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Abstract
The mixed-valent nickel hexacyanoferrate (NiHCF) and poly(3,4-ethylenedioxythiophene) (PEDOT) hybrid film
(NiHCF-PEDOT) was prepared on a glassy carbon electrode (GCE) by multiple scan cyclic voltammetry. The films
were characterized using atomic force microscopy, field emission scanning electron microscopy, energy dispersive
spectroscopy, X-ray diffraction, and electrochemical impedance spectroscopy (AC impedance). The advantages of
these films were demonstrated for the detection of ascorbic acid (AA) using cyclic voltammetry and amperometric
techniques. The electrocatalytic oxidation of AA at different electrode surfaces, such as the bare GCE, the NiHCF/
GCE, and the NiHCF-PEDOT/GCE modified electrodes, was determined in phosphate buffer solution (pH 7). The
AA electrochemical sensor exhibited a linear response from 5� 10�6 to 1.5� 10�4 M (R2¼ 0.9973) and from 1.55�
10�4 to 3� 10�4 M (R2¼ 0.9983), detection limit¼ 1� 10�6 M, with a fast response time (3 s) for AA determination.
In addition, the NiHCF-PEDOT/GCE was advantageous in terms of its simple preparation, specificity, stability and
reproducibility.

Keywords: Nickel hexacyanoferrate, PEDOT, Electrocatalysis, Ascorbic acid, Modified electrodes, Thin films,
Organic-inorganic hybrid composites
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1. Introduction

Ascorbic acid (AA) is a vital component in the human diet.
In animal organs the highest concentrations of AA are
found in the liver, leukocytes, and anterior pituitary lobe.
AA is widely used in food and drink to prevent undesirable
changes in color and taste, and as an antioxidant [1]. It is
found in plant material and the human body, and fruit and
vegetables are the major sources of AA in the human diet
[2]. AA is also involved in the regulation and synthesis of
crucial immune system molecules, such as cytokines, anti-
bodies, and interferon [2]. Recently, it has been found that
AA can suppress human immunodeficiency virus (HIV)
expression [3] and that it can inhibit the growth of small
fragments of human mammary or lung tumors explanted in
mice [4 – 6]. AA also plays an important role in the body as a
free radical scavenger, which may help to prevent free
radical induced diseases such as cancer and Parkinson�s
disease. Because of its physical and medical importance, it is
essential to develop a rapid, selective, highly efficient, highly
stable and renewable AA sensor. Dopamine (DA), AA, and
uric acid (UA) usually coexist in human biological systems
and are important molecules for physiological processes in
human metabolism. Several reports are available on the use

of modified electrodes for the simultaneous determination
of AA, DA, and UA [7 – 11]. It is known that the oxidation of
AA, DA, and UA takes place at nearly the same potential on
a bare electrode, which results in overlapping voltammetric
responses, making their discrimination highly difficult [12,
13].

Various analytical methods have been employed for the
determination of ascorbic acid, such as spectrophotometry
[14, 15], spectrophotofluorimetry [16], atomic absorption
spectrometry (AAS) [17], gas chromatography (GC) [18],
and high-performance liquid chromatography (HPLC) [19].
The major drawbacks of these methods are that they are
highly dependent on laboratory-based techniques that may
require slow, and sometimes sophisticated, analytical meth-
odologies [20]. Among these techniques, chemically modi-
fied electrodes (CMEs) are available for the detection of
ascorbic acid, and they have the characteristics of being
simple, stable, and selective, with a short response time and a
high sensitivity [7]. Electrochemical techniques are consid-
ered very interesting for the determination of AA, DA, and
UA owing to their high sensitivity and selectivity.

In recent reports, metal hexacyanoferrates (MHCFs) such
as NdHCF [21], AgHCF [22], SnHCF [23], CoHCF [24],
NiHCF [25], CuHCF [26], etc., on various electrode
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substrates have been used for the determination of AA, DA
or UA. MHCFs have also received much attention in many
fields because of their special properties and potential
applications [27 – 29].

Poly(3,4-ethylenedioxythiophene) (PEDOT) has been
widely investigated as an electronically conducting polymer.
It can be easily electrodeposited onto a surface by the
electrooxidation of its monomer [30 – 33]. A PEDOT film in
its oxidized form has been found to have high conductivity
and stability at physiological pH [34, 35]. NiHCF can be
prepared as an electroactive thin film of a Ni substrate in the
presence of ferricyanide anions [36, 37]. It is considered to
be an attractive material for electrode surface modification
owing to its well-defined, reversible, and reproducible
responses in supporting electrolytes [38].

The present study is concerned with the effect of a
NiHCF-PEDOT hybrid film on electrode behavior and the
electrostatic interaction between the NiHCF-PEDOT hy-
brid film and the ascorbate anion for the following reasons:
(i) NiHCF is an efficient mediator for AA oxidation in
solution [38], and (ii) PEDOT has also been used to study
the electrocatalytic oxidation of AA [34, 35]. Therefore, a
composite of NiHCF on a PEDOT film on an electrode�s
surface may be a novel AA sensor. The interference of DA,
UA, acetaminophen (AP), glucose, epinephrine (EP), and
H2O2 with AA catalysis was studied at the NiHCF-PEDOT/
GCE modified electrode. Cyclic voltammetric and ampero-
metric techniques were used to study the mechanism of AA
oxidation.

2. Experimental

2.1. Materials

Nickel(II) chloride hexahydrate and 3,4-ethylenedioxythio-
phene (EDOT) was purchased from Sigma-Aldrich (USA).
Double distilled deionized (DDDI) water was used to
prepare all solutions. The PEDOT film was prepared by
electrochemical polymerization, using 0.2 M LiClO4 as
supporting electrolyte. A phosphate buffer solution (PBS,
pH 7.0) was prepared using Na2HPO4 (0.1 M) and NaH2PO4

(0.1 M). Pure nitrogen was passed through all the exper-
imental solutions. All the chemicals used were of analytical
grade.

2.2. Apparatus

All electrochemical experiments were performed using a
CHI 750a potentiostat (CH Instruments, USA). The Bio-
analytical Systems (BAS) glassy carbon electrode (GCE;
diameter 0.3 cm, exposed geometric surface area 0.07 cm2;
Bioanalytical Systems, Inc., USA) was used. A conventional
three-electrode system was used; it comprised a Ag/AgCl
(saturated KCl) reference electrode, NiHCF/GCE and
NiHCF-PEDOT/GCE modified electrodes, and a bare
GCE electrode, as working electrodes, and platinum wire

as counter electrode. Electrochemical impedance studies
(EIS) were performed using a ZAHNER impedance
analyzer (Germany). The atomic force microscope (AFM)
images were recorded using a multimode scanning probe
microscope (Being Nano-Instruments CSPM-4000, China).
Field emission scanning electron microscope (FE-SEM)
images were recorded using a HITACHI S-4700 (Japan).
Energy dispersive spectroscopy (EDS) was performed using
an Oxford EDS (133 eV (Mn Ka:5.899 keV)). X-ray
diffraction (XRD) experiments were carried out using an
XPERT-PRO (PANalytical B. V., The Netherlands). Sam-
ples were scanned in the range 20 – 708 (2q).

2.3. Preparation of Sample and Hybrid Film Modified
Electrode

Prior to the electrochemical deposition process the GCE
was well polished with aqueous slurries of alumina powder
(0.05 mm), using a BAS polishing kit, then rinsed and
ultrasonicated in DDDI water. Figure 1A shows the electro-
deposition of NiHCF films at the GCE in 0.2 M LiClO4

solution between �0.4 and þ1.0 V, at the scan rate of
0.05 V/s for ten cycles. The film formed in aqueous 0.2 M
LiClO4 solution had two redox couples [24], with E8 values
of about þ0.42 and þ0.59 V. Figure 1B shows the electro-
chemical polymerization of the NiHCF-PEDOT carried out
by the cyclic voltammetric method in 0.2 M LiClO4 solution
containing 1� 10�3 M K3Fe(CN)6, 1� 10�3 M NiCl2 and
0.01 M EDOT. The potential cycling was carried out within
the potential range of �0.4 and þ0.9 V, at the scan rate of
0.05 V/s for ten cycles. The film formed in the aqueous 0.2 M
LiClO4 solution had three redox couples, with E8 values of
about þ0.30, þ0.45, and þ0.59 V. The NiHCF-PEDOT/
GCE was washed with deionized water and dried for 5 min.
After polymerization, the electrode was treated with 0.1 M
PBS (pH 7) solution by repeated cycling in the potential
range �0.4 to þ1.0 V, at the scan rate of 0.05 V/s, until a
stable cyclic voltammogram (CV) was obtained.

3. Results and Discussion

3.1. XRD and EIS Analyses

As shown in Figure 2A, XRD analysis was used to
determine the structure of the NiHCF-PEDOT film. The
four peaks that appear at around 23.78 (2q) correspond to
the (220) crystallographic plane, the peak at around 32.18
(2q) corresponds to the (400) plane, the peak at around 37.28
(2q) corresponds to the (420) plane, and the peak at around
43.48 (2q) corresponds to the (422) plane (JCPDS 5-0036, 5-
0037) [39, 40].

The electrochemical activity of the NiHCF-PEDOT/
GCE was examined using the EIS technique. Here the
complex impedance can be presented as a sum of the real Z’
(w) and imaginary Z’’ (w) components that originate mainly
from the resistance and capacitance of the cell. From the
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shape of an impedance spectrum, the electron transfer
kinetics and diffusion characteristics can be determined.
The respective semicircle parameters correspond to the
electron transfer resistance (Ret) and the double layer
capacity (Cdl) nature of the modified electrode. As shown in
Figure 2B, curve (a) indicates the Nyquist plot of NiHCF-
PEDOT/GCE, (b) PEDOT/GCE, (c) bare GCE, and (d)
NiHCF/GCE in the presence of 5 mM K3[Fe(CN)6]/K4

[Fe(CN)6] (1 : 1) in PBS (pH 7.0). The NiHCF-PEDOT/
GCE shows a very small depressed semicircle arc with an
interfacial resistance due to the electrostatic repulsion
between the charged surface and probe molecule
Fe(CN)3�=4�

6 . This depressed semicircle arc (Ret¼ 0.134
(Z’/kW)) clearly indicates the lower electron transfer
resistance behavior compared to that of the bare GCE
(Ret¼ 0.635 (Z’/kW)), the PEDOT/GCE (Ret¼ 0.155 (Z’/
kW)) and the NiHCF/GCE (Ret¼ 0.804 (Z’/kW)). These
results clearly illustrate the electrochemical activities of the
NiHCF-PEDOT, PEDOTand NiHCF film modified GCEs,
and bare GCE, respectively.

3.2. AFM and SEM Analyses

The surface morphology of the NiHCF-PEDOT hybrid film
modified at the GCE electrode and indium tin oxide (ITO)
electrode were examined using AFM and FE-SEM. The
AFM topography images were determined for a 1300�
1300 nm surface area. The surface morphology of NiHCF-
PEDOT/GCE was examined by using the tapping mode.
Figure 3A shows a 2D magnified view of the NiHCF-
PEDOT hybrid film modified on the GCE surface. Fig-
ure 3B shows a FE-SEM micrograph of the NiHCF-
PEDOT hybrid film on an ITO surface. Figure 3C shows
the cross-sectional and granularity normal distribution chart
of NiHCF-PEDOT particles electrodeposited on the GCE
surface. Figure 3D shows EDS results of the NiHCF-
PEDOT/GCE. Figure 3A shows that the NiHCF-PEDOT
particles have an average size range of 50 – 120 nm, as also
shown in Figure 3C. The average particle diameter of the
NiHCF-PEDOT particles was 1.56 nm, and most of the
NiHCF-PEDOT particles had a particle diameter of
3.56 nm. Figure 3B shows the FE-SEM images of the
NiHCF-PEDOT hybrid film electrodeposited on an ITO
surface. PEDOT shows a network structure, with a fiber
dimension of 10 – 20 nm. A polymer network with a highly

Fig. 1. (A) CVs obtained by consecutive sweeps in a 0.2 M
LiClO4 solution containing 1� 10�3 M K3Fe(CN)6 and 1� 10�3 M
NiCl2. Potential range �0.4 to 1.0 V. Scan rate 50 mV/s. (B) CVs
of consecutive sweeps in a 0.2 M LiClO4 solution containing 1�
10�3 M K3Fe(CN)6, 1� 10�3 M NiCl2, and 0.01 M EDOT. Potential
range �0.4 to 0.9 V. Scan rate 50 mV/s.

Fig. 2. (A) XRD spectra of a NiHCF-PEDOT film. (B) EIS
curves of (a) NiHCF-PEDOT, (b) PEDOT, (c) bare GCE, and (d)
NiHCF film modified GCE in 0.1 M PBS (pH 7.0) containing 5�
10�3 M K3[Fe(CN)6]/K4[Fe(CN)6] (1 : 1).
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porous structure, which might easily entrap NiHCF nano-
particles, can be seen. Further, the EDS spectrum shows that
the elements C, O, Si, S, Cl, Fe, Ni, and In are detected in the
NiHCF-PEDOT hybrid film modified on ITO electrode.
The weight percentages of C (38.07%), O (31.65%), S
(3.4%), Cl (8.4%), Fe (0.06%), Ni (0.4%), and In (5.98%)
are shown in Figure 3D. The weight percentage ratios of Fe
and Ni were electrochemically intercalated/deintercalated
with Kþ ions by cyclic voltammetry [41].

3.3. Electrochemical Properties of NiHCF-PEDOT
Hybrid Film Modified Electrode

The NiHCF-PEDOT/GCE was used in several scan rate
studies in 0.1 M PBS (pH 7.0). Figure 4A exhibits the
different scan rate results of NiHCF-PEDOT/GCE in the
range 0.1 – 1 V/s. As expected, the CVs of the NiHCF-
PEDOT/GCE modified electrodes exhibited a single redox
couple with an anodic peak atþ0.458 Vand a cathodic peak
at þ0.381 V versus Ag/AgCl/KClsat. Here, the linear in-
crease in the anodic and cathodic peak currents of NiHCF-
PEDOT/GCE according to the scan rate revealed that the
film exhibited the typical characteristics of a surface-

controlled thin-layer electrochemical system. Inset (a) in
Figure 4A shows a plot of the NiHCF-PEDOT signal of the
anodic and cathodic peak current vs. scan rate. The
corresponding linear regression equations were: Ipa

(mA)¼ 2.7307v (V/s)þ 10.317 (R2¼ 0.991) and Ipc (mA)¼
2.9863v (V/s)� 9.9584 (R2¼ 0.994). As shown in inset (b)
in Figure 4A, the logarithmic form of the peak current vs.
scan rate (v) plot yields a gradient of Ipa¼ 0.7778 and Ipc¼
0.8014, which indicates that the charge transfer was a mixed
process with a near-equal contribution from the semi-
infinite linear diffusion and surface process [42]. Further-
more, using the electrodeposited film and a follow-up
testing process employing an electrochemical buffer solu-
tion with different cations [37] led to different electro-
chemical signals. In a 0.1 M PBS (pH 7.0), the NiHCF/GCE
film showed a relatively broad electrochemical signal
(Curve b’, Figure 4B), which, when combined with the
PEDOT in a modified film, would improve the electro-
chemical signal, as the redox couple of the NiHCF-PEDOT/
GCE system should be sharper.

The electrocatalytic oxidation of AA was investigated
using CV (Figure 4B). In Figure 4B, curve (a) indicates the
NiHCF-PEDOT/GCE and curve (b’) the NiHCF/GCE
modified electrode CV signals. For the NiHCF/GCE

Fig. 3. (A) Tapping mode AFM image (2D) of a NiHCF-PEDOT film on a GCE. (B) FE-SEM image of a NiHCF-PEDOT film on an
ITO. (C) AFM cross-sectional analysis graph. (D) EDS analysis of the nano Ag NiHCF-PEDOT film.
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modified electrode, the anodic and cathodic peak currents
were significantly lower than observed for the NiHCF/
PEDOT modified electrode. The enhanced peak current of
NiHCF in the modified electrode is due to the presence of
PEDOT. PEDOT offers good stability, high conductivity,
and acts as a good matrix. Figure 4B (curves a – d) shows the
CVs of the electrochemical oxidation of AA on the NiHCF-
PEDOT/GCE and bare GC electrodes for various concen-
trations of AA in PBS (pH 7). The CVs exhibited a
reversible redox couple (anodic peak at about þ0.48 V) in

the absence of AA. Upon the addition of AA a new
oxidation peak of AA appeared at about þ0.27 V (vs. Ag j
AgCl). An increase in the concentration of AA simulta-
neously produced an increase in the oxidation current of AA
in the NiHCF-PEDOT/GCE peak. This behavior is typical
of that expected for the mediated oxidation. Similarly, in
Figure 4B, curve (a’) shows the CV signals of a bare GCE
electrode, curve (c’) shows the CV signals of a PEDOT/GCE
electrode, and curve (d) shows the CV signals of a NiHCF-
PEDOT/GCE modified electrode for the same concentra-

Fig. 4. (A) Results of different scan rate studies of a NiHCF-PEDOT modified GCE in 0.1 M PBS (pH 7.0). Scan rate in the range of
a – j: 0.1 – 1 V/s. (B) CVs of NiHCF-PEDOT modified GCE in 0.1 M PBS (pH 7.0): AA (a) 0.0 mM, (b) 25 mM, (c) 50 mM, (d) 100 mM,
(a’) bare GCE with 100 mM AA, (b’) NiHCF modified GCE, and (c’) PEDOT modified GCE with 100 mM AA in 0.1 M PBS (pH 7.0).
Scan rate¼ 50 mV/s.
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tion (10�4 M) containing an ascorbic acid buffer solution at
pH 7.0. In the same solution, the bare GCE electrode shows
a single oxidation peak occurring around þ0.58 V, com-
pared with a PEDOT/GCE electrode (þ0.232 V) and a
NiHCF-PEDOT/GCE electrode (þ0.27 V). The bare GCE
electrode has the highest oxidation potential in the AA
oxidation reaction. The PEDOT/GCE electrode and the
NiHCF-PEDOT/GCE electrode have almost the same
potential in the AA oxidation reaction, but the peak current
of the PEDOT/GCE electrode is much less than that of the
NiHCF-PEDOT/GCE electrode. All of the above results
indicate that using a NiHCF-PEDOT film modified electrode
can help to enhance the electrocatalytic reaction of AA.

3.4. Individual Determination of AA by Amperometry

The amperometric response of the NiHCF-PEDOT hybrid
film modified electrode to AA was investigated in a stirred
0.1 M PBS solution (pH 7.0) at a working potential of
þ0.2 V. Figure 5A shows typical current – time curves for
successive additions of AA for different concentrations,
between 5� 10�6 and 3� 10�4 M, with the NiHCF-PEDOT
hybrid film modified electrode. The current immediately
changed after the addition of AA and reached another
steady-state current within 3 s. The insets a and b in
Figure 5A show the calibration curves of a NiHCF-PEDOT
hybrid film modified electrode with the concentration of
AA between 5� 10�6 to 1.5� 10�4 M and 1.55� 10�4 to 3�
10�4 M (the correlation coefficients were 0.9973 and 0.9983,
respectively). Thus, the present modified electrode shows a

Fig. 5. (A) Typical amperometric curve obtained for a NiHCF-PEDOT/GCE in 0.1 M PBS (pH 7.0) at 0.2 V. Stirring rate 1000 rpm.
Successive additions of AA in the range 5� 10�6 to 3� 10�4 M (S/N¼ 3). Inserts a and b show the corresponding calibration plots with
the concentration of AA between 5� 10�6 to 1.5� 10�4 M and 1.55� 10�4 to 3� 10�4 M. (B) Typical amperometric curve obtained for a
NiHCF-PEDOT/GCE in 0.1 M PBS (pH 7.0) at 0.2 V. Successive additions of (a) 15 mM AA, (b) 15 mM AA, (c) 10 mM DA, (d) 10 mM
UA, (e) 10 mM AP, (f) 10 mM glucose, (g) 10 mM EP, (h) 10 mM H2O2, (i) 15 mM AA, and (j) 15 mM AA.
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good linear response for the electrocatalytic oxidation of
AA in the range 5� 10�6 to 3� 10�4 M, and the detection
limit was 1� 10�6 M (S/N¼ 3). The linear range and
sensitivity observed with the NiHCF-PEDOT/GCE elec-
trode were generally comparable with those of most of the
modified electrodes reported in the literature [34, 38, 43 –
46] (Table 1). The highest linear concentration range
(LCR) of a NiHCF-PEDOT/GCE modified electrode,
compared with that of a NiHCF/PMo/GCE electrode [38]
and a Fe(CN)3�=4�

6 -PEDOT/GCE electrode [34], may be the
result of the NiHCF film being bound to the PEDOT film on
electrode�s surface. Similarly, a NiHCF-PEDOT/GCE
modified electrode for the detection of AA also has a
higher sensitivity.

The selectivity and potential interference on the NiHCF-
PEDOT hybrid film modified electrode were tested using an
amperometric technique. In the amperogram shown in
Figure 5B, amperometric responses were obtained by suc-
cessive injection of (a) 15 mM AA, (b) 15 mM AA, (c) 10 mM
DA, (d) 10 mM UA, (e) 10 mM AM, (f) 10 mM glucose, (g)
10 mM EP, (h) 10 mM H2O2, (i) 15 mM AA, and (j) 15 mM AA.
Data were recorded in a stirred 0.1 M PBS solution (pH 7.0)
at the same working potential as used for AA (þ0.2 V).
Results clearly indicated that DA, UA, etc. exhibit non-
obvious interference in the steady state current of AA at
þ0.2 V. This may be attributed to the lower working potential
(þ0.2 V) used for the oxidation of AA promoted by the
NiHCF-PEDOT hybrid film modified electrode.

3.5. Stability and Reproducibility

The reproducibility of the current response of the biosensor
was examined by measuring the AA concentration of 1�
10�4 M, and the relative standard deviation was determined
to be 2.64 (n¼ 5), showing that the biosensor possessed a
good reproducibility. In addition, to determine the catalytic
current response during the oxidation of AA, the NiHCF-
PEDOT/GCE electrode was tested in a solution containing
1� 10�4 M of AA, before and after continuously stirring the
buffered solution for a period of 30 min. The response of the
electrode signal showed no significant change before and

after stirring the solution. This test indicated that reprodu-
cible results could be obtained using the NiHCF-PEDOT/
GCE electrode. The stability of NiHCF-PEDOThybrid film
modified electrode was then investigated by storing it at
room temperature in the presence and absence of PBS
(pH 7.0). It was stable for one month but thereafter there
was a gradual decrease (10%) in the current values. When
the NiHCF-PEDOT hybrid film modified electrode store
for a week in pure 0.1 M PBS (pH 7.0), the voltammetric
response current of AA decreased by 9% of the initial
current. These results suggest that the NiHCF-PEDOT/
GCE has high stability and good reproducibility.

4. Conclusions

A NiHCF-PEDOT hybrid film was successfully electro-
deposited on a GCE. The NiHCF-PEDOT hybrid film was
characterized using AFM, FE-SEM, EDS, EIS, and XRD.
The advantages of the NiHCF-PEDOT hybrid film were
demonstrated for the sensing of AA in the presence of major
interferences, such as DA and UA. The hybrid film modified
electrode displays a linear response from 1� 10�5 to 1.8�
10�4 M AA, with a correlation coefficient of 0.964. The
detection limit was found to be 1� 10�6 M and the response
time was 3 s. This new method can be applied for the
electroanalysis of AA.
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