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Prussian blue (PB) was grown compactly on graphene matrix by electrochemical deposition. The
as-prepared PB-graphene modified glassy carbon electrode (PB-graphene/GCE) showed excellent elec-
trocatalytic activity towards both the reduction of hydrogen peroxide and the oxidation of hydrazine,
which could be attributed to the remarkable synergistic effect of graphene and PB. The PB-graphene/GCE

showed sensitive response to H,0, with a wide linear range of 10-1440 uM at 0.0V, and to hydrazine
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with a wide linear range of 10-3000 wM at 0.35 V. The detection limit was 3 wM and 7 M, respectively,
and both of them had rapid response within 5s to reach 95% steady state response. The wide linear
range, good selectivity and long-time stability of the PB-graphene/GCE make it possible for the practical
amperometric detection of hydrogen peroxide and hydrazine.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphene is the name given to a two-dimensional sheet of
sp2-hybridized carbon. Since Geim and Novoselov at Manchester
University first exfoliated single-layer graphene from graphite [1],
explosion of interest has occurred to both the theoretical and
experimental scientists. Owing to its unique electrical, mechani-
cal, and thermal properties, graphene has found many application
areas, such as energy-storage materials [2], free-standing paper-
like materials [3], polymer composites [4], liquid crystal devices [5],
mechanical resonators [6], and electrochemical sensors [7,8]. Many
approaches have been developed for preparing graphene, such as
scotch tape (peel off) method [9], epitaxial growth [10], chemical
vapor deposition (CVD)[11], solvent thermal reaction [12], graphite
intercalation compounds (GIC) [13] and the chemical reduction of
graphene oxide (GO) [14,15]. Based on its feasibility of mass pro-
duction, the oxidation and reduction of graphite is one of the most
effective methods to prepare graphene sheets. Most of graphene
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sheets used in electrochemistry are produced with this method.
Graphene obtained from GO reduction, which is also called chem-
ically reduced GO, usually has plentiful structural defects [16] and
functional groups [14]. These features are advantageous for its elec-
trochemical applications [17]. Carbon might be the most widely
used material in electroanalysis and electrocatalysis. For example,
carbon nanotubes (CNTs) have shown excellent performance in
electrochemical sensors [18,19]. It is believed that graphene-based
electrodes may have superior performance in terms of electrocat-
alytic activity [20] and macroscopic scale conductivity [21] than
CNTs-based ones. These indicate that the opportunities in electro-
chemistry dealing with CNTs might be available for graphene.
Prussian blue (PB), Fey[Fe(CN)gls, has perfect catalytic activ-
ity towards some low molecular weight molecules (such as O,
H,0,, hydrazine) due to its unique zeolite structure. Since Itaya,
et al. demonstrated that the reduced form of PB (Prussian white,
PW) showed catalytic activity for the reduction of oxygen and
hydrogen peroxide in 1984 [22], PB-based electrochemical sensors
have been widely investigated, especially in the catalysis for H,0,
reduction. It was reported that for the optimized conditions, the
calculated bimolecular rate constant for the reduction of H,O, was
3 x 103 M~1s-1[23-25], which was very similar to that measured
for the peroxidase enzyme (2 x 10* M~1s-1) [26]. Electrochemi-
cal properties such as formal potential, sensitivity, stability and
electron transfer rate constants of the PB and its corresponding
redox state depend on deposition method, pH, molecular struc-
ture and concentration of the supporting electrolyte, etc. [27,28].
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The principal handicap in application of PB is its high solubility at
neutral and basic pH, although it shows good sensitivity and sta-
bility in acid conditions. One approach to improving this situation
is by changing the deposition procedure, thus slightly modifying
the three-dimensional structure of PB and avoiding OH~ diffusion
across the crystal. However, a more practical approach might be the
use of protective polymer films coated over PB to enhance both its
stability and selectivity against other electroactive interfering sub-
stances. Several polymers have been widely used, such as Nafion,
polypyrrole, polyaniline [29,30].

To realize its application, high quality supporters are usually
required for the immobilization of PB. Many efforts have been
devoted to preparing new supporting materials. Among these
materials, CNTs have been most widely studied because of their
particular nanostructure, outstanding electron-transfer capacity,
and good stability [31,32]. However, preparation, purification and
functionalization of CNTs are really harsh processes, which limit
their further application. Considering the remarkable properties of
graphene and its relatively easy preparation approach, undoubt-
edly, combining PB with graphene sheets should be a powerful
method for immobilizing PB.

In this work, we prepared graphene sheets by mild chemical
reduction of GO, and PB was electrodeposited onto the graphene
matrix by cyclic voltammetry scanning. To the best of our knowl-
edge, it is the first time to electrodeposit PB on graphene matrix,
and apply the resulting composite as electrochemical sensor. This
modified electrode had excellent electrocatalytic activity towards
both the reduction of H0, and the oxidation of hydrazine. And
the PB-graphene/GCE had long-term stability without the use of
protective polymer films.

2. Experimental
2.1. Reagents

Graphite powders (320 mesh) were of spectroscopic purity and
were purchased from Shanghai Chemicals, China. Hydrazine solu-
tion (50 wt%) and ammonia solution (28 wt%) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Hydrogen peroxide (30 wt%)
and other regents were purchased from Beijing Chemical Regent
Plant (Beijing, China). Unless otherwise stated, the regents used
in the experiment were of analytical grade and used as received
without further purification. Diluted H,0, and hydrazine solu-
tion were freshly prepared before use. Phosphate buffer solution
(PBS, 0.05M, pH 6.0) used as supporting electrolyte was prepared
from KH,PO4 and K;HPO4. Aqueous solutions were prepared with
double-distilled water from a Millipore system (>18 M2 cm).

2.2. Instruments

The morphology of the modified electrode was analyzed with a
field emission scanning electron microscope (FE-SEM, XL30ESEM-
FEG) at a accelerate voltage of 20.0kV. X-ray photoelectron
spectroscopy (XPS) analysis was carried out on an ESCALAB MK II
X-ray photoelectron spectrometer. UV-vis spectra were recorded
on a Cary 500 UV-vis spectrometer (Varian) on indium tin oxide
(ITO) slide in the range of 400-800 nm. Cyclic voltammetric (CV)
measurements were performed with a DC-EC Electrochemical
Workstation (DyneChem, China) in a conventional three-electrode
system with bare or modified GCE (d =3 mm) as working electrode,
a platinum wire as the counter electrode and an Ag|AgCl (saturated
KCl) as reference. Before use, GCE was carefully polished to a mirror
finish with 1.0, 0.3, and 0.05 wm alumina slurries successively, and
rinsed with deionized water, followed by sonication in acetone and
deionized water in succession, and finally dried in N,.
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Fig. 1. (a) Growth process of PB film on the graphene coated GCE in a solution
composed of 2mM FeCls, 2mM Ks[Fe(CN)g], 0.1 M KCl and 0.01 M HCL. Scan rate:
50mVs-'. (b) Cyclic voltammogram of PB-graphene/GCE in PBS (0.05M, pH 6.0)
containing 0.1 M KCl at 50 mVs~"'.

2.3. Preparation of the PB-graphene modified electrode

2.3.1. Preparation of water soluble graphene sheets

GO was prepared according to a modified Hummers and Offe-
man method [33,34]. Then in a typical procedure for chemical
conversion of GO to graphene, 5mL of 0.5 mg/mL GO was mixed
with 5 mL water and 3.5 pL hydrazine solution (50 wt% in water).
Ammonia solution (28 wt% in water) was dropped into the mixed
solution to adjust the pH to 10.0. After being vigorously shaken or
stirred for a few minutes, the mixture was refluxed for an hour
under a oil bath (95 °C). The resulting homogeneous solution was
purified by dialysis for 3 days. The weight ratio of hydrazine to
GO was 7:10, and the reaction time is 1h in the experiment. This
condition appears to be an optimal situation for producing stable
dispersion of highly conductive graphene sheets, according to a
previous report [15].

2.3.2. Electrodeposition of PB on graphene modified glassy carbon
electrode

The cleaned GCE was coated with a suspension (5 L) of the as-
prepared graphene, and allowed to be dried under an infrared lamp.
PB-graphene/GCE was prepared by means of electrodeposition
and subsequent activation. The PB particles were electrodeposited
using cyclic voltammetry scanning by applying 20 cyclic scans
within the limits of —0.20 to 1.20V (vs. Ag|AgCl) at a scan rate of
50mVs~! in a freshly deaerated solution containing 2 mM FeCls,
2mM K3[Fe(CN)g], 0.1 M KCI and 0.01 M HCL. Afterward, the mod-
ified electrode was thoroughly rinsed with deionized water to
remove unwanted ions by weak physical absorption. Then the PB-
graphene modified electrode was activated by applying another 10
CV cycles in deaerated electrolyte solution (0.1 M KCI and 0.01 M
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Fig.2. SEMimages of graphene/GCE (a) and PB-graphene/GCE (b); (c) absorbance spectra of PB-graphene and (solid) and graphene (dashed); (d) the first cyclic voltammogram
peaks of PB-graphene/GCE at 50 mV s~!. Inset, upper-right: plot of the peak current at ca. 0.17 V versus the scan rate in the range 2-20mV s~'. Inset, lower-right: plot of the
peak current at ca. 0.17 V versus the square root of the scan rate in the range 50-600 mV s~'. Supporting electrolyte is PBS (0.05 M, pH 6.0) containing 0.1 M KCI.

HCI) from —0.2 to 0.5 V. Finally, the PB film was tempered at 100°C
for 1 h to stabilize the formed PB layer [30].

3. Results and discussion
3.1. Characterization of PB-graphene modified electrode

The graphene oxide and graphene were characterized by XPS
(Fig. S1). The C1s XPS spectrum of graphene showed similar ele-
ments and functional groups with graphene oxide, however, a
greatly decreased amount of Cin epoxy groups was observed clearly
after reduction. In addition, there was an additional component
at 285.8 eV, corresponding to the carbon in C-N bonds. Fig. 1a
shows the growth process of the PB film. Two pairs of redox waves
appeared at formal potential (E°’) of 0.208V and 0.875V, respec-
tively. All redox peaks gradually grew and the peak potentials
remained relatively constant with the increasing of the scan cycle.
These phenomena demonstrated that the PB film had formed on
the graphene/GCE substrate successfully. After activation and sta-
bilization, the PB-graphene/GCE was examined in the blank PBS
electrolyte (0.05M, pH 6.0) containing 0.1 M KCl, and the result-
ing CV curve is shown in Fig. 1b. Two pairs of typical redox waves
showing the oxidation of PB to Berlin green (BG) as well as the
reduction of PB to Prussian white (PW) were observed for the
PB-graphene/GCE, indicating the effective presence of PB on the
modified electrode. The formal potentials (E°’) calculated by aver-
aging the cathodic and anodic peak potential was found to be
0.197V for the redox conversion between PB and PW, and 0.873V
for the redox conversion between PB and BG. The peak-to-peak
separation (AEp) was 66 mV in both situations, indicating a clear
mono-electronic and quasi-reversible behavior. The results were in

good accordance with the previous reports [35,36]. The conversion
processes of the two redox pairs were shown as follows:

(PB)Fe(Ill)4[Fe(I1)(CN)s]5 +4e~ + 4K+ — (PW)KyFe(Il)4[Fe(I)(CN)s |3 (1)
(PB) Fe(Ill)4[Fe(I1)(CN)g ]3 + 3Cl~ — (BG) Fe(Ill)4[Fe(Il1)(CN)s]3Cl3 + 3~ (2)

SEM was used to characterize the morphologies of the
graphene/GCE, and PB-graphene/GCE. As shown in Fig. 2a, pla-
nar graphene sheets were well distributed on the GCE surface.
The graphene sheets with high specific surface area and crum-
pled structure were beneficial for the further immobilization of
PB and the performance of the modified electrode. Fig. 2b demon-
strated that the PB nanoparticles were electrochemically deposited
on the surface of graphene modified electrode with the diameter
about 30-50 nm. Some larger particles could also been seen on the
graphene surface, which seemed to be the accumulation of the PB
nanoparticles. The SEM images indicated that the electrochemical
deposition of PB on graphene surface was applicable. Absorbance
spectrum (Fig. 2¢) of the as-deposited PB film showed the charac-
teristic broad absorption peak centered at 672 nm due to charge
transfer between Fe3* and Fe?* ions, as reported by other authors
[37,38].

The influence of the scan rates on the reduction peak cur-
rent at ca. 0.17V was investigated. Fig. 2d showed the CV of the
PB-graphene/GCE in Nj-saturated PBS (0.05M, pH 6.0) contain-
ing 0.1 M KCl at a scan rate of 50mVs~!, and the influence of
scan rates on cathodic peak current. As expected, a linear relation-
ship of the cathodic peak current of PB as a function of the scan
rates between 2 and 20 mV s~! was observed (Fig. 2d, inset, upper-
right), indicating that the observed electrochemical reactions were
a surface-confined process. At higher scan rates up to 600 mVs-1,
the peak current was proportional to the square root of the scan
rate, as shown in Fig. 2d (inset, lower-right). This indicated that
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Fig. 3. Amperometric response recorded at bare GCE (a), graphene/GCE (b), PB/GCE
(c) and PB-graphene/GCE (d) with the addition of 10, 30, 50 wuM H;O to stirring
N,-saturated PBS. Condition: in 0.05M PBS (pH 6.0) containing 0.1 M KCl at 0.0V.

the reaction kinetics changed from a surface-confined process to a
diffusion-limited process. These results are in good agreement with
those previously reported literatures [39,40].

3.2. PB-graphene/GCE for H,0, electrochemical detection

The PB-graphene/GCE showed high electrocatalytic activity
towards the reduction of H,0, in optimized conditions. PBS (pre-
pared from KH,PO,4 and K;HPO,4) containing 0.1 M KCI was used as
electrolyte because only cations with small hydrated radii, such as
K*, NH4*, Rb* and Cs*, could support this electrochemical activity
by diffusing across the PB structure. The pH value of the supporting
electrolyte was selected at pH 6.0, because the current response is
distinct, and PB is not soluble at this pH, while at higher pH, the
as-prepared PB film can be dissolved partially (not shown in the
paper). The CV curves of the PB-graphene/GCE in N;-saturated PBS
with and without the addition of H,0, are shown in Fig. S2. Tak-
ing sensitive response, operational stability and effective avoiding
interference into account, 0.0 V was selected as the applied poten-
tial for H,O, electrochemical detection.

In the control experiment (Fig. 3), the responses to H,0, on a
bare GCE (curve a), graphene/GCE (curve b) and PB/GCE (curve c)
were compared to that on PB-graphene/GCE (curve d). The bare
GCE showed hardly catalytic effect towards H,O, reduction and
graphene/GCE yielded detectable but very small current response.
The presence of the current at the PB/GCE was due to the mediated
redox process of PB nanoparticles. When PB was electrodeposited
on the graphene matrix, a two-fold current response could be
observed clearly due to the synergistic effect of PB and graphene.

Fig. 4 shows a typical steady state response of the PB-
graphene/GCE on successive addition of H,0, at 0.0V in stirring
PBS. Upon addition of the H,0, solution, a rapid increase in the
cathodic current occurred as the reduction of the hydrogen per-
oxide. The current response of the modified electrode reached
95% of the steady-state current within 5s. The current response
increased linearly with the H,0, concentration. The inset of Fig. 4
showed the calibration curve of H,0O, at the modified electrode.
The PB-graphene/GCE had a linear response to H,0, in the range of
10-1440 .M with a correlation coefficient of 0.998. The sensitiv-
ity of the modified electrode was 0.53 wA wM~! cm~2 H,0, with a
detection limit 3 wM at the signal-to-noise ratio of 3.

3.3. PB-graphene/GCE for hydrazine electrochemical detection

Hydrazine (NyH4) and its derivatives have received a grow-
ing amount of attention due to their wide application in many
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Fig. 4. Amperometric response of PB-graphene/GCE with successive injection of
H,0,. Inset: calibration curve of H,0, concentration on the modified electrode.
Condition: the same as in Fig. 3.

fields, such as industrial, agriculture, pharmacological, military and
aerospace area [41]. However, hydrazine is toxic and has been rec-
ognized as carcinogenic and hepatotoxic substance, which causes
liver and kidney damages [42]. Therefore fast and accurate detec-
tion of hydrazine is of great importance. Due to its high sensitivity,
good selectivity, portable, economical and simple operating proce-
dure, electrochemical technique is a competitive alternative for the
determination of hydrazine. Unfortunately, the direct oxidation of
hydrazine at bare electrode is not suited for analytical application
due to slow electrode kinetics and high overpotential [43].

Here, the PB-graphene/GCE can reduce the overpotential of
hydrazine oxidation evidently with the onset potential at 0.05 V and
peak potential at 0.22 V. 0.35 V was selected as the operating poten-
tial in the potentiostatic experiment, as the electrocatalytic effect
was more obvious at this potential (shown in Fig. S3). From the con-
trol experiment (Fig. 5), it could be observed that the graphene/GCE
(a) and PB/GCE (b) both had electrocatalytic effect on the similar
scale towards the oxidation of hydrazine, while the bare GCE (a)
could hardly catalyze the oxidation process. When PB nanoparti-
cles were electrodeposited onto the graphene surface, the current
response increased evidently because of the synergistic effect of
graphene and PB.

The amperometric response of the PB-graphene/GCE at a poten-
tial of 0.35 Vis shown in Fig. 6. The catalytic current increased fleetly
with the addition of hydrazine solution. About 5s were needed to
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Fig. 5. Amperometric response recorded at bare GCE (a), graphene/GCE (b), PB/GCE
(c) and PB-graphene/GCE (d) with the addition of 100, 200, 300 wM hydrazine to
stirring N-saturated PBS (0.05 M, pH 6.0, containing 0.1 M KCl) at 0.35 V.
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Fig. 6. Amperometric response of PB-graphene/GCE with successive injection of
hydrazine into a stirring Ny-saturated PBS at 0.35V. Inset: calibration curve of
hydrazine concentration on the modified electrode. Conditions: the same as in Fig. 5.

reach 95% of the steady-state current. The electrochemical response
to hydrazine showed a wide linear range of 10-3000 .M (R =0.999)
and a detection limit of 7 wM.

3.4. Stability and reproducibility of the PB-graphene/GCE

The reproducibility and stability of the modified electrode were
investigated. The relative standard deviation (RSD) of the current
response was 3.8% for 8 successive determinations to 1 mM H,0,,
and 3.5% to 1 mM hydrazine. After stored in dry and airtight envi-
ronment for a week, the current response maintained 90% towards
the reduction of H,0O, and 93% towards the hydrazine oxidation.
It can be interpreted that the graphene sheets have planar struc-
ture with high specific surface and crumpled segments, which
are well-suited for electrodepositing compact nanostructured PB,
and maintain its forceful immobilization. The unique structure
of graphene matrix and the optimization of the experimental
conditions, make the as-prepared PB-graphene/GCE a potential
electrochemical sensor for both H, 0, reduction and hydrazine oxi-
dation detections with satisfying stability and reproducibility.

3.5. Interference study and determination of hydrazine in real
samples

A problem which should not be neglected in the determina-
tion of hydrazine is the potential interference caused by coexisted
ions in environmental system and electroactive species contain-
ing nitrogen, such as nitrate, nitrite and ammonium, which may
accompany with hydrazine in some industrial processes [44,45].
To evaluate the selectivity of the proposed sensor, the effect of the
presence of 100-fold of common ions (Cl~, C;042~, SO42~, NO3 ™,
NO,~, PO43~ Ca?*, Na*, NH4*, Mg2*, K*, Cu?*,) which may coex-
ist with hydrazine in real samples on the current intensity of the
proposed sensor towards 100 wM hydrazine was investigated. As
shown in Fig. S4, no obvious interference was observed from the
mentioned species with a 5% error criterion.

The proposed sensor was applied for determination of hydrazine
in spiked tap water and mineral water under optimized conditions.
Table 1 shows the results obtained for three parallel measurements.
The results indicated that the proposed method could be used for
hydrazine determination in real samples.

Table 1
Determination of hydrazine in different water samples using proposed sensor.
Sample Hydrazine Hydrazine Recovery (%)
added (uM) found (uM) [a]
Tap water 50 51.75 103.5
100 106.0 106.0
150 154.0 102.7
Mineral water 50 49.70 99.40
100 103.2 103.2
150 155.5 103.7

[a] Average of three determinations.

4. Conclusions

Prussian blue nanoparticles were deposited successfully
onto graphene modified GCE by electrochemical method. The
PB-graphene/GCE had admirable electrocatalytical performance
towards both the reduction of H,0, and the oxidation of hydrazine.
Both of the situations can be attributed to the unique zeolite struc-
ture of PB which allowed molecules (H,0, and hydrazine) with
low molecular weight and scale to penetrate into the crystal and
achieve well electrocatalysis. Besides, the incorporation of PB onto
a graphene modified electrode resulted in a distinct increase of
the response current compared to PB modified electrode. It was
confirmed that the increased amperometric response was due to
the synergistic effect of graphene and PB. The fast response and
wide linear range of the graphene-PB/GCE in both situations make
it possible to use the PB-graphene/GCE as hydrogen peroxide sen-
sor and hydrazine sensor. Such graphene-PB modified electrode can
be further constructed as chemosensors and/or biosensors, and the
in-depth investigation is under the way.
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