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Electrochemistry: An Efficient Way to Chemically Modify
Individual Monolayers of Graphene

Lin Gan, Dayong Zhang, and Xuefeng Guo*

Considerable interest has been recently given to the incorpo-
ration of the emergent nanomaterial graphene as fundamental
building nanoblocks in both science and technology commu-
nities,!!l particularly in the electronic-device community.
However, many important issues still need to be addressed to
fully utilize this material. These include bandgap engineering
and the controllable doping of semimetal graphene. Because
graphene is 2D and composed of a single layer of carbon
atoms that are entirely exposed to the environment, surface
chemistry plays an important role in controlling its electronic
properties.l’l However, due to the inert reactivity of its sur-
face, there remains a dearth of efficient approaches to cova-
lently modify graphene; only a few chemical reactions,*! such
as hydrogenation,[’] diazonium chemistry,[® cycloaddition,”!
photochemistry,’®! and fluorination,[’] have been reported.
Here we report an easy and efficient way of electro-
grafting graphene surfaces by the electrochemical formation
of aryl radicals from diazonium salts under mild conditions
(Scheme 1). The chemical bond between the graphene sur-
face and the organic layer originates from the attack of the
aryl radical, which was obtained from the reduction of the
diazonium salt.'!!' According to diazonium chemistry, aryl
radicals can also be produced from diazonium salts through
a thermal process, by which the diazonium compounds, from
strong n-electron donors to strong n-electron acceptors, have
been used to tune the transport properties of silicon semi-
conductors after grafting the aryls onto device surfaces, simi-
larly to adding n- and p-dopants.['] Recently, similar results
have been reported on diazonium grafting of graphenes,®
which proves that diazonium chemistry might be a promising
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pathway toward graphene circuits with tunable electrical
properties.[°>¢] However, this thermally initiated process is
time-consuming, for example, up to ~20 hl®° or ~7 h.[01d] In
our study, we found that electrografting graphene surfaces
with (4-nitrophenyl) diazonium tetrafluoroborate (NDTB)
can be finished within a few seconds. More interestingly, by
selectively setting the potential bias, the ratio of electron-
withdrawing nitro groups to electron-donating amino groups
can be controlled, thus realizing the successful modification
of the electronic properties of graphene.

Large-area high-quality single-layer graphenes (SLGs)
were grown on Cu foils through a chemical vapor deposition
(CVD) process and then transferred onto silicon substrates
with 300 nm layer of thermally grown SiO, using a nonde-
structive polymer-mediated transfer technique developed
elsewhere.['?l By using SLGs as the working electrode with
the aid of Au metal, cyclic voltammetry (CV) experiments
were performed in an electrolytic cell as shown in Scheme 1a

Scheme 1. a) Structural representation of the electrolytic cell used
for diazonium electrografting of graphenes. WE (working electrode):
graphene; CE (counter electrode): Pt; RE (reference electrode): Ag/AgCl
(3 m KCl). b) Schematic of electrochemical reduction of diazonium salts
and nitro groups.
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Figure 1. a,b) Cyclic voltammograms of NDTB (2 mm) on SLGs in 0.1 m H,SO,. Scan rate: 0.2 V/s, T= 298 K. ¢) An AFM image of a modified SLG.
d) The height profiles across the reaction boundary as labeled in Figure 1c.

in an aqueous solution of sulfuric acid (~0.1 M) containing
NDTB (~2 mwm, from Sigma Aldrich). Before the experiments,
we purged the system by a stream of pure Ar gas to remove
any trace of air or oxygen in the cell. After electrochemical
reactions, the graphenes were prepared for characterization
by sequentially rinsing with copious amounts of de-ionized
(DI) water and acetone under ultrasonic treatments three
times to completely remove diazonium salts that had been
physically absorbed onto the graphene surface.

Figure 1a shows the cyclic voltammogram of NDTB by
simply dipping a SLG sheet into the aqueous solution of sul-
furic acid. A broad monoelectronic irreversible wave located
at a very positive potential (E, = -0.05 V vs. Ag/AgCl) was
observed at a scan rate of 0.2 V/s. The potential of this wave
corresponds to the reduction of NDTB to its radical anion, as
already observed in aqueous media.l' Upon the second scan,
this irreversible wave disappeared and could not be restored
upon further scans as shown by CV (Figure 1a), indicating the
completion of the diazonium electrografting. These results on
our CVD-grown SLGs are similar to those obtained on other
carbon materials in various forms['% and clearly indicate that
nitrophenyl groups have been grafted to the surface of SLGs
within 5 s (Scheme 1b). Examination of modified SLGs by
atomic force microscopy (AFM) proves the formation of a
compact nitrophenyl layer. After electrodeposition followed
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by careful ultrasonic rinsing with both copious amounts of
DI water and acetone, the AFM image obtained in tapping
mode reveals an obvious boundary between pristine and
modified SLGs (Figure 1c), and an average thickness value of
~1.60 nm was estimated (Figure 1d). This indicates the forma-
tion of a thin film corresponding to about 2-3 layers, consid-
ering a value of 0.66 nm for the height of a monolayer.['*"]
This is because the same radical can attack the first grafted
aryl groups to give a polyaryl layer with a nanometer
thickness.['%?] By integration of the electrochemical current
from data in Figure 1a, we derived a surface concentration, I,
of grafted nitrophenyl groups of ~1.4-2.2 x 1071 mol/cm? (see
the Supporting Information (SI) for more details). This value
is consistent with values obtained for highly ordered pyro-
Iytic graphite (HOPG) produced electrochemically,['>1%] but
lower than those obtained for epitaxial graphene produced
through a thermal process.[®?l Based on this value, we can esti-
mate the nitrophenyl group coverage on graphene surfaces
to be ~12.7-20.0%, assuming that nitrophenyl groups are
spheres with a diameter of 4.34 A and vertically close-packed
on the graphene surfaces (see SI). Realization of monolayer
formation using rational strategies of diazonium electro-
grafting, for example by incorporating the protecting groups
into diazonium substrates for controlling film growth,['*l is
the challenge for future studies to overcome.
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Figure 2. a) Raman spectra of the same graphene sheet before and after diazonium electrografting. b,c) The spatial maps of the /,/I ratios over
the same large area of an SLG before and after diazonium electrografting. Inset shows the optical microscopy image of the graphene sheet used.

The scale baris 2 um.

To further demonstrate the successful diazonium electro-
grafting of graphenes, Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS) studies were used to characterize
the modified graphene surfaces. Figure 2a shows the com-
parison of the Raman spectra before and after nitrophenyl
grafting. Before the reaction, a single symmetric 2D peak (full
width at half-maximum, ca. 34 cm™), a small G:2D ratio, and
a negligible D peak were observed, which indicates that our
graphene is a single layer with high quality. As clearly shown
in Figure 2a, however, the intensity of the D peak at 1340 cm™,
which is indicative of the presence of defects,'S! was sharply
enhanced after the reaction. This should be ascribed to the
breaking of the translational symmetry of the C=C sp? bonds
and the formation of C—C sp® bonds by nitrophenyl grafting. To
probe the reaction uniformity, we screened the spatial maps of
the intensity ratios of D peaks to G peaks, I/, over the same
large area of a SLG before and after reaction. As shown in
Figure 2b,c, the whole region exhibits uniformity, but a greater
degree of disorder is observed after the reaction than before.
The large-area uniformity of the reaction proves that diazo-
nium electrografting of graphenes happens at both the edges
and the basal plane. Interestingly, we found that bi- or multi-
layers of graphene in the center (Figure S2, SI) exhibited sim-
ilar I'y/I ratio before and after electrochemical treatment even
after a dozen CV cycles. This proves that single-layer graphenes
are more reactive than bi- or multilayers of graphenes (by at
least 10 times), which is consistent with previous reports based
on thermally or photo-induced radical reactions.[°8] We spec-
ulate that the increased reactivity of SLGs results from the
surface-induced corrugation, the lack of interlayer m-stacking,
and/or the ionized impurities on the substrate.[°48! Note that
the intensity of the D peak did not decrease upon ultrasonic
rinsing of modified SLGs in both DI water and acetone, indi-
cating a strong covalent bonding of the nitrophenyl groups to
the graphene surfaces. The bonding of nitrophenyl groups can
be confirmed by XPS. A clean SLG only presented a negligible
signal at 406 eV (corresponding to the nitro group); after CV
treatments, a remarkable signal was observed at this position
(Figure 3). Consequently, these results based on Raman and
XPS measurements strongly prove that nitrophenyl groups
were covalently attached to the surface of SLGs, in agreement
with the CV and AFM characterizations analyzed above.
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Diazonium electrografting successfully anchors elec-
tron-deficient nitro groups, which can be electrochemically
transformed into electron-rich amino groups, on graphene
surfaces, thus offering the chance to study the charge transfer
effect of these groups on graphene. Firstly, to investigate the
electrochemical behavior of nitro groups, we broadened the
scanning ranges in CV experiments to the same conditions
as shown in Figure 1b. The first monoelectronic wave was
immediately followed by a second irreversible six-electron
wave located at E, = -0.5 V vs. Ag/AgCl (Figure 1b), which
corresponds to the reduction of nitro groups to amino groups
(Scheme 1b).'1 On the second cycle, the reversible redox
couple hydroxylamine/nitroso (Figure S1, SI) was observed
at Ep = 0.28 and 0.36 V vs. Ag/AgCl (Figure 1b).[% Tt should
be mentioned that the reversible redox behavior of nitro
groups was also observed when transferring CV-treated
SLGs after thorough ultrasonic rinsing in an aqueous sul-
furic acid (0.1 M) solution without NDTB. Again, the rich
electrochemical information of nitro groups proves the suc-
cessful attachment of nitrophenyl groups on graphene sur-
faces. To further prove the transformation of nitro groups to
amino groups, XPS measurements were performed. Figure 4a
shows the N 1s core level spectra for an as-grafted SLG after
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Figure 3. X-ray photoelectron spectroscopic studies of the same SLG
sample before and after diazonium electrografting. Inset shows the
enlarged the N 1s core-level spectra.
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Figure 4. a) The N 1s XPS spectra of the same SLG at different potential
biases for 120 s. Inset shows the optical image of a device used. The scale
baris 100 um. b) Statistical time trace of the drain current, /,, at the potential
bias of —0.6 V (gate potential, V, = —40 V). Inset shows the transistor
characteristics of representative devices fabricated from graphene sheets
in the same CV bath at different time stages; drain potential, V;=1 mV.

setting the potential biases from —0.1 V to —0.4 and —-0.6 V
vs. Ag/AgCl for 120 s. The N 1s spectrum reveals two peaks
centered at 400 and 406 eV. The peak with a binding energy
of 406 eV should be assigned to the nitrogen of the nitro
group, and the signal at 400 eV could correspond to a con-
tribution of the nitrogen in the various forms reduced from
the nitro group such as NH, (399.4 eV), NHOH (400.3 eV),
and azoxy (399.98 eV) groups (Figure S1, ST).['”l Considering
the strong and irreversible CV wave at Ep =—0.5 V in a protic
solution in the current case, we speculate that the classic
reduction of nitro groups to amino groups occurs here, and
amino groups dominate the contribution to the N 1s peak at
400 eV.I'0e13.18 The ratios of the two different N 1s peaks, N
1s (400 eV): N 1s (406 eV), for the as-grafted 4-nitrophenyl
layer were estimated from the data in Figure 2a to be approx-
imately 0.7, 1.2, and 2.0, which correspond to the increasing
potential biases from —0.1 V to —0.4 and 0.6 V, respectively.
The increase of the ratios indicates that the polarization of
modified SLGs at a more negative potential leads to a loss of
nitro groups and an increase of amino moieties. It is remark-
able that exploiting rational electrolytic potentials enables us
to control the conversion of nitro groups into amino groups,
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thus setting the foundation for the following device investiga-
tion. We noticed that the actual intensity loss for the 406 eV
peak is not counterbalanced by a similar increase of the peak
at 400 eV, which suggests that a fraction of the phenyl groups
is cleaved from the graphene surface. Further optimization of
the electrochemical condition needs to be done for improving
the conversion of nitro groups into amino groups.

After having understood the electrochemistry of modified
SLGs, we then turned our attention to examine the effect of
the electrochemical reaction on the electronic properties of
graphene. To rule out the possibility of diazonium grafting
that happens on Au surfaces,1%] graphene sheets were fab-
ricated according to our previous procedurel’?! and after CV
treatments Au/Cr (40 nm/5 nm) electrodes were then directly
deposited through a shadow mask to mass-produce graphene
transistors (Figure 4a inset).['”] Figure 4b shows the statistical
time evolution of the drain current (/,) from at least 10 devices
obtained from the same sheet for each point at the potential
bias of —0.6 V. Noticeably, at the beginning of the electro-
chemical reaction, the drain current (/) showed the dramatic
decrease and then reached ~60% of the maximum change in
less than 35 s, faster than the case of the reaction of graphene
nanoribbons with NDTB (5 min) reported in the literature.[®]
Interestingly, in addition to observing the same tendency of
the changes in 7, from the transistor characteristics of repre-
sentative devices fabricated from graphene sheets in the same
CV bath at the different time stages (Figure 4a inset), another
two significant features should be emphasized: i) the gradual
shift of the neutrality point (Vyp) to more negative values
and 2) the gradual increase of the on:off ratio. Control exper-
iments in which we treated graphene devices in the same CV
conditions but without NDTB showed that exposure of SLGs
to the environments used for CV experiments has a very
small effect on device characteristics (Figure S4, SI). Previous
studies have proven that electron-donating amino groups can
behave as n-type dopants, resulting in the negative shift of
Vyp and the change of the carrier density in graphene.l?»2% In
the current case, we deduce that the synergistic effect of the
breaking of the translational symmetry of the C=C sp?> bonds
by forming C-C sp? bonds through nitrophenyl grafting and
the n-type doping induced by amino groups through electro-
chemical reduction of nitro groups results in covalent surface
functionalization of graphene and induces doping-like effects,
thus tailoring its conductivity, shifting its Vyp, and modulating
its carrier mobility. Realization of the reversible conversion
of surface-bounded functional groups and control of their
effects on the transport behavior of graphene are challenges
for future studies to overcome.

In conclusion, we demonstrated that electrochemistry
appears to be an efficient and reliable approach for chemically
decorating individual monolayer graphenes. Electrochemical
reduction of aryl diazonium salts generates active aromatic
radicals that attack graphene surfaces in a mild condition and
then form large-area uniform thin films within a few seconds.
It is remarkable that tuning the electrolytic potentials realizes
the precise control of the conversion of nitro groups into amino
groups. Our preliminary electronic experiments suggest that the
synergistic effect of covalent C-C sp® bond formation and the
n-type doping of amino groups might induce a bandgap opening
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in graphene and modulate their transport properties in a simple
and controllable way. The proven simplicity and efficiency of
surface electrografting of graphenes and the flexibility to inte-
grate functionalities into electronic devices suggests promising
potential of this technique for a wide variety of device applica-
tions in both the industrial and scientific communities.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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