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Wet-Chemical Processing 



Synthesis of oxo-G1: no CO2 formation

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-G1



Organosulfate in Oxo-G1

molecular architectures
based on electrostatic interactions

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

1 organosulfate
on 30 C-atoms



AFM of LB-Film

S. Eigler et al., J. Phys. Chem. C 2014, 118, 7698.

Raman: increment of scanning e.g. 1 micrometer

Scanning Raman microscope
WiTec alpha 300
EMCCD (10-300 graphene spectra/s,

up to 1300 spectra/s)
laser@532 nm and 488 nm (UHTS300)



Statistical Raman spectroscopy

ID/IG vs. Γ2D

S. Eigler et al., J. Phys. Chem. C 2014, 118, 7698.
S. Seiler, C. E. Halbig, F. Grote, P. Rietsch, F. Börrnert, U. Kaiser, B. Meyer, S. Eigler Nature Commun. 2018, 9, 836.



Reductive functionalization of oxo-G

C. E. Halbig, O. Martin, F. Hauke, S. Eigler, A. Hirsch, Chem. Eur. J., 2018, DOI: https://doi.org/10.1002/chem.201802500.

1. Oxo-G: single layers

2. Reduction and stabilization 

3. Charging Na/K

4. Hexylation

5. Benzonitrile

(remove excess charge) 

TGA-GC-MS at 250 °C:

Christian E. Halbig
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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., Chem. Eur. J. 2013, 19, 9490;
Angew. Chem. Int. Ed. 2016, 55, 405.
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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.

GO oxo-G1



Chemical Stability of the Carbon Framework

S. Eigler et al., J. Mater. Chem. A 2013, 1, 11559.

Structure changes: carbon framework stable under controlled reaction conditions

oxo-Gn oxo-Gn-NaOH

defect



HRTEM on Graphene Oxide

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

HRTEM micrograph of commercial source of Graphene oxide
Direct Imaging:

Carbon Framework of Graphene Oxide: amorphous, no long-range order, 
many distorted domains: Strong influence on physical properties.



Degradation of Graphene Oxide

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

NMR: Evidence for oxo-species
requiring C-C bond breakage



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

Origin of the Acidity of Graphene Oxide

Simplified
Dynamic Structure Model
of Graphene Oxide

Degradation of Graphene Oxide



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.

GO oxo-G1



Reduction of Film of Flakes

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.

oxo-G1

Reduction –
defunctionalization is 
complete using HI / TFA

reduction by e-beam 
generated radicals possible



Graphene – reduced oxo-G

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

defect density of about 0.01%: µ = 2000 cm2/Vs
defect density about 0.3%: µ = 250 cm2/Vs

Reference from literature (defect density several %): µ = 0.1-10 cm2/Vs

S. Eigler et al., Adv. Mater. 2013, 25, 3583.

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



Pure and simple: HRTEM

Angew. Chem. Int. Ed. 2016, 55, 115771–15774.
Collaboration: Dr. Butz / Prof. Spiecker
(Erlangen)



Angew. Chem. Int. Ed. 2016, 55, 115771–15774.
Collaboration: Dr. Butz / Prof. Spiecker
(Erlangen)

Pure and simple:

HRTEM



Unpublished.

SALVE-HRTEM

diffractogram

Collaboration: 
Prof. Ute Kaiser, 
Dr. Felix Börrnert
(Ulm)



SALVE-HRTEM: Kaiser, Börrnert (Ulm)
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Thermal Stability of the Carbon Framework

Stability of Carbon-Framework: oxo-G1 stable up to 100 °C

1. Δ (20 °C – 1000 °C)
2. HI/TFA (reduction)

20 °C -100 °C

S. Eigler et al., Chem. Eur. J. 2014, 20, 984.

defect



Thermal disproportionation of oxo-G

F. Grote, C. Gruber, F. Börrnert, U. Kaier, S. Eigler, Angew. Chem. Int. Ed., 2017, 56, 9222.



HRTEM image of oxo-G1, thermal treatment: (Prof. Ute Kaiser, Dr. Boerrnert, Ulm)

75 – 175  C�

Thermal disproportionation of oxo-G

F. Grote, C. Gruber, F. Börrnert, U. Kaier, S. Eigler, Angew. Chem. Int. Ed., 2017, 56, 9222.
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P. Feicht, S. Eigler, Chem. Nano Mat., 2018, 4, 244-252.
.

Considerations

Model of oxo-G: functionalization defects



Considerations

Break of C-C bond: Transient defect

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



Considerations

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

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



Considerations

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

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



Considerations

35 missing C-atoms: hole formation

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



Holes and Purity

Contaminants on surface

graphene

edges

10 nm

hole

Visible holes in graphene

Oxo-G heated to 300 °C



Holes and Purity (SALVE: Prof. Kaiser, Ulm)

Thermal treatment
of oxo-G50%
300 °C in vacuum

- Rearrangement
- Holes
- Stable membrane
- Partial double 

layer structure
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