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Design and fabrication of electrodes is key in the development of electrochemical sensors with superior

electrochemical performances. Herein, an enzymeless electrochemical sensor is developed for detection

of hydrogen peroxide based on the use of highly ordered polyoxometalate (POM)-doped polyaniline

(PANI) nanopillar films. The electrodeposition technique enables the entrapment of POMs into PANI

during electropolymerization to produce thin coatings of POM-PANI. Electrochemical investigations of

the POM-PANI/nanopillar electrode showed well-defined multiple pairs of redox peaks and rapid electron

transfer. The nanopillar structure facilitated the diffusion of the electrolyte and thus, enhanced the redox

reaction. In particular, the POM-PANI/nanopillar electrode was incorporated into a flow injection bio-

sensor and it demonstrates its electrocatalytic activity to detect hydrogen peroxide with high sensitivity,

rapid response time, and low detection limit.

1. Introduction

Polyoxometalates (POMs), as anionic molecular metal–oxygen
clusters, have attracted considerable attention as catalysts in
the medicine and materials science fields due to their struc-
tural and compositional diversities and unique electronic,
optical, and electrochemical properties.1–5 In particular, POMs
are capable of delivering reversible multielectron transfer reac-
tions which makes them promising candidates for electro-
catalytic reduction and oxidation reactions and for detecting
biomarkers, such as hydrogen peroxide (H2O2), ascorbic acid,
dopamine, and iodate in human blood.6–9 However, the gene-
rally high solubility of POMs in aqueous solution hampers their
applications in electrochemical devices. To overcome problems
associated with solubility, several strategies have been recently
developed to anchor POMs on electrode surfaces of conductive
substrates using various deposition techniques, including
layer-by-layer deposition, self assembly monolayers, Langmuir–
Blodgett, sol–gel films, carbon-based hybridization, electrode-

position, and entrapment into conducting polymers.4,6,10–13

Among them, incorporation into conducting polymers during
electropolymerization is probably the most promising method
because it is straightforward and provides efficient electrical
communication between POMs and conducting polymers and
stable in situ immobilization of the POMs.

The detection of H2O2 is important in the food, pharma-
ceutical, and environmental fields because it is a by-product of
many oxidative biological reactions, including those of glucose
oxidase, cholesterol oxidase, uricase, alcohol oxidase, galactose
oxidase, sarcosine oxides, and L-amino-acid oxidase.14–17 Most
electrochemical sensors depend significantly on biological
enzymes and soluble redox mediators, but enzyme based
sensors often suffer from insufficient stability, poor tolerance
under experimental conditions, poor reliability, and high cost.
Recently, enzymeless electrochemical sensors based on noble
metals or metal oxides have been proposed as alternatives for
enzyme-based electrochemical sensors because of their
enhanced better stabilities and reliabilities, and lower cost.14–17

Here, we report a robust enzymeless electrochemical sensor
based on POM-doped polyaniline (POM-PANI) nanopillar film
electrodes for the detection of H2O2. The highly ordered one
dimensional (1D) structure of POM-PANI enabled efficient
electron and ion transfer during electrochemical reactions. To
evaluate the electrocatalytic performance of POM-PANI/nano-
pillar electrodes, we incorporated one into a flow injection bio-
sensor device, leading to high sensitivity, rapid response time,
and low detection limit.
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2. Experimental section
2.1 Preparation of POM-PANI/nanopillar electrodes

As previously described, nanopillar structured polymer films
containing polyurethane acrylate and NOA63 were fabricated
using a combined photo/soft-lithography process.18 Prior to
the deposition of POM and PANI, the nanopillar structured
polymer films were coated with a thin layer of gold/titanium by
vacuum sputtering. The as-synthesized films served as sup-
porting electrodes for further electrodeposition of POMs and
PANI. Briefly, POM-doped PANI films were synthesized using a
co-electrodeposition process at a constant potential of 0.65 V
for 400 s in a three electrode system. The electrolyte used was
0.5 M H2SO4 containing 0.25 M PANI and 20 mM POM. During
the in situ electropolymerization of PANI, POMs were incorpo-
rated into the PANI matrix. After electrodeposition, POM-PANI/
nanopillar films were washed several times with ethanol and
deionized water and then dried under vacuum. As a reference
sample, POM-PANI was deposited on the flat structured and
gold/titanium-coated polymeric films by the same procedure
for POM-PANI/nanopillar films.

2.2 Fabrication of enzymeless flow injection biosensors

Flow injection biosensors were fabricated by integrating a
fluidic channel substrate with POM-PANI/nanopillar electro-
des. The microfluidic devices were based on plastic substrates.
The device was equipped with an inlet and an outlet hole, an
Ag/AgCl reference electrode, and a Pt counter electrode. In
addition, the microfluidic device included a syringe pump (KD
Scientific, KDS 100) and a sample injector (Rhoedyne, model
7725i) with a 20 μL sample loop.

2.3 Characterization

Scanning electron microscopy (SEM) images were obtained
using a field emission SEM (S-4800, Hitachi). Fourier trans-
form infrared spectroscopy (FTIR) spectra were collected using
a Bruker IFS 66v/S spectrometer coupled with a HYPERION

3000 IR microscope. All electrochemical measurements were
performed on a CHI 760E electrochemical workstation (CH
Instruments) using a conventional three-electrode system.
Flow injection mode in biosensor was performed using a
chronoamperometric technique. All flow injection measure-
ments were carried out at a flow rate of 1 mL min−1. Potentials
were collected at room temperature, and data were obtained at
an accuracy of ±1%. The sensitivity was calculated from the
slope of the linear calibration curves at various concentrations
of H2O2.

3. Results and discussion

Fig. 1 shows a schematic illustration for preparation of a
POM-PANI/nanopillar film and a flow injection biosensor
device. The POM-PANI/nanopillar films were fabricated by co-
electrodeposition of POM and PANI onto previously prepared
gold-coated polymeric substrates which was previously pre-
pared by our group.18 The employment of photo- and soft-
lithography allowed us to fabricate large area nanopillar arrays
with controllable sizes and arrangements. In addition, these
nanopillar arrays could be transfered into various substrates,
for example flexible plastics, metals, and textiles. In this study,
we investigated the effects of nanopillar arrays on the electro-
chemical reactions of POM-PANI. Nanopillar structured
polymer films produced by photo/soft-lithography were coated
with a thin layer of gold nanoparticles. The POM and PANI
were electrodeposited simultaneously onto this gold-coated
polymeric nanopillar films. During the in situ electropolymeri-
zation of aniline, POMs were entrapped in the PANI matrix. In
order to detect H2O2, we incorporated POM-PANI/nanopillar
films as an electrode into the flow injection biosensor.

Fig. 2a shows POM-PANI/nanopillar films with dark green
colar and they can be flexible. Compared to the bare nanopillar
structure, deposition of POM-PANI created more rough sur-
faces with cone shape structures (Fig. 2c and d). The highly
ordered nanopillar structure of POM-PANI had a diameter of

Fig. 1 Schematic illustration of the fabrication process for a POM-PANI/nanopillar film and flow injection biosensor device.
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∼500 nm and inter-nanopillar distance of ∼500 nm. The
electrodeposition of POM and PANI enabled us to produce
reproducibly thin coating layer on the nanopillar structures.

The FTIR spectra of POM-PANI/nanopillar films in Fig. 3
revealed unique bands corresponding to PANI and the phos-
phomolybdate anion, which indicated that the nanopillar
films had been successfully coated with POM-PANI. The
characteristic bands at 1572 and 1487 cm−1 corresponded to
CvC stretching vibration of the quinoid and benzenoid rings
in PANI.19,20 The peaks at 1298, 1242, and 1134 cm−1 were
assigned to the C–N stretching vibration, the C–N+• stretching
vibration in the polaron form of PANI emeraldine salt, and the
CvN stretching vibration, respectively.20,21 The peaks at 1057,
949, 872, and 773 cm−1 were assigned to P–O bonds, MovO
terminal bonds, vertex Mo–O–Mo bonds, and edge Mo–O–Mo
bonds in POM clusters, respectively.4

Fig. 4a shows the CV curves of POM-PANI/nanopillar, PANI/
nanopillar, and POM-PANI/flat (with flat structured polymeric

films) electrodes in 0.5 M H2SO4. The POM-PANI/nanopillar
electrode exhibited multiple reversible redox peaks, whereas
the PANI/nanopillar electrode did not, which is indicative of
successful entrapment of POMs into the PANI matrix. The
current of the POM-PANI/nanopillar electrode is much higher
than that of the POM-PANI/flat electrode due to the effect of
the 1D nanostructure. Peak-to-peak potential separation of the
POM-PANI/nanopillar electrode calculated using redox peaks,
was 15 mV. This finding indicates that the POM-PANI/
nanopillar electrode is capable of delivering a rapid electron
transfer rate in a manner close to the kinetic ideal for a two-
electron electrochemical reaction.22 In addition, Tafel analysis
was performed on the POM-PANI/nanopillar electrode to
investigate its kinetic behavior. As shown in the inset of
Fig. 4a, Tafel plots were obtained using the reduced form of
the Butler–Volmer equation as follows:23

log i ¼ log io þ αAnF
2:303RT

η ð1Þ

where η is the overpotential, i is the exchange current density,
αA is the symmetry factor, and other symbols have convention-

Fig. 2 (a) Photographic image of a POM-PANI/nanopillar film. (b) SEM
image of a bare nanopillar film. (c) and (d) SEM images of a POM-PANI/
nanopillar film at different magnifications.

Fig. 3 FTIR spectra of POM-PANI/nanopillar and PANI/nanopillar films.

Fig. 4 (a) CV curves of PANI/nanopillar, POM-PANI/flat, POM-PANI/
nanopillar electrodes in solution containing 0.5 M H2SO4 at a scan rate
of 50 mV s−1. Inset: Tafel plots of POM-PANI/flat and POM-PANI/nano-
pillar electrodes obtained from CV curves. (b) CVs of a POM-PANI/nano-
pillar electrode in solution containing 0.5 M H2SO4 at different scan
rates (25, 50, 100, 200, 300, 400, and 500 mV s−1). Inset: plot of Ip
versus square root of scan rates at a POM-PANI/nanopillar electrode.
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al meanings. Obviously, the introduction of a nanopillar
array reduced onset potential from −45 mV of POM-PANI/
flat to −55 mV of POM-PANI/nanopillar. This indicates that
the nanopillar structure on POM-PANI/nanopillar
enabled more efficient and faster charge transfer than
POM-PANI/flat.

The CV curves of the POM-PANI/nanopillar electrode were
also investigated at different scan rates (25 to 500 mV s−1;
Fig. 4b). As scan rates increased, the current response
increased with well-defined three pairs of redox peaks. A linear
dependence was obtained for the relationships between
anodic or cathodic peak currents and the square root of the
scan rate (R2 = 0.9986 and 0.9995 for anodic and cathodic
peaks, respectively). Consequently, redox reactions were attri-
buted to semi-infinite linear diffusion at the surface of the
POM-PANI/nanopillar electrode.23

Fig. 5 presents the chronoamperograms of the oxidation
reactions of POMs on a representative POM-PANI/nanopillar
and POM-PANI/flat. Current–time responses were measured
under Cottrell conditions according to the following
equation:23

I ¼ FAD1=2C
π1=2t1=2

ð2Þ

where I is the current, F is the Faraday’s constant, D is the
diffusion coefficient, C is the bulk concentration of H2SO4, A is
the electrode area, and t is time. As the electro-oxidation

occurs on the electrode surface, the current plot is inversely
proportional to t1/2. The diffusion coefficient was calculated
from the linear slope of I versus t−1/2 curves, as shown in
Fig. 5b. POM-PANI/nanopillar had a diffusion coefficient of 2.8
× 10−12 cm2 s−1, which was higher than that of POM-PANI/flat
(8.6 × 10−13 cm2 s−1). This result implies that the nanopillar
structure facilitated the diffusion of electrolyte and thus,
enhanced the redox reaction.

In order to evaluate electrocatalytic performance, the
POM-PANI/nanopillar electrode was incorporated into a flow
injection biosensor device and the electrocatalytic reduction of
H2O2 was measured by flow-injection amperometry. The
electrocatalytic reduction of H2O2 by the POM-PANI/nanopillar
electrode was initially investigated using CV measurements
(Fig. 6). The POM-PANI/nanopillar electrode showed good
electrocatalytic activity for the reduction of hydrogen peroxide
at concentrations from 10 to 20 mM. The electrocatalytic
reaction was observed at the reduction peak of the redox pair
of POM. Fig. 7a shows a typical amperometric response of the
POM-PANI/nanopillar electrode to the successive flow injection
of H2O2 at an operating potential of 0.02 V. As shown in
Fig. 7b, the current responses of the POM-PANI/nanopillar
electrode were plotted with respect to the H2O2 concentration
in the range of 0.1 to 20 mM. The POM-PANI/nanopillar
biosensor exhibited wide-range linear characteristics with high
sensitivity (6.3 μA mM−1 cm−2). The sensitivity of the
POM-PANI/nanopillar biosensor was greater than that of the
POM-PANI/nanopillar biosensor (2.0 μA mM−1 cm−2) and was
also higher than those of other enzymeless biosensors,
including Co3O4 cube,

14 H4Fe4(PMo9O34)2
6−-doped conducting

polymer,24 PFeW11O39
4−-doped silica gel.25 All

responses reached the peak current within ∼3 s, indicating a
rapid response due to enhanced charge transfer. In addition,
the limit of detection (LOD) was calculated at a signal-to-
noise ratio of 3 : 8.1 μM for the POM-PANI/nanopillar
electrode. This result indicates that the POM-PANI/nanopillar
biosensor shows substantial potential as an electrochemical
biosensor due to its high sensitivity, low LOD, and rapid
response time.

Fig. 5 (a) Chronoamperograms of POM-PANI/flat and POM-PANI/
nanopillar electrodes and (b) calibration curves of the current versus t−1/2

for POM-PANI/flat and POM-PANI/nanopillar electrodes.

Fig. 6 CVs of a POM-PANI/nanopillar electrode in the absence and
presence of H2O2 (10 mM and 20 mM) at a scan rate of 50 mV s−1.
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4. Conclusions

We prepared highly ordered POM-doped PANI nanopillar
arrays and characterized their non-enzymatic electrochemical
properties for the detection of H2O2 in microfluidic systems.
The employment of co-electrodeposition enabled the entrap-
ment of POMs into the PANI matrix and fully coated the sur-
faces of 1D Au-coated polymer substrates. The devised
POM-PANI/nanopillar electrode was incorporated into micro-
fluidic channels and showed excellent electrocatalytic activity
for the reduction of hydrogen peroxide with high sensitivity,
low detection limit, rapid response time, and robust electro-
catalytic activity. This sensor performance was attributed to
the large surface area of the 1D nanostructure to the multiple

redox reactions of POMs, and to the rapid and efficient ion
and electron transfer during the electrochemical process.
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