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[oapevio: Oplouocg & loToplo

AIcS1IG0TATO SIKTLO ATOUWY AVOPAKA, TTAXOLGS EVOC ATOUOL, CLVOESEUEV OV
HMETAEL TOLG UE IOXLEOVLS OUOIOTTOAIKOUG SECUOVLG KAl OPYAVWMUEVWY OE

S1a60XIKOVC eEAUENEIC SAKTLAIOLG.
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Carbon Wonderland
A. K. Geim, P. Kim Scientific American 2008, 298, 90



P. R. Wallace, The Band
Theory of Graphite, Phys.
Rev. 1947, 71, 622

B. C. Brodie, On the
Atomic Weight of

“

Graphite, Phil. Trans. %‘? IUPAC formalizes the
1859, 149, 249 &M definition of graphene
1859 1947 1997
"— 2004

1919 1962 1986
V. Kohlschitter and P. H.P. Boehm ef al, Das H. P. Boehm ef al,
Haenni, Zur Kenntnis Adsorptionsverhalfen -~ Nomenclature and
des Graphitischen sehr dunner : terminology of
Kohlenstoffs und der Kohlenstoff-Folien. Z. i’f graphite intercalation
GraphitséureZ. Anorg. Anorg. Allg. Chem. compounds. Carbon
Allg. Chem., 1919, 1962,316, 119 1986, 24, 241
105, 121

“The ending -ene is used for fused polycyclic aromatic hydrocarbons, even when the root of the
name is of frivial origin, e.g. naphthalene, anthracene, tetracene, coronene, ovalene. A single
carbon layer of the graphitic structure would be the final member of infinite size of this series. The

term graphene layer should be used for such a single carbon 1ayer.”




Electric Field Effect in Atomically
Thin Carbon Films

K. 5. Novoselov,” A. K. Geim,™* 5. V. Morozov,” D. Jiang, argy npared to the surface charge that can
Y. Zhang," 5. V. Dubonos,® I. V. Grigorieva,’ A. A. Firsov® L the_ el eira.r. Hilmsjaosfiun
be thermodynamically

‘We describe monocrystalline graphitic films, which are a few atoms thick but are
nonetheless stable under ambient conditions, metallic, and of remarkably high
quality. The films are found to be a two-dimensional semimetal with a tiny overlap
between valence and conductance bands, and they exhibit a strong ambipolar
electric field effect such that electrons and holes in concentrations up to 1073 per
square centimeter and with room-temperature mobilities of ~10,000 square
centimeters per volt-second can be induced by applying gate voltage.

» far, this has proved to be
acle to metallic elec-

hown to exhi ¥ notable (
fect (4).
We report the observation of the electric
field effect in a naturally occurring tw
dimensional (2D) material referred to as

Konstantin

Novoselov

ntrol electr
externally applied

or device and, conseque
current thro it. As the

142432 Chernogolovka, Russia

*To whom correspond e should be addressed.
E-mail: geim@man ac.uk

semiconductor indust nearing the limits
mance improvements for the current

s dominated by silicon, there is
C search for new, nonfraditional mate-
rials whose properties can be controlled by

maller sizes and
less energy and operate at hig

r graphene (FLG). Graphen the
name given to a single layer of carbon atoms
densely packed into a benzene-ring struc-
ture, and is widely used to describe proper-
ties of many carbon-based materials, including
graphite, large fullerenes, nanotubes, et
carbon nanotubes are usually

3 . Planar graphene itself has
been presumed not to exist in the free stan
being unstable with respect to the formati
curved structures such a it, fullerenes, and
nanotubes (5-14).

666 22 OCTOBER 2004 VOL 306 SCIENCE www.sciencemag.org
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Cumulative number of new
patent applications for graphene

As of May 30, 2013: 9,218

Topic search: "Graphene"
8,000
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Year

2004 2006

2000 2001 2002 2003 2004 2005 2006

2007 2008 2009 2010 2011 2012

Publication year

Samsung (Korea)

Sungkyunkwan University (Korea)
Zhejiang University (China)

IBM (USA)

Tsinghua University (China)

Xpnuaro86Tnon

Korea Institute of Science and Technology (Korea)

Shanghai Jaio Tong University (China)

Korea Advanced Institute of Science and Technology (Korea)
Ocean's King Lighting (China)

McAlister Technologies (USA)

Southeast University (China)

SanDisk (USA)

Seoul National University (Korea)

Foxconn (Taiwan)

Tianjin University (China)

Evporn: €1 8ic 2012-2022
$2 61 2011-2015
$200 ek 2012-2018

Kiva :

Kopéq : Fujitsu (Japan)
Teijin (Japan)

University of Electronic Science and Technology (China)
Xidian University (China)

Xerox (USA)

Patent families
100 150

Intellectual

Property
Office

Published patent applications




« >200 popig SLvATOTEPO ATTO TO ATCAAI
« 2 popEg Mo avOekTiko amo 1o kevlar

Young's modulus: 1 TPa

Tensile strength: 130 GPa

+ To eAappLTEPO LAIKO (0.77 mg / m?)

C. Lee, X. Wei, J. W. Kysar and J. Hone, Science, 2008, 321, 385
J.-H. Lee, P. E. Loyq, J. Lou and E. L. Thomas, Science, 2014, 346, 1092



|510TNTEC TOL [PAPEVIOL

* 10% popPEG AETITOTEPO ATTO TRV AVOPOTTIVN TRIXA
« ASiameparoTnTa o OAa Ta agpia

 Eival ebOkaptTo Kal ekTeiveTal £¢ 20% XwpEic va Bpavrei (10 popig
IoXLPOTEPO aro To ITO)

« MeydAn evepyn emgaveia (2630 m2 g)

« MeyaAn omrtikn Siammeparotnta (amoppodd 10 2.3% ToL AELKOL PWTOG)

SEM image of
Human Hair




100 popEC HEYAALTEPN KIVNTIKOTNTA NAEKTPOVI®WV O€& OepUoKpaaia
Swuartiov amo 1o mupitio (2.5 x 10° cm?2 V-1 s-1)

104 popEC HEYAALTEPN NAEKTPIKI AYXYIMOTNTA A1To TO XaAKo (20000 S cm-1)

AeKamAQoia OgpHIKN AYW®YIHOTNTA ATTO TOV XAAKO Kai SiITAdoia amo 1o
Siapavr (5300 W m1 K1)

Napapével XNUIKA avaAAoi®wTo OTo XPOVOo

Mrrop¢i va TporrorroinOei XnUIKA odnywvTag o€ TANOwPa vEéwy LPRPISIKOV
LAIKQV
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EVIOXULTIKO o€ oOVOETA LAIKA

EOkaumTeg 000veg — smartphones

KowéAeg Kavoipwy -
EYKA®PBIOHOL agpidV

Transistors

Mmratapieg — LLOOWPELTES
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1 A sticky ‘tape’is placed on to a
block of graphite and then peeled
back, stripping a thin layer off the top

Tape
ﬁressed
Graphite block [ down

(pencil lead)

{4/ peeled
7 off

- =

- N " —
< " — >
e
S — -

S—

“ ‘\
 —
- v~
, -

-

-
—
ot 2

2 This layer of carbon is thinned
further by pressing it on to other
layers of tape

Pressed
together

3 The tape is finally pressed onto a
very smooth substrate such as silicon
then peeled off, leaving a graphene
layer a single atom thick

Tape pressed
down
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Silicon

Sample size
Greater than Imm

Applications
Research




MeBobol Napaywyns ToL FOAPEVIOL:
XNUIKN ATTOPAOION oadpITn




1 A substrate (usually copper) is
heated in a furnace at low pressure to
about 1,000°C. This anneals the
copper

Heated copper substrate

LW VY Y Y YN

2 Methane and hydrogen gases flow
through the furnace

s

3 Carbon atoms from the methane
are deposited on to the copper
They crystallise as a continous
graphene sheet

Sample size
About Im

Applications

Photonics,
nanoelectronics,
transparent
conductive layer '\
sensors and
bicapplications




1 A small amount of silicon carbide
(about 10mm x 10mm) is placed in a
box with a small hole in it

-~
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Silicon
Carbide

2 The box is sealed in a vacuum or
argon and heated to about 1,.500°C

3 Silicon molecules ‘evaporate’ from
the surface, leaving layer of graphene

' Silicon
| molecules
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Sample size
About 100mm

Applications

Transistors and
other electrical
devices




NaVOADPEIGEC TOAPEVIOL

« OAIKR oLvOeon

X.Yang, efal, J. Am. Chem. Soc. 2008, 130, 4216 Y. Ishii, et al Nanoscale 2012, 4, 6553

« Alavoi§n vavoowAnveov avepaka

B

KMnO,
H,SO,

22-70°C
2h
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CVvD
(coating, bio, transparent

+9% conductive layers,

electronics,
photonics)

(electronics
RF transistors
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Mechanical exfoliation
(research,
prototyping)

Molecular
assembly

(nanoelectronics)

Liquid-phase exfoliation

¥ (coating, composites,
inks, energy storage,
bio, transparent conductive layers)

Price (for mass production

K. S. Novoselov, V. |. Falko, L. Colombo, P. R. Gellert, M. G. Schwab and K. Kim, Nature, 2012, 490, 192



IPCE=1,3%
o1a 420 nm

N. Karousis, A. S. D. Sandanayaka, T. Hasobe, S. P. Economopoulos, E.
Sarantopoulou, N. Tagmatarchis, J. Mater. Chem. 2011, 21, 109




H YouBoAn Ttov I©@DX-EIE
oTn XNuikn Toottormoinon FoagEeviou

N. Karousis, J. Ortiz, K. Ohkubo, T. Hasobe, S. Fukuzumi, A. Sastre-Santos, N. Tagmatarchis, J. Phys. Chem. C 2012; )
20564
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T. Skaltsas, N. Karousis, S. Pispas and N. Tagmatarchis, Nanotechnology, 2014, 25, 445404, g



EqpapuoyeC TOL YOAPEVIOL

Aerogel armo xNUIKA TOOTTOTTOINUEVO I'pocpawo (12-96 mg cm3)

. ’ -ascorbic acnd’ ’ ' ' Nﬁ

Zhang, X. et al, J. Mater. Chem. 2011, 21, 6494

Aerogel atmo cLVOETO LAIKO BACICUEVO O VAVOOWANVEC AvOOaKa KAl avnyuevo o&eidio
YPAPEVIOL (7 POPES EAAPPLTEQO ATTO TOoV agpa — 160 g / m3d)




EqpapuoyeC TOL YOAPEVIOU

Roll-to-roll production of 30-inch graphene films for transparent electrodes




BASF: peAavi ammo ypoa@EVIO TTOL TOTTWVETAI O EVKAPTITA KAAWSIA YIa
va BEpUAIVEl TO KOBIOUATA TV ALTOKIVATWV.

SAAB: Gcpparvoueva KaAWSIa AtTo YPAPEVIO YIA TNV ATTOUAKOLYON TOL
TTAYOL ATTO TA PTEPLA AEPLOTTAAVAV.

A de-icing/anti-icing system including at
least two conductive structures embedded
in an article that includes an outer surface
designed as an aerodynamic surface.

dinimbil
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http://smartforvision.basf.com/#lightweight_seat
http://smartforvision.basf.com/#lightweight_seat
http://smartforvision.basf.com/#lightweight_seat

Lockheed Martin £xel TatevTapel 10 , IO YEUPROAVN YOAPEVIOL
UE OTTEC <1nm, TTOL PEIVEl SPATTIKA TO KOOTOC TS APAAATOONS VEQLOL
KAl QVAPEVETAI VA KUKAOPOPNOTEl OTO EUTTOPIO €VTOC ToL 2015.

500 popég AemrtoTePO Kai 1000 How the filters work

POPLEC IGXLEOTEOLO ATIO TO Through a process called reverse
el \b)fAelo NN ToloRi eI (ST eNel0loTelAM osmosis, seawater is forced through
oNUEPQ. layers of superfine membrane to filter

out salt and other dissolved contaminants.

Head NV: &xel mpowbnoel otnv ayopad atmo 1o 2013 pAkKETEC TEVIC TTOL
TTEQIEXOLY YPOAPEVIO
HEAD

YouTek
Graphene

ULTI MATE SPEED GRAPHENE XT SPEED PRO

SPEED RACQUETS

> Graphene XT Speed Pro

> Graphene XT Speed MP

> Graphene XT Speed MP A

> Graphene XT Speed Rev Pro
Graphene XT Speed S

> Graphene XT Speed Lite

> Graphene PWR Speed

-’ wa
http://www.head.com/tennis/products
/racquets/tour-speed/2eregion=eu —



http://www.lockheedmartin.com/us/news/press-releases/2013/march/lockheed-martin-achieves-patent-for-perforene-filtration-solutio.html
http://www.lockheedmartin.com/us/news/press-releases/2013/march/lockheed-martin-achieves-patent-for-perforene-filtration-solutio.html

The ARPA-E awarded Vorbeck a $1.5 million grant to

develop a lithium sulfur battery for hybrid vehicles.
F
\ 8 . f, 7{ = %
O 7 8 Ny @
\\ ‘; . “, 4 N s %‘
> s o
K- . Ny J S

Vor-x® graphene

Vor-power™
40 tons/year

battery strap

SErvig

VORBECK AND Mw! QRN ) “SIREN TECHNC

Vor-flex™ 50 - Vor-ink™ :
Sheet Rubber

Screen Coating Smart Packaging
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« TOo ypagevio eival eva LAKO TToL cLVOLALlEl TTOADTTAELPES 1610TNTES
(UNXQVIKES, OTITIKEC, NAEKTOOVIKEG) OTO HEYIOTO PABUO KAl YIA TO AOYO
ALTO UTTOPEI Va PEEl XpNon O¢ PIA TEQAOTIA YKAUA EPAQUOYWY.

« H evpeia xpnon ToL YPAPEVIOL OE TTPAKTIKEC — KABNUEPIVEC EPAPUOYES
e€apTartal o€ TTOAL PEYAAO PABUO TOCO atto TN SiIadiKacia OCO Kal ATTo
TNV €LUKOAIQ TTAPAYWYNS TOL KAl Ol EMOTAUOVES €0TIQLOLY TNV £PELVA
TOLG OTNV TTAPAYWYN YPAPEVIOL HE EEEISIKELUEVES 1610TNTEC AVAAOYA UE
TIC {NTOVUEVEC EPAPMPOYEC.

« TO YPAPEVIO AIOTTOINBNKE HEXQ! TWPEA Of EPAPPOYES TTOL ATTAITOLY
EOKOAQ KAl OIKOVOUIKA TTAPAYOMEVO LAIKO OxI ammapaitNTa LWNANG
TOIOTNTAC. AVTIOETA  EKEIVEC Ol €PAPPOYEC TTOL ATTAITOLY  LWNANC
TTOIOTNTAC YPAPEVIO N PIOCLUPATOTNTA UTTOPEI VA XPEIACTOLY AKOWA KAl
SEKQETIEC YIA TNV AVATITLEN TOLG.




Eival To Ypa®Evio TOOO (BALPATOLPYON WOTE VA LITEPVIKNOEI TIG OTTOIEG
apIPoAicg yia Tn HeTAPaon o€ Yia véa TEXVOAoYid, KATI TO OTToio
ovvNOWGS amoTeAei pia pakpa kal samavnen diadikacia;

ApPXIKQ, TO YPAPEVIO AVAUEVETAl va CVUPAAEl oTn PeATicoon TG
amodoong Kal TG ATTOTEAECTHATIKOTATAG &N LITAPXOVTWV LAIKG®V £V
Sev amokAgietral Kal n avamtuén LAIKOV o0& oLVSLATHO HE AAAOLG
SiodiacTarovg kpvaTaAlovg (BN, MoS,, WS,, MoSe,, WSe,) mov Oa
TaipIalovyV o€ Eva aKOHUA ELPVTEPO PATHA EPAPHOYDV.

H mpayparikn emavacTaocn yia 10 YPagpEvIo 04 Yivel oTav emTevxOsi n
£OKOAN Kal TTOOOTIKN TTAPAY®YN HOV®YV PUAA®YV YPAPEVIOL, SIA0TACEWY
mave armo 10 mm — SidoTaon 1MoL AmaiITeiTal OoTe va aflomoinéouvyv
MMANP®GS OAEG TOL Ol ISIOTNTEG.




TPCl - NHRF

Dr N. Tagmatarchis Dr L. Martin, Prof. A. Sastre-Santos
Director of Research Universidad Miguel Hernandez, Spain
G. Pagona, PhD Dr K. Ohkubo, Prof. §. Fukuzumi

G. Rotas P['qD JST, Osaka, Japan

S.P. Economopoulos, PhD

D. Chronopoulos, PhD Dr A.S.D. Sandanayaka, Prof. T.

T. Skaltsas, MSc Hasobe

A. Stergiou, MSc Keio University, Japan

Information / Contact :

Dr E. Sarantopoulou, AFM Imaging
Dr I. Petsalakis, Theory
Dr S. Pispas, Polymer Chemistry
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EE=] < Jprogramme for development |
3150 MINISTRY OF EDUCATION & RELIGIOUS AFFAIRS EUROPEAN SOCIAL FUND

Europeanunion MANAGING AUTHORITY
AR European SoclalFund e i nancad by Greece and the European Union



http://www.eie.gr/nhrf/institutes/tpci/index-en.html
http://www.eie.gr/nhrf/institutes/tpci/index-en.html
http://www.eie.gr/nhrf/institutes/tpci/index-en.html
http://www.eie.gr/nhrf/institutes/tpci/index-en.html
http://www.fungraph.gr/index.php
http://www.fungraph.gr/index.php
http://www.fungraph.gr/index.php

