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ABSTRACT: An aqueous dispersion of graphene nanosheets (GNs) has been successfully prepared via
chemical reduction of graphene oxide (GO) by hydrazine hydrate in the presence of poly[(2-ethyldimethy-
lammonioethyl methacrylate ethyl sulfate)-co-(1-vinylpyrrolidone)] (PQ11), a cationic polyelectrolyte, for
the first time. The noncovalent functionalization of GN by PQ11 leads to a GN dispersion that can be very
stable for several months without the observation of any floating or precipitated particles. Several analytical
techniques including UV—vis spectroscopy, Raman spectroscopy, X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) have been used to characterize the resulting GNs. Taking advantages of
the fact that PQI11 is a positively charged polymer exhibiting reducing ability, we further demonstrated the
subsequent decoration of GN with Ag nanoparticles (AgNPs) by two routes: (1) direct adsorption of
preformed, negatively charged AgNPs; (2) in-situ chemical reduction of silver salts. It was found that such
Ag/GN nanocomposites exhibit good catalytic activity toward the reduction of hydrogen peroxide (H,0O,),
leading to an enzymeless sensor with a fast amperometric response time of less than 2 s. The linear detection
range is estimated to be from 100 uM to 40 mM (r = 0.996), and the detection limit is estimated to be 28 uM at

a signal-to-noise ratio of 3.

Introduction

Since the discovery by Novoselov et al.,' graphene, a flat
monolayer of sp>bonded carbon atoms tightly packed into a
two-dimensional (2D) honeycomb lattice, and characterized as
“the thinnest material in our universe”,>~* has received considerable
attention due to its high surface area (~2600 m*/g), high chemical
stability, and unique electronic and mechanical properties,’
which ensure its potential applications in nanoelectronics,®
nanocomposites,7 Li ion batteries,8 and sensors.’ The first
challange for the practical applications of graphene is its process-
ing of graphene nanosheet (GN).” A prerequisite for exploiting
most applications for graphene is the availability of processable
GNsin large quantities, and thus the development of efficient and
cost-effective approaches to producing processable GNs on a
large scale has been paid considerable attention. Up to now,
numerous techniques such as micromechanical exfoliation,'
chemical vapor deposion,'®!! chemical reduction of graphene
oxide (GO),'*"3 electrochemical reduction of GO,'* photoreduc-
tion of GO,">~'® and other special stratagies,'* % etc., have been
successfully developed for synthesis of GNs. Among them, the
chemical reduction of GO holds the great advantage of low cost
and bulk quantity production.”* > Currently, hydrazine and
hydrazine hydrate exihibit much higher reduction degree than
other chemicals and hence are widely used for reduction of GO,
resulting in significantly loss oxygen-containing functional groups
and restoration of much of the 7—x conjugation.'>**2¢~28
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Unfortunately, the GNs thus formed readily form irreversible
aggregates in water due to the strong van der Waals interactions
between them.”

Recently, numerous approaches have been successfully devel-
oped to prepare stable aqueous dispersion of GNs by chemical
reduction of GO with hydrazine. For example, the pH-control
reduction process has been proven to be a successful route to
obtain stable GN dispersion through electrostatic stabilization.'**
Additionally, it is demonstrated that organic Polymers and
surfactants such as pyrene butyrate,”* ssDNA.*' poly(sodium
4-styrenesulfonate),” methylene green,* Nafion,*® Congo red,*
ionic liquid polymer,*® polyvinylpyrrolidone (PVP),* sulfonated
polyaniline,”” pluronic copolymer,*® 7,7,8,8-tetracyanogquino-
dimethane,” and chitosan® are capable of stabilizing GN by
decreasing the van der Waals interactions between the reduced
GO nanosheets. Meanwhile, organic solvents such as N,N-
dimethylformamide*' ~** and N-methylpyrrolidone* have also
been used to prepare stable GNs dispersion due to strong
interactions between solvent molecules and graphene. Although
there are many papers dealing with the use of polymers to
stabilize GNs, the noncovalent functionalization of GNs by a
polymeric reducing agent and their subsequent decoration of
such GNs by metal nanoparticles by in-situ chemical reduction of
metal salts have not addressed so far.

In this paper, as a polymeric reducing agent and cationic
polyelectrolyte PQ11 (see Figure S1 for chemical structure) is
used as a stabilizing agent for GNs in water for the first time. We
further demonstrate the subsequent decoration of the result-
ing GN with Ag nanoparticles (AgNPs) by two routes: (1) direct
adsorption of preformed, negatively charged AgNPs; (2) in-situ
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chemical reduction of silver salts. It was found that such Ag/GN
nanocomposites exhibit good catalytic activity toward the reduc-
tion of hydrogen peroxide (H,0,), leading to an enzymeless
sensor with a fast amperometric response time of less than 2 s.
The linear detection range is estimated to be from 100 uM to
40 mM (r = 0.996), and the detection limit is estimated to be
28 uM at a signal-to-noise ratio of 3.

Experimental Section

Chemicals. PQ11, graphite powder, AgNO;, NaH,POy,
Na,HPO,, and H,O, (30%) were purchased from Aladin
Ltd. (Shanghai, China). NaNOsj, sodium citrate, H>,SOy4
(98%), and KMnO, were purchased from Beijing Chemical
Corp. Hydrazine hydrate and sodium borohydride (NaHBy,)
were purchased from Tianjin Fuchen Chemical Corp. All
chemicals were used as received without further purification.
The water used throughout all experiments was purified
through a Millipore system. Phosphate buffer saline (PBS)
was prepared by mixing stock solutions of NaH,PO,4 and
Na,HPOy, and a fresh solution of H,O, was prepared daily.

Apparatus. UV —vis spectra were obtained on a UV5800
spectrophotometer. Raman spectra were obtained on J-Y
T64000 Raman spectrometer with 514.5 nm wavelength
incident laser light. Powder X-ray diffraction (XRD) data
were recorded on a Rigaku D/MAX 2550 diffractometer with
Cu Ko radiation (4 =1.5418 A). X-ray photoelectron spec-
troscopy (XPS) analysis was measured on an ESCALAB MK
II X-ray photoelectron spectrometer using Mg as the exciting
source. Transmission electron microscopy (TEM) measure-
ments were made on a Hitachi H-8100 electron microscope
(Hitachi, Tokyo, Japan) with an accelerating voltage of 200 kV.
The sample for TEM characterization was prepared by
placing a drop of colloidal solution on carbon-coated copper
grid and dried at room temperature.

Preparation of GO. GO was prepared from natural graphite
powder through a modified Hummers’ method.? In a typical
synthesis, 1 g of graphite was added into 23 mL of 98% H,SO,,
followed by stirring at room temperature over a 24 h period.
After that, 100 mg of NaNO; was introduced into the mixture
and stirred for 30 min. Subsequently, the mixture was kept
below 5 °C by ice bath, and 3 g of KMnO, was slowly added into
the mixture. After being heated to 35—40 °C, the mixture was
stirred for another 30 min. After that, 46 mL of water was added
into above mixture during a period of 25 min. Finally, 140 mL of
water and 10 mL of 30% H,O, were added into the mixture to
stop the reaction. After the unexploited graphite in the resulting
mixture was removed by centrifugation, as-synthesized GO was
dispersed into individual sheets in distilled water at a concentra-
tion of 0.5 mg/mL with the aid of ultrasound for further use.

Preparation of GNs. In a typical synthesis, 3 mL of GO
aqueous dispersion was added into 1 mL of H,O, followed by
addition of 1 mL of PQI11 (0.8 mol/L) and 1 mL of hydrazine
hydrate aqueous (0.1 mol/L). After stirring for 30 min at room
temperature, the mixture was heated to 100 °C over a 1 h period.
Finally, a black GN dispersion with a concentration of 0.25 mg/
mL was obtained. The excess PQ11 and hydrazine were removed
by centrifugation twice, and the resulting precipitates were
redispersed in water for characterization and further use.

Preparation of Ag/GN Nanocomposites. In the present study,
two different methods were used to prepare Ag/GN nanocom-
posites. (1) The nanocomposites were prepared by adsorption of
citrate-stabilized AgNPs onto the resulting PQ11-stabilized GN
(designated as Ag/GN-A). AgNPs with a concentration of 0.4
mM were prepared via reduction of AgNO3 by NaHB, with the
use of sodium citrate as a stabilizing agent at room temperature.
In a typical preparation of Ag/GN-A, 1 mL of GN dispersion
was mixed with 1 mL of AgNPs aqueous solution first, and then
the mixture was sonicated for 2 min. After that, the mixture was
placed at room temperature over a 12 h period. Finally, the
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Figure 1. UV—vis spectra of aqueous dispersion of GO and the result-
ing GNs. Inset: photographs of aqueous dispersions of GO (left), GNs
reduced by hydrazine hydrate in the absence of PQ11 (middle), and
GNs reduced by hydrazine hydrate in the presence of PQI11 (right).

precipitate was collected by centrifugation and washed with
water twice and then redispersed in 0.5 mL of H»O for char-
acterization and further use. (2) The nanocomposites were
prepared by in-situ reduction of AgNO; by PQI11 (designated as
Ag/GN-R). In a typical preparation, 10 L of AgNO; (0.5 mol/L)
was added into 1 mL of GN dispersion first, and then the mixture
was heated at 100 °C over a 30 min period. The precipitate was
collected by centrifugation and washed with water twice and
then redispersed in 0.5 mL of H,O for characterization and
further use.

Electrochemical Measurements. Electrochemical measure-
ments are performed with a CHI 660D electrochemical analyzer
(CH Instruments, Inc., Shanghai). A conventional three-electrode
cell was used, including a glassy carbon electrode (geometric
area=0.07 cm?) as the working electrode, a Ag/AgCl (saturated
KCl) electrode as the reference electrode, and platinum foil as
the counter electrode. The potentials are measured with a Ag/
AgCl electrode as the reference electrode. All the experiments
were carried out at ambient temperature.

Results and Discussion

Figure 1 shows the UV—vis spectra of aqueous dispersion of
GO and the resulting GNs. As expected, GO exhibits strong
bands centered at 230 and 300 nm, corresponding to 7 — ¥
transitions of aromatic C=C band and n — 7* transitions of
C=0 band in GO, respectively, as shown in Figure 1a.%® It is
clearly seen that the adsorption peak gradully red-shifts from 230
to 270 nm, and the absorbance in the whole spectral region
increases after heat treatment. Such observations suggest that the
electronic conjugation within the GO is restored upon the heat
treatment.*® Figure 1 inset shows photographs of aqueous dis-
persion of GO (left) and the resulting GNs (right), revealing a
distinct color change from pale-yellow to black after heat treat-
ment. Such an observation provides another piece of evidence to
support the formation of GNs.*’ It is worthwhile mentioning that
the GNs dispersion thus formed can be well-stable for several
months without the observation of any floating or precipitate
particles, indicating PQ11 serves as an effective stabilizing agent
for GNs which could be attributed that the cationic PQI1 is
capable of combining both steric and electrostatic stabilization,
resulting in electrosteric stabilization. In contrast, GNs otained in
the absence of PQI11 form aggregates more readily and rapidly
than PQI I-stabilized GNs. The excellent stability of the GNs in
our present study can be reasoned as follows: The PVP segments
along PQI1 chain have great affinity to the graphite surface,*®
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Figure 2. Raman spectra of GO (a) and GNs (b).

and thus PQ11 chains are stron %ly attached to and noncovalently
functionalize the GN surfaces.’® On the other hand, PQIl is a
kind of cationic polyelectrolyte, and thus the cationic adlayers
confer to the GN both the steric and electrostatic repulsions,
resulting in electrosteric stabilization. The combination of these
two attributes together with the multipoint attachment of the
PQ11 chain contributes to the formation of GNs with remarkable
colloidal stability.

The formation of GNs is also evidenced by the corresponding
Raman spectra. Figure 2 shows the Raman spectra of GO and as-
formed GNss. It is established that graphene obtained by chemical
reduction of GO exhibits two characteristic main peaks: the D
band at ~1350 cm ™', arising from a breathing mode of «-point
photons of A, symmetry; the G band at 1575 cm” !, arising from
the first order scattering of the E,, phonon of sp” C atoms.” In
our present study, it is seen that GO exhibits a D band at 1350 cm ™!
and a G band at 1603 cm™', while the corresponding bands of
GNs are 1350 and 1593 cm™ ', respectively. The G band of GNs
red-shifts from 1603 to 1593 cm™ ", which is atributed to the high
ability for recovery of the hexagonal network of carbon atom.”* It
is also found that GNs show relative higher intensity of D to G band
than that of GO. These observations further confirm the forma-
tion of new graphitic domains after the heat treatment process.”'

Figure 3 shows the XRD patterns of GO and GNs. Graphite
powder (Figure S2) shows a sharp (002) peak at 26.4° with a typical
interspacing of 3.35 A. However, it is found that GO (Figure 3a)
exhibits a strongly peak at 10.02° corresponding to the (002)
interplanar spacing of 8.2 A, which suggests that graphite has
been successfully oxidized by Hummers’ method. It is also seen
that the corresponding peak disappears after the heat treatment
process (Figure 3b), indicating the successful reduction of GO.

Survey X-ray photoelectron spectroscopy is a significant
measure to observe the inner strucutre of C for carbon-based
materials. It is well kown that the bands centered at 284.8 and
531.0 eV are associated with C Is and O s, respectively. It is
clearly seen that the O Is intensity of GNs is significantly
decreased compared with that of GO, suggesting the loss of
oxygen in GO after the heat treatment (Figure S3). The new peak
at 400.0 eV associated with N 1s was observed, which can be
attributed to the presence of nitrogen element in the PQII,
indicating the adsorption of PQ11 on GNs. Figure 4 shows the
C 1s XPS spectra of GO and GNs. The C 1s spectra of GO and
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Figure 3. XRD patterns of GO (a) and GNs (b).
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Figure 4. C 1s XPS spectra of GO (a) and GNs (b).

GNs could be deconvoluted into four peaks at 284.5, 285.6, 286.6,
and 288.4 eV, which are associated with C—C, C—OH, C (epoxy/
alkoxy), and C=0, respectively.*’ It is obviously seen that the
peak intensity of C—O and C=O0 in strong in GO (Figure 4a). In
contrast, after the heat treatment process, the peak intensity of
C—0 and C=0 in GNs (Figure 4b) tremendously decreases, and
the content of C—C correspondingly increases dramatically. In
addition, it is also seen that a new peak at 286 eV is observed,
further confirming the presence of PQI11. All the observations
suggest that the most oxygen-containing functional groups are
successfully removed after heat treatment process.
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Scheme 1. Illustration (Not to Scale) of the Reduction of GO to GNs Noncovalently Functionalized by PQ11 and the Subsequent Preparation of Ag/
GN Nanocomposites through Two Different Routes

[elelo

Because PQI1 is a positively charged polymer exhibiting
reducing ability, it is expected that the resulting GN can be
easily decorated with nanoparticles via direct adsorption of
preformed, negatively charged nanoparticles or in-situ chemical
reduction of metal salts. It is also well-known that AgNPs
exhibit high catalytic activity for H,O, reduction.”> Further-
more, Ag/GN nanocomposites and the their applications have
attracted much attention during the past few years.>*~>® Thus,
we demonstrated the proof of concept of preparing Ag/GN
nanocomposites by two different routes and their application
for enzymeless H,O, detection. Scheme 1 presents a scheme
(not to scale) to illustrate the reduction of GO to GNs non-
covalently functionalized by PQ11 and the subsequent prepara-
tion of Ag/GN nanocomposites through two different routes.
First, GN dispersion was obtained via chemical reduction of
GO by hydrazine hydrate using PQI11 as a stabilizing agent.
Second, two different routes are used to prepare Ag/GN
nanocomposites: (1) direct adsorption of preformed, negatively
charged AgNPs stabilized by citrate based on the positively
charged nature of PQI1 chain (designated as Ag/GN-A); (2) in-
situ chemical reduction of silver salts based on the inherent
reducing ability of PVP segments (designated as Ag/GN-R).%’
Figure 5 shows the typical TEM images of the nanocomposites.
It is clearly seen that the direct adsorption method results in the
formation of GNs decorated with a large amount of AgNPs, as
shown in Figure 5a. On the other hand, in-situ chemical
reduction method leads to small AgNPs which are uniformly
and exclusively absorbed on the GN substrate, as shown in
Figure 5b. All these observations provide clear evidence to
support the formation of Ag/GN nanocomposites. We also
performed one control experiment where AgNPs were directly
adsorbed on GN with the absence of PQ11. The corresponding
TEM image of the resultant products indicates that the amount
of AgNPs attached on GN decreases dramatically, as shown in
Figure S4. All the above observations show that PQ11 makes a
great contribution to the AgNPs adsorption. Figure 5. TEM image of Ag/GN-A (a) and Ag/GN-R (b).

50nm



10082  Macromolecules, Vol. 43, No. 23, 2010

04
10
<
=
§ 204
5
(8]
30
bare GCE
—— GNs/GCE
40 —— Ag/GN-R/GCE
7] — Ag/GN-A/GCE
T T T T T T

T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (V)
Figure 6. Cyclic voltammetry (CVs) of a bare GCE, GNs/GCE, Ag/
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in the presence of 1.0 mM H,0O, (scan rate: 0.02 V/s).
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Figure 7. Typical steady-state response of the Ag/GN-R/GCE to
successive injection of H,O; into the N, saturated PBS under stirring.
The inset was the calibration curve. Applied potential: —0.40 V;
supporting electrolyte: 0.2 M PBS of pH 6.5.

Asademonstration of application of such nanocomposites, we
constructed an enzymeless H,O, sensor by direct deposition of
the aqueous dispersion of Ag/GN nanocomposites on a bare
glassy carbon electrode (GCE) surface. Figure 6 shows the
electrocatalytic responses of a bare GCE, GNs modified GCE
(designated as GNs/GCE), and Ag/GN-R and Ag/GN-A mod-
ified GCE (designated as Ag/GN-R/GCE and Ag/GN-A/GCE,
respectively) in N, saturated 0.2 M PBS at pH 6.5 in the presence
of 1.0 mM H,O; (scan rate: 0.02 V/s). Obviously, the response of
both the bare GCE and the GNs/GCE toward the reduction of
H,0, is pretty weak. In contrast, it is seen that Ag/GN-R and Ag/
GN-A exhibit a remarkable catalytic current peak about 30 #A in
intensity at —0.54 V and about 40 uA in intensity at —0.58 V,
respectively. All these observations reveal that the AgNPs exhibit
notable catalytic ability for H,O, reduction. Compared to Ag/
GN-R/GCE, the Ag/GN-A exhibits a 33% enhancement of peak
current and a 0.04 V negative shift of the peak potential. It could
be attributed to the higher loading and larger particle size of
AgNPs, as is evidenced by the TEM observations (Figure 5).

Figure 7 shows the typical current—time plot of the Ag/GN-R/
GCE in N,-saturated 0.2 M PBS buffer (pH: 6.5) on successive
step change of H,O, concentrations under optimized conditions.
When an aliquot of H,O, was added into the stirring PBS
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solution, Ag/GN-R/GCE responded rapidly to the substrate
and the current rose steeply to reach a stable value. At the applied
potential of —0.40 V, the cathode current of the sensor increased
dramatically and achieved 95% of the steady state current within
2 s, revealing a fast amperometric response behavior. The inset
shows the calibration curve of the sensor. The linear detection
range is estimated to be from 100 uM to 40 mM (r = 0.996), and
the detection limit is estimated to be 28 uM at a signal-to-noise
ratio of 3.

Conclusions

In summary, chemical reduction of GO in the presence of
PQI11 has been proven to be an effective method for the prepara-
tion of well-stable aqueous dispersion of GNs. Both the electrosteric
stabilization and the multipoint attachment of the PQ11 chain to
the GN surface are responsible for its remarkable colloidal
stability of the GN dispersion. Taking advantage of the fact that
PQI11 is a cationic polyelectrolyte exhibiting reducing ability, we
have successfully demonstrated the decoration of GN with
AgNPs via direct adsorption of preformed, negatively charged
AgNPs or in-situ chemical reduction of silver salts. The detection
of H,O, without using enzyme in the electrode modified by Ag/
GN nanocomposites has also been demonstrated, and it revealed
that the AgNPs contained therein exhibit notable catalytic
activity toward the reduction of H,0,. Our present findings
provide us a low-cost approach to the facile production of stable
aqueous dispersions of GNs and nanoparticles/GNs composites
on a large scale for applications.
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