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Introducing defects in wet-chemically prepared graphene
as structural motifs

27 June 2018 — AG Eigler — FU Berlin
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Applications of Grapl

WELCOME TO THE GRAPHENE AGE

George Osbarne
onavisitto the
Marchester University
lab of Professors
Geim and Navosslov

FLEXIBLE SCREENS

Researchers i South Koreahave
produced a continuous layer of
graphens 63cm wide, This has
vpened up possibilles n electronics,
“¥ou could thearatically roll up your
Phone angd stick it hebind your ear
ike apendl clams one sdentist

PROSTHETICS A

Asicde from alowing for the corstruction of
stronger, more flexibile and Fghter limbs, its
conductivity opens vp rew possibiites for
s use In the electrodes used to tum brain
SIENES 1080 mayement

COMPUTER CHIPS

Golm ang Novaseioy have baen
work g on demenstrating how
graphane could replace siican a5
Uhe Xy mateial in sectronic
circults @M ks ane of many
electronics firms experimenting
with graphene conductors

CLOSER
LOOK AT
GRAPHENE

v

Graphene & 3 ane-atam thick farm, or
aliotrope, of carbon — other allotropes Indude dlamond
and graphite. It is often described as an atomic-scale
chicken wire constructed of carbon atoms and their bonds.
When graphene sheets are stacked, three millon sheets
would be needed to create a Imm thickness. It's been claimed
thatitis the strongest material known to man, that a cingfilm-thick
Rayer could support an edepbant. Despite its strength it can be stretched
by 20% witheut being damaged It is also an excelient conductor of
electricity and the best canductor of heat that has been discovered
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Freie Universitéat - ® '’ Berlin

Using geaghone woeudd enahle acropline
marlacturess 1o develop extremedy strong
yet ight companents - bringing down
welght and therefare redudng fuel costs

MOBILE PHONES

Nokia s explocing the potentisl uses
of graphens In mablle devices. Aside
from smalher. more Mexilde phomes,
It may dlow bult-in sclar power and
transparent eklctronics
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DNA SEQUENCING

Researchers at 8ritish firm Oxford
Nanapore, balding an discovenes made
al Marvard, daim that using grophens
could reduce the cast and specd up the
process of DNA sequencing

GRAFHIC PETE GLUESY
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Synthesis of oxo-functionalized graphene (0xo0-G)
Quality of carbon framework
Certain control over defect formation

Defects as structural motifs
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Synthesis of ox

graphite

delamination

2. processing
3. reduction

. W W A . ——

graphene

S. Eigler et al., Adv. Mater. 2013, 25, 3583; S. Eigler, A. Hirsch, 2012, EP2639201 (B1);

S. Eigler, A. Hirsch Angew. Chem. Int. Ed. 2014, 43, 7720.

oxo-G,




organosulfate inorganic sulfate

Temperature / °C

molecular architectures
based on electrostatic interactions

1 organosulfate
on 30 C-atoms

S. Eigler, C. Dotzer, F. Hof, W. Bauer, A. Hirsch, Chem. Eur. J., 2013, 19, 9490-9496.
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Scanning Raman microscope

WiTec alpha 300

EMCCD (10-300 graphene spectrals,
up to 1300 spectrals)

laser@532 nm and 488 nm (UHTS300)

S. Eigler et al., J. Phys. Chem. C 2014, 118, 7698.
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graphene graphene dominated by defects i
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S. Eigler et al., J. Phys. Chem. C 2014, 118, 7698.

S. Seiler, C. E. Halbig, F. Grote, P. Rietsch, F. Borrnert, U. Kaiser, B. Meyer, S. Eigler Nature Commun. 2018, 9, 836.
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NaBH, \

Na-cholate
bl o) PhCA
washing

and filtration

Na/K / GIC
> hexyl-G.,
3 days -

A S s e
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graphite GIC (1,2-adduct)

TGA-GC-MS at 250 °C:
Oxo-G: single layers

= g . 15 57 ) dodecane
Reduction and stabilization ZAzlv 123
. '5 1] 71 NSNS
Charging Na/K EN J 8
SE 5
Hexylation z , J .
§05_ 50 '1'32 150
Benzonitrile ¢ I
1 41
remove excess charge - : Ao JL
( ge) Christian E. Halbig *——, - "7 - —

retention time (min)

C. E. Halbig, O. Martin, F. Hauke, S. Eigler, A. Hirsch, Chem. Eur. J., 2018, DOI: https://doi.org/10.1002/chem.201802500.
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Synthesis of oxo-functionalized graphene (0xo0-G)

Quality of carbon framework

Certain control over defect formation

Defects as structural motifs

L)

S B
Freie Uni

er: Ly




| Berlin

Defects
Staudenmaier

Charpy

Schafhaeutl
Thiele

Brodie

Luzi
Hummers

GO
Hofmann
Boehm

oxo0-G,

S. Eigler et al., Adv. Mater. 2013, 25, 3583; S. Eigler, A. Hirsch Angew. Chem. Int. Ed. 2014, 43, 7720;

S. Eigler, Phys. Chem. Chem. Phys. 2014, 16, 19832; S. Eigler et al., Chem. Eur. J. 2013, 19, 9490;

Angew. Chem. Int. Ed. 2016, 55, 405.
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reduction

O
O

graphene without defects

graphene with defects

S. Eigler et al., Adv. Mater. 2013, 25, 3583; S. Eigler, A. Hirsch Angew. Chem. Int. Ed. 2014, 43, 7720;

S. Eigler, Phys. Chem. Chem. Phys. 2014, 16, 19832; S. Eigler et al., J. Phys. Chem. C 2014;
S. Eigler et al., Chem. Commun. 2013, 49, 7391; S. Eigler, Chem. Eur. J. 2016, 22, 7012
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Structure changes: carbon framework stable under controlled reaction conditions
S. Eigler et al., J. Mater. Chem. A 2013, 1, 11559.




HRTEM on

HRTEM micrograph of commercial source of Graphene oxide
Direct Imaging:
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Carbon Framework of Graphene Oxide: amorphous, no long-range order,
many distorted domains: Strong influence on physical properties.

Dave et al. ACS Nano, 2016, 10, 7515.




\ Epoxides

Tertiary '
alcohols ™\

Sraph'itic
' NMR: Evidence for oxo-species
requiring C-C bond breakage

Carboxylic
grom_:ps?

Ketones?

240 200 160 120 80 40 0
ppm

A. Dimiev and S. Eigler: Graphene Oxide: Fundamentals and Applications, Wiley, 2017.




Degradation of Graphépe oxide, TNEE. |

Origin of the Acidity of Graphene Oxide

Simplified
Dynamic Structure Model
of Graphene Oxide

A. Dimiev and S. Eigler: Graphene Oxide: Fundamentals and Applications, Wiley, 2017.
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reduction

O
O

graphene without defects

graphene with defects

S. Eigler et al., Adv. Mater. 2013, 25, 3583; S. Eigler, A. Hirsch Angew. Chem. Int. Ed. 2014, 43, 7720;

S. Eigler, Phys. Chem. Chem. Phys. 2014, 16, 19832; S. Eigler et al., J. Phys. Chem. C 2014;
S. Eigler et al., Chem. Commun. 2013, 49, 7391; S. Eigler, Chem. Eur. J. 2016, 22, 7012




2HI — 1, + 29+ 2H® Reduction —
defunctionalization is
complete using HI / TFA

reduction by e-beam
generated radicals possible

S. Eigler et al., Chem. Commun. 2013, 49, 7391,
J. Phys. Chem. C 2014, 118, 7698;
Phys. Chem. Chem. Phys. 2014, 118, 19832,
R. Flynt, A. Kahnt, S. Eigler, B. Abel et al.
Am. J. Nano Res. Appl. 2014, 2, 9-18;
Nanoscale, 2015, 7, 19432.
RSC Adv. 2016, 6, 68835-68845.
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Raman shift (cm™)

Devices: (Prof. Muller / Dr. Enzelberger-Heim)

Physical measurements confirm 2D nature of graphene (and HRTEM)

defect density of about 0.01%: p = 2000 cm?/Vs
defect density about 0.3%: p = 250 cm?/Vs

Reference from literature (defect density several %): p = 0.1-10 cm?/Vs

S. Eigler et al., Adv. Mater. 2013, 25, 3583.
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oxo-G

content/ a.u—»

de-functionalization
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OTime/s—» 25

c) 'C 0 Si_Au S d) Si distribution” §
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Collaboration: Dr. Butz / Prof. Spiecker

(Erlangen) Angew. Chem. Int. Ed. 2016, 55, 115771-15774.




Pure and simple:

Collaboration: Dr. Butz / Prof. Spiecker
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diffractogram

Collaboration:
Prof. Ute Kaiser,
Dr. Felix Borrnert
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Synthesis of oxo-functionalized graphene (0xo0-G)
Quality of carbon framework
Certain control over defect formation

Defects as structural motifs




Stability of Carbon-Framework: oxo-G, stable up to 100 °C
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S. Eigler et al., Chem. Eur. J. 2014, 20, 984.
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Thermal dispropolon

mobile species defect formation
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F. Grote, C. Gruber, F. Borrnert, U. Kaier, S. Eigler, Angew. Chem. Int. Ed., 2017, 56, 9222.
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HRTEM image of oxo-G,, thermal treatment

Eigler, Angew. Chem. Int. Ed., 2017, 56, 9222.
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Synthesis of oxo-functionalized graphene (0xo0-G)
Quality of carbon framework
Certain control over defect formation

Defects as structural motifs
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Model of oxo-G: functionalization defects

P. Feicht, S. Eigler, Chem. Nano Mat., 2018, 4, 244-252.




P. Feicht, S. Eigler, Chem. Nano Mat., 2018, 4, 244-252.
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Seven missing C-atoms: Vacancy defect but not a hole

P. Feicht, S. Eigler, Chem. Nano Mat., 2018, 4, 244-252.
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Considerations

Seven missing C-atoms: Vacancy defect but not a hole

P. Feicht, S. Eigler, Chem. Nano Mat., 2018, 4, 244-252.




35 missing C-atoms: hole formation

P. Feicht, S. Eigler, Chem. Nano Mat., 2018, 4, 244-252.
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ble holes in graphene

iSi
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Contaminants on surface
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Oxo0-G heated to 300 °C




Rearrangement
Stable membrane

Holes
Partial double
layer structure

Thermal treatment

of ox0-Gg,
300 °C in vacuum
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