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Recent advances in the growth, isolation, and study of graphene
establish this material as a promising candidate for the next
generation building block for the electronics industry.'™ A suitably
patterned graphene sheet can serve as a source of individual devices
and interconnects that can transport charge and spin with unprec-
edented mobility and coherence and thereby enable a new genera-
tion of nanoscale integrated circuits that are essentially fashioned
from a macromolecule. The ability to introduce a band gap in
graphene in a simple and reproducible manner will facilitate the
fabrication of graphene-based devices; the development of an energy
band gap has been successfully achieved by lateral confinement of
the charge carriers in patterned graphene nanoribbons.®° While
physical engineering of graphene using traditional lithographic
processes is essential for the development of highly integrated
graphene electronics, the large scale fabrication of electronic devices
at the molecular level will require processing that falls within the
realm of organic chemistry. Here we show that the chemical
formation of carbon—carbon bonds offers an alternative approach
to the control of the electronic properties of epitaxial graphene;
the transformation of the carbon centers from sp? to sp? introduces
a barrier to electron flow by opening a band gap and allows the
generation of insulating and semiconducting regions in graphene
wafers. This prototype chemistry when applied to carbon nanotubes
allowed both covalent and ionic chemical modification of the
electronic structure;'® thus the covalent attachment of dichlorocar-
bene has been shown to transform the metallic single-walled carbon
nanotubes (SWNTs) into semiconductors. '’

In the present communication we demonstrate the chemical
modification of epitaxial graphene (EG)'~ by covalent attachment
of aryl groups to the basal carbon atoms. Epitaxial graphene grown
on SiC wafers (Supporting Information, SI)'** was chemically
modified with aryl groups by covalent bond formation to the
conjugated carbon atoms. The surface modification of EG with
nitrophenyl groups was achieved through the spontaneous reaction
of the diazonium salt with the graphene layer as illustrated in Figure
1. The reaction (below) is due to spontaneous electron transfer from
the graphene layer and its substrate to the diazonium salt. The
reduction of diazonium salts has been widely utilized for grafting
aryl groups to the surface of sp>hybridized carbon materials
including glassy carbon,'? HOPG,'? and carbon nanotubes,'* as
well as to the sp*-bonded carbon atoms of diamond.'>'®

The presence of NO, groups on the EG surface is confirmed by
FT-IR spectroscopy (Figure 1); the spectrum of the nitrophenyl-
functionalized EG (NP-EG) exhibits new bands at 1565 and 1378
cm™!, which fall within the range of the symmetric and asymmetric
stretching modes of the NO, group.
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Figure 1. (Top) Schematic illustration of the spontaneous grafting of aryl
groups to epitaxial graphene via reduction of 4-nitrophenyl diazonium (NPD)
tetrafluoroborate. (Bottom) Transmission FT-IR spectrum of NP-function-
alized epitaxial graphene (EG).

The NP-modified EG surface was further examined by X-ray
photoelectron spectroscopy. Figure 2a shows the expected C1s XPS
spectrum of pristine EG on SiC. After the chemical attachment of
NP groups, the single peak at 284.2 eV, which is due to the sp?
hybridized C atoms, is transformed into a broad envelope and
deconvolution reveals that it consists of several components; of
most importance are the peaks at a binding energy (BE) of 285.57
eV (assigned to C—N) and the peak at 283.45 eV which is thought
to be due to p-type doping of epitaxial graphene.'” In addition the
XPS survey spectrum reveals N1s peaks (SI) and the high resolution
N1s spectrum shows two peaks centered at 399.30 and 406.36 eV
(Figure 2c). The peak at higher BE is assigned to the nitro groups
and confirms the presence of nitrophenyl groups on the EG surface.
The lower BE N1s peak at 399.30 eV is associated with the presence
of reduced nitrogen species and may be due to transformation of
the nitro groups to amine groups by X-ray irradiation in the XPS
spectrometer chamber.'®'®

The surface coverage of nitrophenyl groups was estimated by
electrochemistry; cyclic voltammetry on NP-EG in acetonitrile (SI)
led to a surface coverage on the order of ~1 x 10" molecules/
cm? on the graphene sheet. This is in reasonable agreement with
the theoretical coverage of 12.5 x 107! mol/cm? or 8 x 10"
molecules/cm?, which is based on an ideal fully ordered close-
packed monolayer of vertically oriented nitrophenyl groups.

To demonstrate the robust nature of the chemical bond to
graphene, we electrochemically reduced the NO, groups to NH, in
aqueous solution by using the functionalized graphene surface as
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Figure 2. XPS spectra of EG grown on the C-face of a SiC substrate. Before functionalization: (a) Cls core level spectrum. After functionalization with

nitrophenyl: (b) Cls and (c) Nls.
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Figure 3. Temperature dependence of sheet resistance of pristine (EG)
and nitrophenyl functionalized graphene (NP-EG) measured by the van der
Pauw technique.

the working electrode and verified the chemical transformation by
N1s XPS analysis which showed a single peak at 399.30 eV (SI).
As a further test of the strength of the C—C bond to graphene, we
heated the functionalized NP-EG at 200 °C in vacuum (10~° Torr)
for 2 h and used XPS to confirm that the nitrophenyl groups were
still present on the EG surface.

To explore the effect of the covalent functionalization of the
EG carbon atoms on the transport properties, silver paint was used
to attach contacts to the EG grown on the C-face of the SiC substrate
(4.5 mm x 3.5 mm) in a van der Pauw arrangement; the sample is
comprised of 9 layers of rotationally disordered graphene sheets,'
and it is not clear that functionalization of the top graphene layer
could affect the bulk transport properties of EG over the large
distances inherent in our measurement geometry. The temperature
dependence of the 4-point resistance was measured in a reduced
helium atmosphere using a custom-made variable-temperature probe
station controlled by LabVIEW software. It may be seen in Figure
3 that chemical modification of the EG more than doubles the room
temperature resistance (from 1.5 k€/0 to 4.2 k€2/00), and the very
weak temperature dependence of the resistance of pristine EG is
substantially increased on NP-functionalization. Control experiments
showed that exposure of EG to the solvents used in the chemical
treatment has a very small effect on the resistance (SI).

Thus, the results demonstrate the ability of chemical function-
alization of the top layer of EG to modify the bulk transport
properties of EG over macroscopic distances.

In summary, we have successfully functionalized few-layer
epitaxial graphene by covalent carbon—carbon bond formation to

nitrophenyl groups and suggest that this changes the electronic
structure and transport properties of the EG from near-metallic to
semiconducting.

Acknowledgment. This work was supported by DOD/DMEA
under Contract H94003-07-2-0703 and NSF-MRSEC through
contract DMR-0820382.

Supporting Information Available: Experimental details of chemi-
cal modification, cyclic voltammetry, XPS, and effect of chemicals on
graphene resistance. This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A. Y.; Feng, R.; Dai, Z;
Marchenkov, A. N.; Conrad, E. H.; First, P. N.; de Heer, W. A. J. Phys.
Chem. B 2004, 108, 19912-19916.

(2) Novoselov, K. S.; Geim, A. K.; Morozov, S. V,; Jiang, D.; Zhang, Y.;
Dubonos, S. V.; Grigorieva, 1. V.; Firsov, A. A. Science 2004, 306, 666—
669.

(3) Berger, C.; Song, Z. M.; Li, X. B.; Wu, X. S.; Brown, N.; Naud, C.; Mayo,
D.; Li, T. B.; Hass, J.; Marchenkov, A. N.; Conrad, E. H.; First, P. N.; de
Heer, W. A. Science 2006, 312, 1191-1196.

(4) de Heer, W. A.; Berger, C.; Wu, X. S.; First, P. N.; Conrad, E. H.; Li,
X. B.; Li, T. B.; Sprinkle, M.; Hass, J.; Sadowski, M. L.; Potemski, M.;
Martinez, G. Solid State Commun. 2007, 143, 92—100.

(5) Miao, F.; Wijeratne, S.; Zhang, Y.; Coskun, U. C.; Bao, W.; Lau, C. N.
Science 2007, 317, 1530-1533.

(6) Han, M. Y.; Ozyilmaz, B.; Zhang, Y. B.; Kim, P. Phys. Rev. Lett. 2007,
98, 206805—4.

(7) Oostinga, J. B.; Heersche, H. B.; Liu, X. L.; Morpurgo, A. F.; Vandersypen,
L. M. K. Nat. Mater. 2008, 7, 151-157.

(8) Das, A.; Pisana, S.; Chakraborty, B.; Piscanec, S.; Saha, S. K.; Waghmare,
U. V.; Novoselov, K. S.; Krishnamurthy, H. R.; Geim, A. K.; Ferrari, A. C.;
Sood, A. K. Nat. Nanotechnol. 2008, 3, 210-215.

(9) Wang, X. R.; Ouyang, Y. J.; Li, X. L.; Wang, H. L.; Guo, J.; Dai, H. J.
Phys. Rev. Lett. 2008, 100, 206803-206804.

(10) Hu, H.; Zhao, B.; Hamon, M. A.; Kamaras, K.; Itkis, M. E.; Haddon, R. C.
J. Am. Chem. Soc. 2003, 125, 14893-14900.

(11) Kamaras, K.; Itkis, M. E.; Hu, H.; Zhao, B.; Haddon, R. C. Science 2003,
301, 1501.

(12) Delamar, M.; Hitmi, R.; Pinson, J.; Saveant, J. M. J. Am. Chem. Soc. 1992,
114, 5883-5884.

(13) Liu, Y. C.; McCreery, R. L. J. Am. Chem. Soc. 1995, 117, 11254-11259.

(14) Bahr, J. L.; Yang, J.; Kosynkin, D. V.; Bronikowski, M. J.; Smalley, R. E.;
Tour, J. M. J. Am. Chem. Soc. 2001, 123, 6536-6542.

(15) Kuo, T. C.; McCreery, R. L.; Swain, G. M. Electrochem. Solid State Lett.
1999, 2, 288-290.

(16) Wang, J.; Carlisle, J. A. Diamond Relat. Mater. 2006, 15, 279-284.

(17) Chen, W.; Chen, S.; Qi, D. C.; Gao, X. Y.; Wee, A. T. S. J. Am. Chem.
Soc. 2007, 129, 10418-10422.

(18) Mendes, P.; Belloni, M.; Ashworth, M.; Hardy, C.; Nikitin, K.; Fitzmaurice,
D.; Critchley, K.; Evans, S.; Preece, J. ChemPhysChem 2003, 4, 884-889.

(19) Adenier, A.; Cabet-Deliry, E.; Chausse, A.; Griveau, S.; Mercier, F.; Pinson,
J.; Vautrin-Ul, C. Chem. Mater. 2005, 17, 491-501.

JAB057327

J. AM. CHEM. SOC. = VOL. 131, NO. 4, 2009 1337



