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Abstract An electrochemical sensor for H,O, was developed
based on electrochemically deposited Prussian blue (PB)
nanoparticles doped poly(3,4-ethylenedioxythiophene)
(PEDOT). The PEDOT/PB composite was composed of
PEDOT wrapped PB nanoparticles, where the conducting
polymer PEDOT not only protected the PB particles to war-
rant high stability, but also connected them to enhance the
electron transfer. Owing to the excellent conductivity of
PEDOT and unique electrocatalytic activity of PB, the
PEDOT/PB modified electrode exhibited good catalytic activ-
ity toward the electrochemical reduction of H,O,, and was
used for the detection of H,O, in concentrations ranging from
0.5 to 839 uM, with a detection limit of 0.16 uM. Moreover,
the sensor also demonstrated excellent reproducibility,
selectivity and long-term stability, showing great prom-
ise for the fabrication of electrochemical sensors and
H,0, related biosensors.
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Introduction

Many previous works have focused on the development of
enzyme-based H,O, sensors, which may be restricted in prac-
tical application owing to the limited lifetimes, high costs, low
stability and denaturation of enzymes. An effective way to
overcome these disadvantages is to develop non-enzymatic
sensors for H,O, detection. Various materials have been used
for the fabrication of sensors, including metal [1-6], polypyr-
role [7], MoS, [8], carbon nanotubes [9] and materials with
enzyme-like activities, such as Prussian blue (PB) [10].

PB, an “artificial enzyme peroxidase”, has been widely
used as an electron transfer mediator for the construction of
oxidase-based electrochemical biosensors due to its excellent
reversible redox properties and good catalytic property
[11-13]. However, the immobilization of electron-shuttling
mediators on the interfaces of electrode faces several chal-
lenges, which is particularly true for soluble mediators with
low molecular weight, because they can easily diffuse away
from the electrode surface into the surrounding solution, lead-
ing to poor response performance. Nanoparticles, with in-
creased size and molecular weights, can well address this
problem owing to their unique chemical and physical proper-
ties [14, 15]. As a result of their extended surfaces, the im-
proved activities of nanoparticles make them promising can-
didates for sensing and catalysis. Up to now, the synthesis and
properties of PB nanoparticles have been well established [16,
17]. PB nanoparticles with improved stability have been wide-
ly used in the electrochemical sensor field due to their large
surface-to-volume ratio and enhanced electrochemical proper-
ties [18, 19]. However, it is still a challenge for researchers to
find suitable strategies for PB immobilization, without
sacrificing its activity.

Conducting polymers have also been extensively used in
the development of sensors because of their good electrical,
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optical and electrocatalytic properties [20]. Among various
conducting polymers, poly(3, 4-ethylenedioxythiophene)
(PEDOT) has been considered as the most promising one
due to its outstanding stability and conductivity [21, 22].
Kulesza’ group has fabricated a structured film composed of
a layer of compact chemically formed PB and a layer of elec-
trodeposited PEDOT (the PB based inner layer was cover by
PEDOT) to develop an enzyme-based biosensor for H,O,
detection [23]. In this work, pre-synthesized PB nanoparticles
were electrodeposited together with PEDOT onto an electrode
surface to form a homogeneous nanocomposite of PEDOT/
PB in a single step. The prepared PEDOT/PB nanocomposite,
with PB nanoparticles protected by a thin layer of highly con-
ductive PEDOT, possessed a grape-like microstructure with a
large surface area. The deposited PEDOT/PB exhibited excel-
lent stability and catalytic activity, and it was directly
used for the development of a non-enzymatic electro-
chemical H,O, sensor.

Experimental
Reagents

3,4-ethylenedioxythiophene (EDOT), ascorbic acid (AA),
uric acid (UA), and dopamine (DA) were purchased from
Aladin Ltd. (Shanghai, China) (http://www.aladdin-e.com/).
Acectone was purchased from Yantai Sanhe Chemical
Reagent Co., China (http://11365509.czvv.com/). All
reagents were of analytical grade and used as received.
Millipore water from a Milli-Q water purifying system was
used throughout all experiments.

Apparatus

Electrochemical experiments were carried out with the
CHI760D electrochemical workstation (CH Instruments,
Shanghai, China) (http://www.chinstr.com/), using a
conventional three-electrode system with the platinum wire
as the counter electrode, Ag/AgCl (3 M KCl) as the reference
electrode and the glassy carbon electrode (GCE, diameter 3.0
mm) or modified GCE as the working electrode. The surface
morphologies and microstructures of the modified electrodes
were examined using a field emission scanning electron mi-
croscopy (SEM) instrument (JSM-7500F, Hitachi High-
Technology Co., Japan), with an acceleration voltage of 5.0
kV. X-Ray photoelectron spectroscopy (XPS) analysis was
conducted using an AXIS Ultra spectrometer with a high-
performance Al monochromatic source operated at 15 kV.
Transmission electron microscopy (TEM) was performed at
a JEOL2010F transmission electron microscope at 20 kV.
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Synthesis of PB nanoparticles

PB nanoparticles were synthesized via a facile one-step meth-
od according to the previous report [24]. 100 mL of
1.0 mM K;[Fe(CN)g] was added dropwise into an aqueous
solution of 1.0 mM FeCl, solution (100 mL) under vigorous
stirring condition. The color of the solution gradually changed
to dark blue, indicating that PB nanoparticles were formed.
Then 400 mL of acetone was added into the above-mentioned
reaction mixture to precipitate the nanoparticles. The resultant
precipitate was separated by centrifugation at 9000 rpm (with
a centrifugational force of 12,829 g) for 30 min and further
cleaned using acetone repeatedly for three times.

Fabrication of PB doped PEDOT modified electrodes

PEDOT/PB nanocomposite films were electrochemically de-
posited onto GCE surfaces from a solution of 2.0 mL water
containing 2.0 mg mL ™' PB nanoparticles and 0.02 M EDOT,
using a constant potential of 1.0 V for 50 s. GCEs modified
with the PEDOT/PB nanocomposite were denoted as
PEDOT/PB/GCE. For comparison, GCE modified with
PEDOT polymerized in a solution containing
2.0 mg mL ! K5[Fe(CN)] and 0.02 M EDOT was prepared
similarly (denoted as PEDOT/K;[Fe(CN)s]/GCE); PB nano-
particles modified GCE was prepared by drop-coating
2.0 mg mL ™" PB nanoparticles solution (10 pL) onto the elec-
trode surface and dried in air (denoted as PB/GCE). Cyclic
voltammograms (CVs) were recorded at a scan rate of
100 mV s . For the electrochemical detection of H,0,, dif-
ferent concentrations of H,O, were added to the stirring N»-
saturated phosphate buffered saline (PBS, 0.2 M, containing
0.9% NaCl) and the generated current was recorded using
amperometric i-t curve technique with an applied potential
of 0.0 V.

Results and discussion
Choice of materials

PEDOT has been considered to be one of the most promising
conducting polymers due to its outstanding stability and con-
ductivity. PB nanoparticles have been widely used owing to its
excellent reversible redox properties and good catalytic prop-
erty. However, the electrochemical stability of PB is unsatis-
factory in many cases. Herein, PB nanoparticles were coated
with electrodeposited PEDOT through a simple
electropolymerization process, in order to improve the stabil-
ity of PB and at the same time keep its electrochemical activ-
ity. The stability of the PEDOT/PB/GCE was tested in PBS
(0.2 M, pH 5.7) using CV between —0.2 V and 0.6 V for
50 cycles (Fig. 1a). The PEDOT/PB/GCE shows excellent
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stability with slight decrease in currents of the redox peaks
even after 50 CV cycles. For comparison, PEDOT/
K;[Fe(CN)g]/GCE (Fig. 1c) and PB/GCE (Fig. 1b) were fab-
ricated, respectively, and tested their stabilities under the same
condition. In sharp contrast, significant decrease in currents
was observed for the redox peaks of both the PEDOT/
K;[Fe(CN)g/FCE and the PB/GCE after 50 cycles. The peak
current of the PB/GCE decreased significantly and it retained
only 23.3% of its initial peak current after 50 cycles (Fig. 1d).
The PEDOT/PB modified electrode was able to retain 82.3%
of its initial value after 50 cycles, while the PEDOT/
K;5[Fe(CN)g] just retained 2.0%. This result clearly
shows improved stability of the PEDOT/PB nanocom-
posite, verifying effective protection of PB with the
conducting polymer PEDOT.

Characterization of PB nanoparticles and the PB doped
PEDOT nanocomposite

TEM images of the PB nanoparticles are shown in Fig. 2a.
The PB nanoparticles are well-dispersed and show an average
diameter of approximately 40 nm. Figure 2b shows the SEM
images of the PEDOT/PB nanocomposite/GCE. The PEDOT/
PB film shows a grape-like microstructure, possessing a po-
rous structure in the nanoscale with an enlarged surface area.
The diameter of the PEDOT/PB particles was about 60—
100 nm, which is significantly larger than that of the PB

nanoparticles. As PB nanoparticals were the only dopant for
the electrochemical polymerization of PEDOT, this unique
grape-like microstructure might be formed through the wrap-
ping of PB by a thin layer of PEDOT. That was, the
PEDOT was polymerized around the PB nanoparticles,
which connect different PB nanoparticles and protect the
PB nanoparticles as a covering shell.

As shown in Fig. 2¢,C 1s,N 1,0 15, S 2p and Fe 2p
core-level photoemission spectra all appeared on the XPS
spectrum. Judging from the Fe 2p pattern of the PEDOT/PB
nanocomposite shown in Fig. 2d, it can be revealed that the
levels of Fe 2p;3,, and Fe 2p,,, located at 711.6 ¢V and
722.7 eV, respectively, which came from the F e>* of PB nano-
particles. Moreover, an additional XPS peak at 708.6 eV can
be attributed to the Fe 2p;,, of [Fe(CN)g]*", which was con-
sistent with the previous literature [25].

Figure 3 shows the electrochemical impedance spectrosco-
py (EIS) Nyquist plots of different electrodes recorded in
5.0 mM [Fe(CN)¢* "] solution containing 0.1 M KCI. The
semicircle portion of the plot corresponds to the charge trans-
fer process, with the diameter of the semicircle equivalent to
the charge transfer resistance (R.,) [26], while the linear por-
tion reflects the diffusion limited process at the electrode in-
terface. Clearly, with the electrochemical deposition of
PEDOT/PB on the GCE, the PEDOT/PB/GCE (curve a)
shows a much lower R than that of the bare GCE (curve
b). This result may be ascribed to the fact that the
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Fig. 2 a TEM images of PB
nanoparticles, b SEM images of
the PEDOT/PB Nanocomposite,
¢ XPS full survey spectrum of the
as-prepared PEDOT/PB
nanocomposite, d Fe 2p XPS
spectrum of the PEDOT/PB
nanocomposite
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electrodeposited nanocomposite film is conductive and
provides an increased effective surface on the electrode.

Electrochemical response to hydrogen peroxide

The electrochemical behavior of the PEDOT/PB/GCE was
investigated by cyclic voltammograms. As shown in Fig. 4
curve al, the PEDOT/PB/GCE exhibited a pair of well-
defined redox peaks, corresponding to the reversible
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Fig. 3 Nyquist plots of the EIS for the PEDOT/PB/GCE a and the bare

GCE b in 5.0 mM [Fe(CN)¢* 7] solution containing 0.1 M KCI
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conversion of PB to Prussian white [18, 27]. In the presence
of H,0,, the cathodic peak current of the PEDOT/PB/GCE is
increased and the anodic peak current decreased (curve a2),
indicating excellent catalytic property of the PEDOT/PB to
the reduction of H,O,. However, for the bare GCE and the
GCE modified with PEDOT doped with an inert macromole-
cule, poly(sodium-p-styrenesulfonate) (PSS), they show no
obvious redox peaks in PBS (Fig. 4, curves cl and b1), owing
to the lack of redox probe like PB. After the addition of H,O»,
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Fig. 4 CVs of the PEDOT/PB/GCE (curves al and a2), PEDOT/PSS/
GCE (curves bl and b2) and bare GCE (curves c1 and ¢2) in 0.2 M PBS
(pH 5.7) in the absence (curves al, bl and c1) and presence (curves a2, b2
and ¢2) of 4.0 mM H,0,, scan rate: 100 mV s~ '
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Fig. 5 Amperometric responses
of PEDOT/PB/GCE toward the
successive additions of H,O, into
stirring 0.2 M PBS (pH 4.0). The
working potential was 0.0 V, and
the H,O, concentrations added
were 0.5, 0.8, 1.0, 2.0, 5.0, 10.0,
20.0, 30.0, 30.0, 50.0, 50.0, 70.0,
70.0, 100.0, 100.0 and 150.0 uM
in sequence, and the rest additions
were all 150.0 uM. Inset left,
magnified portion of the
amperometric response curve of
the sensor. Inset right, the linear
calibration curve of the H,O,
sensor
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there was no response for the GCE and the PEDOT/PSS/GCE
(curves ¢2 and b2). Therefore, it can be concluded that the
PEDOT/PB/GCE had high catalytic activity toward the reduc-
tion of H,O,, which might be ascribed to the effective incor-
poration of PB nanoparticles in the conductive PEDOT film.

Detection of hydrogen peroxide

In order to optimize conditions for the detection of H,O,, the
influence of the deposition time of the PEDOT/PB nanocom-
posite and the effect of pH of the electrolyte were investigated
(Fig. S1 and S2, Supporting Information). It was found that
the PEDOT/PB/GCE exhibited the maximum response when
the deposition time was 50 s and the pH was 4.0, respectively.
The effect of the applied potential on the sensor response was
also studied with different potentials ranging from —0.1 to
0.3 V (Fig. S3, Supporting Information). Clearly, the response
current increased with an increase in the potential from —0.1 V
to 0.0 V and then decreased in the potential from 0.0 V to
0.3 V. Therefore, a deposition time of 50 s, a pH of 4.0 and

T T T T 1
600 800 1000 1200 1400

Time(s)

T T
200 400

an applied potential of 0.0 V were selected as the optimum
condition for the following measurements.

Figure 5 shows the amperometric i-t curve of the PEDOT/
PB/GCE with successive addition of varying concentrations
of H,O,. It can be observed that the PEDOT/PB/GCE exhib-
ited a quick response to the injection of H,0,, and the steady-
state current can be achieved within 5 s. Moreover, the cali-
bration curve reveals a linear range of 0.5-839 uM
(R? = 0.9981). The limit of detection (LOD) of the H,0,
sensor was calculated to be 0.16 uM (S/N = 3). Compared
with other PB modified electrodes for H,O, [28-32] (Table 1),
the PEDOT/PB/GCE sensor shows satisfying sensitivity and
lower operation potential. The good sensitivity might be
ascribed to the unique property of the PEDOT/PB nano-
composite. Firstly, the PEDOT/PB possessed a grape-like
microstructure with large surface area for easy diffusion
of H,O, molecules. Secondly, PB nanoparticles in the
nanocomposite retained good catalytic activity as an ar-
tificial enzyme for H,O,. Finally, the highly conductive
PEDOT bridged PB nanoparticles effectively accelerate
the electron transfer. In addition, the operation potential

Table 1 Comparison of different

modified electrodes for H,0, Electrode material Linear range (uM) Detection limit (uM) Detection potential (V) Reference
determination
GO/PB 5-1200 0.122 0.1 [28]
PB 1-10, 10-100 0.36 -0.05 [29]
Au/MPS/PB 2-200 1.8 -0.2 [30]
GO-PB-Chit 1-1000 0.1 0.1 [31]
PB 50-6000 1 -0.1 [32]
PEDOT/PB 0.5-839 0.16 0.0 this work
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of 0.0 V allowed the sensor to be able to free from
interferences of many electroactive molecules.

A highly selective response to the analyte over potentially
competing species is another requirement for an application in
real sample test. The selectivity of the PEDOT/PB/GCE to
H,0, over potentially interfering substances such DA, AA,
and UA was shown in Fig. 6. The sensor shows a clear re-
sponse toward the addition of H,O,, while the successive
addition of DA, AA and UA with a much higher concentration
gives no significant response. The effects of lactose, Mg and
Ca ions have also been tested, and they generated no electro-
chemical response at the applied low potential of 0.0 V. The
above results indicate excellent selectivity of the sensor to-
ward HzOz.

The reproducibility of the prepared H,O, sensor was also
investigated. Five PEDOT/PB modified electrodes prepared
independently were used to detect 10 uM H,0,, and the rel-
ative standard deviation (RSD) of these sensor responses was
4.5%, indicating excellent reproducibility. The stability of the
sensor was also tested by measuring its current response to
H,0, every a few days over a month. The sensor current
response decreased by about 2.8% after the first week and
9.2% after 30 days when stored at room temperature. The
satisfying reproducibility and stability, in addition to the ex-
cellent sensitivity and selectivity, makes the PEDOT/PB based
sensor highly attractive for practical applications.

Small quantities of hydrogen peroxide were added to milk
in order to prevent its spoilage or extend its longevity. This
strategy was effective to control the microbial growth that
leads to milk spoilage [33]. To investigate the feasibility of
the fabricated H,O, sensor in practical application, the stan-
dard addition method was carried out to detect H,O, in milk.
Milk samples were firstly diluted 100 times with 0.2 M PBS
(pH 5.7) contains 0.9% (0.15 M) NaCl. Then 10 mL of the
diluted milk samples was added into a small electrochemical
cell and standard concentration of H,O, was spiked into the
samples. As shown in Table 2, the recoveries ranged from

12+ 0.2mMm
HZOZ
9 0.4mM
2mMDA 2mMAA 2mMUA  H)0,
< oo i i
= 6
<
£
S
O 31
04

T

0 50 100 150 200 250 300
Potential(V)

Fig. 6 Amperometric response of the sensor toward H,O, and dopamine
(DA), ascorbic acid (AA), and uric acid (UA) in 0.2 M PBS (pH 4.0). The
applied potential is 0.0 V
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Table 2  Determination results of H,O, in milk samples (n = 5)
Sample  Added (uM)  Found (uM)  Recovery (%)  RSD (%)

5.0 5.1 102.0 3.8

10.0 9.8 98.0 2.4

3 15.0 154 102.7 33

98.0% to 102.7%, and the RSD was between 2.4-3.8%, indi-
cating acceptable sensing performance.

Conclusions

A H,0, electrochemical sensor was fabricated based on the
electrodeposited conducting polymer PEDOT doped with PB
nanoparticles. Owing to the protection and connection with
highly conductive PEDOT, PB nanoparticles were very stable.
The PEDOT/PB based sensor, with an interface suitable for
H,O0, diffusion and a conductive substrate favorable for elec-
tron transfer, exhibited a good sensitivity. The operation po-
tential of 0.0 V for this electrochemical sensor warrants excel-
lent selectivity even in the presence of other electroactive mol-
ecules. Considering its simple preparation method, excellent
stability and electrochemical catalytic activity, the PEDOT/PB
nanocomposite may become a promising material for con-
structing electrochemical sensors and biosensors associated
with the assay of hydrogen peroxide. To further simplify the
sensor fabrication, efforts may be made to obtained PEDOT/
PB nanocomposite in one step without the pre-synthesis of PB
nanoparticles.
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