PORTUGALIAE
ELECTROCHIMICA

DOL: 10.4152/pea.201502111 ACTA
ISSN 1647-1571

Portugaliae Electrochimica Acta 2015, 33(2), 111-124

An Efficient Amperometric Sensor for Hydrogen Peroxide by
Using a Carbon Paste Electrode Modified with Cobalt
Impregnated Zeolite

Banafsheh Norouzi, Majid Moradian and Ali Malekan

Department of Chemistry, Qaemshahr Branch, Islamic Azad University, Qaemshahr, Iran

Received 25 March 2015; accepted 18 April 2015

Abstract

Cobalt impregnated zeolite-modified electrode was prepared by mixing cobalt—zeolite
(Co-Z) and graphite powder with different percentages. Using the cyclic voltammetric
technique, the electrochemical oxidation of hydrogen peroxide at such electrodes was
investigated. Experiments on zeolite show that it is not electrochemically active towards
hydrogen peroxide oxidation in NaOH solution. The presence of cobalt ions in the
zeolite matrix, by soaking the electrode in an aqueous Co(NOs), solution, markedly
enhances the electrocatalytic activity which was found to depend on the cobalt content.
On the other hand, the presence of zeolite and/or Co metals in the catalyst is essential;
however, the electro-catalytic activity depends on different percentages of Co—Z. Under
the selected conditions, the anodic peak current was linearly dependent on the
concentration of the hydrogen peroxide in the range 0.03—-9 and 0.006-0.1 mM with CV
and amperometric methods, respectively. The detection limits (S/N=3) were also
estimated to be 17 and 2.5 uM.

Keywords: Cobalt, Electrocatalytic oxidation, Hydrogen peroxide, Modified electrode,
Zeolite.

Introduction

Zeolites are crystalline microporous solids that provide molecular-sized cages
and passageways for excellent steric control of reaction paths [1, 2]. The pore
windows and cages or channel structures of zeolites result in physical exclusion
or inclusion of molecules or ions according to their sizes relative to that of the
pores. The primary building blocks of zeolites are SiO, and AlO, tetrahedra.
These can link in several ways, resulting in arrays producing three-dimensional
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anionic networks. The presence of aluminum in the framework introduces a
negative charge that is balanced by extra framework cation as a redox active
guest. The framework Si to Al ratio can be controlled in the zeolite synthesis [3,
4]. For catalytic purposes, modification of zeolites is, therefore, carried out with
some metals. The pore geometry is considered as the main reason for the
different activity of zeolite-based catalysts. Transition metal-containing zeolites
were found to exhibit a high catalytic activity. Ni-containing zeolites [5], Ag-
zeolites [6], Pd-zeolites [7], Ti-zeolites [8], Pt- and Pt—Ru-zeolites [9] have been
used for catalytic purposes.

On the other hand, hydrogen peroxide plays a significant role in the chemical and
pharmaceutical industries as an oxidizing, bleaching and sterilizing agent. Also,
it forms the diagnostic response for several medical sensing devices such as
blood glucose monitors [10]. At high concentrations, hydrogen peroxide causes
irritation to the eyes and skin and affects human health [11]. Further, the
detection of hydrogen peroxide is an important task in many biological, medical
and clinical studies [12, 13]. Many spectroscopic methods such as fluorimetry
[14, 15], fiber-optic device [16, 17], chemiluminescence [18-20], and various
electrochemical [21-26] methods have been developed for detection of hydrogen
peroxide. Among these methods, the amperometric sensors are especially
promising because of their simplicity, high sensitivity and selectivity. Various
chemically modified electrodes have been suggested for detection of hydrogen
peroxide. Most of the modified electrodes for amperometric determination of
hydrogen peroxide are based on enzymes such as horseradish peroxidase [27—
30]. However, there still exist some practical problems related to the use of
enzyme in these analytical devices, due to the short operational lifetimes and low
reusability of these biocatalysts [31, 32]. However, the employment of non-
enzymatic sensors for determination of hydrogen peroxide is an important
priority in chemical, food and environmental.

Several methods have been used for incorporation of zeolite particles into
electrodes. These include the use of a polymer layer containing zeolite [33, 34],
pressed zeolite pellets [35], carbon-paste mixed with zeolite particles [36, 37],
zeolite-carbon composites [38], and co-deposition of zeolite with organic salts
[39]. For analytical applications, it is highly desirable to develop robust modified
electrodes that can be prepared easily and reproducibly. Additionally, by using a
suitable modifier, it is desirable to improve sensitivity, detection limit and
selectivity [40].

In the present work, we have attempted to improve the response characteristics of
the Co-Z by incorporating the modifier in carbon-paste matrix. A simple
electrode was designed with a reservoir for holding the carbon paste. The
electrode surface can be renewed very easily for a large number of times over a
long period. The use of carbon-paste matrix, besides renew ability by a simple
polishing, offers several other advantages including easy preparation, uniform
distribution of the catalyst into the paste, better reproducibility and stability, and
adequate robustness in aqueous solutions. The electrochemical response
characteristics of the modified electrode were investigated. The influences of pH
and different percentages of Co-Z to graphite on the response characteristics of
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the electrodes were studied and the optimum operating conditions established.
The modified electrodes were used for the electrocatalytic oxidation of hydrogen
peroxide using amperometry.

Experimental

Reagents and materials

The solvent used in this work was twice distilled water. The electrolyte solutions
were 0.1 M phosphate buffer and sodium hydroxide in pHs of 5, 7, 11, and 13,
respectively. Cobalt nitrate and hydrogen peroxide used in this work were
analytical grade of Fluka (Sydney, Australia) origin and used without further
purification. High viscosity paraffin (density = 0.88 g cm™) from Fluka (Sydney,
Australia) was used as the pasting liquid for CPE. Graphite powder (particle
diameter = 0.10 mm) from Merck (New Jersey, US) was used as the working
electrode (WE) substrate. All other reagents were of analytical grade.

Apparatus

Electrochemical experiments were performed with a computer controlled
potentiostat/galvanostat pu-Auto lab type III modular electrochemical system (Eco
Chemie BV, Netherlands), driven with general purpose electrochemical system
(GPES) software (Nova). Voltammetry was done in a three-electrode cell using
the modified CPE (MCPE) as working electrode, a Ag | AgCI | KC1 (3 M) from
Azar electrode (Urmia, Iran) as reference electrode and a platinum rod from Azar
electrode (Urmia, Iran) as counter-electrode. All experiments were carried out at
ambient temperature. No action was taken to remove oxygen from solutions.

Experimental procedure of synthesis of zeolite

Zeolite used as substrate is of a A-type zeolite structure [41]; it has been
synthesized in Islamic Azad University of Qaemshahr, Iran. Micro silica was first
extracted from Equisetum arvense plant in North of Iran. It was calcined to 1300
°C for 4 h, which is beyond the dehydroxylation range. The requirement of silica
was met from Equisetum arvense itself, and no other source was used for the
same. Based on SEM image, the particle size of micro silica is about 1-4 um.
Sodium silicate was prepared by mixing 10 gr micro silica and 20 gr NaOH and
charged into electrical furnace at 700 °C for 2 h. Zeolite A was prepared by
adding sodium alumina to the reaction mixture and the reaction was maintained
at 80 °C for 48 h. Finally the product was washed thoroughly with distilled water
and dried at 150 °C (particle size of synthesized zeolite is about 300-500 nm).
Also, the percentage elemental composition of zeolite has been presented by
XRF technique in Table 1.

Table 1 Chemical constituents in wt% by XRF.
Si02 A1203 LOIa NaZO KzO Cl Fe203 CaO

51.791 1 17.549 | 16.82 | 12.075 | 1.013 | 0.438 | 0.183 | 0.056

“Loss On Ignition
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Preparation of MCPE

The Co-Z catalyst was prepared by mixing 0.5 g synthesized zeolite with 50 mL
of 0.1 M cobalt nitrate solution and stirring at room temperature for 3 h. After
cation exchange, Co-Z was filtered and washed with water until colorless water
was obtained, and then dried in air.

Carbon paste electrode containing Co-Z was obtained by homogeneously mixing
of Co-Z and graphite particles and then paraffin oil was added drop-wise until a
uniformly wetted paste was obtained. A portion of the prepared paste was packed
into the end of a glass tube with a copper wire as electrical contact. The surface
of paste was smoothed on a piece of paper. This electrode was named Co-
ZMCPE. An electrode prepared with the same method but using zeolite was
named ZMCPE. Finally, the Co-ZMCPE was immersed in 0.1 M NaOH solution
and the potentials were cycled between -0.2 and 0.6 V vs. Ag/AgCl, KCI (3 M) at
v =50 mV s until reproducible cyclic voltammograms were attained. In this
solution, Co 1ons at the electrode surface will be converted into Co(OH), species
according to the following reaction [42-45]:

Co** +2 OH S Co(OH), (1)

150

100

I/ nA

0 0.4 0.8 12
EV vs. Agr'AgCl KCI (3 M)

Figure 1. Cyclic voltammograms of a CPE, b ZMCPE, and ¢ Co-ZMCPE in 0.1 M
NaOH, scan rate 20 mV s7L

Results and discussion

Electrochemical behavior of Co-ZMCPE

Fig. 1 shows the cyclic voltammograms of CPE, ZMCPE and Co-ZMCPE in 0.1
M NaOH solution at 20 mV s™'. In Fig. 1, it can be seen that whereas neither
oxidation nor reduction peaks are seen on CPE and ZMCPE, a well-developed
redox wave was observed on the Co- ZMCPE. It can be attributed to the
oxidation/reduction conversion between cobalt phases of Co(OH), and CoOOH,
which are stable at alkaline pH [42-45], and in accordance with the following
equation:
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Co(OH), + OH™ S CoOOH + H,O + e~ (2)

For ZMCPE, at positive potential of 0.5 V, there is a sharp rise of anodic current
due to the evolution of oxygen. However, oxygen evolution reaction on ZMCPE
appears at potentials less positive than CPE.
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Figure 2. (A) Cyclic voltammograms of Co-ZMCPE in 0.1 M NaOH at different scan
rates: 20, 50, 80, 100, 150, 250, 500, 800 mV s from a to h, respectively; (B)
relationship between anodic peak currents and scan rates.

The effect of scan rate on electrochemistry of Co-ZMCPE is shown in Fig. 2a.
With an increasing scan rate, the peak current value of Co-ZMCPE increased
linearly with the increasing scan rate in the range of 20-800 mV s™' (Fig. 2b),
indicating a surface-controlled process. From the slope of this line (/, vs. v) , the
electrode surface coverage (/™*) can be calculated using the following equation,
which is for the reversible process with the adsorbed species [46]:

I, = "’ F*Avl*/(4RT) (3)
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where I, A, and I stand for peak current, electrode surface area, and the surface
coverage of the redox species, respectively. The total surface coverage of the
immobilized active species was calculated as 1.2 x 10~ mol cm™.
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Figure 3. Cyclic voltammograms of (A) CPE, (B) ZMCPE, and (C) Co-ZMCPE in 0.1
M NaOH in the absence (a) and presence (b) of 4 mM H,0,, Scan rate = 20 mV s

Electrocatalytic oxidation of H,0); at the surface of Co-ZMCPE
The electrooxidation of H,O, was first studied at the surfaces of CPE and

ZMCPE by cyclic voltammetric experiments in 0.1 M NaOH (Fig. 3a and Fig.
3b). As it can be seen, the electrooxidation of H,0O, requires a large
overpotential; no clear peak is observed in the range of -0.2 to 1.2 V on CPE or
ZMCPE in 0.1 M NaOH solution containing H,O,.
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Figure 4. Cyclic voltammograms of different percentages of Co-Z to graphite (A) 1, (B)
5, (C) 10, (D) 15, (E) 20 and (F) 25% at the Co-modified zeolite electrodes in (a)
absence and (b) in presence of 4 mM H,0; and in 0.1 M NaOH solution at a scan of 20

mV s . Inset: comparison of electrocatalytic currents for the oxidation of H,O,
observed on Co-ZMCPE.
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However, by use of Co-ZMCPE, upon addition of H,O, to the solution, the shape
of the cyclic voltammogram of modified electrode changes dramatically with an
increase of the oxidation current in potential of 0.25 V and a decrease of the
cathodic peak current. This phenomenon is attributed to the production of
Co(OH), and consumption of CoOOH, respectively. These results showed that
the modified electrode has a high ability for HO, oxidation and the following
mechanism can be proposed for the mediated electrooxidation of H,O, at the
surface of this modified electrode

Co(l) S Co(I)+e” 4)
Co (II) + H,O, — Co (II) + products &)

Optimization of the electrode variables for efficient performance of Co-
ZMCPE

Effect of different percentages of Co-Z to graphite

Fig. 4 shows the effect of the paste composition on the resulting voltammetric
response. Co-ZMCPE with different percentages of Co-Z to graphite (1, 5, 10,
15, 20 and 25%) was studied in the presence and the absence of H,O,. There is
an increase in the oxidation current peak density with increasing of percentages
of Co-Z to graphite through a maximum at 20%. Accordingly, electrodes with
this percentage were used in all the forgoing studies.

Effect of pH

The effect of pH on the electrochemical behavior of the modified electrode has
been investigated in the presence and absence of hydrogen peroxide. The cyclic
voltammetry responses of the modified electrode at different pH solutions are
shown in Fig. 5. As can be seen, the peak potentials are shifted to less positive
values with increasing the pH values. Also, the effect of pH on the catalytic
oxidation behavior was investigated. No peak currents were observed at pH
values below 5, probably due to the solution of cobalt oxide film (not shown)
[45]. At pH values of 5-13, the modified electrode shows electrocatalytic
activity. However, higher electrocatalysis peak currents are observed at pH 13.

Effect of H,O, concentration

Fig. 6 shows the effect of H,O, concentration on the cyclic voltammograms of
the Co-ZMCPE. As can be seen from Fig. 6, the height of the anodic peak
increases with increasing H,O, concentration. The characteristic shape of CV in
this potential region indicates that the signal is due to the oxidation of H,O,. The
catalytic peak current is proportional to the concentration of H,O, in the range of
0.03 to 9 mM. The linear regression equation is I (LA) = 4.32 (£ 0.22) Cyron
(mM) + 14.09 (+ 0.71) (R>=0.998). The detection limit (LOD) with the signal-to-
noise ratio of three calculated from the calibration graph was 0.017 mM H,0,.
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Figure 5. Cyclic voltammograms of Co-ZMCPE in different pH solutions, in the
absence (a) and presence (b) of 4 mM of H,O, at scan rate of 20 mVs .

Since amperometry under hydrodynamic condition is much more current
sensitive than cyclic voltammetry, this method was employed in order to estimate
the low detection limit. Fig. 7 displays the typical steady-state catalytic current
time response of the rotated modified electrode (2000 rpm) with successive
injection of H,O, at an applied potential 0.42 V versus reference electrode.

As shown in the figure a well-defined response was observed during the
successive addition of H,O,. These results demonstrate a stable and efficient
catalytic property of Co-ZMCPE. There is a linear relation between response
current and peroxide concentration in the range 0.006 to 0.1 mM. The linear least
squares calibration curve is I (UA) = 261.89 (£ 1.4) Cyro, (mM) + 0.7655 (£
0.02) with a correlation coefficient of 0.991. LOD (S/N=3), and sensitivity were
2.5 uM and 261.89 uA mM™', respectively.
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Figure 6. (A) Cyclic voltammograms of Co-ZMCPE in 0.1 M NaOH containing 0,
0.03, 0.06, 0.1, 0.3, 0.6, 0.9, 1, 3, 6, and 9 mM of H,O, from a to k at 20 mV s'l; (B)
Plot of catalytic current vs. HyO, concentration.

Chronoamperometric study

Chronoamperometry was used for the evaluation of the catalytic rate constant (k)
for the chemical reaction between hydrogen peroxide and redox sites of surface
Co-ZMCPE. Double step chronoamperograms of the redox process were
recorded by setting the working electrode potential at 0.42 V (in first step) and
0.1 V (in second step) vs. Ag | AgCl | KCI1 (3 M) at different concentrations of
hydrogen peroxide (Fig. 8a). The rate constant for the chemical reaction between
hydrogen peroxide and the redox sites of Co-ZMCPE was evaluated by the
equation [47]:

I/L, =y Perf(y") + exp(=y)y'°] (6)

where I is the catalytic current of hydrogen peroxide at Co-ZMCPE, [} is the
limited current in the absence of hydrogen peroxide, and y = kCyt 1s the argument
of the error function (Cj is the bulk concentration of hydrogen peroxide).
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Figure 7. (A) Amperometric responses of Co-ZMCPE in 0.1 M NaOH solution with
different concentrations of H,O,: a 0, b 0.006, ¢ 0.009, d 0.01, e 0.03, f 0.06, g 0.09
and h 0.1 mM; (B) Corresponding calibration curve (applied potential: 0.42 V).
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Figure 8. Chronoamperometric curves obtained from Co-ZMCPE in the absence and
presence of 0.6 and 1 mM (from a-¢) H,O, in 0.1 M NaOH solution and Inset:
Dependence of Ic/I;, on 1'% derived from the data of the chronoamperograms.

If y exceeds 2, the error function is almost equal to 1 and the above equation can
be simplified to

IC/IL — y1/2n1/2 — El/z(kC()l)l/z (7)

where k, Cy, and t are the catalytic rate constant (cm® mol™ s™), hydrogen
peroxide bulk concentration (M), and time (s), respectively. The catalytic rate
constant can be calculated from the slope of the Ic/I}, vs 1 plot. This plot was
obtained from the chronoamperogram of Co-ZMCPE in the absence and
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presence of 1 mM hydrogen peroxide in 0.1 M NaOH (Fig. 8b). The mean value
of k was found to be 8.67 x 10° cm® mol™ s™'. The results proved that Co-
ZMCPE has good catalytic activity for hydrogen peroxide oxidation.

Interferences

Under optimal conditions, the interference of some compounds on the oxidation
of 4 mM hydrogen peroxide in 0.1 M NaOH has been evaluated. The results
show that 100-fold ascorbic acid and uric acid has almost no influences on
voltammetric determination of hydrogen peroxide (signal change <5%).

Stability of the modified electrode

After storing of the modified electrode for a week at room temperature, peak
currents didn't change in the absence and presence of hydrogen peroxide. It
confirms the stability of the modified electrode.

Table 2. Comparison of performances of some electrodes in the determination of
hydrogen peroxide.

Electrode Modifier LDR/uM | LOD/uM | k/cm’ mol”s™ Ref.
GC TNT/C-Hb* 1-100 0.92 — [48]
GC Co(salen)/LMC" | 2-8.9x10° 0.85 — [49]
Au RGO®/Fe;0, 1x10* 3.2 — [50]

6x10°
GC Fes04/Ag 1.2- 1.2 — [51]
3.5x10°
CPE Ferricyanide- 10°-3x10* | —— — [52]
MCM-41
CCE*’ PbPCNF® 0.5-58.75 0.4 3.18x10° [21]
CPE PNMA'(SDS)/Co 5-48 3 2.98x10° [25]
CPE Poly(m- 8-100 6.5 5.5x10° [53]
toluidine)/Ni
CPE Co-Zeolite 6-100 2.5 8.68x10° Present
work

“Carbonized TiO, nanotube-hemoglobin;  "Large Mesoporous Carbon; ‘Reduced Graphene
Oxide; “Carbon Ceramic Electrode; °Lead Pentacyanonitrosylferrate; ‘Poly(N-methylaniline)

Conclusions

In this work, we have successfully constructed a novel composite with Co (II)
impregnated zeolite. The Co impregnated zeolite was mixed with carbon paste to
prepare a modified electrode (Co-ZMCPE). Hydrogen peroxide was employed as
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the probe to measure the electrochemical performance of Co-ZMCPE. It has
been verified that Co-ZMCPE exhibits an excellent electrocatalytic activity. The
results were investigated by cyclic voltammetry and chronoamperometry. The
cyclic voltammograms showed that Co-ZMCPE increased the oxidation current
of hydrogen peroxide as compared to CPE and ZMCPE and anodic peak currents
increased with adding of hydrogen peroxide. Also, the catalytic rate constant was
obtained from the chronoamperograms. The values of LOD, LDR (linear
dynamic range) and k for hydrogen peroxide determination at this modified
electrode are comparable with those obtained by using other modified electrodes
(Table 2).
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