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G
raphene has been attracting more
and more attentions since its dis-
covery in 2004.1,2 Its unusual elec-

tronic properties, including high carrier
mobility and ballistic transport, make
graphene to be one of the most promis-
ing candidates for the next generation
building block of the electronic industry.3�8

While its carrier mobility can be as high as
200 000 cm2/(V s)9,10 and ballistic transport
features can be observed in suspended
graphene,11 tuning graphene's electronic
property via chemical functionalization is
still essential to meet different applications.12

Absorption of gas molecules,13 metal
atoms14 and noble gas atoms15 on the sur-
face can slightly tune graphene's electronic
property, but such approaches are neither
controllable nor stable.13,15 Covalent chem-
istry strategy is a more promising way
for this purpose. Exposure to H and F
plasma can result in hydrogenation16 and
fluorination17 of graphene, respectively,
and an energy gap was opened by these
approaches.
Diazonium salts are widely used to functio-

nalize carbon nanotubes18 and graphene19�22

via covalent bonds. Since the nitrophenyl
group is a typical electron-withdrawing group,
previous studies all revealed that covalent
bonding of nitrophenyl diazonium salt-func-
tionalized graphene results in a decrease of
conductivity.19,20 In this work, we show, for the
first time, that the conductivity of graphene
with nitrophenyl groups covalently bonding
to its basal plane can be significantly en-
hanced when compared to that of the pris-
tine graphene.

RESULTS AND DISCUSSION

Micromechanical exfoliated graphene sam-
ples were functionalized by nitrophenyl dia-
zonium salt (4-nitrophenyl diazonium, 4-NPD)
tetrafluoroborate as illustrated in Scheme 1.
Micro Raman spectroscope (section S1) and

electronic transport (section S2) measure-
ments were used to investigate our pristine
and functionalized graphene samples.
Figure 1 shows the Raman spectra of

graphene before and after the chemical
modification (see Figure 2a for the optical
image of the graphene sample). There are
two features in the Raman spectra of pris-
tine graphene, the G mode at ∼1585 cm�1

and the 2Dmode at∼2700 cm�1. The single
2D peak and the high ratio of I2D/IG (which
is∼6) indicate the high quality of our single-
layer graphene samples.23

The G mode's position and shape did not
change after the chemical modification,
implying the reserve of the backbone of
the graphene lattice. Otherwise, theGmode
will split into two distinct peaks because the
2-fold degeneracy of the TO and LO pho-
nons is lifted by symmetry breaking, as
found in carbon nanotubes24 and the aro-
matic molecule decorated graphene mono-
layer.25 But one must have noticed that in
the Raman spectra of modified graphene,
the most significant change is the appear-
ance of the D mode at ∼1350 cm�1. The D
mode is arising from the defect-involved
double resonant Raman process at the K
point in the Brillouin zone.26 Since the
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ABSTRACT Graphene functionalized via nitrophenyl groups covalently bonding to its basal

plane is studied by Raman spectroscopy and electric transport measurements. The Raman spectra of

functionalized graphene exhibit D mode and peaks derived from nitrophenyl groups, and the two

fingerprints exhibit nearly the same distribution in the two-dimensional Raman maps over the

whole graphene sheet. This result directly proves that the nitrophenyl groups bond to the graphene

basal plane via σ-bonds. Electric transport measurements demonstrate that the modified graphene

is significantly more conductive than intrinsic graphene. In the competition between charge transfer

effect and scattering effect introduced by the nitrophenyl groups, the former one is dominant so that

the conductivity of functionalized graphene is significantly enhanced as a result.
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backbone of graphene is preserved, we attribute the
presence of the D mode to the transition from sp2 to
sp3 hybridization of the graphene carbon atoms. In
fact, the presence of the D mode is generally used to
monitor the covalent bonds formed in graphene and
widely accepted.16,21,27�29 Furthermore, there are
some new peaks in the Raman spectrum of modified
graphene, at 1108 (C�N symmetric stretching), 1389,
1438, and 1515 cm�1 (N�O antisymmetric stretching),
respectively. These peaks are derived from the nitro-
phenyl groups linked to the graphene basal plane as
they match the nitrobenzene's Raman spectrum.30

These spectroscopic features shown herein fully de-
monstrate that we successfully modified graphene via
chemical reaction, and the result of the corresponding
reaction should be the aryl groups connect to the
graphene sheets via σ-bonds.
Besides the Raman spectra from representative

points, more detailed 2-dimensional (2-D) mapping
of Raman characteristics of pristine and modified
graphene are shown in Figure 2. From the maps of
the integrated G mode intensity (Figure 2b, integrated
from 1550 to 1610 cm�1), two main domains with
sharply distinct G mode intensity can be observed,
which exhibits nearly the same patterns as found in the
optical images (Figure 2a), that is, the single layer
domain on the right exhibits lower G mode intensity
while the thicker one on the left exhibits higher
intensity. Note that the monotonous increase of the
integrated intensity of the G mode under the same
measurement conditions is a clue to indicate the
increase of the numbers of graphene's stack layers.23

In the 2-D map of the integrated D mode intensity
(Figure 2c, integrated from 1290 to 1400 cm�1), the

intensity distribution is just inverse to that of theGmode.
Single layer domains exhibit obviously larger D mode
intensity than thicker ones,which are separatedby sharp
boundaries as shown in the optical image (Figure 2a)
and in the G mode map (Figure 2b). The 2-D Raman
maps of �NO2 group (N�O vibration at ∼1515 cm�1,
integrated from 1478 to 1548 cm�1, Figure 2d) shows
nearly the same distribution as the D mode in
Figure 2c. Since the D mode's intensity maps reflect
the distribution of the sp3 carbon atoms and the
intensity map of nitrobenzene's peak indicates the
distribution of nitrophenyl groups on graphene sheet,
these results prove directly that the appearance of the
Dmode corresponds to the nitrophenyl groups attach-
ing to graphene via σ-bonds, and this functionalization
is inhomogeneous over thewhole graphene sheet. Our
result is consistent with STM study of diazonium salts
functionalized epitaxial grahene.22

To investigate how the modification affects the
transport properties of graphene, conventional e-beam
lithography was used to fabricate the 4-wire configura-
tion devices, and the devicesweremeasured in a PPMS-9
system (see section S2). Figure 3a shows the temperature
dependence of pristine and modified single-layer gra-
phene. It is found that the resistivity of pristine graphene
at room temperature is∼2350Ω and exhibits very weak
temperature dependence, which is well consistent with
previous works.31 The functionalization of graphene by
nitrophenyl groups causes nearly a 50% decrease of
the room temperature resistivity (∼1350 Ω; Figure 3a
sample 1, reacted with 20mM 4-NPD for 10 h). While the

Scheme 1. The reaction between graphene and nitrophe-
nyl diazonium salts.

Figure 1. The Raman spectra of pristine and modified
graphene. Peaks introduced by nitrophenyl groups are
asterisked (/).

Figure 2. (a) The optical image of the investigated gra-
phene sheet, where the scale bar is 5 μm and single-layer
graphene is outlined in the right area. The 2-D Ramanmaps
of (b) the Gmode, (c) the Dmode, and (d) the N�Ovibration
mode are shown. The integrated intensity of each Raman
mode is normalized. Note that the N�O vibration mode
exhibits nearly the same distribution as that of the Dmode,
which proves that the nitrophenyl groups are bonded with
graphene via σ-bonds.
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temperature dependence is still weak, the resistivity of
functionalized graphene decreases monotonically with
decreasing temperature. Figure 3b shows the I�V char-
acters of the pristine and modified graphene measured
at 300 K. The slope of the curve of themodifiedgraphene
is significantly larger than that of the pristine graphene
which implies a remarkable increase of conductivity.
To our best knowledge, it is observed for the first

time that graphene's room temperature resistivity can
be remarkably reduced via the chemical groups attach-
ing to the graphene basal plane by sp3 bonds. How-
ever, previous studies showed an increase of the room
temperature resistivity when phenyl groups27 and
nitrophenyl groups19 were covalently linked to gra-
phene. We speculate that the difference originates
from the extent of the chemical reaction. We find that
the reaction extent of these reported samples are less
than that of our single-layer samples because the
concentration of reagents is higher and the reacting
time is longer in our graphene chemical modification
processes, which will induce deeper extent of reaction
and more nitrophenyl groups will bond to our gra-
phene samples. To prove this, the F�T character of
another two samples is also shown in Figure 3a labeled
as sample 2 (reacted with 15 mM 4-NPD for 10 h) and
sample 3 (reacted with 10 mM 4-NPD for 10 h),
respectively. The room temperature resistivity of sam-
ple 3 (∼3000 Ω) is higher than that of pristine gra-
phene and increases monotonically with decreasing
temperature below ∼250 K. Increasing the concentra-
tion of reagent solution to 15 mM, however, led to the
decrease of resistivity (∼1750 Ω). Note that further
increasing the concentration of reagent solution to
20 mM led to a further decreasing of resistivity, as
shown in sample 1. The intensity of the D mode

and the �NO2 compared to those of the the G mode
in Raman spectra of those samples give evidence that
the coverage of nitrophenyl group on graphene basal
plane increases with increasing concentration of re-
agent solution, the results of which are shown in
section S3 in the Supporting Information.
The nitrophenyl groups covalently bonding to gra-

phene mainly introduce two competitive effects: first,
electrons will be pulled from graphene's conjugated π-
bond into nitrophenyl groups as they are typical
electron-withdrawing groups, leaving holes on the
graphene basal plane as charge carriers. As more
nitrophenyl groups bond to graphene, the carrier
density will increase.19 Second, covalent bonds be-
tween graphene and nitrophenyl groups perform as
defects so that the scattering probability of the carriers
increases, decreasing the mean free path of the car-
riers, hence lowering their mobility.15,32 An energy gap
may also open in the band structure and decrease the
carrier mobility.28 Note that the conductivity σ can be
described as following:

σ ¼ μne (1)

where μ is the carrier mobility, n is carrier density, and e
is elementary charge. The evolution with the reaction
extent of the two effects introduced by the chemical
functionalization of graphene can be described as
the following. If the reaction extent is relatively low
as reported in the previous works, the nitrophenyl
groups linking to the graphene are thus relatively few.
In this case, the scattering effect ismoreobvious than the
charge transfer effect, leading to a decrease of the
conductivity. However, if the reaction extent exceeds a
certain level, the effect of increasing carrier density will

Figure 4. Illustration of charge transfer effect introducedby
nitrophenyl groups covalently bonding to graphene basal
plane. (a) In the low reaction extent, fewer electrons transfer
from the graphene conjugated π-bond to the covalent
bonds between graphene and nitrophenyl groups, leaving
less holes as charge carriers. In this situation, the scattering
effect of nitrophenyl groups is dominant. (b) In high reac-
tion extent, much more holes are formed in the conjugated
π-bond and this effect overruns the scattering effect, hence
the conductivity is enhanced.

Figure 3. (a) The F�T character of pristine graphene and
three functionalized graphene samples prepared in differ-
ent reaction conditions, respectively. (b) I�V character of
pristine and modified graphene (sample 1), respectively.
(c) Hall effect of modified graphene (sample 1) vsmagnetic
field. The linear fit of the data is also shown, which gives a
hole density of∼1.3� 1013 cm�2. (Top insert) SEM image of
a Hall bar device. Scale bar, 5 μm. (Bottom inset) Hall effect
of pristine graphene and linear fit of the data, revealing a
hole density of ∼3.6 � 1012 cm�2.
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overrun the effect of reducing carrier mobility, result-
ing in an increase of conductivity. Figure 4 illustrates
our understanding of how chemical modification af-
fects graphene's conductivity by charge transfer effect.
To prove this explanation, we further took Hall effect

measurement (Figure 3c) on the modified sample; the
results gave a very high hole density of np ≈ 1.3 �
1013 cm�2 (corresponding to a shift of charge neutral-
ity point toþ180 V gate voltage on a 300 nm SiO2 back
gate1). Note that such a high carrier density cannot
originate from the absorption of gas molecules in
ambient condition, which shifts the charge neutrality
point to ∼60 V at the most.1,33 In fact, we measured a
pristine graphene's carrier density, as shown in
Figure 3c inset, which reveals a hole density of ∼3.6 �
1012 cm�2. Also the previous reported doping effect
by nitrophenyl groups absorbed on graphene leads to
the charge neutrality point shifting∼60 V to the positive
gate voltage side.34 The hole mobility is calculated
to be μp ≈ 370 cm2/(V s). This result proves that for

modified graphene with high reaction extent, both
charge transfer effect and scattering effect happen,
and the former one is more significant than the latter.
But what will happen if much more carbon atoms

were transformed from sp2 to sp3 hybridization as
realized by Elias et al.?16 In this situation, the con-
jugated π-bonds over the graphene sheet are totally
broken down, leading to localization of charge carriers,
thus the insulator behavior comes out.
In summary, nitrophenyl groups are successfully

attached to graphene via covalent carbon�carbon
bonds. We further demonstrated that this modification
significantly enhances the conductivity of graphene.
Since the conductivity of graphene is suppressed in
low-reacting ranges, our approach provides an alter-
nate way to increase the conductivity of graphene.
Thus, themethodof covalently attaching aryl groups to
a graphene basal plane can tune the conductivity of
graphene either to a higher or lower level depending
on the amount of aryl groups bonding on graphene.

EXPERIMENTAL SECTION
Diazonium Functionalization of Graphene. Single-layer graphene

was prepared by micromechanical exfoliation of HOPG (Broad
Tech System, Inc.) and transferred onto silicon substrates with
300 nm thermally grown oxide.1 The graphene flakes were first
identified by their contrast under an optical microscope and
further confirmed by Raman spectroscopy and AFM studies.

The chips were then immersed into 5 mL of fresh degassed
(by Ar) acetonitrile (ACN) solution of 10�20 mM 4-nitrophenyl
diazonium (4-NPD) tetrafluoroborate and 0.1 M tetrabutylam-
moniumhexafluorophosphate ([Bu4N]PF6), whichwas prepared
by dissolving [Bu4N]PF6 (0.1937 g, Aldrich, 98%) and 4-NPD
(0.01184 g, 0.01777 and 0.02369 g for 10, 15, and 20 mM,
respectively) in ACN (5 mL, Beijing chemical works, 99.9%). The
chemical reaction between graphene and 4-NPD was carried
out at room temperature in Ar atmosphere for 10 h in the
absence of light in a glovebox. After the chemical reaction, the
sampleswerewashedwith ACN flowand then immersed inACN
overnight to remove the residual reagents. Finally, the samples
were washed with acetone and blown dried by N2.
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