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Graphene surface  was  functionalized
with  polyacrylic  acid.
The PAA–graphene  was  used  to
construct  electrochemical  function-
alized  multilayer.
The multilayer  electrode  was  investi-
gated  for  potential  use  in  biosensing.
The combination  of graphene  and
LbL  technique  can  develop  efficient
biosensors.
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a  b  s  t  r  a  c  t

In this  paper,  graphene  surface  was functionalized  with  polyacrylic  acid (PAA) and  was  used  as
a  building  block  to  construct  electrochemically  functionalized  multilayer  via  electrostatic  layer-by-
layer  (LbL)  assembly.  Prussian  Blue  (PB)  nanoparticles  protected  by  poly(diallyldimethylammonium
chloride)  (PDDA–PB)  were  used  as  an  example  of  electroactive  species  for the assembly.  Through
electrostatic  interaction,  the  modified-graphene  (PAA–graphene)  was  assembled  together  with  the  pos-
eywords:
ayer-by-layer assembly
olyacrylic acid functionalized graphene
russian Blue nanoparticles
lectrocatalysis

itively charged  PDDA–PB.  Atomic  force  microscopy  (AFM)  was  used  to demonstrate  the  modification
of  graphene  sheets  and  microstructure  of  the  graphene-based  multilayer.  Furthermore,  the multilayer
(PAA–graphene/PDDA–PB)n film  electrode  was  characterized  with  cyclic  voltammetry  for its  potential
use  in  biosensing.  The  electrode  exhibited  elctrocatalytic  activity  for the  reduction  of  H2O2. It  can  be
expected  that this  work  will  stimulate  the development  of  efficient  and  advanced  biosensing  devices  and

nd  p
the  construction  of  new  a

. Introduction

Graphene, a newly reported carbon materials with two-
imensional (2D) nanostructure, has emerged as a novel and

mportant class of conducting materials due to its extraor-
inary electrical, thermal and mechanical properties since its

iscovery in 2004 by Geim and co-workers [1].  And graphene
heets have been extensively studied in synthesizing nanocom-
osites and fabricating various microelectrical devices, such as
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otentially  useful  nanosystems.
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battery, field-effect transitors, ultrasensitive sensors, and elec-
trochemical resonators [2–5]. Graphene has also great promise
in electrochemical sensing and biosensing. Graphene-based elec-
trodes have been reported to show excellent electroactivity
for H2O2, O2, NADH and other important electoactive species
[6–10]. However, graphene sheets are very hydrophobic and form
agglomerates easily and inevitably in aqueous solutions in the
absence of dispersing reagents as a result of strong stacking
and Van der Waals interactions. Thus, some methods have been
developed to stabilize graphene sheets, either by covalent or

noncovalent modification by aromatic molecules, surfactants and
polymers [11–15].  As recently reported by Ye and co-workers
[16], a stable and homogeneous graphene sheet dispersion could
be prepared via an exfoliation/in situ reduction of graphene
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xide followed by in situ living free radical polymerization
f polyacrylic acid (PAA). This method prevented restacking and
gglomeration of graphene sheets to form graphite through Van
er Waals interaction. Its simplicity opens broad perspectives to
se the charged and high dispersed graphene sheets to fabricate
arious composites. In this paper, graphene surface was function-
lized with PAA by this method and the as-prepared PAA–graphene
as used as a building block to construct electrochemically func-

ionalized composite film.
To fabricate graphene-based composite materials, it is impor-

ant to develop simple and versatile assembly methods. One
ethod meeting the challenge to assemble graphene-based ultra-

hin composite films is using layer-by-layer (LbL) assembly
echnique introduced by Decher in 1990s [17]. The LbL assem-
ly methods offer opportunities to prepare multilayer films with
esired functions [18–23].  This strategy allows the precise control
f the film thickness, composition, morphology and functionality
n a nanometer scale level [24–28].

Here, by using the LbL assembly method, fabrication of mul-
ilayer ultrathin films consisting of PAA–graphene and Prussian
lue (PB) nanoparticles was described, as shown in Scheme 1. The
se of PB nanostructures for the creation of the electrochemical
evices is an extremely promising prospect. PB is known to be a
uperior electrocatalyst in hydrogen peroxide reduction [29–31].
o improve the film-forming property, the PB nanoparticles were
ositively charged with poly(diallyldimethylammonium chloride)
rotecting (PDDA–PB) [32]. The major purpose of this work was
o estimate the potential use of the as-prepared graphene-based
AA–graphene/PDDA–PB multilayer film in the field of biosens-
ng. For that, the electrochemical characterization of the ultrathin

ultilayer film electrode was presented.

. Materials and methods
.1. Materials

Expandable graphite (EG) 8099200 (∼180 �m)  was  purchased
rom Qingdao BCSM. Co., Ltd. Poly(diallyldimethylammonium

cheme 1. Schematic representation of the assembling process of (PAA–graphene/PDDA
egatively charged; PDDA–PB: poly(diallyldimethylammonium chloride) protective Prus
ochem. Eng. Aspects 426 (2013) 6– 11 7

chloride) (PDDA, Mw: 20,000) was  purchased from Aldrich and used
as received. Dimethylformamide (DMF), 98% H2SO4, 30% H2O2, and
potassium permanganate (KMnO4) were purchased from Shanghai
Chenyun Chemical and Engineering Company. Acrylic acid (AA),
NaBH4, (NH4)2S2O8, FeCl2·4H2O and K3Fe(CN)6 were obtained from
Tianjin Damao Chemical Company. All other reagents were of ana-
lytical grade and used without further purification.

2.2. Preparation of PAA–graphene sheets and PDDA–PB
nanoparticles

Expandable graphite oxide was obtained based on Hummers’
method [16,33]. The obtained graphite oxide (30 mg)  was  first
suspended in DMF/water (9:1), followed by stirring and ultrasoni-
cation for 30 min. Then 0.0248 g of NaBH4 was added to the mixture.
The mixture was  heated in an oil bath at 80 ◦C for 4 h, and reduced
graphene oxide (rGO) was  obtained. Acrylic acid (10 g) and water
were added to the flask. After stirring for 30 min, the solution was
purged under dry nitrogen for 30 min  to remove oxygen, followed
by addition of (NH4)2S2O8 (100 mg  dissolved in 80 mL  of water).
The flask was  placed in a thermostated oil bath at 60 ◦C under stir-
ring and sonication. After 48 h the mixture was cooled to room
temperature, diluted with water, bath sonicated for 1 h, and then
centrifuged. The as-prepared graphene and PAA–graphene were
characterized by atomic force microscopy (AFM) and Fourier trans-
form infrared spectroscopy (FTIR). Tapping-mode AFM imaging
was performed on a Digital Instruments multimode microscope
controlled by Nanoscope IIIa apparatus (Digital Instruments, Santa
Barbara, CA). FTIR spectra were recorded on a NEXUS 470 spec-
trometer (Nicolet, USA).

PDDA protective PB nanoparticles were prepared according
to a previously published procedure [29,32]. Briefly, 10 mL of a
0.01 mol  L−1 K3[Fe(CN)6] solution was  slowly added to 10 mL of
a 0.01 mol  L−1 FeCl2·4H2O and 12.5 mmol  L−1 PDDA solution under

vigorous stirring at room temperature. The reaction mixture turned
blue immediately, indicating the formation of PB nanoparticles.
Residual PDDA polymer was removed by high-speed centrifugation
and the complex was  rinsed with water/actone (2:1, V/V) for at least

–PB)n multilayer films. PAA–graphene: polyacrylic acid functionalized graphene,
sian Blue nanoparticles, positively charged.
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sheets. A section analysis revealed that the thickness of graphene
oxide is 0.999 nm (Fig. 2A), and a much larger thickness of 1.912 nm
was observed for PAA–graphene (Fig. 2B). This provided the
Fig. 1. AFM images and line scan of graphene (A) and PAA–grap

hree times. The collected complex was redispersed in 5 mL  water
ith mild sonicating to produce a stable PDDA–PB stock solution.

he obtained PDDA–PB nanoparticles were measured by transmis-
ion electron microscopy (TEM, H-7500, Hitachi, Japan). Several
rops of the PDDA–PB suspension were placed on a copper grid
overed with a carbon film. Excess solutions were removed with
lter paper. The resultant grid was dried in air before observation.

.3. Layer-by-layer assembly of (PAA–graphene/PDDA–PB)n

ultilayer ultrathin films

Glassy carbon electrodes (GCE, 3 mm diameter) were used as
he substrate to LbL assemble the graphene-based multilayer. The
lectrodes were polished first with emery paper and then with
queous slurries of fine alumina powders (0.3 and 0.05 �m)  on a
olishing cloth and were finally cleaned with ethanol and doubly
istilled water under an ultrasonic bath, each for 5 min. Multilay-
red films were assembled on a GCE substrate by first immersing
he substrate into positively charged PDDA (1 wt% aqueous solution
ontaining 0.5 M NaCl) for 30 min  and then alternately immersing
he PDDA-treated substrate into the aqueous dispersion of the neg-
tively charged graphene nanosheets (0.25 mg/mL) and an aqueous
olution of the positively charged PDDA–PB (0.1 mg/mL) for 30 min,
espectively. After each immersion step, the substrate was  first
arefully rinsed with doubly distilled water to remove the unstably
dsorbed materials and then dried with nitrogen gas.

The microstructure and growth of the multilayer were char-
cterized by AFM and ultraviolet visible (UV–vis) spectroscopy
UV-1601, Shimadzu, Japan). (PAA–graphene/PDDA–PB)n multi-
ayer used for AFM and UV–vis spectroscopic measurements were
repared on silicon wafers and quartz slides, respectively. The sili-
on wafer and quartz slide were first cleaned with piranha solution
f 30% H2O2 and 98% H2SO4 (3:7 volume ratio) and then thoroughly
insed with doubly distilled water. The assembly procedures on
he silicon wafer and quartz slide were performed with the same
rocedures as those for the GCE substrate.
.4. Electrochemical measurements

Electrochemical experiments were performed with a CHI
60B electrochemical analyzer (Chenhua Co., Shanghai, China). A
B) with sheet thickness of 0.999 nm and 1.912 nm, respectively.

conventional three-electrode cell was  used, including a Ag/AgCl
(saturated KCl) electrode as reference electrode, a platinum wire
counter electrode and a modified working GE electrode.

3. Results and discussion

3.1. Characterization of PAA–graphene and
PAA–graphene/PDDA–PB film

FTIR was utilized to investigate the formation of graphene oxide
(GO), rGO and PAA–graphene. In the spectrum of GO (Fig. 1), the
peak at 1720 is in correspondence to C O stretching vibration. In
the spectrum of PAA–graphene, the strong peak of the C O stretch-
ing vibration can also be seen, in which peak at 3400 and 1420 are
related to the stretching vibration and deformation of O H. These
results were generally consistent with the report [16], indicating
the successful preparation of PAA–graphene.

AFM was used to detect the precise microstructure of graphene
Fig. 2. FTIR spectra of graphene oxide (GO), reduced graphene oxide (rGO) and
PAA–graphene.
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ig. 3. (A) TEM image of PB nanoparticles. Inset is the magnified image. (B) AFM
PAA–graphene/PDDA–PB)n films assembled on quartz slides with increasing bilaye

vidence for the successful attachment of PAA onto the surface of
raphene sheets, consistent with previous reports [16].

PDDA–PB nanoparticle size was determined using TEM as
hown in Fig. 3A. The mean average is from 20 to 40 nm.  The
eposited (PAA–graphene/PDDA–PB)1 multilayer film was also
haracterized by AFM. It could be seen that PAA–graphene and
B were uniformly distributed and it showed sheet-like character.
ptical images of the (PAA–graphene/PDDA–PB)n films deposited
n quartz slides displayed the films had a high level of flatness
nd homogeneity in Fig. 3B. And the slides gradually turned dark
lue indicating that thickness was increasing as deposited cycle

ncreased.
The growth of the multilayer films prepared by the LbL method

n quartz slides was followed by UV–vis absorption spectroscopy.

s shown in Fig. 4, the prominent broad band at 244 nm corre-
ponded to the absorption of graphene and the peaks at 734 nm
re characteristic absorption bands of PB. The absorption increased
learly with the assembling step, indicating that PAA–graphene

ig. 4. UV–vis absorption spectra of (PAA–graphene/PDDA–PB)n films assembled
n quartz slides, n = 1, 2, 3, 4.
ge of (PAA–graphene/PDDA–PB)1 film assembled on silicon wafer. (C) Photos of
bers, n = 1, 2, 4, 8.

and PDDA–PB nanoparticles have been successfully assembled onto
quartz slides.

3.2. Electrochemical characterization of
(PAA–graphene/PDDA–PB)n

A cyclic voltammetry (CV) study of the multilayer film electrode
was performed during the assembly process. Fig. 5 showed the
cyclic voltammograms of (PAA–graphene/PDDA–PB)n multilayer
modified electrode with bilayer number from 1 to 4. The electro-
chemistry of the multilayer films showed a pair of redox peaks
entered at ca. 0.2 V, corresponding to the conversion between PB
and Prussian White (PW, reduced form of PB) [29,30].  Thus, the
electrochemical properties of PB did not change in the multilayer

assembling process. Furthermore, the redox peak height enhanced
with the increase of the bilayer number, suggesting the successful
deposition of PAA–graphene and PB onto GCE.

Fig. 5. Cyclic voltammograms of (PAA–graphene/PDDA–PB)n multilayer films on
the glass carbon electrode in PBS of pH 7.4, containing 0.1 M KCl at a scan rate of
50  mV/s. n = 0, 1, 2, 3, 4.
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Fig. 6. (A) Cyclic voltammograms of bare GCE and (PAA–graphene/PDDA–PB)4 mul-
tilayer films modified GCE in PBS of pH 7.4, containing 0.1 M KCl without and with
50 mM H2O2; (B) Cyclic voltammograms of (PAA–graphene/PDDA–PB)4 multilayer
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Fig. 7. Current–time amperometric response of (PAA–graphene/PDDA–PB)4 multi-

Acknowledgments
lms modified electrode in PBS of pH 7.4, containing 0.1 M KCl in the presence of
2O2 at a concentration ranging from 5 mM,  10 mM,  20 mM to 50 mM.

Monitoring of low levels of hydrogen peroxide is of great impor-
ance for modern medicine, environmental control, and various
ranches of industry. Most of importance, hydrogen peroxide is
resent in countless biological reactions as the main product of
ome oxidases and is an important parameter for monitoring of
hese bioporcesses [34–36].  Herein, electrocatalysis towards H2O2
eduction was studied to estimate the potential use in biosensing,
s shown in Fig. 6. Fig. 6A showed the CV curves of bare GCE and
he (PAA–graphene/PDDA–PB)4 multilayer film electrode in PBS of
H 7.4, containing 0.1 M KCl in the absence and presence of 50 mM
2O2, respectively. It was observed that the CV curve of bare GCE
id not change after 50 mM H2O2 was added, indicating that no
esponse to H2O2 could be obtained in the range from −0.5 to 0.5 V.

hile in the case of the (PAA–graphene/PDDA–PB)4 multilayer
lm electrode it exhibited a strong reduction current in the range

rom −0.5 to 0.5 V, indicating the electrocatalytic activity of the
odified electrode towards the H2O2 reduction. Moreover, with

arying H2O2 concentration from 5 mM to 50 mM,  the reduction
urrent obviously increased and the oxidation current decreased
radually (Fig. 6B). This may  be ascribed to the fact that in the neg-
tive potential range, PDDA–PB (PB: KFe(III)[Fe(II)(CN)6]) film can
educe to its reduction state PW (PW: K2Fe(II)[Fe(II)(CN)6]) and

W has the catalytic activity for the reduction of H2O2. There-
ore, the PDDA–PB film acted as an electron-transfer mediator
etween the electrode and H2O2 [29,31]. It is confirmed that
layer modified electrode with successive addition of 0.1 mM H2O2 into stirring PBS
of  pH 7.4, 0.1 M KCl solution. Inset A shows the steady-state current response time
of  the modified electrode to 0.1 mM H2O2. Inset B is the calibration curve.

the (PAA–graphene/PDDA–PB)4 multilayer films could be used for
determination of H2O2 or fabrication of biosensors.

Analytical performance of the (PAA–graphene/PDDA–PB)4 mul-
tilayer film electrode in H2O2 detection was  done. Fig. 7 gave the
amperometric responses of the (PAA–graphene/PDDA–PB)4 multi-
layer film electrode to continual addition of H2O2. The cathodic
current increased with successive addition of 0.1 mM H2O2. It
was observed that the (PAA–graphene/PDDA–PB)4 multilayer film
electrode responded quickly to the change of H2O2 concentra-
tion and reached a steady-state signal within 2 s (shown in inset
A). This showed advantages in H2O2 detection, as compared
with some reported H2O2 sensors [31,37]. However, as shown
in the inset B, the result that the peak currents increased lin-
early (R = 0.996, n = 8) from 0.1 mM  to 0.8 mM  of H2O2 was not
the most advantageous analytical performance in H2O2 detection.
This may  be due to the less assembled amount of PDDA–PB in the
(PAA–graphene/PDDA–PB)4 multilayer film. But, the film thickness
and the amount of PDDA–PB could be readily adjusted with the LbL
technique for tuning the electroactivity towards H2O2 reduction.
Experiments on the improvement of its electroactivity towards
the reduction of H2O2 and on its further application in developing
biosensors are in progress and will be reported separately.

4. Conclusions

We  have demonstrated a new route to fabricate graphene-based
multilayer ultrathin composite films with LbL assembly technique.
The growth of the ultrathin film was  monitored by UV–vis spec-
troscopy. Furthermore, based on the synergistic effect of graphene
and PB nanoparitcles, the multilayer exhibited catalytic activity
toward the reduction of H2O2. It could be expected that the elec-
trocatalytic activity of the film could be tailored by simply choosing
the number of bilayers, choosing electoactive species, etc. By com-
bining the unique properties of graphene and the versatility of
LbL assembly, we expect that this work will stimulate the devel-
opment of highly efficient electrochemical sensors and advanced
biosensing system.
This work was financially supported by the National Nature Sci-
ence Foundation of China (Nos. 21003084, 21271115), Shandong
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