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In the present study, an enzyme-less amperometric sensor based on Nafion (NF) and a LaNiO3z (LNO)
nanocomposite was constructed for H,O, detection. LNO from the perovskite group was mixed with NF
as an effective solubilizing and stabilizing agent that was used as a novel modifier for modification of the
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H,O, reduction. The calibration curve revealed two linear portions in the concentration ranges of 0.2—

DO!: 10.1039/d0ra03587d 50 uM and 50-3240 pM, and the detection limit was 0.035 uM. The accuracy of the interference-free
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1. Introduction

Hydrogen peroxide (H,0,) is known as a chemical threat to the
environment. Furthermore, H,O, has a great effect on the
development of many diseases as well as the reactions of
enzyme generation.”” Therefore, detection and analysis of H,0,
matter a lot in different fields, including environmental,?
pharmaceutical,* food industry,>® and clinical diagnostics.”
Reliable analysis of H,0, has been extensively done using
chromatographic,®  spectrophotometric,” and  electro-
chemical'*** techniques. Electroanalytical methods as low-cost
techniques that are simple, selective, and sensitive with short
analysis time have found a wider range of uses. The electro-
chemical monitoring of H,O, can be done through enzymatic
and nonenzymatic approaches. Although enzymatic electro-
chemical sensors have outstanding performance in terms of
selectivity and sensitivity, their production is often complex and
costly, they have a limited lifetime, and the response of these
designed sensors depends on environmental conditions such as
pH and temperature.” So, to eliminate these disadvantages,
enzyme-less biosensors can be used as a detection option.
Several substances such as metal and metal oxide/hydroxide,****
metal complex,'® nanoparticles (NPs),"” polymeric films," and
Prussian blue (PB)* have been employed to construct non-
enzymatic H,0, sensors.
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sensor was checked by recovery analysis in serum samples.

Perovskite-type oxides as mixed metal oxides with unique
properties such as good thermal stability, porosity, ion
exchangeability, catalytic potential, high surface-volume ratio,
and redox properties® can be a candidate as an electrode
modifier. These compounds have been utilized as catalysts for
fuel cells,” batteries,” and also sensing materials.”® LaNiO;
(LNO) is one of these mixed metal oxides which its activity has
been theoretically considered for both oxygen reduction reac-
tion (ORR) and oxygen evolution reaction (OER) among the
perovskite-type oxides.>*** Also, the catalytic activity of LNO
toward H,0, reduction reaction (HPRR), with a potential
application in the cathode side of fuel cells, has been studied by
Amirfakhri et al.** LNO nanoparticles (NPs) have a phase with
high purity, petite size (typically about 30-40 nm), and very large
and active surface area (about 22 m* g ').” These properties
encouraged us to use this mixed oxides as an electrode modifier
for H,0, detection.

In the present research, the porous LNO was synthesized in
the presence of zinc nitrate by sol-gel procedure, and then
a nanocomposite consisting of NF and synthesized porous LNO
was utilized for modification of the glassy carbon electrode
(GCE) and construction of a new sensor for H,0, analysis. The
electrocatalytic activity of LNO enhanced the amperometric
signal of the analyte and created a sensor with higher sensitivity
and selectivity. The electrode has remarkable stability, so that
during this work, only one electrode was used. The applicability
of the sensor was checked by monitoring of H,0, in serum
samples.

2. Experiential
2.1. Reagents and chemicals

The whole chemical and reagents consumed in this study were
acquired as an analytical grade and applied without additional
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Fig. 1 The XRD pattern (A) and tem form (B) of synthesized LNO.

purification. Hydrogen peroxide (H,0,), ethylene glycol
(C,H4(OH),), lanthanum nitrate salt (La(NOs),-6H,0), zinc

View Article Online

Paper

(NO3),-6H,0), citric acid (CsHgO;) and ammonium chloride
(NH,4CI) were gained from Merck Co. (Darmstadt, Germany).

nitrate salt (Zn (NO;),-6H,0), nickel nitrate salt (Ni Nafion was purchased from Fluka. The total aqueous solutions
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Fig. 2 The SEM forms of the bare GCE (A) and NF-LNO/GCE (B). (C) The nyquist plots of (a) GCE, (b) LNO/GCE and (c) NF-LNO/GCE in the
solution of KCl (1 M) and Ks[Fe(CN)gl (5 mM) with EIS conditions: initial potential, 0.15 V and frequency range, 100 kHz to 0.1 Hz. Inset: an
equipollent circuit utilized for modeling of impedance data in the attendance couple of redox. (D) The CVs of the (a) GCE, (b) LNO/GCE, and (c)
NF-LNO/GCE in KCl (1 M) and Ks[Fe(CN)g] (5 mM); scan rates: 50 mV s 1.
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were prepared using double-distilled water. Sodium hydroxide
(NaOH, 0.1 M) solution was utilized as a supporting electrolyte.
The whole of the experiments was performed at ambient
temperature (25 £ 1 °C).

2.2. Equipment

A typical system comprising of the three-electrode cell was
utilized, that was consist of bare GCE (Azar electrode, 2 mm
diameter) or modified GCEs as working, a platinum wire as
a counter and a silver/silver chloride (Ag/AgCl) in saturated
potassium chloride as reference electrodes. Electrochemical
impedance spectroscopy (EIS), amperometry, and cyclic vol-
tammetry (CV) techniques were done via a potentiostat and
galvanostat (Autolab, PGSTAT 302N, Netherlands) with FRA 2
impedance analysis module and the NOVA 1.11 software. The
pH measurements were carried out by a Metrohm pH meter
(model 780). The synthesized mixed metal oxides and electrode
modifiers were characterized by an X-ray diffractometer (XRD,
Phillips PW 1730), transmission electron microscopy (TEM,
PHILIPS CM200 FEG) and field emission scanning electron
microscopy (FE-SEM) (MIRA III model, TESCAN Co., Czech).
Also, for appraising of the LNO surface area, the BET procedure
was applied using of BEL (BELSORP MINI II, Japan) apparatus.

2.3. Preparation and characterization of LaNiO;

The reported sol-gel procedure®® was utilized for LNO synthesis.
In the beginning, the ethylene glycol along with citric acid was
dissolved in distilled water, while the solution was stirring
vigorously. Following that, the nickel nitrate salt was appended

View Article Online

RSC Advances

to this solution with molar ratios of 5 : 1 : 1 citric acid, ethylene
glycol, and nickel nitrate, respectively. After dissolving the
nickel nitrate salt, the stoichiometric quantity of lanthanum
nitrate salt was added to this solution. Finally, the solution was
leisurely stirred for 12 h at 60 °C to convert the solution to a high
viscosity gel. After the formation of a gel, zinc nitrate salt was
used in the next step to create the LNO with prose structure.

Thus Zn(NOj3), was introduced into the precursor after the
gel formation step. During calcination, Zn(NO3), was changed
into ZnO. For dissolving and etching of ZnO from LNO perov-
skite structure, an ammonium chloride solution (2 M) under
vigorous agitation was used. After etching of ZnO for 2 h, and
washing with deionized water it was finally re-calcined at 800 °C
for 2 h for stabilization of the catalyst structure.

The identification of prepared LNO NPs was made by XRD
and TEM methods. The X-ray diffraction method was applied to
recognize the phases in the LNO compound. Fig. 1A demon-
strates the configuration of a rhombohedra structure which was
confirmed with comparatively sharp peaks at the 26 = 33°, 47°,
59°.%% Nevertheless, in the XRD patterns, minor amounts of
nickel oxide and zinc oxide compounds were observed. The
results were consistent with the results presented in previous
studies.”®*®

The TEM method was used for the evaluation of prepared
LNO NPs. The acquired TEM image in Fig. 1B indicates an
identical structure for synthesized LNO NPs that particles have
an almost spherical shape. It also appears that the spherical
particles are agglomerated and have a mean particle size of
between the 20-40 nm.
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Fig.3 The CV responses of the bare GCE (b), NF/GCE (c), LNO/GCE (d) and NF-LNO/GCE (e) electrodes in 0.1 M NaOH solution containing 10
uM of H,O, and (a) the CV responses of the NF-LNO/GCE in the absence of H,O,. All of CVs were recorded at a scan rate of 50 mV st
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Also, the surface area of this compound was estimated by the
BET method and found to be almost 9 m*> g~'. According to
previous research on the LNO structure, there is a claim that
adding Zn with an efficient ionic radius of 0.75 A in the etching
step leads to the creation of artificial holes in the final structure
of LNO compound, which ultimately increases the active
surface of the nanoparticle.

2.4. Construction of NF-LNO/GCE

In the beginning, the bare GCE was cleaned with alumina slurry
(0.05 pm) as long as a mirror-like surface was achieved. After-
ward, the cleaned electrode was washed using ethanol and
double-distilled water in an ultrasonic bath, consecutively. The
NF-LNO homogenous solution was prepared with an appending
of 4 mg LNO NPs to 1 mL NF solution (0.3%) and was ultra-
sonicated for 2 h. Subsequently, 5 pL of the prepared nano-
composite was cast on the surface of the cleaned electrode and
was dried at room temperature. The fabricated electrode was
considered as NF-LNO/GCE. Before each experiment, electrolyte
solutions were purged with high purity nitrogen for 5 min to
remove dissolved oxygen, and then a nitrogen atmosphere was
kept over the solution during measurements.
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To optimize the NF and LNO values as ingredients of the
sensor one variable at a time was utilized. On the other hand,
the amount of one of these compounds was kept constant, and
the other changed to give the best signal. The NF and LNO
amounts varied in the range of 0 to 5% and 2 to 6 mg mL ™"
respectively, the results showed that the best response was
achieved with optimal amounts of 0.3% NF and 4 mg mL ™"
LNO.

3. Result and discussion

3.1. Characterization of nanocomposite

The morphology of the modified electrodes surface was evalu-
ated by SEM and their images were depicted in Fig. 2. The bare
GC substrate is featureless after polishing and sonication
processes (Fig. 2A). While SEM image of NF-LNO/GCE, Fig. 2B
shows a homogeneous distribution of spherical nanocomposite
at the electrode surface.

Furthermore, for describing the surface features during the
modification of the bare electrode, electrochemical impedance
spectroscopy (EIS) was applied. In EIS measurements, mainly
[Fe(CN)sJ>/*~ was used as a probe. In these measurements, the
semicircle diameter of impedance is equal to the electron
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(A) Effect of scan rate on the CVs of NF-LNO/GCE in 0.1 M NaOH solution containing 10 uM H,O, at various sweep rates from 5 to 110 mV
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transfer resistance (R..), which controls the electron transfer
kinetics of the redox probe on the electrode surface. Fig. 2C
introduces the Nyquist plots of the bare GCE (curve a), LNO/
GCE (curve b), and NF-LNO/GCE (curve c) electrodes in a solu-
tion containing [Fe(CN)s]* *~ (5 mM) and KCI (0.1 M). Nyquist
plot of the unmodified electrode (curve a) gives a semicircle
domain with R.; about 454 Q. The shape of the Nyquist plots of
LNO/GCE (curve b) and NF-LNO/GCE (curve c) are similar as
that of an unmodified GCE, but with different diameters. The
R, about 80.2 Q and 2 kQ, were achieved for LNO/GCE and NF-
LNO/GCE, respectively. The enhancement in R value at the NF-
LNO/GCE (curve b) is due to the presence of NF in the modifier
and repulsive force between probe and NF with negative charge
surface.*® Also, the utilized circuit for fitting the EIS data is
presented in the inset of Fig. 2C. In addition to the EIS tech-
nique, the cyclic voltammograms of both electrodes were also
acquired in the ([Fe(CN)s]* ") solution (Fig. 2D). However, at
the surface of unmodified and modified electrodes in the
presence of ferrocyanide-ferricyanide redox couple, a pair of
redox peaks were discerned. Based on the observed results, the
peak currents of the redox couple at the surface of the modified
electrode (b) were significantly decreased relative to that of the
bare electrode. These results confirmed the EIS founding.

View Article Online

RSC Advances

3.2. The behavior of H,O0, at the prepared sensor in the
different supporting electrolytes

In the initial step of experiments, the electrochemical behavior
of H,0, was investigated at the surface of the constructed
sensor in several supporting electrolyte. So, the effect of 0.1 M of
each electrolyte, such as phosphate, ammonium, and NaOH,
was tested, and based on the cyclic voltammetric outcomes of
H,0,, the best results were observed in sodium hydroxide
solution (0.1 M). As a result, 0.1 M of NaOH was selected as the
finest supporting electrolyte for electroanalysis experiments.

3.3. Electrocatalytic reduction of H,0, at NF-LNO/GCE

For the study, the electrocatalytic role of mixed metal oxides to the
detection of H,0,, the electrochemical signal of H,O, at the bare
GCE, NF/GCE, LNO/GCE, and NF-LNO/GCE was evaluated by CV.
Fig. 3 shows the CV responses of 0.1 M NaOH solution containing
10 uM H,O0, at the modified and unmodified electrodes. Before
injecting of H,0,, the solution was purged with pure nitrogen for
oxygen removal. At the bare GC electrode (curve b) as well as NF/
GCE (curve c) in the presence of H,0,, an ill cathodic peak was
observed, which refuse the application of GCE, NF/GCE as a suit-
able electrode for hydrogen peroxide detection. Using the LNO/
GCE (curve d) or NF-LNO/GCE (curve e) in NaOH solution in the
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Fig. 5 The CVs of NF-LNO/GCE in 0.1 M NaOH solution containing different concentrations of the H,O, (between 4 to 30 uM). Inset: the linear

trend of changes in the /, with concentration.
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presence of H,0,, the cathodic peak was remarkably increased at
the tested electrodes which show the electrocatalytic activity of
LNO for analyte reduction, while the NF-LNO/GCE doesn't show
any peak in the absence of H,0, (curve a). On the other hand, the
electrocatalytic reduction signal of H,O, was moderately altered to
a better shape at the surface of NF-LNO/GCE (curve e) with a small
shift in the peak potential toward positive values. In these
experiments, LNO did not have excellent stability at the surface of
the electrode alone, so for more stability, this catalyst nanoparticle
was mixed with the NF polymer.

Fig. 4A demonstrates the CVs of 10 uM H,O, at various sweep
rates from 5 to 110 mV s '. As can be seen, with increasing the
sweep rates, the peak currents were increased. The peak
intensity was Plotted versus the square root of the scan rate and
resulted in a linear line (Fig. 4B), which reveals that the elec-
trodic reaction is a diffusion-controlled process. Also, there was
a linear relationship between the log I and log » with a slope of
0.21, which confirms the diffusion control of the electrode
mechanism (Fig. 4C).

3.4. Amperometric monitoring of H,O,

The dependence of the sensor response to H,O, concentration
was checked by the CV method, and its outcome is presented in
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Fig. 5. As shown, by increasing the target concentration, the
peak current was enhanced linearly in the range of 4 to 30 uM.

However, to assess the higher sensitivity and lower detection
limit for the designed sensor, the amperometric method under
stirring as a sensitive technique was utilized for H,O, detection.
At first, the applied constant potential for amperometry was
selected. The response of the modified electrode was recorded
at operating potential ranging from —0.3 to —0.7 V in the
presence of a constant amount of H,O, (Fig. 1St). The best
results, highest signal, was obtained at —0.5 V. The ampero-
metric response of rotating NF-LNO/GCE was obtained by
a consecutive appending of H,0, in the wide range of concen-
tration into the 10 mL stirring solution (1200 rpm) of NaOH
0.1 M at an applied potential of —0.5 V (Fig. 6A and B). As shown
during the successive addition of analyte, a well-defined signal
was achieved, demonstrating the stable and efficient catalytic
ability of the LNO presented in the composite film at the GCE.
The calibration graphs of H,0, at the NF-LNO/GCE are linear in
two concentration ranges of 0.2-50 pM and 50-3240 pM with
correlation coefficients greater than 0.996 (insets of Fig. 6) and
the detection limit of 3.5 nM was acquired based on the signal-
to-noise ratio of 3. The linear ranges of the proposed sensor and
its detection limit were compared with the analytical
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Fig. 6 Amperometric measurements of the H,O, at the rotating designed sensor (1200 rpm) in 0.1 M NaOH solution for successive addition of
various amounts of H,O, between 0.2-50 uM (A) and 50-3240 uM (B) at —0.5 V. Insets of (A and B): calibration curve based on the two various

ranges of concentration evaluation.
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Table 1 Analytical performances of various electrodes applied for H,O, analysis
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Electrode Linear range (uM) LOD (uM) Conditions Real sample References
Ag-Co/MWCNT/GCE 50-10 000 0.74 PBS (pH = 7.5) — 17
CuO/rGO°/Cu,0/Cu foil electrode 0.5-8300 0.10 PBS (pH = 7.4) — 31
Graphene-chitosan/SPE* 20-60 000 5 PBS (pH = 7) — 32
2-C3N4/ZnO/FTO electrode® 50-14 150 1.7 PBS (pH = 7.4) Drinking water, 33
tape water, serum
PBi/MOSZ-rGO/GCE 0.3-1150 0.14 PBS (pH = 6.03) Tap water 34
River water
MnO,/rGONRs"/GCE 0.25-2245 0.071 PBS (pH = 7.4) Fetal bovine serum 35
Fc-TH bimediator/PIGE 0.569-785 0.19 PBS (pH = 7) Fruit juice 36
IPAgE-20L” 100-6800 5 PBS (pH = 7.4) — 37
CuO/APGE 5-1600 0.21 NaOH 0.1M Milk 38
GO-MgO-Al,0;-nafion/GCE 0.01-0.05 0.005 PBS (pH = 7) Hair dye solution 39
Fe;0,@NMCMs®/GCE 50-33 000 5.9 PBS (pH = 7) Milk 40
rGO/CuFe,0,/CPE? Amperometry 2-200 0.52 PBS (pH = 5) Milk, green tea 41
DPV 2-1000 0.064 Hair dye cream
Mouthwash solution
CuFe,0,/nickel foam electrode 500-25 000 22 NaOH 0.1M — 42
Nafion/Pt NPs/rGO/GCE 5-3000 0.4 PBS (pH = 7) Fetal bovine serum 43
GQDs-CS/MB?/GCE 1-11 780 0.7 PBS (pH = 7.4) Honey, pineapple juice, 44
tap water, spring water
polyaniline/Cu/GCE 1.0-500 0.33 PBS (pH = 6) Tap water 45
NF-LNO/GCE 0.2-50 0.035 NaOH 0.1M Serum This work
50-3240

“ Screen printed electrode. ? Inkjet-printed Ag electrode under the optimized 20 printed layers. © Reduced graphene oxide. ¢ Carbon paste electrode.

¢ Fe;0,@nitrogen-doped mesoporous carbon microcapsules core/shell composites.

/ Ferrocene/thionin bimediator/paraffin wax impregnated

graphite electrode. ¢ Graphene quantum dots-chitosan/methylene blue. * Reduced graphene oxide nanoribbons. * Prussian blue. 7 Activated
pencil graphite electrodes. * Graphitic carbon nitride/ZnO nanosheets/fluorine-doped tin oxide electrode.

parameters of other recently reported sensors, and the results
are summarized in Table 1.'7**** According to the collected data
in Table 1, the constructed sensor exhibits a comparable and
even better linear range and detection limit.

3.5. Evaluation of sensor stability and reproducibility

The repeatability of the proposed electrode was tested by 100
times recording the cyclic voltammograms (CVs) of 10 uM of
H,0, in NaOH 0.1 M at a scan rate of 50 mV s~ ', and the results
showed that the last voltammogram had a 5% decrease
compared to the first one. This reveals the good repeatability
and stability of the designed electrode.

The stability of the designed sensor was also evaluated by
amperometry methods. For 2 times, 10 pM of H,0, was added to

the NaOH solution (0.1 M), and the amperometric signal was
recorded for a long time (about 500 s), the experiment was fol-
lowed by adding the second injection (10 uM of H,0,). As shown
in Fig. 7, no significant change was observed during this time. The
initial activity of the mentioned sensor, which was exposed to air
at ambient temperature, was preserved for more than one month.
After one month, the initial response of this sensor was reduced
by 3%. These findings reveal the excellent stability of the electrode
for a long time. For evaluation of the sensor reproducibility, five
individual electrodes were fabricated, and each was used for
monitoring of H,O, with known concentration using CV. The
results depict a standard deviation of less than 2% for peak
currents. Therefore, the obtained results indicated that the con-
structed senor (NF-LNO/GCE) has acceptable reproducibility.
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Fig. 7 An investigation of the stability of the designed sensor using an amperometry method.
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Fig. 8 Aninvestigation of the effect of some interfering substances (demonstrated by arrows) at the rotating designed sensor in the presence of

H,05 (10 pM).

Table 2 Determination of concentration amounts of H,O, in serum
samples (n = 5)

Sample  Added (uM)  Founded (uM)  Recovery (%)  RSD (%)
1 10 9.7 97 3.92
2 60 58 96.6 2.57
3 600 625 104.1 3.45

3.6. Evaluation of real sample

To test the applicability of the sensor, determination of H,O, in
serum samples was carried out. After the usual steps of prepa-
ration as previous works,* the serum samples were diluted 10
times, with 0.1 M NaOH as supporting electrolyte. The standard
addition method was employed for evaluating the recoveries of
the spiked H,0, with different concentrations (Table 2). Based
on these data, the recoveries of the analyte in real spiked
samples are admissible. So the fabricated sensor could be
effectively applied for the analysis of H,O, in real samples
accompanied by various matrices.

3.7. Investigation of the effect of some important
interferences

H,0, as a remarkable material in medical, clinical and biolog-
ical samples has great importance; thus the effect of some
cations, anions and available compounds in physiological
samples with electroactivity properties on the current response
of the NF-LNO/GCE to successive addition of 10 pM H,O, and
different amounts of interfering species under optimal experi-
mental conditions were evaluated, and the results are presented
in Fig. 8. As shown, the interfering compounds including
sucrose (Suc, 1 mM), glucose (Glu, 1 mM), arabinose (Ara, 1
mM), alanine (Ala, 1 mM), urea (Ure, 1 mM), citric acid (C.A., 1
mM), acetaminophen (Ac, 500 pM), histidine (Hys, 500 puM),
arginine (Arg, 100 uM), r-cysteine (Cys, 100 uM) and fructose
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(Fru, 1 M) have no significant interference effect on H,0, signal.
According to Fig. 8, the current-time responses of these
compounds are significantly lower than that of H,0,, which
illustrates that there is no apparent signal related to the
mentioned interfering materials in the detection of H,0, and
also indicating the high selectivity of this sensor.

4. Conclusion

In this research, a new and sensitive sensor for H,O, analysis
was developed based on a composite consisting of NF as an
effective solubilizing and stabilizing agent and a mixed metal
oxide (LNO) with good electrocatalytic activity on the GCE.

This composite can catalyze the H,O, reduction in 0.1 M
NaOH and accelerates the kinetics of the catalytic reaction. The
designed sensor displayed high sensitivity, selectivity, fast
amperometric response, and excellent stability. The perfor-
mances of the offered method were compared with those of
other studies that previously have been published, and the
outcomes were presented in Table 1. As it is seen, some of the
analytical parameters of this sensor are comparable or better
than those of other reported H,0, sensors. Also, the offered
sensor can be used as an amperometric sensor for H,O,
monitoring in synthetic and real samples with different
matrices.
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