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Abstract Poly(isonicotinic acid) (PINA) film was electro-
synthesized on carbon paste electrode (CPE) by using the
repeated potential cycling technique in aqueous solution
containing isonicotinic acid (INA), sulfuric acid and
sodium dodecyl sulfate (SDS). Then, nickel and cobalt
ions were incorporated by immersion of CPE/PINA
prepared in the presence of SDS (CPE/PINA(SDS)) in a
solution with different proportions of nickel chloride and
cobalt chloride. The electrochemical characterization of
mixed hydroxides containing cobalt and nickel at the
surface of the modified electrode is presented. The
modified electrodes were successfully used in the electro-
catalytic oxidation of glucose. Finally, the electrocatalytic
oxidation peak currents of glucose exhibited a good linear
dependence on concentration, and its quantification can be
done easily. The good analytical performance, low cost and
straightforward preparation method make this novel elec-
trode material promising for the development of an
effective glucose sensor.
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Introduction

The determination of glucose concentration is very impor-
tant in many fields [1, 2]. For example, to date, clinical
diabetes monitoring has been mainly based on blood
glucose measurements [2]. In recent years, a number of
studies have been conducted to develop new glucose
detection methods. Some methods use glucose oxidase
and show excellent sensitivity and high selectivity; howev-
er, there are still some disadvantages, such as low stability,
high complexity, bad reproducibility and poor oxygen
limitations [3—5]. Among them, the most serious drawback
is insufficient stability originating from the intrinsic nature
of the enzymes. Therefore, it would be most desirable to
determine glucose concentration without using enzymes.

On the other hand, nickel hydroxide is commonly used
as an active material for nickel positive electrodes in Ni-
based rechargeable batteries [6—8], electrochromic devices
[9], as promising catalysts for oxygen evolution reaction
(OER) [10, 11], electrocatalytic oxidation of some analytes
such as fructose [12], carbohydrates [13—17] and urea [18].
Some properties of nickel hydroxide electrodes (such as
high power density, very good cyclability and high specific
energy) have made them very viable for an extended range
of applications [19].

The presence of certain metal cations such as cobalt in
hydrated nickel oxides and oxyhydroxides, generically
referred to as nickel hydrous oxides, can strongly affect
the electrochemical characteristics of this interesting elec-
trode material [20]. Cox and Pletcher [21] showed the use
of Co—Ni oxides for catalytic oxidation of ethanol to acetic
acid. In this way, the nickel hydroxide electrode has a great
potential for application in sensing specific organic analy-
tes, being suitable for urea determination [18].
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In our previous work, we used modified carbon paste
electrodes (CPEs) with poly(1-naphtylamine)/Ni and poly
(0-aminophenol)/Ni for electrocatalytic oxidation of several
carbohydrates [16, 17]. These studies showed that the
metal-polymer electrodes are easy to prepare, stable for
long periods with good detection limits and wide linear
range responses. Also, recently, we have demonstrated that
poly-1,5-diaminonaphthalene/Ni and poly(o-aminophenol)
(SDS)/Ni modified CPEs can successfully catalyze the
oxidation of methanol in alkaline medium [22, 23]. In these
studies, we have combined the advantageous features of
polymer modification, dispersion of metallic particles into
an organic polymer and carbon paste technology. All these
results encouraged us to continue the studies with new
polymer materials. In this work, we decided to combine the
above-mentioned advantageous features, again, for the aim
of electrocatalytic oxidation of glucose by use of poly
(isonicotinic acid) (PINA) as a new polymer. We introduced
an isonicotinic acid monomer in an acidic solution and
obtained a polymeric coated electrode in situ by electro-
polymerization of the monomer in the presence and absence
of SDS. Then nickel and cobalt ions were incorporated into
the polymeric matrix by immersion of polymeric modified
electrode in nickel chloride and cobalt chloride solutions
with different percentages. Finally, we used CPE modified
with PINA(SDS)/Ni(OH), and PINA(SDS)/NiggCo,9(OH),
for electrochemical enzyme-free detection of glucose.

Experimental
Reagents and materials
The solvent used in this work was twice-distilled water.

Sulfuric acid from Fluka was used as the supporting
electrolyte. Isonicotinic acid and SDS from Fluka were

401

20

I/pA

-207

0.2 0.2 06 1
E/V
Fig. 1 Electrochemical responses of CPE/PINA(SDS) in: a 1 M
H,SO.4, b 0.1 M NaOH solution, v=10 mV s '
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used as received. Sodium hydroxide, nickel chloride, cobalt
chloride and glucose used in this work were analytical
grade of Fluka origin and used without further purification.
High-viscosity paraffin (density=0.88 g cm ) from Fluka
was used as the pasting liquid for the CPE. Graphite
powder (particle diameter=0.10 mm) from Merck was used
as the working electrode (WE) substrate. All other reagents
were of analytical grade.

Instrumentation

The electrochemical experiments were carried out using a
Metrohm potentiostat/galvanostat model 764 VA trace
analyzer instrument. Voltammetry was conducted using a
three-electrode cell. A CPE, a platinum electrode and Ag]|
AgCIKCl (3 M) were used as WE, counterelectrode and
reference electrode, respectively.

Preparation of CPE

A mixture of graphite powder and paraffin were blended by
hand mixing with a mortar and pestle for the preparation of
carbon paste. The resulting paste was then inserted in the
bottom of a glass tube (internal radius=1.7 mm). The
electrical connection was implemented by a copper wire
lead fitted into the glass tube. A fresh electrode surface was
generated rapidly by extruding a small plug of the paste and
smoothing the resulting surface on white paper until a
smooth shiny surface was observed.
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Fig. 2 Main panel: cyclic voltammograms for CPE/PINA(SDS) with
a Nl(OH)z, b NigoCOzo(OH)z and ¢ NiSOCOSO(OH)Z in 0.1 M NaOH
solution, v=100 mV s '. Inser: cyclic voltammogram of CPE/PINA
(SDS) with Co(OH), in 0.1 M NaOH solution, v=250 mV s~
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Incorporation of Ni(IT) and Co(Il) ions into a polymeric
matrix

In order to incorporate Ni(II) and Co(II) ions into the PINA
film, the freshly CPE electropolymerized with PINA(SDS)
was placed at open circuit in a well-stirred aqueous solution
with different percentages of nickel chloride and cobalt
chloride (10 mL of an aqueous solution with 0.01 M NiCl,,
0.008 M NiCl, and 0.002 M CoCl, (80:20 mol/mol), 0.005
M NiCl, and 0.005 M CoCl, (50:50 mol/mol) and 0.01 M
CoCl,), respectively. The accumulation of nickel and cobalt
were conducted by complex formation between Ni(Il) and
Co(Il) with amine sites in the polymer backbone [24-26]
for a given period of time (¢,, accumulation time).

Results and discussion
Electrochemical behavior of polymeric films

We investigated the preparation of PINA on the surface of a
CPE in the absence and presence of SDS. During the
repetitive cycles, one redox peak (related to PINA)
appeared at lower potential, and its current increased
considerably with potential cycling. By adding 0.01 M
anionic surfactant of SDS to the monomer solution, the
oxidation current of monomer has been increased consid-
erably. Moreover, the rate of polymerization increased
considerably and the redox peaks due to PINA grew (not
shown). These results show that, in the presence of SDS,
the monomer can easily reach the electrode surface and
produce more monocation radical. Moreover, a pair of
shoulders was observed that can be attributed to the
presence of SDS in the film. These results were compatible
with our previous studies [23, 27, 28].
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Fig. 5 Electrochemical responses of CPE/PINA(SDS) to: a 0 and b
2.35 mM glucose, and CPE/PINA(SDS)/Ni(OH), to: ¢ 0 and b
2.35 mM glucose
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Fig. 6 Electrochemical responses of CPE/PINA(SDS) to: a 0 and b
2.35 mM glucose, and CPE/PINA(SDS)/NigyCo,0(OH), to: ¢ 0 and b
2.35 mM glucose

After preparing the PINA, the electrodes were removed
and rinsed with water and the sides were wiped with soft
tissue paper. The redox behavior of PINA and PINA(SDS)
were investigated in the electrolyte solution. The cyclic
voltammogram of the freshly prepared electrode (CPE/
PINA) in 1 M H,SO,4 shows redox couple at 0.42 V (v=
0.05 V s "), which as discussed above are due to the PINA
film (not shown). Also, the peak currents increase linearly
with scan rates which are characteristic of electroactive
species immobilized on the electrode surface. With the
increase in v, the oxidation peak potential is positively
shifted and the reduction peak potential is negatively
shifted, indicating that the redox reversibility of polymeric
film was impaired. Also, the peak to peak potential
separation (AE,) for PINA is larger in comparison to that
of the PINA(SDS) (e.g., AE, is 0.24 V and 0.035 V for
PINA and PINA(SDS), respectively, at v=50 mV s ') in 1
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Fig. 7 Tafel plots for glucose electrooxidation in 0.1 M NaOH at the
surface of a CPE/PINA(SDS)/Ni(OH), and b CPE/PINA(SDS)/
NiggCo,0(OH), using data from the rising part of the current—voltage
curve in Figs. 5 and 6
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M H,SO, solution. These results showed that the revers-
ibility of PINA(SDS) film is more than that of the PINA
film under the same conditions.

Also, as can be seen in Fig. 1, the redox behavior of the
polymeric film was strongly dependent on the pH of the
electrolyte solution. Therefore, the obtained polymer shows
a well-defined redox behavior in an acidic solution
(Fig. l1a). The response obtained in an alkaline solution
(0.1 M NaOH) shows a complete loss of electrode activity
in the potential range from 0 V to 1 V (Fig. 1b). However,
the film was not degraded under these experimental
conditions, and its response was recovered when the
electrode was immersed in an acidic solution.

Electrochemical behavior of PINA(SDS) containing Ni
and Co

After incorporating Ni and Co ions into the polymer
backbone using the procedure discussed above, the polar-
ization behaviors were examined in 0.1 M NaOH for PINA
(SDS) with different proportions in Ni/Co content using
cyclic voltammetry. This polarization allows for Ni and Co
hydroxides (pure Ni(OH),, NiggCo,0(OH),, Nisg
Cos0(OH), and pure Co(OH),) films formation in parallel

to inspecting the electrochemical reactivity of the surface
[18, 29-31]. Voltammograms were recorded by cycling the
potential between —0.1 V and 0.8 V at 50 mV s ' until
stable voltammograms were obtained.

Figure 2 shows the electrochemical response of the CPE/
PINA(SDS) with different proportions in Ni/Co content
after polarization in 0.1 M NaOH solution. In Fig. 1, it can
be seen that, whereas neither oxidation nor reduction took
place on the PINA(SDS), a well-developed redox wave was
observed on the PINA(SDS) containing Ni, when the
potential was cycled between —0.1 V and 0.8 V. This was
related to the oxidation of Ni(OH), to NiOOH and
reduction of NiOOH to Ni(OH),.

On the other hand, the main limitation encountered in
nickel hydroxide electrodes concerns the catalysis of
oxygen ER in alkaline media [32]. One of the methods
used is the inclusion of a foreign metal ion into the lattice
of nickel hydroxide.

As shown in Fig. 2(b) and (c), it is also well known that
the codeposition of Ni and Co hydroxides generates a
mixed single-phase metal hydrous oxide in which Co ions
occupy Ni sites in the lattice, and not two intermixed
phases, each consisting of a single metal hydrous oxide
[33]. Moreover, this excellent interaction between Ni and

Fig. 8 Cyclic voltammograms A
for electrooxidation of glucose 100 120
at the surface of CPE/PINA k
(SDS)/Ni(OH); in 0.1 M NaOH
solution with different concen- g
trations of glucose: a 0, b 1.35, ¢ 60 80
2.35,d 335,435,535, g
6.35, 1 7.35,i8.35,79.35and k - -
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Co hydroxides could be explained by several similarities of
these two elements: not only are the ionic radii very close in
size (0.69 A for Ni*" and 0.63 A for Co*" [34]), but the
bond strengths of the cations with oxygen (382.0 kJ/mol
and 384.5 kJ/mol for Ni—O and Co-O [34], respectively)
are also similar. Prepared hydroxides during polarization
with different proportions (80:20 and 50:50) are NigyC-
020(OH)2 and NisoCOSQ(OH)z.

The addition of different amounts of cobalt promotes a
displacement of nickel hydroxide redox processes to less
positive potentials. In the inset of Fig. 2, two pairs of redox
peaks can be attributed to the conversion between cobalt
oxidation phases of CoOOH /Co(OH), and CoO,/CoOOH,
which are stable at alkaline pH [35]. Although the
displacement of nickel hydroxide redox peaks is an
attractive characteristic, the presence of a high amount of
cobalt atoms leads to an electrochemical irreversibility. By
this method, the choice of modified electrodes with Ni
(OH), and NiggCoy9(OH), (this electrode showed a less
irreversible behavior and the oxygen reaction is satisfacto-
rily displaced in comparison with modified electrodes with
NisoCos9(OH), and Co(OH),) offers the most suitable
proportions.
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Fig. 9 Cyclic voltammograms for electrooxidation of glucose at the
surface of CPE/PINA(SDS)/NiggCo,9(OH), in 0.1 M NaOH solution
with different concentrations of glucose: a 0, b 0.05, ¢ 0.25, d 0.85, e
1.35,£2.35, ¢ 3.35, h 435 and i 6.35 mM, v=10 mV s
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Fig. 10 a Amperometric responses of CPE/PINA(SDS)/Ni(OH), in
0.1 M NaOH solution with different concentrations of glucose: a 0.16,
b 0.24, ¢ 0.30, d 0.34, € 0.40, 10.45, g 0.50, & 0.55, i 0.60, j 0.65, k
0.75 mM, and b corresponding calibration curve. Applied potential:
057V

Figure 3a shows the cyclic voltammograms of CPE/
PINA(SDS)/Ni(OH), in 0.1 M NaOH solution at different
scan rates, and Fig. 3b shows the plot of the oxidation peak
current vs. v, which is a straight line. The linear
dependence indicates that the electrode reaction is diffusion
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Fig. 11 a Amperometric responses of CPE/PINA(SDS)/Nig,C-
0,50(0OH), in 0.1 M NaOH solution with different concentrations of
glucose: @ 0.01, b 0.04, ¢ 0.07, 4 0.10, e 0.14, £ 0.18, g 0.20, /2 0.24, i
0.26, j 0.29, k 0.32, [ 0.35, m 0.37 mM, and b corresponding
calibration curve. Applied potential: 0.54 V
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controlled. Figure 4a also shows the cyclic voltammograms
of CPE/PINA(SDS)/NigyCo,0(OH), in 0.1 M NaOH solu-
tion at different potential sweep rates; as can be seen,
anodic and cathodic peak currents are linearly proportional
to the potential sweep rate at low values ranging from
10 mV s ' to 160 mV s~ ' (Fig. 4b). This can be attributed
to an electrochemical activity of an immobilized redox
couple at the electrode surface. In the higher range of
potential sweep rates (200-600 mV s '), the peak currents
depend on the square root of the potential sweep rate,
signifying the dominance of a diffusion process as the rate-
limiting step in the total redox transition of the modifier
film (Fig. 4c and d).

Electrocatalytic oxidation of glucose on the modified
electrodes

According to previous studies, carbohydrates are oxidized
at high pH levels [24, 25]. In this work, the oxidation of
glucose was studied at the surface of CPE/PINA(SDS)/Ni
(OH), and CPE/PINA(SDS)/NigyCo,9(OH), by cyclic
voltammetric experiments in 0.1 M NaOH. The results
obtained for a potential scan from 0.2 V to 0.75 V vs.
Ag AgCl are shown in Figs. 5 and 6.

The electrochemical response of CPE/PINA(SDS) in the
absence of glucose is shown in Fig. S5a; the addition of
2.35 mM glucose to the alkaline solution causes no effect
on the electrochemical response of the above modified
electrode (Fig. 5b). The electrochemical response of CPE/
PINA(SDS)/Ni(OH), in the alkaline solution exhibits well-
defined anodic and cathodic peaks (Fig. 5¢) associated with
the NiOOH/Ni(OH), redox couple. Upon glucose addition
(2.35 mM), there is an increase in the anodic peak current

and a few decrease in the cathodic peak current (Fig. 5d).
This behavior is typical of that expected for mediated
oxidation (EC' mechanism) as follows:

2Ni(OH), + 20H™  «<2NiOOH + 2¢~ + 2H,0 E
2NiOOH + Glucose— 2Ni(OH), + Product ~ C

The results indicate that CPE/PINA(SDS)/Ni(OH), can
catalyze the electrooxidation of glucose due to the existence
of Ni(Il) ions in the PINA(SDS) film.Also, the electro-
chemical response of CPE/PINA(SDS)/NigyCo,o(OH), in
the alkaline solution exhibits well-defined anodic and
cathodic peaks (Fig. 6¢c) associated with the NigoC-
0,000H/NigyCo,0(OH), redox couple. Upon glucose addi-
tion (2.35 mM), there is an increase in the anodic peak
current and small decreases in the cathodic peak current
(Fig. 6d). It was because of the slow electrooxidation of
glucose at the surface of electrode. This behavior is the
similar to the response described above, but with different
percentages of Ni and Co in the backbone of polymer as
follows:

2Ni80C020(OH)2 + 20H™ : ZNig()COzoOOH +2e + 2H2O E
2NigyCo29O0H + Glucose— 2NigyCo(OH), + Product c

In comparison with PINA(SDS)/Ni(OH),, the PINA(SDS)/
NiggCoy9(OH), film has low sensitivity, but its potential
shifts to negative values (difference of potential shift
between two electrodes was by almost 50 mV; see Figs. 5
and 6) by adding glucose concentration.

Figure 7 shows that the expected linear Tafel plots were
drawn using the data from the rising part of the current—
voltage curve at a scan rate of 10 mV s~' for 2.35 mM
glucose. The slope of these lines is equal to anF/2.3RT

Table 1 Some modified electrodes used in electrocatalytic oxidation of glucose

Type of electrode Sensitivity (1AmM 'cm?) LDR (mM) LOD (mM) References
Nickel electrode - 0.1-2.5 0.04 [36]
Nanoscale Ni hydroxide modified CILE* 202 0.05-23 6.0x107° [37]

Ni powder modified electrode 40 0.5x107°-5.0 2.0x107° [38]

Cu nanoparticles - 1.0x107-5.0 0.5x107° [39]
Poly(1-naphthylamine)/Ni modified CPE 433 0.04-1 0.06 [16]
Poly(o-aminophenol)/Ni modified CPE 116 0.1-2.7 0.09 [17]
CoPcTS® /OPPYNF® modified GC - 0.25-20 0.1 [40]
Boron-doped CNT modified GC - 0.05-0.3 0.01 [41]

Ni nanoparticle modified CPE - 1.0x1073-1.0 0.3x1073 [42]
PINA(SDS)/Ni(OH), modified CPE 584 0.16-0.75 0.09 Present work
PINA(SDS)/NigyCo,0(OH), modified CPE 479 0.01-0.37 8.3x107° Present work

& Carbon ionic liquid electrode
b Co(IT) phthalocyanine tetrasulfonate

¢ Overoxidized polypyrrole nanofibers
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(where « is the transfer coefficient, n is the number of
electrons involved in the rate-determining step, F is the
Faraday constant, R is the molar gas constant and 7 is
temperature). The slopes of 12.17 and 23.86 decade/V were
obtained. In addition, a greater Tafel slope for CPE/PINA
(SDS)/NigyCo,¢(OH), than the other electrode implies an
improved electrocatalytic performance of this modified
electrode towards the electrocatalytic oxidation of glucose.

Determination of glucose on the modified electrodes

Figures 8 and 9 show the cyclic voltammograms of the
CPE/PINA(SDS)/Ni(OH), and CPE/PINA(SDS)/NigoC-
050(OH), in the presence of glucose. Each of the two
modified electrodes exhibit well-defined catalytic oxidation
current increasing linearly with an increase in glucose
concentration from 1.35 to 10.8 (limit of detection (LOD)
(20)=0.80 mM) and 0.05 mM to 6.35 mM (LOD (2§)=
0.04 mM), respectively.

Based on the voltammetric results described above, it
appears that amperometric detection of glucose using CPE
modified with PINA(SDS)/Ni(OH), and PINA(SDS)/
NiggCo,9(OH), is possible. Hydrodynamic amperometric
responses (Figs. 10 and 11) were obtained by adding
glucose to continuously stirred 0.1 NaOH solution. The
insets of these figures show the calibration graphs for
glucose at the modified electrodes. Their responses are
linear for glucose within the concentration range 0.16-0.75
and 0.01-0.37 mM, respectively. The detection limits were
0.09 mM and 0.0083 mM, respectively, when the signal-to-
noise ratio was 2.

This modified electrodes exhibited reproducible
concentration-dependent profiles for glucose. Calibration
plots for analysis of glucose show the linear dependence of
the anodic peak currents with increasing glucose concen-
trations in the solution. The former modified electrode is
more sensitive to concentration of glucose, whereas a wider
concentration range and lower LOD are observed in the
latter modified electrode. The analytical parameters are
listed in Table 1. However, the electrocatalysis of glucose
oxidation in this work has been compared with other
research work.

Conclusion

A simple method was introduced to modify CPE with
PINA(SDS). The results show that the presence of SDS
as an anionic dopant in the polymer increased its
reversibility. Also, codeposition of Ni and Co hydroxide
films on the surface of CPE/PINA(SDS) was done by
immersing CPE/PINA(SDS) in the solution containing
different percentages of nickel and cobalt chloride. The

@ Springer

final composite electrodes were prepared in the forms of
Ni(OH),, NiggCo,9(OH),, NisoCos0(OH), and Co(OH)s,.
Modified electrodes with Ni(OH), and NigyCo,0(OH),
showed electrocatalytic properties for nonenzymatic glu-
cose oxidation. The sensitivity of the pure Ni(OH),
modified electrode was slightly higher when compared to
NiggCo,0(OH),. However, a good linear range and lower
LOD rates are observed for the modified electrode with
NiggCo29(OH),.
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