotubes, sspecially when centrifugstion i repested many
tirmes 9

FILTRATION

(1) This technique 15 often used i conpumstion with ooxadation,
The acid decomposition products sre lighly soluble in basie
solistbony and CWTY are ol and se seperated ssinge & basic
solufiony of pH 11 end fihered wsing 3-5pm filler. offen
vendar VAL,
(fy This removes nopospheres, metal  nanopasticles,
pol vatomsc mbmﬁ, ond fullerenss, withowd aoy nobed
papative effects, "

MAGNE TIC

(i) CHNTs is smspendsd in soap or tolusne and nanoparticls
powder [(ZrDZ, WHCH, CaCol, dimpoad) is added This
particles vnil attach to the ONTs and moke them magnetic.
(1) The shory iz somcated for 2he and sibsequently the
magtetic particles are trapped using permafent nuaenetic
(111} This 15 then followed by chemscal treatment.

(W} This pemoves catalyst imaberials .a:r:l _small morganic
particles. Few fo no known negative effects 4
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MICROWAVE PURIFICATION

{11 CNTs are somicated, then diluted in HMOy (or other acid)
(i jivEicro waved at 100-200 W, and microwave 1s ramped up
o 2000 over 30 fidn.

Chinbicrowave 13 then beld 2t temmperature 200°C for 3050
minutess. This removes amarphaus carbom, m:ln]a.. and other
nanoparticles, with no known negative effects”™*
TLTRASONICATION

(1) CWNTs nre suspended in distilled water, toluene, or acid
salution Al soficated for 30 AT T
(i) This seperates fubes from atisched particles, creating
dispersicn of nanctubes and other perticles for  better
Centrifiration,

(i) The separation of the particles = highly depenufabile oo
the surfectant, solvest, end feapent wed The solvemt
E_:I_'l.ﬂm:ﬁ ih= stability of the dispers=d tubes m the system.
AFPLICATIONS OF CNTs

1. EXERGY STORAGE

Graphite, earbonacssus materials and carbon Abre electrodes
are comananly 15sed in fisl cells,

batteries and other slectrochenucal applications’. Advantages
of considering nenctubes for energy storoge are thesr smaoll
dimersions, smootlh surface topolagy and perfect ourface
specificity. The efficiency of fuel cells iz determined by the
electron fransfer rate ot the carbon electrodes, which is the
fastest on nsnomubes following ideal Nemstisn behaviour.™
Electroclemical enefgy storage and gas phase intescalation
will be desenibed mors theroughly in the following chapters
of the report,

) HYDROGEY STORAGE

The advantoge of hydrogen as emergy source @5 thaf its
combustion product s water. In addation. bedrogen can be
emily repeneraied. For this reason, a suitable hvdrogen
storage svsiem 1s necessary, eatisfying a combination of both
volume and weight lmsistions. The twoe commonly used
means to store bydrogen ore gos phase and electrochemucal
afborpihon. Becsuse of thewr cvlindrizal and holbow geometry,
ad manonwelre-scale diameters, it has been predicted that
carbon nanotubes can storz a liquad or a ges m the inger cores
through a8 capillary =ffect

Asg a theeshoeld for econcodeal storage, the Depariment of
Energy has sel storage reguirernents of 6, 5% by wedgiil &5 the
minimngel level for hydrogen fuel cella, Tt s reported that
SWNTe were abla to mes and somedimis axceed this !wal
by wsing ges phase adsorphion (physisorption). Yet,
expenimental reports of high mmcwd:ﬁmm
coatrovessial so thet i s difficult 1o ssess the applications
pential,

Amnother pessibility for hydrogen siornge is elecirochemical
storage. In this case not a hydrogen melecule but an H stom
15 amdsarbed. This i called chemusception. Lithaum
inteicalation The basc prnciple of recharpeable Hithien
batteries is electroclemical intercalation and deintercalatica
of Ithum in both slectrodes, An wdeal battery has a high-
ewerpy capacty, fast charging finee and a long eyele time.
The capscity s determdned by the [l satsstion
comcertrotion of the electrode materials, For Li this is the
highest 1n nenotbes of all the inferstibial sites (imer-shell van
der Waals spaces, inter-tube channels and mmer coresl are
apcessible fie Li miercaladion.

by ELECTREOCHEMIC AL SUPERCAPACTTORS
Supercammciiors have a high capscitance and pofentaliy
applicetds in  electromic  dsvices, Typically, they are
comprised two eledirodes separsted by an insulating mabersl

that s wabeally conducting in ¢lestrochermcal devicss, Tha
capacity of an electrochemecnl super cap inversely depends
oo the separation between the chargs on the electrode and the
cougiter el e s the eloctrolyte. Becsmpe this seperation is
abpuit & mnometre for nanotubes in electrodes, very large
copacities result from the high panotube sarface  area
aecessible 40 the electrolyte, In this way, a large amwuam of
charge mjection ocours if only a small veltage is applied.
Thes :hugemJachmu'unﬂdﬁ:r ERErgy Slorxme I nanciubes
supercapacitoss.

Crenerally speskiang, there s npost mterest in the double-layer
supercapacitors and redox supercapacitors with different
clarge-storage modes.

L MOLECULAR ELECTRONICS WITH CNTs

&) FIELD ERMBITING DEVICES

If a solud = sbpsctad 10 2 suffictently high elecine field,
electrons near the Fermi level con be extrcted from the solid
by nmneling through the swrface potentis] barries, This
ermgsion curtent depends on the sreneth of the local electrie
field at the emission surface md its work function {which
denantes the epargy pecessary to extract an electron from ifs
highest bounded state mio the veounn level) The applied
electric Beld must be very heoh i arder to exdract oo electron.
Thi= condition iz filfilled for carbon nanotubes, becanse lheu.f
elongated shape ensures o very large fisld amplification.

For techmological applications, the emissive material chiould
have a low threshold emession field and large stability &t high
cirrent dersity. Forthermore, an ideal emditer s reqused 1o
hawe & nanoineter size diamster, 8 stroctural integeity, a high
electrical comwductivity, a small energy spread snd o laege
chemical enbility, Carbon ranotuhes possess all these
propertiss, However, a bottleneck in the vee of nanotubes for
applications is the dependence of the condwetivity and
ermzarom stabality of the nanotsbes on the fabrication process
andd symithesis conditions,

Examples of polential applications for nanciobes as field
ematiing devices are fak panel displays, gasdischorge tubes in
teleoorm netwarks, electron puns for electron microseopes,
AFM tigs and

migrowsse amplifiers,

b) TRANSISTORS

The feld-affect transistor — a thees-terminal switching device
— can be constrscted of eoly o saniconductize SWHNT. By
applying & volags to a gate slectrods, the naivstube can ba
goaatched fromn a conducting to an bsolaing state, Such
carbon nanotube transistors can be coupled together, workang
as & logical switch, which iz the busic component of
CoMmpters.

L NANOPROBES AND SENSORS

Beconse of their flexibility, nanotbes cam also be wsed in
scanming  probe  mstruments.  Since MWMWT  bps  ore
conducting, they can be used in 5TA and AFM instruments
(Figure 3} Advantapes are the improved resolution in
comparsat with conventional 5 or neetal tips and the tips do
mot suffer from crashes with the surfaces becauss of their
high elasticity. Howewver, nanofube vibdation, due to thew
larpe length, will remnaln an npoelant 1gsie il shores
vaotules can be grown congredlatdy.
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FIGURE 3: USE OF & MWEHT AS AFM TIF, VGCF STANDS FOR
VAPDUR GROWY CARBON FIBEE. AT THE CENTEE OF THIS
FIERE THE MW>T FORMS THE TIF™

MWanombe tips can be modified chemically by atiachmens of

functional groups. Because of this, nanotubas can be used 2

medecnlar probes. with potential applicarions i cheastry

and beology,

Crther applications are the tollosing:

& A pair of nanofubes can be used as Daeezers 1o mwve
nanoscale stoctures on surfaces,

* Sheets aof SWNTs can be used os elechromechamical
achustors, mermacking the achsstor mechanism present o
fuataral srmscles.

& SWNTs may be wsed as mudnistirsed chermical sessons;
Ohl espasure to enveromreits, which coditazn MO, BH3

or 012, the elactrical resistanc: l;hnnm

4. COMPOSITE MATERIALS™

Becanse of the stiffness of carbon nanotubes, they are ideal

candidates for stractural applications. For exnmples. they may

b ased as reinforcements in high strength, low weight, and

hagh perforiraice Gomposites.

Ome of the most important applications of nanotubes bassd

oty their properties will be s seinforcesmenits i commpoaie

materials. However, there have not beed rosiny succesafisl
experiments thit show that nanotebes are better fillers than
the iraditiciaadby weed carbon fibres, The main prolblam is to
creatz & good interface bebween nanofubes and the polymer
motrix, a5 namotubes are very smooth and heve @ small
diarmeter. which is nearly the sune a5 that of a polyiner chain,

Sepondly. nanotubes apprepates, which are very conmos,

behve differemt to loads than individual nanotubes do,

Hobhe Bejlmar et ol TRIP2013, 472

Lamniting foctors for goed lewd transfer could be eliding of
cylinders in MW Ts and shearing of tubes i SWNT ropes.
To seive this prodlem the aggregates nesd to b broken op
and dispessad of eross-linked to prevent shppage.

A marn advantage of usang nanetubes for strocmieal polyemes
compasies is that nanotubes reinforcements wall incresse the
toughngss of the composites by absorhing energy during their
highly fexable elastic behmvicar. (rher advantapes are the
lowr density of the nenotubes. an mecreased electrscal
conduction and batter performance during compressive load.
£ DIMOBILIZATION OF FROTEING AND ENEYMES
Practical we of enmymes has been realized i vanous
milnstral processes, and s bemne expanded ig new felds,
such as Goe-chemical synihesis, pharnmceuticals, iosensoes,
and biofisel cells™ To improve enzyme stibility, enzymes
have gen=mlly heeE: studied wath the ersymes immaohi lized
o 0 solid support ™, Manomaterials can serve as excellent
snpporting matersals for enzyme immoebilization, because
they offer the ideal characteristics for balancing the key
factors that detzrmume the efficiency of biocatalysts, including
surface  ares, minimized mass trapsfer Tesistances,  and
effisctive emeyme [oading™ . Carbon  nanctubes - are
receiving o great deal of attentson as altemative matrnees for
enzvie irmobilization. CWTs are better support material for
enzvme immohilizetion compersd to common support like
sirconin, silica, and epoxy. They are more stable under harsh
condition, provede higher loading of 2nmme, and enhanced
catabytic activity of enzyime up to I-fold prester than fiar
support and ug 1o 10 times higher than native enzyme *, The
CMTa, besides axhibiting  edracrdinary  mechanieal,
electrical, and thermal propertizs, also provide high arface
nres for higher enzvime loadmg. reduced diffosion Hmitations,
arsd a Bocompatible microenviroimett that helps enzymes to
retain its catalytic properties™ ", Apert from proteins. other
bological molecules can also be immobilezed on CNTs such
as nscleic acids, mmigens, pepiides, end drugs. The type of
momolecule mmmobilized on the CWTs lemd to different
applications whidh remdess these Inomoleculs conpagates
great versafility. Table 3 shows the application of some
selected profein-CNTs conjugates in varioas aress,

TABLE F: AFFLICATIONE OF CAEBON MANOTUHE-FREOTEIN BI-CONILGATES

__Proiis Carbon nasoists Nanamalerials _ApplEation _ Raloriace |
{-Clucsudie 2 BMWCHNT-CODH Bocatalyu i
| CasdidaruguasDipase | MWCHTs or MWENTs COOH Biceatalyais |
Horseradwh SWCNT chitcmn modified glaso: carbon edectmds Bicelectochemical senzor £
M __(GCE) |
Trameten Birsets | aeices MWCNT modified GCE Heofure] eelli =4
Efcesaradish pereomdaes, SWHNT Soniz higuid medifind GCE Bezdual cells, bicsenaoe ks
Mveglotes, Cvioehioms ¢
Cersend Eedol Laccaes T smodhifoed boren-doged duamond decisode Beofies] cslls, bogsnins L]
Alcohol delydioganmse SWCHT poly (dapsinddiallylammeoaivm chiceide) Eibancd Basensor 5T
(PORA) madafied GCE
Cercen oxidase ST mlicy modafesd OF Glugose binsensor o
Fueoe oo, Bodseradinh MWCNT-oolmdene biue safion sodifbed GO Cluross ok i)
Jerondom cinakioindioiimgiefelifp bbb ks TIPS |
 Cvinchromern MWK T chitosaninnc bnid modified GOE H): detecior ]
Horsemdish peromzdase MWCNT chiiesan sol-gel modified GUE H;0y detactar 1
Cyviochyome ¢ MWCHT pobvamidaamine) ¢ hirasan medified GOE Hrne biowerson o
Tradastes MWCNT chilcain Oy pen beasesnor, Biodie] @3
veracoks Hemaglobin ey
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COMCLUSION

Thffesent madifisd symthesis  techmgues  have been
developed in order to produce CWTs i lorge scals for
comdtercaal application. At the swoment, CVD methed s the
most procdsing method to prodisce large quaintity of C™Ts
=i the cost is relatively low compered to other methods,
Commersind applications of CINTs have been rather slow to
denvelop, however, primanly becanse of the high production
costs of the best quality panotubes. The chemistoy of CMTs
hae made enormous sride. Fictionalization of CNTs asd
particulagly CH Ty of defined lengh, disreter, and clhsaliny,
will lzad to the better control of CMT<hased materials and
devices at the molecular bevel. The presemt pages shows that
thetr nmense potedial for otednology and Womedicine
are oily just starting 1o be pealized. Virous bemoiecules
{prateins, =nrymes, or DRMARNA) can mmberact and be

immohibized on the CNTr lending to a wade field of
application.

ABBRE VIATICENS: Carbon s (CHTHE)
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