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Nano historie

* 1959 - R. Feynmen, APS meeting, Pasadena: vize
nanotechnologického véku, predpovéed
pamétového Cipu, metod nanomanipulace

e 1981 - skenovaci tunelova mikroskopie (STM):
moznost 3D zobrazeni s atomarnim rozliSenim,

e 1985 objev fulerenu C,,, Nature 318 (1985) 162-
163,




Nano historie

* 1991 - objev vicesténnych uhlikovych
nanotrubicek, S. lijima, Nature 354 (1991) 56-58

* 1993 - objev jednosténnych uhlikovych
nanotrubicek, S. lijima, T. Ichihashi: Nature 363
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* 2004 - objev grafenu -monoatomarni grafitova
vrstva, prvni stabilni 2D struktura Science 306

(2004) 666-669. |
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Nobelova cena za chemii 2023 -
®. Louredti Kvantové tecky

Alexej Jekimov - objev kvantové velikostni
zavislosti (sklenéné matrice, 1980s)

Louis Brus - kvantové tecky v koloidnich
roztocich (1983)

Moungi Bawendi - vysoce kvalitni syntéza
koloidnich kvantovych tecek (1993)

Vyznam:
Ukazali, Ze optické vlastnosti (barva
absorbce/emise) zavisi na velikosti ¢astic.

Otevreli cestu k precizni kontrole
nanostruktur na drovni nékolika atomu.
Aplikace: displeje (QLED TV), bioimaging,
fotovoltaika, senzory.




Nanostruktury

objekty hmoty, u nichz alespon jeden z rozméru
mensi nez 100 nm

fyz.-chem. vlastnosti vyrazné odlisné ve srovnani
s ,objemovymi*“ ¢asticemi

povrchové jevy, jevy na fazovém rozhrani,
kvantové jevy

nové materialy a strukturni formy hmoty
(nanofilmy, nanokompozity, nanoprasky, trubicky,
grafeny, nanovlakna...)

nové vlastnosti hmoty (kvantové tecky,
superparamagnetismus,...)



Klasifikace nanostruktur
3D - objemové, s nhano- motivy
— Nanokrystalické materialy, nanokompozity

2D
— 2D materialy (grafen, ...)

1D

— Nanodraty, nanovlakna

— Nanotrubicky

OD - nanocastice

— Fullereny

— Kovové nanocastice (nebo ze sloucenin kovu)
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Je to realné?

Realizace tranzistoru na bazi grafen-hBN-grafen
(C)z0

Zhu, Novoselov et al, 2D Mater. 2017, 4,



Grafen
* Grafen = monoatomarni vrstva grafitu

* Priprava
— Mechanické odlupovani grafitu
— Chemicka exfoliace

Materials

— Naparovani (CVD) na substrat

CVDGraphene™ on a 4" Silicon Wafer on Ni
film http://www.firstnano.com

Chemical Vapor Deposition (CVD)

ZpUsoby pripravy

STM snimek grafenu



Vlastnosti grafenu
* Plocha elementarni buniky 0,052 nm?,

V.4V 4

proto vazi 0,77 mg

obsahuje 2 atomy, 1m? z grafenu )-:y

* Vice nez 100 krat pevnéjsi nez ocel (stejné
tloustky), 1m?2 by mél unést az 4kg

* Témér transparentni,
absorbuje jen 2,3% svétla ™

* Teplo vede 10 krat |épe nez méd

* Mirné vétsi elektricka vodivost nez méd

Royal Swedish Academy of Sciences: Scientific Background on the Nobel Prize in Physics 2010, www.nobelprize.org
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Stabilita

* Stabilita 2D vrstev a membran po |éta diskutovana
teoreticky

* Podle tzv. Merminova-Wagnerova teorému:
dlouhovinné fluktuace vedou ke zniceni
dlouhodosahovému usporadani 2D krystalu

* U grafenu vysvétleno zvinénim o vinové délce 50-100 A

Figure 1 A representative configuration of the N = 8,640 sample at 7= 300K
The red arrows are ~80 A lang.

Nature Mater. 6 (2007) 858



Elektronické vlastnosti grafenu
Grafen je polokov - nulovy zakazany pas

Pro elektroniku jsou vyhodné materialy se
zakazanym pasem (polovodice E, ~ 1 eV)
Nejlépe, pokud lze zakazany pas ménit
RUzné cesty k ,otevieni” zakdzaného pasu

Chemickd modifikace, chemisorpce, fyzisorpce,
vliv vnéjsiho pole, mechanicka deformace, ...




Kovalentni modifikace grafenu

* Atomy nebo molekuly jsou kovalentné navazany
na nékteré (nebo vSechny) atomy uhliku
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* sp? hybridizace se méni sp?
* vI' bodé (nebo jinde) se objevuje zakadzany pas



Fluorografen
e Grafen plné pokryty fluorem, C,F,, grafen fluorid

IR VRS
' J _ ) J 5[ 4l
J JJ o ' 1 P 1
E i E Qe —dich=1388 [ 15
d(C-C-F)=110.9° | 1 B ]
e d(C-C)=1.58A 20 N PR B P
o K G M KO

2 4
- A , ,
—— d(F-F)=2.61A DFT pasova struktura DOS (electron/eV)

* Pfipraven 2010, fhi&chanickou ¢i chemickou

rgy (eV)

Ene

» ,Nejtenciizolant na svété”, E, ~ 7-8 eV

* Mechanicky a tepelné velmi odolny - ,2

F
fo N N T N R I A

N /) 1 S P
F F F FF FPF



Hexagonalni nitrid borlty
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DFT), 2 atomy v burice, 4 obsazené pasy

* |ontovy charakter vazby B-N

Ends Essp Egip Ege
calc. AA 6.08 6.53 5.71 0.82
calc. AB 6.17 6.39 5.61 0.78
exp. 12 6.08 6.42 5.69 0.73

ngh resolutlon TEM
Kolos, Karlicky, Phys. Chem. Chem. Phys. 21(7), 3999-4005, 2019 Science 331, 568



Dichalkogenity prechodnych kovt
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Stabilita a elektronické vlastnosti 2D dichalkogenitt. Vysledné struktury (T or H) mohou byt
polokovy (+), kovy (*) nebo polovodice (**) s pfimym nebo nepfimym zakdzanym pasem.
Chem. Rev. 113 (2013)



@ Considered Materials - MXenes
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2D materials ' gai ol el ab e g - cﬁijﬁ,
M X T
hihasdaibasiaing MXetronics
M = transition metal, . S @
X = nitrogen/carbon
T = functional group (-F, -O or -OH) ACS Materials Lett. 2 (2020) 5

Our search - carbides, light metals (3d), semiconducting, n=1
Sc,CF,, Sc,C(OH),, Ti,C, Ti,CO,, Cr,CF,, Cr,C(OH),, and Mn,CO,

Fundamental properties for applications: gap, absorbance, excitons
Ketolainen, Karlicky, J. Mater. Chem. C 10 (2022) 3919-3928
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MXenes conduct electricity like
metals, but they are nanometer

(one billionth of a meter) thin flakes
like graphene. They can also be
dispersed in water like clay.

CAPABILITIES

» Store energy much faster than
carbon and other materials
used in current batteries and
supercapacitors

» Protect our electronics (cell
phones, etc.) from electromagnetic
noise and also protect our credit
card information from being stolen

» Purify water and produce drinking
water from salt water

» Sense dangerous species in air

» Remove toxic heavy and
radioactive elements from water

» Treat cancer
» Make wearable kidney a reality

» Increase strength of plastics,
metals and ceramics

» Create energy storing windows
that can change color when a
small voltage is applied

» Generate printable antennas for
5G communication and Internet
of Things

» Enable a new generation of
flexible and printable electronic
and optoelectronic devices
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Uhlikové nanotrubicky

. Sp?, valec

. déli se dle poctu stén |
(SWNT, DWNT, MWNT) ([ L 7

. velka pevnost v tahu }qj“i

. Nejvyssi tepelna vodivost

e CCa1Tnm X 1nm X 10um
velka orientacni zavislost

M. M. J. Treacy, T. W. Ebbesen and J. M. Gibson, Nature, 1996, 381, 678
S. T. Huxtable et al. Nat. Mat., 2003, 2, 731
J. A. Misewich et al. Science, 2003, 300, 783



Uhlikové nanotrubicky

Carbon nanotubes = CNT, single wall (jednosténné) =

brief history of nanctubes

large variety of chiral angles

= 19591: muHi-wall nanotubes
lijima

Zleciran Benm

nanotubes: length of microns
diameter of 1-30 nm
interlayer spacing of 0.34 nm

+ 1993: single-wall nanotubes
lijima; Bethune et al

s 1995: laser vaporisation of tubes
Smalley et al

-~ Mechanics: Tubes as ultimate fibers.

—— ==> Tube axis
2 Electronics: Tubes as quantum wires.

-~ Capillary: Tubes as nanocontainers.

Widoer, Venema, Rinzler, Smalley, Dekker, Nature 391, 59 (1993).




Uhlikové hrasky (peapods)

« CNT s uzavienymi molekulami
- plyny, kovy, fullereny...

. moznost uzavrit i velmi
nestabilni molekuly — treba

polyyny

Smith, 1998 et
N. Shinogara, 2006, Nagano R ﬁ?; <



Uhlikové nanotrubicky - popis
esgex

nanotube _ na_Otle ‘

n=3 m=1

Obecny popis: notace (n,m) a=139"

Vzhledem ke strukture grafenu
- jeho translacnich vektoru
Vyuzije se vektor kolmy na
,smeér“ nanotrubicky



Uhlikové nanotrubicky - popis
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* Obecny popis: notace (n,m)

* Vzhledem ke strukture grafenu

* \lyuzije se vektor kolmy na
,smeér“ nanotrubicky



n=3 m=1
d =282.3 pm
a=139°

Chiralni nanotrubicka typu
(3,1),
tj. 3u+lv

Chiralni nanotrubicka typu
(1,3)

n=1 m=3
d =282.3 pm



Nanotrubicka typu (2,2), ,,nejtenci* Nanotrubicka typu (3,0), ,,nejtenci*
nanutrubicka ,armchair nanutrubicka ,zigzag"



DalsSi nanotrubicky

a) optimzed single=wall (6,6) ac-BN NT
{aside and across mages ], Dy = .84 nm;

b optimzed single-wall {(12,0) z2-BN NT
{aside and across mmages), Dy = 096 nm;

¢ optimzed single-wall (18,18} ac-BN NT
{aside and across mages ], Dyr = 2.4% nm;

d)} optimized single-wall {36,0) z=-BN NT
{aside and across mages], Dy = 287 nm.




Dalsi ngnotrub'“ky

0 sros nd i imoges of opimioed 3. WA

layer (6,6) TiO; NT with Dyr= 1.01 nem; T R

b) across and aside images of optimized 3- 2V CotSlSmRAGAlaR A

layer (12,0) TiOz NT with Dyr= 1.17 am; Eq.-,m'- R e

N
¢} across and assde images of optimized 3- if":. ¥

layer (18,00 TiOy NT with {byyr= 1.72 nm; £ ‘l,f

d) across and assde images of optimized 3. FFFH;I;ITi l"FI'
laver (12,12} T NT with Dyyr= 1.97 nim. -_:1_ g :-:-:-:-:- ::: "
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... ajiné utvary

5. Nanostructures and the growth processes
5.1. Nanorods
5.2. Nanobelts
5.3. Ultranarmow nanobelts
5.4. Hierarchical nanostructures
5.5, Nanocombs and nanosaws

5.6. Nanosprings and nanospirals

5.7. Seamless nanonngs
(a) Nanowire/nanorod (b) Nanobelttype I (c) Nanobelttype 11 (d) Polar-nanobelt
(0001) (0001} (0110) (2110) or (0110)

0110
LT
(01 10ar (2110)

Figure I. Typical growih morphologies of one-dimensional Zn() nanostructures and the

. g ]
J. Phys.: Condens. Matter 16 (2004 ) REZ9-RESE Cormes fing £ .



Grafenové (nano)pasky

Graphene nanoribbons = GNR

(a) zigrag edge (b) armchair edge
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Fig. 6. GNH edges. (a) digeag edge, (b) armchair edge



Nanocastice: Fullereny

. Sp?, kulovity tvar
o alternujici

- hexagony (bohaté na
elektrony)

- pentagony (chudé na
elektrony)

. vynikajici akceptory
elektronu

. taktez vyborne klece

Kroto, H. W.; Heath, J. R.; Obrien, S. C.; Curl, R. F.; Smalley. R. E. C60-Buckminsterfullerene. Nature 1985, 318, 162-163.



Fullereny

Uhlikové cibule (onions)
« nekolikavrstevneé fullereny

« priprava
- el. oblouk ve vodeée

- Z nanodiamantu iy WK . BENE
—" — QO
N Nanodiamond (ND) NDIgrapr_\ite Onion-like Hollow OLI
° pOUZItI composite carbon (OLC)
- nanoreaktory

- superkondenzatory (200 V/s, ~200 Wh/kg)

Butenko YV et al.Photoemission of onionlike carbons produced by annealing nanodiamonds Physical Review B 71,7, (2005)
Pech, D. et al. Ultrahigh-power micrometre-sized supercapacitors based on onion-like carbon Nature Nanotechnology 5, 651-654 (2010)
Sun L and Banhart F, Graphitic onions as reaction cells on the nanoscale. Appl Phys Lett 88:1931211-3 (20086).



Nanocastice: kovové nanocastice




Dalsi OD systémy
* VSechny 3 sméry limitovany - diskrétni
elektronické hladiny (3D potencialova jama)

* Tzv. kvantové tecky (Quantum dots)

* Pf. PolovodiCové nanokrystaly CdSe

— El. hladlny En] = (2.9 EV/RE) (BHJ/B{]J})Q

R - priimér nanokrystalu v nm, - nuly Besselovych funkci
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Model CdSe a transmisni elektronova mikroskopie (TEM). 17 19 21

Bulk band gap

18, — 18,

Opticka absorpcni spektra nanokrystalti CdSe o rtiznych velikostech.
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