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We have designed and fabricated a low-cost modified electrode based on polyaniline and Ni composite
(PANI-Ni) for the sensitive determination ascorbic acid (AA). The composite formation was
characterized by scanning electron microscopy, Energy-dispersive X-ray spectroscopy,
electrochemical impedance spectroscopy and electrochemical methods. The PANI-Ni composite was
used to modify the screen printed carbon electrode (SPCE) and the resulting modified electrode was
used to develop AA sensor. The modified electrode shows excellent electrocatalytic activity to the
oxidation of AA. An amperometric sensor was developed using PANI-Ni composite which delivered
sensitive and prompt signals for AA. The linear range is 2-1210 uM, detection limit is 0.4 uM, and
sensitivity is 0.479 WAUM cm 2. Moreover, the electrode has good repeatability, reproducibility and
stability. The practical applicability of the electrode is demonstrated in human urine samples.

Keywords: Vitamin, antioxidants, biochemistry, conducting polymers, metals, electrocatalysis,
electrochemical sensors

1. INTRODUCTION

Ascorbic acid (AA), is a vital nutrient for humans and it is extensively used in food industry [1,
2]. Among animal organs, the liver, leukocytes and anterior pituitary lobe show the highest
concentrations of AA [3, 4]. It is involved in several biological roles including injuries healing, and in
the synthesis of collagen, bones, blood vessels, and tendons [5, 6]. AA is also present in mammalian
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brain along with several neurotransmitter amines [5, 7, 8]. It has been employed in the prevention and
treatment of common cold, mental illness, infertility and cancer [3, 9, 10]. Due to the aforementioned
importance of AA, its sensitive determination is highly important in clinical diagnosis from the point-
of-care perception [5, 11]. The electrochemical methods are most preferable in the determination of
AA, because they are simple, fast, low-cost, and portable [12, 13]. Unmodified electrodes are poor in
selectivity, and reproducibility [14, 15] and hence properly designed chemical modifiers are necessary
[3, 16]. These chemical modifiers are able to improve the selectivity, sensitivity and overall sensor
performance [17, 18]. Notably, dopamine (DA) and uric acid (UA) are common interferences in AA
sensing since their voltammetric signals are close to AA [11, 19-21]. Therefore, several modifiers are
developed to separate their voltammetric peaks and simultaneous determination platforms are
demonstrated. Besides, selective AA determination platform is also developed based on the different
types of interactions (electrostatic and 7 stacking) between analytes (AA, DA and UA) and electrode
surface [22, 23]. Some of the recently developed electrochemical AA sensors includes, nitrogen doped
graphene [24], pristine graphene [17], exfoliated graphite paper [25], electrochemically reduced
graphene oxide [26], and Pd nanoparticles/graphene oxide [5], protein-modified Au nanoclusters [27],
conducting polymers [28] and DMF-exfoliated graphene [29] and ultrathin Pd nanowire [30] etc.,

Polyaniline (PANI) is well-known conducting polymer for its excellent electrocatalytic ability,
conductivity and thermal stability [31-33]. Similarly, nickel nanoparticles (Ni) have good
electrocatalytic properties, large surface area and good conductivity [34, 35]. In recent times, the
composites prepared from conducting polymer and metal nanoparticles have found widespread
electrochemical applicability [36, 37]. In the present work, we have prepared PANI/Ni composite via
simple wet chemical method and developed a sensitive and selective sensor for the determination of
AA. The composite is prepared through a simple wet chemical approach using cheaper precursors.

2. EXPERIMENTAL

2.1 Chemicals and Apparatus

Aniline, nickel chloride and all other reagents were purchased from Sigma-Aldrich and used as
received. Double distilled water was used for all the experiments. 0.1 M phosphate buffer (pH 7.0) was
prepared from sodium dihydrogen phosphate and disodium hydrogen phosphate and used as
supporting electrolyte. Electrochemical studies were performed in a conventional three electrode cell
using modified SPCE as a working electrode (area 0.3 cm?), saturated Ag|AgCI (saturated KCI) as a
reference electrode and Pt wire as a counter electrode. All the electrochemical measurements were
carried out using CHI 1205a electrochemical work station (CH Instruments, Inc., U.S.A) at ambient
temperature. Surface morphological studies were carried out using Hitachi S-3000 H scanning electron
microscope (SEM). Energy-dispersive X-ray (EDX) spectra was recorded using Horiba Emax x-act
(sensor + 24 V=16 W, resolution at 5.9 keV = 129 eV). EIM6ex Zahner (Kronach, Germany) was used
for electrochemical impedance spectroscopy (EIS) studies.
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2.2 Preparation of PANI-Ni/SPCE

First, 2 mM CTAB solution (10 mL) was prepared in 0.1 M H,SO,4. Next, 30 mM aniline
solution was added and the resulting solution was stirred for 20 min. The beaker was transferred to an
ice-bath and the temperature was maintained below 0°C. Subsequently, 30 mL solution of 25 mM
NiCl,-6H,0 was added dropwise and stirred for 30 min. Afterwards, a pre-cooled solution of 50 mM
ammonium peroxydisulfate was added in dropwise and continued stirring for another 30 min. The
obtained precipitate was filtered and washed several times with water and acetone, respectively. The
purified PANI/Ni composite was dried and redispersed (0.5 mg mL™) in water/ethanol (50/50; v/v)
mixture. Next, 5 puL dispersion of PANI-Ni was dropped at the SPCE surface and dried at ambient
conditions. The resulting PANI-Ni composite is used for further electrochemical studies.
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Figure 1. SEM images of PANI-Ni composite (A and B). EDX spectrum of PANI-Ni composite

3. RESULTS AND DISCUSSION

3.1 Characterization of PANI-Ni composite

The SEM images of PANI-Ni composite displays Ni particles decorated roughed surface of
PANI layers (Figure 1A, B). Besides, the composite has good porous structure and abundant catalytic
sites and the morphological results are consistent with previous reports [38-40]. Figure 1C displays the
corresponding EDX profile of PANI-Ni composite which clearly showed signals for C, O and Ni
atoms. The presence of Ni signal reveals the successful formation of composite. Figure 2 displays the
Electrochemical impedance spectroscopy (EIS) is an efficient tool to examine the electrochemical
properties and interfacial changes of the modified electrodes [41]. EIS curves obtained at unmodified
SPCE (a), Ni/SPCE (b), PANI/SPCE (c) and PANI-Ni/SPCE (d) in 0.1 M KCI containing 5 mM
Fe(CN)¢> ™. The diameters of the semicircle portion of the curves are in the following order: bare
SPCE > Ni/SPCE > PANI/SPCE > PANI-NIi/SPCE. The charge transfer resistance (R values of bare
SPCE, Ni/SPCE, PANI/SPCE and PANI-Ni/SPCE are 432, 206, 102 and 53 Q, respectively. The R
value obtained at PANI-NIi/SPCE is the smallest among the control electrodes which clearly revealed
that the prepared composite has very less resistance. In other words, the PANI-Ni/SPCE has higher
electrical conductivity over other electrodes and this behaviour of the composite is useful for the
development of sensitive sensors [42].
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Figure 2. EIS curves of bare SPCE (a), Ni/SPCE (b), PANI/SPCE (c), and PANI-Ni/SPCE (d)
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Figure 3. (A) CVs obtained at bare SPCE (a), PANI/SPCE (b), Ni/SPCE (c) and PANI-Ni/SPCE (d)
in phosphate buffer (pH 7.0) containing 5 pM AA. Scan rate = 50 mV s . (B) CVs obtained at
PANI-Ni/SPCE in phosphate buffer (pH 7.0) containing different concentrations of AA (1 to
10 uM). C) Plot between [AA] (LM) vs. response current (LA).

3.2 Electrochemical oxidation of AA at PANI-Ni/SPCE

Figure 3A shows the cyclic voltammograms (CVs) obtained at bare SPCE (a), PANI/ SPCE
(b), Ni/SPCE (c) and PANI-NIi/SPCE (d) in phosphate buffer (pH 7.0) containing 5 uM AA. The scan
rate is 50 mV s '. The unmodified SPCE displays poor electrocatalytic ability to oxidize AA.
Compared with unmodified electrode, PANI/SPCE and Ni/SPCE have shown better electrocatalytic to
AA; however the oxidation occurred at higher overpotential which will leads to high level of
interference. On the other hand, PANI-Ni/SPCE has shown excellent electrocatalytic ability to oxidize
AA at lesser overpotential (0.28 V) and sharp peak with enhanced peak current. The location of AA
oxidation peak at PANI-NIi/SPCE is 0.32 V which is about 170 mV and 230 mV lower potential than
Ni/SPCE and PANI/SPCE, respectively. Besides, the composite owns large surface area, high
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conductivity and abundant catalytic sites and these characteristics of the composite favored the
obtained high electrocatalytic ability of the composite [43]. Previous studies revealed that the
composites of conducting polymers and metal particles possess good synergic effect between them
which greatly accelerates their electrocatalysis [44, 45]. Our studies also revealing that PANI-Ni
composite has synergic effect towards electrocatalysis of AA consistent with previous results [46, 47].

Figure 3B shows the CV curves obtained at PANI-Ni/SPCE in phosphate buffer (pH 7)
containing different concentrations of AA. The oxidation peak current increases linearly as the
concentrations of AA increases. The linear increment in peak current indicates the electrode surface is
not damaged by electrode fouling. The plot between concentrations of AA and their corresponding
response currents exhibits good linearity with slope of 19.45 uA/uM (Figure 3C). The influence of
different scan rates towards the electrocatalysis reaction of AA at PANI-Ni/SPCE is studied (Figure
4A). The anodic peak of AA is increased linearly as the scan rate increases from 50 to 500 mVs . The
plot between anodic peak current and scan rates showed good linearity which indicating that the
oxidation process is a surface controlled diffusion process (Figure 4B) and this result is consistent with
previous reports [48].
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Figure 4. (A) Cyclic voltammograms of PANI-Ni/SPCE towards 5 pM AA at different scan rates
from 50 to 500 mV s ' (a=50, b=100, c=150, d=200, e=250, =300, g=350, h=400, i=450 and
j=500 mV s*. (B) Anodic peak current (LA) vs. scan rate (mV s™)

3.4 Determination of AA

Figure 5A displays the amperometric responses of PANI-Ni/SPCE towards sequential
additions of AA into phosphate buffer (pH 7). The applied potential was + 0.28 V and rotation speed
was 1200 RPM. For each addition, a sharp rise in the response current is observed and 95% of steady-
state current is reached within 5s. Thus, the PANI-Ni composite film delivered prompt and sensitive
responses to AA. The amperometric response current increased linearly on further AA injections. The
linear increase in the oxidation peak current shows the great electrocatalytic ability of the fabricated
modified electrode. The concentration dependent linear plot showed excellent linearity with slope of
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0.1437 pA pM ™ (Figure 5B). The response was linear in wide concentration range of 21210 uM with
sensitivity of 0.479 PAPM * cm™2. The limit of detection (LOD) is calculated to be 0.62 uM. The LOD
was calculated using the formula, LOD= 3 sp/S where, sy is the standard deviation of ten blank
measurements and S is the sensitivity [15]. The important parameters of sensor, such as LOD and
linear range were compared with previously modified electrodes [17, 19, 23, 30, 49-54] and given as
Table 1. As can be seen from the table, our electrode exhibits either higher or comparable sensor
performance over previously reported electrodes. Compared with the cost of previously reported
several graphene and carbon nanotubes based composites [52-54], the cost required to prepare PANI-
Ni composite is very less. In addition, the preparation of the PANI-Ni composite involves easy steps
and does not require any hazardous materials. Thus, our studies revealed that the PANI-Ni composite
incorporated modified electrode has good potential in the development of robust AA sensor.
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Figure 5. (A) Amperometric response obtained at PANI-Ni composite film modified electrode
towards each sequential additions of AA into continuously stirred phosphate buffer (pH 7). The
rotation speed = 1500 RPM and electrode potential = + 0.28 V. (B) [AA]/UM vs. response
current (LA).

Table 1. Comparison of the performance of PANI-Ni composite film based AA sensor with
previously reported chemical modifiers

Electrodes Linear range/ uM Detection limit/uM Ref.
Pristine graphene 9.00-2314 6.45 [17]
Graphene/Pt nanocomposite 0.15-34.4 0.15 [19]
Carbon supported NiCoO, nanoparticles 10-2630 0.5 [23]
Ultrathin Pd nanowire 25-900 0.2 [30]
Graphene/Pd—Pt nanoparticles 40-1200 0.61 [49]
N-doped carbon nanotubes/Fe;O, nanoparticles 5-235 0.24 [50]
Carbon supported PdNi nanoparticles 10-1800 0.5 [51]
Amino-group functionalized mesoporous 5-1600 0.074 [52]
Fe;0,@Graphene
Carbon nanotubes/mesocellular graphene foam 100-6000 18.28 [53]
Reduced graphene oxide/Au nanoplates 240-1500 51 [54]
PANI-Ni 2-1210 0.62 This
work
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3.5 Real sample analysis

Next, we have tested the practical feasibility of the fabricated modified electrode towards
determination of AA present in spiked human urine sample. The sample was collected from a healthy
man. About 2 mL of human urine sample was diluted with 50 mL phosphate buffer (pH 7) and known
concentrations of AA were spiked into the solution. Amperometric experiments were carried out using
this solution and the PANI-Ni composite film modified electrode delivers quick and sensitive
amperometric signals. The added, found and recovery values were calculated and given as Table 2. It
can be seen from the table that the electrode detects AA in real samples with satisfactory range of
recoveries [55]. Thus, the fabricated modified electrode has great potential for real time AA detection
in clinical samples.

Table 2. Determination of AA in real samples using PANI-Ni composite

Real sample | Added/uM | Found/uM | Recovery/% | *RSD/%

Human urine 5 4.89 97.8 411
sample 10 9.72 97.2 3.94

* Related standard deviation (RSD) of 3 independent experiments

3.6 Repeatability, reproducibility and stability

Repeatability of the electrode was evaluated by performing six repetitive measurements using
individually prepared PANI-Ni composite film modified electrodes. The sensor performance of the
electrodes were studied towards 10 puM AA. The PANI-Ni composite exhibits satisfactory
repeatability with RSD of 3.945%. Similarly, reproducibility of the electrode had been tested for five
independent measurements which were carried out using five modified electrodes. The electrode
exhibits acceptable reproducibility with RSD of 4.05% for the determination of AA. In order to
determine storage stability of the electrode, its electrocatalytic response towards 10 uM AA was
monitored every day. During 10 days storage period, about 92.26% of initial response currents of AA
was retained indicates excellent storage stability. Thus, the fabricated electrode displayed good
stability, reproducibility and repeatability which are comparable to the previous reports [56, 57].

4. CONCLUSIONS

In summary, a sensitive and highly selective electrochemical AA detection platform was
developed using PANI-Ni composite. The successful formation of the composite was confirmed by
SEM, EDX, EIX and CV studies. The electrochemical studies proved that the composite has excellent
electrocatalytic ability to the oxidation of AA. The composite showed less overpotential and high peak
current for the oxidation of AA. The amperometric detection methods showed wide linear range of 2—



Int.

J. Electrochem. Sci., Vol. 11, 2016 10813

1210 pM. The sensitivity is 0.479 HAUM™ cm™ and the detection limit is 0.62 pM. The other
advantages of the sensor are its satisfactory stability, repeatability, reproducibility and potential
practical applicability.
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