Uhlikové nanostruktury |



Historie

Masivni vyzkum uhliku v submikronové oblasti zaCal s rozvojem nanotechnologii

v poloviné 80. let a prevazné pak na zaCatku 90. let s objevem dalSich forem uhliku

v podobé uhlikovych nanocastic, tedy €astic s jednim rozmérem minimalné pod 100 nm.
Prave tento rozmér jim dava néjake specialni vlastnosti, kterymi se odliSuji od béznych
mikrocCastic. Z geometrického hlediska Ize uhlikové nanocCastice rozdélit:

« 3D — Castice se vSemi rozméry v oblastil00 nm nebo kombinace pfedchozich
(nanokrystaly).

« 2D — Castice se dvéma rozmery vétSimi nez 100 nm (ploSné nanoutvary),

« 1D - Castice s jednim rozmérem vétSim nez 100 nm (nanovlakna, nanoty- Cinky,
nanotrubicky),

« 0D - Castice o vSech rozmérech v oblasti jednotek nm (nanokulicky),

» Podle doby objevu uhlikovych nanoc€astic rozlisit dalSi uhlikové nanoalotropy:
« 1985 — fullereny 0D,

* 1991 — uhlikové nanotrubice 1D,

* 1994 — (ultra) nanokrystalicky diamant 3D,

« 2004 — grafen 2D.



Uhlikové nanostruktury

Uhlik je typicky nekovovy chemicky prvek, ktery se v elementarnim
stavu  jako mineral vyskytuje v prirodé  ve dvou
zakladnich alotropnich modifikacich a v poslednich pfiblizné
30 letech byly objeveny v prirodé nebo laboratorné vytvoreny
modifikace dalsi:

Grafit (tuha) je nejcastejsi prirodni modifikace uhliku, jejiz struktura se
sklada z vrstev tzv.grafenu, které jsou tvoreny uhliky navazanymi
do Sestiuhelnikl. Na kazdy uhlik jsou kovalentnévazany dalsi tri uhliky
(hybridizace sp?). Tvori se zde rozsahly systém
delokalizovanychelektront (m-systém). Jednotlivé vrstvy spolu drzi
pouze pomoci slabych interakci tzv. van der Waalsovy sily.

Diamant je tvoren uhlikem krystalizujicim v soustavé krychlové, na
kazdy uhlik jsou kovalentné vazany dalsi ¢tyfi uhliky (hybridizace sp3).
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Hustota stavu jednoduse

Energie elektroni muze uvnitf jdmy nabyvat pouze diskrétnich hodnot. Se

zmensujici se jamou roste energie lokalizovanych elektron( (plyne s Heisenbergova

principu nurcitosti). Energii elektronu mizZeme popsat kvaziklasickou aproximaci:
he k2

~ 9m*

E(k)

Efektivni hmotnost m urcuje zakfiveni pasu v pasovém schéma E pro volny
elektron (co? je parabola). Cim je efektivni hmotnost vétsi, tim je parabola
pasového schéma na krajich 1.BZ méné strma a vice zaoblena. Pro diry je efektivni
hmotnost zaporna.

Elektron je uvnitf kvantové jamy omezovan v jednom sméru - ma tedy pouze dva
stupné volnosti. Vytvari se proto 2D elektronovy plyn (2DEG). V pasovém schéma
se pritomnost 2DEG projevi rozstépenim energie do subpads.

Vypoctem hustoty elektronovych stavi uvnitf jdmy dostavame schodovity profil
krivky , ktery kopiruje profil pro 3D hustotu stav( (volny elektron). Pro
nekonecnou Sirku jdmy se hustota stavd kvantové jamy blizi k hustoté stavi
volnych elektron(



Hustota stavu
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Pro 1D strukturu (kvantovy drat) je hustota stavéi imérna g(E) o 1/VE
a pro 0D strukturu (kvantovou tecku) je hustota stav(l delta-funkéni.


http://statnice.janbok.cz/index.php/Soubor:Hustota-stavu-nizkorozmernych-struktur.jpg

http://www.stm.phas.ubc.ca/Science/Introduction-to-STM.html
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Uhlikové nanostruktury - fullerény

» petiuhelnikova porucha®“ grafenu —
zpusobi zakfiveni

Fullereny

objev 1985

*Robert F. Curl
*Richard E. Smalley
*Harold W. Kroto
Nobelova cena 1996

Nazev ziskaly podle staveb,
. které projektoval americky
architekt a matematik
Richard Buckminster Fuller
(1895- 1983)

Pro EXPO 67 v Montrealu,
CA




Fullerény

Strukturou se jedna o molekuly z atomu
uhliku s meziatomarni vzdalenosti ~ 0,142
nm, které jsou usporadany do jediné
grafenoveé vrstvy tvofené peti a Sestiuhelniky,
ktera je prostorové sbalena do uzavieneho,
obvykle sférického nebo elipsoidniho, tvaru.
Prikladem muze byt fulleren C60, ktery se
sklada ze Sedesati atomu uhliku.

Mezi zakladni vlastnosti fullerent patfi velmi

mala velikost (C60 prumér 1,1 nm), odolnost
vuci  vngjsSim fyzikalnim vliviam, jako je
teplota a tlak, v nékterych pfipadech
magnetické vlastnosti, supravodivost pfi
teplotach (19-40) K, moznost optimalizovat
jejich vlastnosti vlozenim atomu jinych prvku
do jejich struktury, moznost navazovat ruzné
funkCni skupiny a vytvaret tak derivaty s
katalytickymi, antioxidacnimi
a antibakterialnimi vlastnostmi.




RUzné druhy

(a)

C 20 (pravidelny
dvanactistéen)
NejmensSi a nejméneé
stabilni C20 - 12

~ pétiuhelnika a 30
vazeb

Existuji i vétsi tvary C 240, C 270, C 540...

C 70 ma tvar
ragbyového mice.




Platonska télesa

* Platonska télesa byla znama jiz ve staroveku.
Nazyvaji se podle reckého filosofa Platona
(427-347 pr. n. |.),

e ktery krychli, osmistén, Ctyrstén a dvacetistén
povazoval za predstavitele ctyr zakladnich
zivlu: zeme, vzduch, ohen a voda.
Dvanactistén byl predstavitelem jsoucna
neboli vseho, co existuje.
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Lze pouzit i Si - Silafullerane

Si,, dodecahedron.

* isroughly as large as the C60 molecule. However, there
are some crucial differences between the types of
bonding: All of the carbon atoms in C60 have
a coordination number of three and form double
bonds. In the silicon dodecahedron, in contrast, all
atoms have a coordination number of four and are
connected through single bonds.

a) Dodecahedral core with an endohedral
Cl~ ion. b) Full structure including substituents.

10.1002/anie.201412050


http://phys.org/tags/coordination+number/

Helium atmasphere kP
(10% of normal al:mn:.p}her:]

Vvroba fullerenu

1)
odparovanim grafitu
H. Kroto, 1985

And conven
ot erted
o sane,

2)
puvodné z fullerenovych sazi (elektricky oblouk mezi grafitovymi elektrodami)
saze: 10 % fullerent (Cg,, C,,)-nasledna extrakce

Kratschmer a Huffman, 1990

3)
spalovani organického materialu (vedlejSi produkt: aromatické
polykondenzované systemy)

opét nutné Cisténi, ale: vetSi meéritko vyroby, kontinualni provadéni procesu
J. Howard, J. T. McKinnon, MIT, 1991

Vzdy bude smeét — nutno roztridit

http://nobelprize.org/nobel_prizes/chemistry/laureates/1996/illpres/carbon.htm



\ Fullerenove saze

[ Extrakce toluenem

toluenovy extrakt
fullereny Cg-C, 40

alumina
hexan/toluen

alumina

hexan/toluen

vyssi fullereny Cs4, Csg, Cgy
stopy Cgg Coy
zbytkovy C,,

r v 1
nerozpustny podil

Extrakce
v 1,2,4-trichlorobenzenem

extrakt vyssich
fullerenu C > 100

www.uochb.cas.cz/Zpravy/PostGrad2004/7 _Lhotak.pdf

Csas Cyy

smes izomeru




Multistep fullerene synthesis

* |n the final step a large polycyclic aromatic hydrocarbon consisting
of 13 hexagons and three pentagons was submitted to flash vacuum
pyrolysis at 1100 °C and 0.01 Torr.

 The three carbon chlorine bonds served as free radical incubators
and the ball was stitched up in a no-doubt complex series of radical
reactions. The chemical yield was low: 0.1 to 1%.

https://en.wikipedia.org/wiki/Fullerene_chemistry 11 01-1%



Funkcionalizace ?

www.uochb.cas.cz/Zpravy/PostGrad2004/7 _Lhotak.pdf
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Fig. 9 Proposed mechanism for laser-induced transformation of func-
tionalized fullerenes. Reprinted from ref. 107 with permission. Copyright

© 2008, American Chemical Society. DOI: 10.1039/c5nr07855¢



Derivaty

byly popsany tisice derivatd, které bychom mohli rozdélit do nékolika zakladnich kategorii

a) exohedralni derivaty fullerent - do této kategorie spada drtiva vétSina dnes znamych

derivatd jako jsou ruzné soli a adukty;

b) endohedralni komplexy - zajimavé slou€eniny, u nichz je uvnitf fullerenové

struktury uzavrena jina molekula nebo ion;

c) heterofullereny - slou€eniny, v nichz je jeden nebo vice uhlikovych ato-

muU nahrazen atomem jiného prvku (napf. dusik, bor);

d) slouceniny s otevienou sférou - fullereny s ¢aste¢né otevienou strukturou (fullereny s
,okynkem®, kterym muze do struktury proniknout jina

molekula nebo ion);

e) degradacni produkty fullerent - produkty isolované pfi rozpadu matecnych fullerend.




Aplikace
Aplikace fullerénu :

- fotovoltaickeé Clanky, kde jsou vyuzity bud Cisté
fullereny, nebo jejich derivaty zlepsujici jejich
rozpustnost a elektrické vlastnosti, u€innost ¢lanku
byla zvySena o 8%,

- Vv oblasti mediciny. Fullereny jsou dobrymi
antioxidanty velmi dobre reagujicimi s volnymi
radikaly, které jsou Casto priCinou poskozeni
bunék nasledné zpusobujici smrt. Jsou schopny
pohltit 20 i vice volnych radikalu na jeden fulleren.



doi:10.1016/j.protcy.2014.09.067

Organic Solar Cells

* Integrace organickych fotodetektoru a
p o OPD
polymernim vinovodu AVAVAV T T2VAVAY

e ZnPc:C60 as active material of the

Fig. 1. Layout of a polymer waveguide with an organic photodetector.

photosensitive device s Zinc phtalocyanine

Al
ETL

ZnPc:CB0

HTL

Fig. 2. Cross section of an OPD stack based on an organic solar cell. The light absorbmg layer 1s made of Zine phialocyanine {ZnPc) and
Fullerene C60, Additional layvers (yellow and orange) act as hole-transport (HTL) and electron-transport layver (ETL) The stack is clad by
aluminum (Al) and indmm tin oxade (1TO) contacts.


http://dx.doi.org/10.1016/j.protcy.2014.09.067

El. conductivity

* El. conductivity of alcali-doped C60:
— insulator K,C,, but
— superconductors K,C., at 18 K and

— Rb,;C,, at 30 K (however, it is still too low
transition Tc )



Skladovani vodiku

 When fullerenes are hydrogenated, the C=C double bonds become
CC single bonds and C-H bonds. The bond strength of single C-C
bonds is 83 kcal/mole, and theoretical calculations show that the
bond strength of the hydrogenated C-H bond is 68 kcal/mole.

* This means that for fullerene hydrides, the H-C bond is appreciably
weaker that C-C bonds. Therefore, when heat is applied to fullerene
hydrides, the H-C bonds will break before the C-C bonds, and the
fullerene structure should be preserved. The considerably lower
heat of formation for C60H36 indicates that C60H36 as a molecule
is thermally more stable than C60. Therefore, hydrogenation of C60
is thermodynamically favored and can be accomplished under the
right chemical conditions. The color of the hydrogenated fullerene
changes from black to brown, then to red, orange, and light yellow
with increasing hydrogen content.

* Fullerenes with up to 6.1% hydrogen content has been developed
experimentally

http://web.eng.fiu.edu/~vlassov/EEE-5425/Ulloa-Fullerenes.pdf



* Fullerene Strengthening/Hardening of Metals

— hardness of a popular aerospace intermetallic
compound Ti- 24.5A1-17Nb, with and without
fullerene additives, a 30% hardness enhancement
was measured for the material with fullerene
additives

 Fullerene as Precursor to Diamond

http://web.eng.fiu.edu/~vlassov/EEE-5425/Ulloa-Fullerenes.pdf



* Optical Application of Fullerene

— Based on the optical limiting properties of
fullerenes, one can make an optical limiter, which
allows all light below an activation threshold to
pass and maintains the transmitted light at a
constant level below the damage threshold for the

eye or the sensor.

Output Energy (pJ/pulse)

http://web.eng.fiu.edu/~vlassov/EEE-
5425/Ulloa-Fullerenes.pdf
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DOI: 10.1039/c5nr07855e

Navazani funkcni skupiny - schéma

Method A:

-C0, ,
R'NHCH,COOH + RCHO ——= | H,C% o | —— N-R!

R? R?

Cp2:R'=H, R= @\ : Cp3: R'=CH,, R!= Q 3
NO, NO,

NO, O,N NO,

Cp4: R'=CH,, R’= : Cp5: R'=CH,, R’= .

NO: N02

TATB.K,CO,

NH +R'X N—R'
150 C
NO, NO,
NO, O,N NO,
Cp6:X=F, R'= : Cp7: X=Cl R'= 3
NO, NO,

Preparation methods of N-unsubstituted fulleropyrrolidine. Reprninted



V mikrovince?? | tak lze aktivovat
chemické reakce — misto zahrivani

Z
W.Oﬂh + CH,NHCH.COOH +w CHO oot
3

TN

A
. q Toluene
Q‘O’} + CHNHCH.COOH 4 —O—cno —

~%

Scheme 3 Preparation method of N-methyl-2-(4'-N,N-diphenylaminophenyl)-fulleropyrrolidine under microwave irradiation.

DOI: 10.1039/c5nr07855e



Functionalized Fullerene Radical Anion
Salt

e CF3—-12 krat
 DOI: 10.1002/chem.201304850




Synthesis and applications of
amphiphilic fulleropyrrolidine

derivatives
« DOI: 10.1039/B516948H

Boostfing solubilify in woter ond polar solvents

Broodening the applicability of fullerenes



Metal — fulleren komplex

base
base ReBr(CO),
N Wy wconEem, (), /IFeCo(CO)L,
o) Diazald
s
\ RUC,(CO! oc, co
R Cr R MO(OO),TE!CN R Hp /T?( Jala gy T
R R base > base R R
Cr(CO)4(MeCN), Cox(CO)s/l2
e >
CSJEIOH iane
base RhCI(CO),l,
‘Ji" [PtCi(ally!)}2 base oc €O
F base base [IrCCO),), R Rh R
S A PdCi(allyl)}> UNiClally)lo\g 1> R R
' oc, 2
R I R

ngn
Fig. 8 Synthesis paths for exohedral metal fullerene complexes. Re-
printed from ref. 106 with permission from Copyright © 2011, Royal

Society of Chemistty-  p0J: 10.1039/c5nr07855e




Inactivation of SFV

* water-insoluble fullerene (C60) derivatives have
antiviral activity against enveloped viruses.

* After visible light illumination for 5 h of semliki
forest virus (SFV, Togaviridae) or vesicular
stomatitis virus (VSV, Rhabdoviridae)

=V —F —=7 no light

noC,,

E

3 %

E Argon

o ©°7 ®

= \, SFV was illuminated with visible light in the
E | / presence of C60 under constant stirring and
E | * 0O, bubbling

Detection Limit
I I T I T ; I l 1 | T |
0 60 120 180 240 300 360

[llumination Time [min]



Aplikace

* Antioxidant activity
* Diagnostic application

— fullerene derivatives were used as a carrier for
serum protein profiling, which is a powerful tool
for the identification of protein signatures for
pathologies and biomarker discovery, using
material-enhanced laser desorption/ionisation
(MELDI) technique.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2676811/



Aplikace

* Fullerenes in drug and gene delivery

— The direct delivery of drugs and biomolecules through cell membrane
into cells has attained increasing attention and has put a main focus
on the development of efficient and safe carriers to transport genes or
drugs. Transport of any compound into the nucleus of an intact cell is a
major challenge, as transfer is limited by at least three membrane
barriers which are the cell membrane, the endosomal membrane and
the nuclear membrane. Hence it is important to fully understand the
mechanism through which carriers enter cells.

— Fullerenes belong to the class of inorganic nanoparticles and show
wide availability due to their small size (~ 1 nm) and biological activity.

— Although water-soluble fullerenes are not acutely toxic, they are
retained in the organism for long periods, raising concerns about
chronic toxic effects. However there is striking evidence that
hydrophilic functional groups on the surface of fullerenes dramatically
decrease toxicity of raw C60 molecule

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2676811/



Vicevrstve fulerény

« Uhlikové nanocibule byly objeveny v roce 1992 a jsou to multivrstve
fullerény (obdoba multivrstvych nanotrubek) s pruimérem (6 — 47)
nm.

» Pfipravuji se napfiklad grafitizaci nanodiamantd (N-CNOs) nebo pod
vodou vybojem mezi grafitovymi elektrodami.

) S5 0,00,,@C,, e
Obr.7.23: Potitatové modely jednoduchych uhlikovych cibuli




Priprava

Over the years many other ways have been
utilized to synthesize CNOs. These methods
include:

* RF plasma

* Shock compression

* High energy ball milling
* Laser irradiation

http://graphiticnanoonions.com/graphonyx-history/



HRTEM images

(a) diamond nanoparticles, (b) spherical carbon onions, and (c) polyhedral carbon
onions. Diamond nanoparticles are transformed into spherical onions at about
1700 °C. Polyhedral onions are dominant in the sample annealed above 1900 °C.

doi:10.3762/bjnano.5.207



Lze funkcionalizovat
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Aplikace

Autofluorescence images of different developmental stages of Drosophila

melanogaster from larva to adult. b) D. melanogaster fed with water-soluble CNO,
under 488 and 561 nm filters.

(a) control (b) treated
without carbon nano-onions with carbon nano-onions

488 nm 561 nm 488 nm

561 nm

doi:10.3762/bjnano.5.207



ohion-like carbon

(a) Schematic diagram of the synthesis procedure of the core—leaf OLC—
MnO, hybrid nano-urchins. Scanning electron micrographs of (b) pure OLC, (c)
intermediate product, and (d) final hybrid nano-urchins. Inset in (d) is the
magnified image of a single urchin-like nano-architecture.

(@
Padtact :
£ ;’vﬂ‘: KMnO, solution hydrothermal
Eos FFh 55 °C reaction

doi:10.3762/bjnano.5.207



Reference v DOI: 10.1039/c5nr07855e

Table 4 The preparation methods and application of fullerene-based energetic materials

Materials

Preparation method

Application field

Contributors

FPGN

FFGAP

FPL

FHN

FEN
FED

mPF
FIA-Pb
PF
MTNBFP
NFD
FDFP

NPF

Through a modified Bingel reaction of Cg, and bromomalonic acid PGN ester in the
presence of amino acid and dimethyl sulfoxide

Using a modified Bingel reaction of [60]fullerene [Cg4,) and bromomalonic acid
glycidyl azide polymer ester (BM-GAP)

Fullerene phenylalanine (FP) was dissolved in 10 mL water, then the pH of the FP
water solution was adjusted to 6.96 using 1 mol L™" HNO; by adding Pb(NO,),
(0.01 mol) and the mixture was stirred at 30 °C for 3 h

Fullerene hydrazine is synthesized from fullerene and hydrazine hydrate and then it
reacts with concentrated nitric acid to form fullerene hydrazine nitrate

Using fullerene, ethylenediamine and dilute nitric acid as raw materials

Via ion exchange reaction of fullerene ethylenediamine nitrate and ammonium
dinitramide [ADN)

Glycyl-porphyrin (20 mg) and Cg, (42 mg) are dissolved in 45 ml of anhydrous
toluene under stirring, then three-fold excess of benzaldehyde was added
Prepared via a two-step reaction using Cg,, itaconic acid and lead nitrate as raw
materials

Prolonged treatment of Cg, in benzene with very high concentrations of N,O,

Not available in the literature

Synthesized by 1,3-dipolar cycloaddition reactions of Cg; and a nucleophilic
substitution reaction of N-unsubstituted fulleropyrrolidine

Prepared by the Prato reaction with a reactant molar ratio of Cg,
2,4-dinitrobenzaldehyde and N-methylglycine 1:2:6

Prepared via Cg, reaction with trinitrochlorobenzene and sodium azide

Energetic binder
Energetic binder

Propellant catalyst

Energetic
combustion catalyst
Propellant catalysts
Energetic
components
Catalyst for
explosives
Propellant catalyst

Magnetic material
Primary explosive
Propellant catalyst

Energetic catalyst

Energetic
components

Gong et al. (2015)"*°
Huang et al. (2015)"*"

Guan et al. (2014)""

Guan et al. (2014)'"

Chen et al. (2014)"*®
Chen et al. (2014)"**

Jin et al. (2014)""
Liu et al. (2013)""°
Cataldo et al. (2013)'"
Tan et al. (2010)"
Jin et al. (2009)""°
Jin et al. (2006)""

Wang et al. (1996)'"*

FEN, fullerene ethylenediamine nitrate; FED, fullerene ethylenediamine dinitramide H,,Cg(HNCH, CH,NH,-HN(NQ,),},; mNPF, N-methyl-2-(3-
nitrophenyl) pyrrolidine-[3',4":1,2] fullerene; NFD, nitro fulleropyrrolidine derivatives; PF, polynitro[60]fullerene, Cg(NO,);; MTNBFP, N-methyl-
3-(2',4',6"-trinitrobenzene)-fulleropyrrolidine; FPGN, [60]Fullerene-poly(glycidyl nitrate); MDFP, N-methyl-2-(1,3-dinitrophenyl) fulleropyrrolidine;
FIA-Ph, fullerene itaconic acid copolymer lead salt; FFGAP, functionalized [60]fullerene-glycidyl azide polymer; FPL, fullerene phenylalanine lead
salt; FHN, fullerene hydrazine nitrate; NPF, trinitrophenyl Cg, derivative.



Nanotrubky

Nanotrubky jsou velmi dulezitou formou

nanostrukturovaného uhliku

Strukturou lze SWNTs (single wall nanotubes)
prirovnat ke srolovanemu listu grafenu. Smeér,
kterym je grafen srolovan podél své Sestiuhel-
nikové struktury je dan chiralnim vektorem

C , ktery je vysledkem paru celych Cisel (n, m),
které odpovidaji grafenovym vektorim A a T.

Princip konstrukce SWNT z listu grafenu podél
chiralnino vektoru je zobrazen na obrazku.
Podle hodnoty Cisel (n, m) existuji dva zaklad-
ni typy konstrukce SWNTs. Struktura (n, 0) se
nazyva ,zigzag“ a struktura, kde n = m (n, n)
,2armachair®. Tretim, nestandardnim, typem
konstrukce CNTs, kterou lze charakterizovat

rovnici, kde n > m > 0, se nazyva ,chiralni”.
Chiralita CNTs urCuje elektrické, mechanicke,
optické, chemické a dalSi vlastnosti CNTSs.



Mechanickeé viastnosti

YoungUv modul/modul pevnosti v tahu pro SWNTs i MWNTs (multiwall
nanotubes) je vetsi nez 1 TPa/100 GPa, maximalni vratna deformace
dosahuje hodnoty (10-30) % a hustota 1,35 g/cm3. Co se tyka

elektrickych vlastnosti, CNTs maji elektricky odpor 10-4 Q/cm.
Maximalni proudova hustota dosahuje hodnoty az 1013 A/m2.

Pro SWNTs obecné plati, Zze nanotrubice typu armchair maji vodivy
charakter. U zigzag a chiralni struktury plati, ze CNTs maji vodivy
charakter, pokud je rozdil n — m déelitelny tfemi. V ostatnich pripadech
maji CNTs polovodivy charakter. U MWNTs se predpoklada, ze
alespon jedna vrstva ma vodivy charakter.

Tepelna vodivost SWNTs dosahuje hodnoty (1 750-5
800) W/ mK a vice nez 3 000 W/mK pro MWNTSs.
CNTs rovnéz vykazuji vyborné autoemisni vlastnosti
S nizkym prahovym napétim v radu nékolika V/mm.




Nanotrubky MWNTs — typ C —
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Nanotrubky MWNTs — typ h — rybi
kost (herringbone)




Nanotrubky MWNTs — typ b —
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Parametry

Fiber Maternal opecific Density  |E (TPa) otrenght (GFa) | Strain at Break (%)
Carbon Manotube 1.3-2 1 10 - BO 10
HS Steel 7.8 0.2 4.1 =10
Carbon Fiber- PAN  [1.7 -2 02-0k 1.7-5 0.3-2.4
Carbon Fiber - Pitch  |2- 22 04-058 |22-33 027 -085
Ef= - glass 2.5 007 /008 (24745 4.3
levlar 49 1.4 0.13 d.6-4.1 2.0

Material Thermal Canductivity (Wim. k) Electrical Conductivity

Carbon Manatubes = 3000 106 - 107

Copper 400 b 107

Carbon Fiber - Pitch 1000 2-85x 106

Carbon Fiber - PARN 8- 105 B.5-14 x 106




Srovnani mechanickych vlastnosti

Toung's modulus, tensile strength and density of carbon nanctubes compared with some other materials

I aterial Toung's modulus (GGPa) Tensile Strength (GPa) | Density [gf.;;mE]
=ihgle wall nanotube 1054 150
Ity wall nanotube 1200 150 2.6
ateel 208 0.4 7.8
Epomy 3.5 0.005 1.25

Wood 16 0005 0.6




Moznosti plnéni nanotrubek




TEM images of MWNTs filled with Fe (left)
and Ni (right).



Modifikace

S
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Obr. 7.21: a) Pocitatovy model SWNT naplnéné krystalickym K1, b) TEM mikrofotografie




Fullereny v nanotrubce

Obr. 7.22: Struktura (Ceo)a@SWNT




Aplikace nanotrubek

Vlastnosti uhlikovych nanotrubic jsou dany zejména:
e strukturnim typem CNTs

e kvalitou CNTs

* reaktivita, mechanické vlastnosti,
tepelna odolnost,

e adsorbcni vlastnosti, .....

* Chemicka reaktivita

o bonds

uhlikovych nanotrubic je ve

srovnani s reaktivitou
grafenovych plati zvétsena v
dusledku zvysené kfivosti!

* Mensi prumeér trubice = vétsi
* reaktivita!

* Kovalentni chemické

 modifikace povrchu = zmény
* rozpustnosti uhlikovych nanotrubic!




Aplikace nanotrubek

Extrémné malé objekty = velky
specificky povrch, kterym mohou
ykomunikovat” se svym okolim.
Idealné: specificky povrch SWNTs je
vétsi nez specificky povrch MWNTSs.
SWNTs — 400-900 m2g-1

MWNTSs — 200-400 m2g-1
Experiment: B.E.T. analyza = adsorbce




Chemicka reaktivita nanotrubek

e Otvirani nanotrub — napr. oxidaci (oxidacnimi
Cinidlo-Cl, 02,...)

* Reakce zacina na nestabilnéjsich — chemicky
reaktivnéjsich pétiahelnicich (zakriveni + mensi
uhel)

* Navaze se oxidacni Cinidlo (napf. Cl) — tim se
oslabi elektronova hustota na okolnich vazbach
(,,prestane je chranit obal z it elektronu“) a ty
mohou snadnéji povolit dojde k otevreni C-
nanotrubice
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Tepelna odolnost

e SWNTs — stabilni do 750°C na vzduchu (ale jen
kratkodobé, pri delSim pusobeni nastava
degradacni oxidace)

e -stabilni do 1500-1800°C v interni atmosfére
(dusik, argon), dale dojde k pretvoreni na
polyaromatickou pevnou latku

* Pro MWNTs — podobné hodnoty



Vyroba nanotrubek

Zdroj uhliku

- pevna latka (vyssi teplota) Solid Carbon Source-Based production
Techniques for Carbon Nanotubes

- zdroj energie - laser Laser Ablation

- elektricky oblouk Electric — Arc Method

- solarni ohrev Solar Energy method — Solar Furnace

- plynny uhlik (nizsi teplota) Gaseous Carbon Source — Based
Production Techniques for Carbon Nanotubes (CVD, CCVD) —
chemical vapour deposition

- zdroj energie (bézny ohrev, plazma,...)



Vyroba nanotrubek

Pro vyrobu CNTs je €asto nutné pouzivat KATALYZATORY
Katalyzou se nazyva zmeéna rychlosti chemické

reakce zpusobena latkami, které se reakci a)
chemicky nezmeéni.

* Zejména katalyzatory na bazi kovl (kovy, ||
oxidy kovu) — pevné latky, kapaliny(taveniny),.
* Kovy jsou schopny reagovat za urcitych |
podminek (teplota, tlak) s uhlikem na svém
povrchu.
* Funguiji jako degydrogenacni Cinidla. ““w—»‘““
* Typ katalyzatoru — jeho morfologie it
ovliviiuje strukturu vznikajiciho objektu. I [




Vyroba nanotrubek

* Mechanizmus rustu — ze zakladu Base growth

SWNT

Scale bars=
10 nm

A T SR o e C 5% o~ .
Fig.3.20 High resolution transmission electron mi-
croscopy images of several SWNTs grown from iron-based
nanoparticles by CCVD method., showing that particle
sizes determine SWN'T diameters in that case (adapted

from [3.116])




Vyroba nanotrubek

a) Vaporisation Internal C supply External C supply
(to nucleate SWNTs)

+ external C supply
(to close tips)

T

M-C alloy SWNT nucleation

Fig.3.21 (a) Mechanism proposed for SWNT growth (see text). (b) Transmission electron microscopy image of SWNT
rowing radial to a large Ni catalyst particle surface in the electric arc experiment. (modified from [3.17])




Vyroba nanotrubek

* Mechanismus rustu — ze Spicky
* Plovouci proces
o tip-growth” — floating process
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Vyroba nanotrubek

fable 3.2 Guidelines indicating the relationships between possible carbon nanofilament morphologies and some basic synthesis
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Vyroba nanotrubek

Vyroba nanotrubek impregnacni technikou na bazi CCVD:
(1)vytvoreni katalytické kovove cCastice redukci prekurzoru
(2)katalytickeé rozlozeni plynu obsahujiciho uhlik
(3)odcCerpani katalyzatoru a vytvoreni nanotrubek

Supported catalyst  |Catalytical metal CN'Ts
or solid solution particles
(1) (2) (3) i

Fig. 3.15 Formationof nanotubes by the CCV D-based impregnation
technique. (1) Formation of the catalytic metal particles by reduction
ol a precursor; (2) Catalytic decomposition ol a carbon-containing
gas, leading to the grow th of carbon nanotubes (CNTs): (3) Removal
of the catalyst to recover the CNTs (from [3.80])







Aplikace

Sensory, sondy a detektory

Diky pevnosti a ohebnosti a malym rozmérim
mohou byt CNTs pouzity jako skenovaci sondy ci
detektory.

Napi. AFM (atom force microscope) — vodiva
MWNTs - jako detektor povrchu zkoumaného
vzorku.

Vyhody — zvétseni rozliSeni vysledného obrazu
oproti drive pouzivanym kfremikovym ci kovo-
vym hrotim (kiehké, relativné velké).

Jsou potreba spisSe kratSi CNTs — dlouha
nanotuba se pfi pohybu po povrchu vzorku
rozechviva a to mtiZe rusit vysledny obraz.
SWNTs- primér 1,4nm; délka 10 um

Obvykle plati cca 7000x rozdil primér x délka
Predstava: Duta Spageta o délce 200m.




Aplikace

Systemy s rizenym dodavanim léciv
- Na povrchu ci v dutine
Kompozitni nanomaterialy
CNTs — vyztuzny material

Nosice katalyzatort —
velky povrch, velka
tepelna odolnost,...




Aplikace

Skladovani vodiku — potencialni aplikace
Vyhodou vodiku jako zdroje energie je to, ze pfri jeho spalovani vznika voda.
Vodik je mozné snadno obnovit. = Vyborny zdroj energie!

Ovsem je nutné nalézt vhodny mechanismus skladovani (hmotnost, objem,
cenal).

CNTs - skladovani ve vnitfni dutiné - kapilarita
skladovani fyzikalni adsorbci na povrch CNTs — uvolnéni zahratim

Chybi — dokonalé pochopeni procesu skladovani vodiku a vlivy rliznych materialG
na tento proces.

Titarsum

—ZJ Hydrogen

Obrazek modelove mazomuye hromadéni plynného vodiku na povichu nanotrubice.




Dalsi priklady aplikaci

 Nanotube-based transistors, also known as
carbon nanotube field-effect transistors
(CNTFETs), have been made that operate at
room temperature and that are capable of
digital switching using a single electron.



* Printed CNT thin-film transistors (TFTs) are attractive
for driving organic light-emitting diode displays,
showing higher mobility than amorphous silicon (~1
cm?2 V-1 s-1) and can be deposited by low-
temperature, nonvacuum methods.

e A vertical CNT FET showed sufficient current output to
drive OLEDs at low voltage, enabling red-green-blue
emission through a transparent CNT network. CNTs are
under consideration for radio-frequency
identification tags. Selective retention of
semiconducting SWNTs during spin-coating and
reduced sensitivity to adsorbates were demonstrated.



https://en.wikipedia.org/wiki/Radio-frequency_identification
https://en.wikipedia.org/wiki/Radio-frequency_identification
https://en.wikipedia.org/wiki/Radio-frequency_identification
https://en.wikipedia.org/wiki/Radio-frequency_identification

Improve batteries

e Carbon nanotubes' (CNTs) exciting electronic properties
have shown promise in the field of batteries, where
typically they are being experimented as a new electrode
material, particularly the anode for lithium ion batteries.
This is due to the fact that the anode requires a relatively
high reversiblecapacity at a potential close to metallic
lithium, and a moderate irreversible capacity, observed
thus far only by graphite-based composites, such as CNTs.
They have shown to greatly improve capacity and cyclability
of lithium-ion batteries, as well as the capability to be very
effective buffering components, alleviating the degradation
of the batteries that is typically due to repeated charging
and discharging. Further, electronic transport in the anode
can be greatly improved using highly metallic CNTs



https://en.wikipedia.org/wiki/Anode
https://en.wikipedia.org/wiki/Battery_capacity
https://en.wikipedia.org/wiki/Lithium-ion_battery
https://en.wikipedia.org/wiki/Lithium-ion_battery
https://en.wikipedia.org/wiki/Lithium-ion_battery

