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The sulfonation of graphene by coupling with the diazonium salts of sulfanilic (SA) acid
and amino-4-hydroxy-2-naphthalenesulfonic (NSA) acid is studied. Coupling with the dia-
zonium salt of NSA gives the highest degree of sulfonation. Composites of polyaniline
(PANI) and sulfonated graphene (SG) are prepared by the polymerization of aniline in the

presence of the SG. The materials have been characterized by Raman, Fourier transformed

infrared spectroscopy, thermogravimetric analysis and cyclic voltammetry. These materi-
als are electrochemically active at pHs close to physiological pH due to the doping of PANI
with the sulfonic groups in SG trapped in the polymer. Furthermore, good conductivity val-

ues are obtained.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The outstanding properties of graphene, such as higher elec-
tron mobility [1], large specific surface area [2] and mechani-
cal strength [3] have catapulted it to be one of the most
studied and promising materials.

On the other hand, polyaniline (PANI) is the most investi-
gated conducting polymer due to its facile synthesis, environ-
mental stability, good electrical conductivity and uncommon
conducting/insulating fast transition by doping/dedoping
process [4]. This features have been exploited for use PANI
in sensors [5-7], and more interestingly, in biosensors [8].
However, the electroactivity of pristine PANI strongly depends
on the pH, being null at the pH required for bioassays due to
undoping. To overcome that, the incorporation of an external
dopant [9,10] as well as self-doping of PANI [11-13] have been
the preferred approaches. However, the use of non-conduc-
tive external dopants, e.g. camphorsulfonic acid or poly(sty-
rene sulfonate), and the breaking of ring-coplanarity, caused
by the direct sulfonation of PANI, which improve the electro-
activity, usually reduce the conductivity. For that reason the
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use of conductive materials as dopant would be interesting,
and graphene emerges as a good candidate. Thus, graph-
ene/PANI composites materials would merge the advantages
of graphene (high electron mobility, i.e. fast signal transduc-
tion) and PANI (selectivity, specific chemistry, conductivity
and electrochemical reversibility), meeting most of the condi-
tions to be used as sensors. In fact it has been recently dem-
onstrated that reduced graphene oxide acts as a counterion of
PANI [14].

Despite composites of PANI with other carbon particles,
i.e. carbon nanotubes (CNTs) [15-17] and carbon nanopipe/
graphite nanosheets [18] have been explored, graphene brings
together a number of advantages that make it better than
other carbon particles, such as high aspect ratio, extraordi-
nary electron mobility and low cost of production by oxida-
tion/reduction of graphite, a natural allotrope of carbon.

Among the variety of methods of production of graphene-
based polymer nanocomposites [19-22], graphene/PANI mate-
rials have been prepared principally by polymerization of
aniline in the presence of graphene or its derivatives [23-26],
being other approaches such as phase-transfer polymerization

0008-6223/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbon.2012.01.041


http://dx.doi.org/10.1016/j.carbon.2012.01.041
mailto:horacio@ictp.csic.es
http://dx.doi.org/10.1016/j.carbon.2012.01.041
http://dx.doi.org/10.1016/j.carbon.2012.01.041
http://dx.doi.org/10.1016/j.carbon.2012.01.041
www.sciencedirect.com
http://www.elsevier.com/locate/carbon

2236

CARBON 50 (2012) 2235-2243

[27] and mixing of preformed PANI with graphene [28] less ex-
plored. However, most of these studies are focused in the utili-
zation of these composites as capacitors [23-25,28], while its
ability for other applications has not been studied yet.

In this paper we report the controlled sulfonation of
graphene with the final objective of using it to dope PANI
for sensor applications. The doping of PANI with graphene’s
cousin, CNTs has been addressed using both carboxylated
[16,29] and sulphonated CNTs [30-32]. In the case of graphene,
the analog to carboxylated CNTs is graphite oxide (GO), carry-
ing a large amount of defects in the sp? lattice that make it an
insulator unless it is appropriately reduced.

In this work, the GO is reduced and subsequently sulfo-
nated, and aniline polymerized in the presence of the sulfo-
nated graphene (SG). The SG acts as a template for growing
PANI and as the dopant of PANI, similarly to sulfonated CNTs
[32] and sulfonated fullerene [33]. The SG/PANI composites
show electroactivity at physiological pH which makes it, in
principle suitable for application in biosensors. This improved
electroactivity has not been observed in this study for GO/
PANI materials.

2. Experimental

Graphite powder (45 um), was purchased from Aldrich. The
employed graphite oxide (GO) was synthesized by exhaustive
oxidation of graphite powder accordingly to the Hummers
method [34].

Aniline (Aldrich; p.a.) was distilled prior to use and stored
at a low temperature. Sulfanilic acid (Aldrich, 99%), amino-4-
hydroxy-2-naphthalenesulfonic acid (Fluka) and isopentyl ni-
trite (Aldrich) were used as received.

Potassium dihydrogen phosphate (KH,PO,), acetic acid
(CH3COOH) and sodium acetate (CH;COONa) from Aldrich
were employed to prepare buffers solutions.

2.1.  Preparation of sulfonated graphene (SG)

GO (1g) was dispersed in 250 mL of ultrapure water in a
round-bottomed flask and was sonicated for 30 min. Then,
5mL of 50% hydrazine solution was loaded and heated to
90 °C for 3 h. The material was filtered and washed repeatedly
with water. The solid was dissolved in 250 mL of buffered
solution at pH 8 to avoid precipitation [35] and 5.04g
(0.03 mol) of sulfanilic acid (SA) and 3 mL of isopentyl nitrite
were subsequently added. The reaction flask was kept at
80 °C under magnetic stirring overnight. After cooling at room
temperature, the product, called as GSA was filtered and
washed with abundant water. The procedure was repeated
for the sulfonation with amino-4-hydroxy-2-naphthalene-
sulfonic acid (NSA, 6.97 g; 0.03mol) and the product was
called as GNSA.

2.2.  Synthesis of sulfonated graphene/PANI

The composites were prepared by polymerization of aniline in
a solution containing dispersed SG. Briefly, 0.1 g of GSA was
dispersed in 100 mL of water and treated with ultrasound
for 20 min and 9 mL of HCI and 9.3 mL of aniline were then

added. The dispersion was cooled to 0-5°C in an ice bath
and the oxidant (ammonium peroxydisulfate, (NH,)4S,0s,
5.7 g) was added to start polymerization. The polymerization
was left to occur under vigorous stirring at 0 °C for 3h. The
product, called as GSA/PANI was filtered and washed with
water, fallowed by drying under vacuum. The same procedure
was employed for the preparation of PANI and GNSA and the
material was called as GNSA/PANI.

2.3. Synthesis of graphite oxide/PANI

For comparison purposes, a composite of graphite oxide (GO)
and PANI was prepared according to the procedure described
above for SG/PANI.

2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) spectra were
collected in a Perkin Elmer Spectrum One spectrometer in
transmission mode at a resolution of 4 cm™™.

Raman measurements were undertaken in the Raman
Microspectroscopy Laboratory of the Characterization Service
in the Institute of Polymer Science and Technology, CSIC. A
Renishaw InVia Reflex Raman system (Renishaw plc, Wot-
ton-under-Edge, UK) was used, employing a grating spectrom-
eter with a Peltier-cooled charge-coupled device detector
coupled to a confocal microscope. All spectra were processed
using Renishaw WIRE 3.2 software. The Raman scattering was
excited using an Argon ion laser wavelength of 514.5 nm. The
laser beam was focused on the sample with a 100x micro-
scope objective (NA = 0.85), with a laser power at the sample
of <2 mW.

Elemental composition was performed using a LECO
CHNS-932 instrument.

TGA of powder materials was performed with a TA Instru-
ments TQ-50, using nitrogen atmosphere at heating rate
10 °C min~* from ambient temperature to 900 °C.

The electrochemical measurements were conducted using
screen printed electrodes in a DropSense cyclic voltammeter
potentiostat. For sample preparation, 0.01 g of samples was
dispersed in 5mL of N-methyl-2-pyrrolidone (NMP). Then,
2 L of each solution were drop-casted onto the carbon work-
ing electrode and dry under vacuum.

The electrolyte employed were HCl and buffered solutions
of pH 2, 3, 5, 6 and 7. In the buffered solutions, 1 M of NaCl
was added to maintain the ionic strength constant.

DC-conductivity measurements were carried out using
the four-probe method on rigorously dry pellets. The mea-
surements were carried out using a four-probe setup
equipped with a dc current source (LCS-02) and a digital
micro-voltmeter (DMV-001) from Scientific Equipment and
Services. Prior to conductivity measurements, the polymers
were redopped by 100mL of 0.1M HCl under magnetic
stirring.

3. Results and discussion

Graphene was sulfonated by coupling with the diazonium
salts of SA and NSA giving products that are soluble in water.
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Although this procedure is somewhat different from other
approaches involving a pre-reduction step [36,37], it is also
successful. (Scheme S1). In both cases, the reactions suc-
ceeded as proved by FTIR, Raman, elementary analysis and
TGA. However, the quantification by elementary analysis indi-
cates that the yield of coupling is higher for GNSA; the ratio
sulfonic groups/carbon atoms (SO5/C) are 1/85 for GNSA and
1/120 for GSA. The reasons to explain that are not straightfor-
ward, but may be related to the life-time of the radicals
formed.

In order to check whether the different sulfonation
degree translate in different solubility we carried out UV-
visible experiments in water. Using the experimental absorp-
tion coefficient for graphene dispersion in surfactant
solutions (1390L g *m™") reported by Lotya et al. [38] we
calculated the concentration of the dispersed material to be
approximately 0.138 and 0.104 mg mL~! for GNSA and GSA,
respectively.

The FTIR of GNSA shows bands corresponding to the sym-
metric (1095 cm ™) and antisymmetric (1037 cm™?) stretching
of sulfonic groups in the modifying NSA (Fig. S1). Further-
more, bands at 1554 cm™! (C=C stretching of aromatic ring),
1384 cm™! (C—H stretching), 1259 cm™?, 1162cm™ (C—H in
plane bending of aromatics) and 803 cm~* (C—H out of plane
bending) also appear, confirming the success of the reactions
(Fig. S1).

Raman spectra of the sulfonated materials clearly show
the G (sp? carbon network) and D (defects in the sp? lattice)
modes, and the higher order 2D and G+ D modes (GO is
shown for comparison). If we look at the D/G intensity ratio
we see that it is higher for both sulfonated materials
(GNSA =0.92, NSA =0.96) than that for GO (0.87) as was re-
ported for covalently functionalized graphene [39,40]. The in-
crease in the D/G ratio after reduction-functionalization has
been attributed to the formation of smaller graphitic domains
than those in the initial GO [41].

In the case of GO, the D and G bands appear at 1352 cm™
and 1598 cm™%, respectively. However, for GSA and GNSA
while the peak position of the D mode is also around
1353 cm Y, that of the G mode appears shifted to around
1589 cm™! (GSA) and 1575 cm™" (GNSA), toward the value for
graphite. This is due to the high number of defects, which
makes that this broad band is conditioned by the overlap of
the G and D’ mode [42], the latter related to edge defects.
The deconvolution of this band allows us to compare the rel-
ative contribution of the D’ mode in the higher frequency
band (Fig. 1). Clearly the contribution of this D’ band is higher
in GO than in both SG, confirming improved order in the
reduced-functionalized graphene sheets.

Finally, despite the high Raman efficiency of the D and G
modes, a new peak is observed at 710 cm™?!, which can be
attributed to C—S stretching.

Both sulfonated materials have better thermal stability
than the starting GO, which clearly decompose around
200 °C due to pyrolysis of the labile oxygen-containing func-
tional groups (Fig. S2) [42]. Clearly, the stability is due to the
pre-reduction step removing these oxygen-containing func-
tional groups. The stability is somewhat lower than that for
reduced graphene oxide without further functionalization,
which also proves the presence of some modifying groups
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Fig. 1 - Raman spectra of GO (black curves), GSA (red) and
GNSA (blue). (B) Enlarged view of the region of the band
composed by G and D' modes. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

bonded to the graphene sheets. In addition, the weight
remaining after heating the sulfonated materials at 800 °C
(70-72 wt.%) is similar to the obtained for covalently function-
alized graphene nanoribbons obtained with the same
synthetic procedure (reduction/diazonium coupling) [43].
Composites of both sulfonated materials were prepared as
detailed in the experimental section. The FTIR spectra of the
composites (GSA/PANI and GNSA/PANI) present the typical
bands of PANI at 1560 cm™~* (C=N, quinoid ring (Q) stretching),
1480 cm™ (C—C benzenoid ring (B) stretching), 1292 cm™*
(C—N stretching of secondary amine), 1235cm™* (C—N in
BBB units), 1115cm ' (C—H in plane bending of aromatic
rings), 817 cm™! (C—H deformation in Q ring), and 796 cm™*
(C—H out of plane bending of aromatic rings) (Fig. S3). It is
remarkable the presence of two new bands in the sulfonated
compounds, located at 1372cm™' and 1260cm™" (Fig. S3).
While the first has already been observed in PANI and is as-
signed to C—N stretching in QBQ units [44], the second has
been observed in doped PANI [45], suggesting that some inter-
nal doping of PANI by SG takes places. This is in agreement
with a previous study on the doping of PANI with reduced
graphene oxide, where the formation of a solid state charge
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transfer complex has been proposed [14]. This effect can be
confirmed analyzing the changes in the oxidation state of
the polymer, where some differences between PANI obtained
by the typical procedure and that polymerized in presence of
sulfonated graphene can be observed. The Q/B intensity ratio
(I1560/11480) is ca. 10-15% lower for PANI than for PANI/GSA and
PANI/GNSA, suggesting the presence of higher concentration
of reduced segments in the composites as occurred for sin-
gle-walled carbon nanotubes/PANI composites [16]. In that
case the effect was attributed to n—n interactions between
CNTs and the PANI, where the oxidized CNTs reduce the PANI
by charge transfer and the electron-donating ability of their
carboxyl groups [16]. A similar explanation can be given in
our system.

Finally, a shoulder can also be observed at 1034cm™?,
which is attributable to the symmetric SO5 stretching in the
SG counterion.

The UV-visible spectra of GSA/PANI and GNSA/PANI
resemble that of PANI (Fig. 2). The spectra in NMP show two
bands at 330-334 nm (attributed to n—-=" transition) and 632-
635 nm, (assigned to the transition of the exciton of the
quinone and related to the hopping electronic intra and
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Fig. 2 - UV-visible spectra of PANI (black line), GSA/PANI

(red) and GNSA/PANI (blue) in NMP (A) and acidified with
concentrated HCI (B). Concentration is 0.1 mg mL~" in all

cases. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of
this article.)

interchain [46]). The first signal appears at a smaller wave-
length than in PANI [46] probably due to a steric effect caused
by the huge graphitic laminates that makes the transition
energy increases. Furthermore, it is noted that the polaronic
band shifts to lower energy in the case of both sulfonated
materials. As the Amax Of this band depends on the polymer
oxidation [46,47], the shift can be produced by some doping
of PANI with GSA and GNSA.

After acidifying the quartz cuvettes, the spectra show a
new polaronic band at 420 nm while the initial polaronic band
moves to larger wavelengths (800-900 nm) due to the external
protonation. However, in this case the Anax appears at higher
energies for both GSA/PANI and GNSA/PANI. This has also
been observed in PANI doped with GO, and explained by a
slight deprotonation of the polymer due to dissociation of car-
boxylic groups [14].

Thin films of both composites were prepared on the work-
ing electrode of screen-printed electrodes, allowing us to pro-
duce modified electrodes and to study the electroactivity of
these materials (Fig. 3). The cyclic voltammograms of both
GSA/PANI and GNSA/PANI in 1 M HCI electrolyte show a sim-
ilar behavior to that of modified polyanilines [48] (Fig. 3). The
oxidation peak, corresponding to the transition between the
leucoemeraldine and emeraldine state of the polymer,
slightly shifts to higher potentials in the sulfonated materials
with respect to the pristine PANI. Probably, the sulfonic
groups in graphene withdraw electrons from the aromatic
ring, making the amine units more difficult to oxidize. In
other words, this effect can also be related to the doping of
PANI with the sulfonated graphene as was observed for com-
posites of sulfonated CNTs and PANI [30].

In order to check the ability of GSA/PANI and GNSA/PANI-
modified electrodes as sensors in different environments,
including physiological pH, we conducted cyclic voltammetry
in electrolytes with different pH values. As can be seen from
Fig. 4, both composites show improved electroactivity,
remaining electroactive at pHs close to physiological pH. In
fact, a good electrochemical response is obtained at pH 6. Dif-
ferently to self-doped PANI where the sulfonate groups take
part of the polymer chain, here the SG sheets are trapped into
the polymer. Probably the occluded SG protonates/dopes the
PANI films changing the internal pH.

Similarly to self-doped sulfonated polyaniline [13] both
peaks, corresponding to the leucoemeraldine/emeraldine
and emeraldine/pernigraniline states of PANI, tend to overlap
at an intermediate potential with increasing pH. That means
that the transition leucoemeraldine/emeraldine is more diffi-
cult, while the transition emeraldine/pernigraniline is easier,
as the pH increases. However in the case of GSA/PANI and
GNSA/PANI, after overlapping, the new peak moves to lower
potentials as the pH increases, following the tendency of
the second peak (Figs. 4 and 5). In other words, the second
transition varies similarly to PANI; but the first transition po-
tential increases at lower pHs (similar to sulfonated PANI [13])
and then decreases as the pH increases (in the case of PANI
this process in independent of the pH, and only anion inser-
tion occurs [49,50]) (Fig. 5).

The reason why this happens is uncertain and could be re-
lated to (i) a change in the ion exchange mechanism of the
first process, ie. the polymer releases protons during



CARBON 50 (2012) 2235-2243

2239

Current / pA

T 2 T 2

0.2 0.4 0.6

Potential IVAg[AgCI

Fig. 3 - Cyclic voltammograms of PANI (black line), GSA/PANI (red) and GNSA/PANI (blue)-modified GC electrodes in HCl 1 M.
Scan rate = 50 mV s . (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

oxidation up to a certain value of pH, and over this pH it start
to uptake protons or (ii) the disappearance of one of the inter-
mediate states of oxidation of PANL

Although the ionic exchange of the first process for GSA/
PANI and GNSA/PANI is hard to estimate, the second is rela-
tively easy with the Nernst equation for the system, which al-
lows us estimating the number of electrons and protons
entering/leaving the polymer film to neutralize the charge
generated (see supporting information for details on how to
obtain the equation).

E, = Er — 0.059 % pH
ne

The slopes of GSA/PANI (134 mV-pH ') and GNSA/PANI
(137 mV-pH™?) are similar to that of PANI (118 mV-pH ') and

40

four times greater than that of sulfonated PANI (37 mV-pH™?)
(Fig. 5). This means that GSA/PANI and GNSA/PANI expels 4
protons and uptakes 2 electrons (equal to PANI [50]), while
for sulfonated PANI it expels only 1 proton per 2 electrons.
However, these results should be confirmed by quartz crystal
microbalance and probe beam deflection measurements [51],
while the presence of the intermediate state should be proved
by in situ spectroscopies, such as FTIR, Raman or EPR.

In the best of our knowledge, studies on the pH-depen-
dence of the electrochemistry of similar systems, i.e. sulfo-
nated CNTs/PANI composites have not been reported.
However, nanocomposites prepared by layer-by-layer
assembly of poly(sodium 4-styrenesulphonate) (PSS) wrapped
CNTs with polyaniline nanofibers have shown good
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Fig. 4 - Cyclic voltammograms of GNSA/PANI at different pH electrolytes. Scan rate 50 mV s~ .
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electrochemical response at neutral (or even basic) pH [52].
But, in this case, the first redox process shows a linear
pH-dependence with a slope value very close to that for PANI.
Differences between the PSS/CNTs/PANI composite and our
systems seem logical since in the former the PANI is
assembled by electrostatic interactions with the PSS
surrounding the CNTs, while in our approach PANI growth
on the graphene surface allowing a more intimate contact.

On the other hand, considering the high density of surface
carboxylate groups in GO, a potential doping of PANI with GO
should extend the electroactivity of PANI at higher pH values.
However, the electrochemical behavior of GO/PANI compos-
ites is quite different from that for PANI/GSA and PANI/GNSA
(Fig. S5). In this case, the cyclic voltammograms became more
resistive as the pH increased and the redox peaks were
difficult to distinguish at values over 4, probably due to the
insulating character of GO.

Finally, taking profit of the electroactivity at higher pH we
carried out a series of preliminary experiments to detect fer-
rocenium (Fc*) at pH 6 (Fig. 6) [53]. Although the GNSA/
PANI-modified GC electrode shows some signal due to the
polymer, it can be noted that the peak potential of Fc/Fc*
redox couple does not change for GNSA/PANI-modified GC
electrode with respect to the bare GC.

As one of the main challenges in these systems is to
extend the electroactivity without loosing electrical conduc-
tivity, we analyzed it using the four-probe method. Contrary
to what happens with self-doped PANI, in our case the
materials exhibit higher electrical conductivity than the
pristine PANI. The DC-conductivity values were 1.42, 25.6
and 26.3Scm™! for pristine PANI, GSA/PANI and GNSA/
PANI, respectively. The improvements in conductivity in
SG-doped PANI can be due to the graphene sheets acts as
a bridge for the electronic hopping between PANI chains.
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In fact, GO/PANI gives the lowest conductivity value
(1.1Scm™) due to the presence of insulating GO between
PANI chains, as expected.

4, Conclusions

Composites of PANI and graphene derivatives have been pre-
pared by in situ polymerization of aniline in the presence of
SG. The SG, which acts as external dopant of PANI, has a main
advantages respect to other sulfonated dopants or sulfonated
PANIL: it is intrinsically conductive. In fact, sulfonated graph-
ene/PANI demonstrated 20 times higher electrical conductiv-
ity than pure PANL

Furthermore, the SG occluded into the polymer produces
some change the internal pH of polymer films making it
electroactive at higher pH electrolytes than PANI. The ionic
exchange of PANI/sulfonated graphene composites is some-
what different from that of PANI and sulfonated PANI, espe-
cially in the first redox process. The ionic exchange is open
for future studies, especially in situ experiment that can help
to understand the redox processes.
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