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Abstract

Ruthenium oxide hexacyanoferrate (RuOHCF) film was electrochemically deposited onto a glassy carbon (GC) surface using consecutive cyclic voltammetry as a facile and green synthetic strategy. The electrochemical behaviour and electrocatalytic properties of the modified electrode RuОHCF/GC were evaluated with regards to electroreduction of hydrogen peroxide and iodate in a strong acidic medium (pHs 1.0 – 2.0) by using different electrochemical techniques, including cyclic voltammetry and amperometry at a constant potential. Electrochemical studies indicated that RuОHCF/GC possess a high catalytic activity in both studied reactions, fast response and good reproducibility of the current signal. The RuОHCF/GC exhibits enhanced electrocatalytic behaviour compared with other modified electrodes reported before. The simple and reproducible procedure for electrode fabrication, the wide linear range, anti-interference performance and long-time stability of the RuОHCF/GC make it a promising sensing material for practical quantitative determination of hydrogen peroxide and iodate. Remarkably, the reported modified electrode provided superior sensitive (1050 µA mM–1 cm–2) and highly selective amperometric detection of iodate.
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1. Introduction

Recently, as an important class of inorganic poly-nuclear compounds Prussian blue (ferric hexacyanoferrate, PB) and its analogues transition metal hexacyanoferrates (MHCF) have received considerable attention in material science and solid-state electrochemistry due to their unique characteristics – easy and cheap synthesis, ability to mediate/catalyze electrochemical reactions and faster kinetics.1 MHCF have been investigated for various applications, including electrochemical sensors/biosensors, solid-state batteries, catalysts and charge storage.2 

MHCF are known as useful electrocatalysts in selected processes – electrode materials modified with MHCF enhance slow electron transfer reactions of target analytes, thus being useful as electrochemical sensors. These well-organized inorganic polymers are intensively suited for electrochemical application due to their simple preparative procedure, good stability and the ease by which interfacial properties can be controlled.3 Therefore, synthesis and deposition of MHCF and their use as electrode modifiers are of great interest.

Various metals have been used to prepare MHCF-modified electrodes by chemical4 or electrochemical2,5-11 methods. Data show that most of the modified electrodes were prepared via electrochemical deposition techniques owing to its low cost, low time consuming and well-defined structure forming ability by controlling the time, cycle number and nature of the electrolyte. Direct electrodeposition process using cyclic voltammetry (CV) is an efficient, “green”, facile approach to assemble MHCF films on electrode surface. The use of CV as a modification technique makes it possible to convert relatively inexpensive substrate electrodes into electrocatalytically active and highly specific reusable electrochemical sensors.

The MHCF electrocatalytic effects were confirmed for H2O2,1,4,10 NO11 and some easily oxidizable species as ascorbic acid,2,8 dopamine,2,6 glucose,9 sulfite5,7. The preparation of hexacyanoferrate films with ruthenium also has been reported. Generally, the formed films on the electrode surface exhibit high electrocatalytic activity in the cathodic reduction of H2O212 and anodic oxidation of ethyl alcohol,13,14 isopropyl alcohol,13 L-cysteine,13 epinephrine,15 ranitidine,16 hydrazine,17 deoxyguanosine,18 ascorbic acid,13,15 uric acid,15 sulfite.19 New type mixed-valent ruthenium oxide/hexacyanoruthenate film modified electrodes were applied successfully for electrocatalytic oxidation of NADH, dopamine, SO32–, S2O32– and hydrazine.20
To the best of our knowledge, no reports are available on the application of ruthenium oxide hexacyanoferrate as a catalyst in electroreduction of iodate. Potassium iodate has been used for iodination of commercial table salt. The use of iodized salt in household and in food manufacture is established as a safe and cost-effective measure to ensure sufficient iodine intake by all individuals. This is the most effective and sustainable strategy for mass prevention of iodine deficiency disorders (IDD) – a major worldwide public health problem affecting all groups of people of which pregnant women, lactating women and infants are the most vulnerable categories.21 Iodine is critical to brain and nervous system maturation during fetal/early postnatal life. Iodine deficiency and hypothyroidism during pregnancy result in impaired somatic growth, neurocognition and low child intelligence quotient. On the other hand, an iodine-induced hyperthyroidism and thyrotoxicosis may result from acute or chronic excess iodine exposure, including the consumption of excessively iodized salt. Therefore, to ensure that the correct amounts of iodate are added in table salt, the sensitive and rapid quantitative determination is of great importance to preventing thyroid diseases. 22,23 Several analytical techniques, such as spectrophotometry,24 flame atomic absorption spectrometry (FAAS),25 chemiluminescence26 and gas chromatography-mass spectrometry27 have been used for iodate sensing. However, most of these methods are not suitable for routine analysis as they required expensive equipment and some of them are based on indirect reactions where species with appropriate characteristics have to be produced for quantitative detection of the target analyte. Compared with these techniques, electrochemical sensors provide a simple, selective and inexpensive approach to monitor iodate content. Moreover, electrochemical sensing devices are portable, particularly well-suited for the sample-limited cases (capable of working in microliter to nanoliter volumes) without sacrificing sensitivity and can provide fast/automated analysis.
In the field of electroanalytical chemistry a significant challenge is development of sensors for accurate and fast quantitative detection of hydrogen peroxide (H2O2) – an analyte of great interest in clinical, pharmaceutical, industrial and environmental analysis. Recently, there are a numerous studies on the development of effective electrocatalysts for reduction of H2O2 in neutral or weakly acidic medium because the low-potential detection of H2O2 is one of the most successful strategy for oxidase-based biosensors providing both sensitivity and extremely high selectivity in the presence of easily oxidizable compounds.28-34 Hydrogen peroxide is also an industrially relevant analyte – it is used in aseptic processing of food, beverages and pharmaceuticals; for industrial wastewater disinfection and decontamination; as an oxidizing and bleaching agent in the paper and textile industries. The acidic bleaching process is useful for textiles which are not stable in alkaline medium and is very selective for the coloured impurities, which means that even at high concentrations of bleaching agent, damage or degradation of the textile structure is not observed.35 H2O2 is also believed to play a main role in the chemical degradation of polymer membranes in proton-exchange membrane fuel cells (PEMFCs), affecting the long-term performance and durability of PEMFCs. Under PEMFC operating conditions, H2O2 is produced to some extent and degrades the proton-exchange membrane, deteriorating the proton conductivity of the membrane.36 Hence, the direct H2O2 determination in an acidic medium is actually significant and appropriate. However, only a few studies have addressed hydrogen peroxide electroreduction in strongly acidic environment.10,37-43
In order to extend the application of MHCF in the field of the electrochemical sensors, we have electrochemically deposited RuOHCF onto glassy carbon (GC) and further used RuOHCF/GC as a working electrode for reduction of iodate and hydrogen peroxide that has a potential in electrochemical sensor applications. This work demonstrates that the modified electrode RuOHCF/GC remains functional and provides stable and reproducible measurements of H2O2 and iodate in a strong acidic medium (pHs 1.0 – 2.0). The investigation of RuOHCF film stability and electrocatalytic effect on iodate reduction demonstrated that GC modified with RuOHFC works as an efficient catalyst with higher sensitivity and wider linear range compared to other sensors.

2. Experimental
2.1. Materials, Apparatus and Measurements
RuCl3.nН2О, K3[Fe(CN)6], HCl, KCl, H3PO4, H2O2 and KIO3 were purchased from Fluka; Na2HPO4.12H2O and NaH2PO4.2H2O were purchased from Sigma-Aldrich. All chemicals used were of analytical grade and double distilled water was used to prepare aqueous solutions. Buffer solutions (0.1 M) with pH values 1.0, 2.0 and 3.0 were made of monobasic and dibasic sodium phosphates using a pH meter MS2006 (Microsyst, Bulgaria). 
The electrochemical measurements were performed on electrochemical workstation EmStat2 (PalmSens BV, The Nederland), equipped with ‘PSTrace 2.5.2’ licensed software. Three-electrode system was employed to study the electrochemical performance of the modified electrode; Pt wire was used as a counter electrode and an Ag/AgCl (3 M KCl) as a reference electrode. The modified electrode was investigated using cyclic voltammetry (CV) and amperometry at a constant potential. Cyclic voltammograms (CVs) were recorded at scan rates from 50 to 500 mV s–1; peak intensities of CVs were reported with baseline correction. Amperometric (I-t) curves were monitored at a constant applied potential under hydrodynamic condition – magnetic stirrer was used to achieve effective mass transport across the working electrode. To remove oxygen, the background solution was purged with pure argon for about 20 min before performing electrochemical experiments and a continuous flow of argon was maintained during measurements.
2.2. Electrochemical Deposition of RuOHCF on a Glassy Carbon Electrode
Glassy carbon (GC) electrode (d = 3 mm) was mechanically polished with 0.05 µm alumina slurry, cleaned by ultrasonication in double distilled water for 5 min and allowed to dry at a room temperature. The preparation of the modified electrode RuOHCF/GC was done by electrochemical deposition of ruthenium hexacyanoferrate (RuOHCF) film on the glassy carbon surface by cyclic voltammetry from –0.5 to 1.3 V (vs. Ag/AgCl, 3 M KCl) in aqueous solution containing 0.05 M HCl + 0.5 М KCl + 1 % RuCl3 + 5 mM K3[Fe(CN)6] applying 50 cycles at a scan rate of 100 mV s–1. The modified electrode RuOHCF/GC was stored dry at a room temperature and no pre-treatment procedures were performed prior to the measurements.

3. Results and Discussion
3.1. Electrochemical Behaviour of RuOHCF/GC Modified Electrode

CV is a powerful technique widely applied both in the preparation and characterization of various nano- and microstructured materials.44-46 The electrochemical behaviour of the modified electrode RuOHCF/GC was evaluated in strongly acidic aqueous solution by recording cyclic voltammograms in electrolyte 0.05 M HCl + 0.5 M KCl (pH 1.7). The CV shown in Fig. 1A proves that the redox activity of RuOHCF film is based on the electron transfer processes involving Ru(II)/Ru(III)/Ru(IV) and Fe(II)/Fe(III) species and oxygen uptake. Four well-defined pairs of symmetrical anodic and cathodic peaks are registered in the potential range from –0.5 V to 1.3 V. The redox couples I, III and IV with formal potentials Ер0= (Epa + Epc)/2 occurring at about 0.008, 0.85 and 1.03 V are attributable to the [Ru(II)-O/Fe(II)-CN]/[Ru(III)-O/Fe(II)-CN], [Ru(III)-O/Fe(II)-CN]/[Ru(III)-O/Fe(III)-CN] and [Ru(III)-O/Fe(III)-CN]/[Ru(IV)-O/Fe(III)-CN] reactions. The redox coupe II (with formal potential at about 0.54 V) exhibiting a small peak currents is due to the redox reaction of the electroactive iron sites [Ru(III)-NC-Fe(II)]/[Ru(III)-NC-Fe(III)]. This result confirms formation of mixed RuOHCF and RuHCF film on the GC electrode surface.13 It can be concluded that the used electrolyte, as well as the methodology for electrode modification described here, are reliable.
Chen et al.13 studied the pH effect of the supporting electrolyte on the voltammetric profile of RuOHCF films and demonstrated that the formal potentials of all four redox couples showed a positive shift due to the increase of acidity in the pH range 0.5 – 3.0. At higher pHs a film loss has been reported,47 hence all the electrochemical measurements in this work were performed in supporting electrolytes with pH values in the range 1.0 – 3.0.
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Fig. 1. A) CV of modified electrode RuOHCF/GC recorded in electrolyte 0.05 M HCl + 0.5 M KCl (pH 1.7) at a scan rate of 100 mV s–1. B) Plot of anodic and cathodic peak currents vs. scan rate for the first redox couple; Inset: CVs of RuOHCF/GC at different scan rates (from inner to outer: 50, 75, 100, 125, 150, 175, 200, 250, 300, 400, 500 mV s–1). C) Dependence of Ep on log(v). 
Fig. 1B shows the different scan rates results of RuOHCF/GC in the potential range between –0.3 and 0.4 V (redox couple I). As illustrated, the anodic and cathodic peak currents increased linearly according to the scan rate as expected for the thin layer electrochemistry process. The corresponding linear regression equations were: Ipa (μA) = 0.6216v (mV s–1) – 14.1679 (R2 = 0.9989) and Ipc (μA) = 0.6257v (mV s–1) + 19.7855 (R2 = 0.9963); the ratio of the anodic to the cathodic peak current (Ipa/Ipc) was equal to unity. The peak-to-peak potential separation (ΔЕp = Epa – Epc) is small and about 30 mV for sweep rates below 200 mV s–1, suggesting facile charge transfer kinetics over this range of sweep rate. The behaviour illustrated in Fig. 1B is consistent with a diffusionless, reversible electron transfer process at low scan rates.
The apparent electron transfer rate constant k0 were calculated from Tafel diagrams, using the theoretical value 0.5 for the charge transfer coefficient (α). Fig. 1C illustrates the graphical calculation of the critical scan rate v0. Mean values of k0 = 9.6 ± 0.1 s–1 were evaluated from the experimental data applying the equation k0 = 2.303αnFv0/RT.
3.2. Electrocatalytic reduction of H2O2 at RuOHCF/GC

In the following section it has been experimentally proven that in such extreme acidic conditions the here presented RuOHCF/GC effectively reduces H2O2 and the electrode response is linear in a wide linear range of H2O2 concentrations. Voltammograms recorded in supporting electrolyte 0.05 M HCl + 0.5 M KCl before and after the addition of hydrogen peroxide are shown in Fig. 2A. A current signal due to the [Ru(II)-O/Fe(II)-CN]/[Ru(III)-O/Fe(II)-CN] redox process is registered – significant increase in the cathodic current and a decrease in the anodic current were observed when H2O2 is added. The obtained result indicates that the Ru(II/III) couple is responsible for the electrocatalytic reduction of H2O2.

Electroreduction of H2O2 at the surface of the modified electrode was studied by means of hydrodynamic amperometry – one of the most widely employed electrochemical technique for sensors. The amperometric measurements were carried out in deaerated constantly stirred background electrolyte 0.05 M HCl + 0.5 M KCl. The electrode working potential was held at 0.0 V, and was selected from the CV (Fig. 2A). Fig. 2B displays the authentic record of amperometric response of RuOHCF/GC when different concentrations of H2O2 were injected consecutively at regular intervals of time. It can be seen that a stable and well-defined amperometric response was observed. Upon addition of H2O2 the modified electrode shows increasing staircase current response corresponding to the electrochemical reduction of the analyte. RuOHCF/GC responds rapidly to the changes in H2O2 concentration producing a stable current signal in less than 8 s. The observed features confirm the catalytic ability of RuOHCF film and indicate a fast electron-transfer process at the modified electrode surface. The background subtracted steady-state current response of RuOHCF/GC was proportional to the H2O2 concentration up to 6.0 mM; the regression equation was I (µA) = 6.2733C (mM) + 0.1369 with a correlation coefficient of 0.9975, indicating that the regression line is very well fitted with the experimental data. Therefore, the calibration equation can be used for the determination of unknown samples. The electrode shows electrochemical sensitivity of 88.7 μA mM–1 cm–2 (normalization is based on the electrode geometric surface area) calculated on the basis of 20 points. The detection limit was estimated to be 0.05 mM H2O2 (based on signal-to-noise ratio S/N=3).
To assess the reproducibility of the measurements, the response (reduction current) for 1.0 mM H2O2 was recorded five times using the same electrode. The results confirmed that the electrode signal of RuOHCF/GC had good reproducibility with a relative standard deviation (RSD) less than 5.0 %. 
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Fig. 2. A) CVs of RuOHCF/GC at scan rate of 50 mV s–1 in absence (curve a, black) and in presence of 3.0 mM H2O2 (curve b, red). B) Authentic record of the amperometric response for successive additions of H2O2 at an applied potential of 0.0 V. Inset: the corresponding calibration plot. Supporting electrolyte 0.05 M HCl + 0.5 M KCl.

A limited number of H2O2 sensors operating in strongly acidic medium have been reported in literature. To the best of our efforts, eight various H2O2 amperometric sensors are summarized in Table 1 with respect to the opetaring conditions (electrolyte and applied potential), sensitivity, linear range and detection limit.10,37-43 It is apparent that the operational characteristics for H2O2 quantitative determination at RuOHCF/GC are comparable and even better than those obtained by using other modified electrodes. Despite the detection limit of RuOHCF/GC is not so low when compared to other electrodes, the proposed sensor exhibited a wider linear concentration range. Moreover, it should be pointed that lower values of detection limit and higher sensitivity could be achieved increasing the amount of electrodeposited material onto to the surface of glassy carbon electrode. We are convinced that these operational characteristics of the proposed electrode could be improved by optimizing the scan rate and the number of cycles applied for modification of the glassy carbon carrier. In this regard, the aim of our future research is to determine how the parameters of electrodeposition process affect the catalytic activity of RuOHCF/GC in the target reaction (H2O2 electroreduction).
Table 1. Comparison of the operational characteristics of amperometric sensors for H2O2 detection in strongly acidic medium with the achieved in the present work. 
	Modifier/Electrode
	Method

E, (V)
	Electrolyte
	Sensitivity
	Linear range,

(M)
	Detection limit,

(M)

	SnHCF/CCE10
	CA

–0.1b
	ABS/KNO3
(pH 4.0)
	0.588d
	4.0×10–6–5.0×10–5
	1.47×10–6

	PMo12-doped gel film/Pt37
	CA

0.0b
	0.5 M H2SO4
	3.6e
	2.0×10–5–3.0×10–2
	7.0×10–6

	PLL-GA-SiMo/GC38
	CA

–0.05a
	0.1 M H2SO4
	0.6e
	5.0×10–5–5.0×10–4
	–

	APS-PFeW11/CPE39
	FIA

0.0a
	0.5 M H2SO4
	0.183c
	1.0×10–5–2.0×10–4
	7.4×10–6

	Vanadium-17-molybdophosphate/graphite/methylsilicate composite40
	CA

0.205a
	0.5 M H2SO4
	324.0f
	1.0×10–3–7.5×10–2
	4.0×10–4

	PLL-GA-PW/GC41
	CA

–0.3a
	0.1 M H2SO4
	1.69e
	2.5×10–6–6.8×10–3
	–

	P2Mo18/OMC/GC42
	CA

0.0a
	1.0 M H2SO4
	–
	1.6×10–4–4.4×10–2
	5.3×10–5

	PB/FTO43
	CA

–0.1a
	HCl/KCl

(pH 2.0)
	0.05h
	9.0×10–5–3.5×10–4
	3.6×10–5

	RuOHCF/GCThis work
	CA

0.0a
	HCl/KCl

(pH 1.7)
	88.7g
	8.0×10–5–6.0×10–3
	5.0×10–5


a Reference electrode: Ag/AgCl, 3 M KCl (0.200 V vs. SHE);

b Reference electrode: saturated calomel electrode (SCE) (0.242 V vs. SHE);

c in: nA µM–1; 

d in: µA µM–1; 

e in: µA mM–1; 
f in: nA mM−1;

g in: µA mM–1 cm–2;
h in: µA µM–1 cm–2;
CCE – carbon ceramic electrode; CPE – carbon paste electrode; CA – chronoamperometry; FIA – flow injection analysis; PMo12 – 12-molybdophosphoric acid; PLL-GA-SiMo – silicomolybdate-doped-glutaraldehyde-crosslinked poly-l-lysine film; APS-PFeW11 – [PFeW11O39]4− polyoxoanion supported on modified amorphous silica gel; PLL-GA-PW – phosphotungstate-doped-glutaraldehyde-cross-linked poly-l-lysine film; P2Mo18 – polyoxometalate H6P2Mo18O62·xH2O; OMC – ordered mesoporous carbon; PB – Prussian blue; FTO – F-doped tin oxide; ABS – acetate buffer solution.

3.3. Electrocatalytic reduction of iodate at RuOHCF/GC

Voltammetric characteristics of the RuOHCF film are pH-dependent. Therefore, all the electrochemical measurements were carry out in buffer solution (pH 1.0) in order to maintain a constant pH of the supporting electrolyte. Under the same experimental conditions Salimi et al.48 have studied the activity of glassy carbon on the reduction of IO3– and have shown that unmodified GC electrode responds sluggish to iodate at potentials more negative than –0.5 V (vs. Ag/AgCl). In order to investigate the electrocatalytic activity of RuOHCF/GC for reduction of iodate, CV responces of the modified electrode were obtained in PBS (pH 1.0) in absence and presence of IO3– (Fig. 3). After addition of iodate into the supporting buffer solution the voltammetric behavior of RuOHCF/GC was changed dramatically – a remarkable cathodic peak at about 0.45 V was observed, indicating that the RuOHCF film can electrocatalyze reduction of iodate. The voltammetric responces of the modified electrode were recorded for different concentrations of KIO3. From the inset, it can be seen that with the increase of the iodate concentration, the corresponding catalytic currents enhanced linearly, suggesting that RuOHCF/GC would have potential applications in the quantitative detection of IO3– . The sensitivity of the proposed electrode was calculated to be 669.3 μA mM–1 cm–2 up to 4.8 mM iodate.
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Fig. 3. Voltammetric response of RuOHCF/GC in PBS (pH 1.0) containing different concentration of iodate; scan rate of 100 mV s–1. Inset: plot of catalytic peak current vs. iodate concentration.

Electroreduction of iodate at the surface of RuOHCF/GC was studied also by means of hydrodynamic amperometry. For sensing purposes chronoamperometry under stirred conditions is preferred over CV technique because it provides a higher sensitivity, best selectivity and a lower detection limit. The amperometric response of RuOHCF/GC to iodate was investigated in deaerated constantly stirred buffer solution (pH 1.0) at a working potential of 0.45 V. Fig. 4A shows typical current-time curve for successive additions of iodate. The current immediately changed after the addition of iodate and reached steady-state value within 5 s (Fig. 4A, inset a). Inset b of Fig. 4A shows the fast response of the catalyst as well as the stability of the signal in presence of 0.1 mM iodate during a prolonged 8 min experiment. The response remained stable throughout the experiment, indicating no inhibiting effect of KIO3 and/or its reduction products on the RuOHCF/GC surface.
Fig. 4B presents calibration plot of the background subtracted currents vs. iodate concentration in the range 0.1 – 9.5 mM. The plot shows two segmented linear calibration ranges – the first one is up to 6.0 mM iodate with a linear regression equation I (µA) = 44.8232C (mM) + 0.606 and a correlation coefficient of 0.9997. The high active surface area has given superior performance – the electrode shows electrochemical sensitivity of 634.0 μA mM–1 cm–2 calculated on the basis of 23 points. In the concentration range from 6.0 to 9.5 mM iodate the linear regression equation is I (µA) = 27.0404C (mM) + 108.966; the sensitivity and the correlation coefficient are 392.5 μA mM–1 cm–2 and 0.990, respectively. The detection limit was estimated to be 1.0 µM (Fig. 4B, inset), based on the criterion of S/N=3.
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Fig. 4. A) Authentic record of the amperometric response of RuOHCF/GC in PBS (pH 1.0) for successive additions of iodate at potential of 0.45 V. Insets: a) The enlarged initial section of the amperometric curve (10 injections of 0.1 mM KIO3 were added); b) Recorded amperogram of 0.1 mM iodate (added in 300 s) during long period time 8 min. B) Calibration plot of chronoamperometric currents vs. iodate concentration in two concentration ranges: from 0.1 to 6.0 mM (23 points) and from 6.0 to 9.5 mM (14 points). Inset: Amperometric response for 20 μM iodate. 
In order to evaluate the reproducibility of the electrochemical performance of the modified electrode RuOHCF/GC, amperometric measurements at a constant potential of 0.45 V were repeatedly performed five times in a solution containing 0.1 mM KIO3. The proposed electrode showed a good repeatable and reproducible response for iodate. The current values for 0.1 mM iodate were detected with RSD of 3.4 % (n = 5).

In amperometric I-t detection the potential applied to the working electrode directly affects the sensitivity, detection limit and selectivity of the electrochemical sensor. With regard to the latter, we have investigated the effect of the applied potential on the current response of RuOHCF/GC towards reduction of IO3–. A series of chronoamperometric measurements of different concentrations of KIO3 were done at potentials around 0.0 V (vs. Ag/AgCl, 3 M KCl). At such a low potentials the current response of other electroactive species is eliminated (or minimized), which is crucial for the selectivity of the sensor system. 

Fig. 5 displays the calibration graph based on the results obtained at a constant potential of 0.0 V. It is apparent that the modified electrode shows staircase current response corresponding to the electrochemical reduction of the analyte, which evidences a stable and efficient catalytic property of RuOHCF film at low potentials (Fig. 5, inset a). Experimental data show that this decrease in the applied potential affects the process of iodate electroreduction on the modified electrode. Comparing the results obtained at potentials of 0.45 V and 0.0 V, higher currents (Fig. 5, insets) and hence better electrode sensitivity were observed at the lower potential. However, the linear dynamic range is shortened significantly – the authentic record of the amperometric response at 0.0 V clearly shows that the signal noise increases rapidly with each subsequent injection of IO3– stock solution. The limit of detection was calculated to be 1.0 μM iodate.
To estimate the sensing properties of modified electrode, the analytical parameters in terms of sensitivity, linear range and detection limit at four applied potentials were defined and compared (Table 2). From the data presented it is evident that as the polarization potential become more negative than 0.45 V, the sensitivity increases. The comparison made shows that at potentials of –0.1, 0.0 and 0.1 V the electrode sensitivity values are very close and the range of the strict linear concentration dependence of the current signal is almost unaffected by the applied potential.
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Fig. 5. Calibration plot of chronoamperometric currents vs. iodate concentration at an applied potential of 0.0 V. Insets: a) Authentic record of the amperometric response of RuOHCF/GC in PBS (pH 1.0) for successive additions of iodate; b) The enlarged initial section of the amperometric curve (3 injections of 0.1 mM KIO3 were added).
Table 2. Analytical parameters of RuOHCF/GC for iodate detection in PBS (pH 1.0); temperature 25 oC.
	E,

(V)
	Regression equation
	Electrode sensitivity,

(µA mM–1 cm–2)
	Linearity,

(M)
	Detection limit,

(M)

	–0.1
	y = 73.0277x – 3.1551

(R2 = 0.9989)
	1033.0
	8.0×10–6–2.7×10–3
	5.0×10–6

	0.0
	y = 74.2904x – 3.7023

(R2 = 0.9988)
	1050.8
	5.0×10–6–3.2×10–3
	1.0×10–6

	0.1
	y = 69.4068x – 1.1804

(R2 = 0.9997)
	981.7
	5.0×10–6–2.7×10–3
	1.0×10–6

	0.45
	y = 44.8232x + 0.606

(R2 = 0.9997)
	634.0
	8.0×10–6–6.0×10–3
	1.0×10–6


In order to examine the pH effect on the catalytic reduction behaviour, the current response at an applied potential of –0.1 V of RuOHCF/GC in 0.1 mM KIO3 at different pH values (1.0, 2.0 and 3.0) was studied. It was found that the catalytic currents began to decrease with the increasing of the pH. The modified electrode shows excellent electrocatalytic activity at pH 1.0; 20 % decrease in current was observed at pH 2.0; at pH 3.0 the results were not repeatable. The observed features prove that the pH value has an effect on the electrode behaviour and this is related to the proton taking part in the electrochemical reaction.

To investigate the selectivity and anti-interference ability of RuOHCF/GC, a number of interfering species which possibly coexist with iodate in samples were added to the PBS (pH 1.0) containing 0.1 mM KIO3 at an applied potential of –0.1 V. As can be seen from Fig. 6, various ions such as Na+, Fe3+, Mg2+, Mn2+, Cl–, SO42–, NO3– and CO32– (30-fold concentration relative to iodate) did not produce apparent current response, while a significant and stable signal was observed after addition of KIO3. Therefore, the RuOHCF/GC can be used as a selective and highly sensitive sensor for iodate detection even in the presence of high concentrations of different electroactive ions.
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Fig. 6. Amperometric I-t curve of modified electrode RuOHCF/GC for the determination of 0.1 mM KIO3 in the presence of 3.3 mM of different interfering species added one by one with an interval of 100 s to PBS (pH 1.0) at an applied potential of –0.1 V.

The reproducibility and reliability of the fabrication procedure also were studied – four RuOHCF/GC electrodes were prepared independently under the same conditions and immediately after the surface modification were tested by amperometry at –0.1 V. The RSD of the modified electrodes responces toward 0.1 mM iodate was 6.3 %, indicating good reproducibility between different RuOHCF/GC electrodes and confirming that the fabrication method is reliable.

It is known that the long-term stability as well as the chemical stability in contact with the supporting electrolyte of the modified electrode are crucial in terms of practical applications. The storage stability of the here presented electrode was tested – the current response toward 0.1 mM iodate at an applied potential of –0.1 V was measured every day. Results revealed the good stability of the electrodeposited RuOHCF film – the modified electrode retained about 90 % of its initial catalytic activity after 10 days storage. Similar data on stability of electrodes modified with MHCF films have been reported by other authors.5,8,10
The performance of the as-prepared catalyst was compared with other sensors, as it shown in Table 3.23,48-57 The sensor systems were arranged in order of increasing the working potential. Clearly, the detection limit of some sensors is better than our results. However, the sensitivity and linear range for RuOHCF/GC are superior to many sensor systems, such as AgNPs/PGS/GC49, FAD-SiO2/ZrO2/C51, WO3/PANI/C52, MWCNT@RB/GE53, MWCNTs/[C8Py][PF6]-PMo12/GC54, RuONPs/GC55. Hence, it is conclusive that the reported RuOHCF/GC exhibited substantial electrocatalytic behaviour toward the electrochemical sensing of iodate.
Table 3. Analytical parameters reported for different modified electrodes towards iodate detection. 
	Modifier/Electrode
	E,

(V)
	pH
	Sensitivity
	Linear range,

(M)
	Detection limit,

(M)

	AgNPs/PGS/GC49
	–1.25b
	6.7
	250i
	1.0×10–4–8.0×10–4
	5.0×10–5

	OMC/AgNPs/GC50
	–0.65 b
	3.0
	1.92h
	1.5×10–5–4.43×10–3
	3.01×10–6

	FAD-SiO2/ZrO2/C51
	–0.41b
	4.0
	–
	4.9×10–5–2.4×10–3
	1.46×10–6

	WO3/PANI/C cloth 52
	–0.25b
	–
	0.541d
	1.0×10–5–5.0×10–4
	2.7×10–6

	IrOx/GC23
	–0.2a
	1.0
	739.7g
	1.0×10–6–4.6×10–3
	5.0×10–7

	MWCNT@RB/GE 53
	–0.1a
	2.0
	0.77e
	2.5×10–5–7.5×10–4
	2.7×10–6

	MWCNTs/[C8Py][PF6]-PMo12/GC54
	0.0a
	2.59
	14.81e
	2.0×10–5–2.0×10–3
	1.5×10–5

	RuOHCF/GCThis work
	0.0a
	1.0
	1050.8g
	5.0×10–6–3.2×10–3
	1.0×10–6

	RuONPs/GC55
	0.078b
	3.0
	0.01d
	1.5×10–6–5.2×10–4
	9.0×10–7

	AuNPs/PEI/CNTs–COOH/ORC/Au56
	0.15 a
	2.0
	–
	1.0×10–6–2.0×10–3
	1.7×10–7

	V-Schiff base complex/MWCNT/GC57
	0.3a
	2.0
	23.4c
	5.0×10–7–5.0×10–4
	3.5×10–7

	RuOHCF/GCThis work
	0.45a
	1.0
	634.0g
392.5g
	8.0×10–6–6.0×10–3
6.0×10–3–9.5×10–3
	1.0×10–6

	IrOx/GC48
	0.7a
	1.0
	140.9c
	1.0×10–7–3.5×10–5
	5.0×10–9


NPs – nanoparticles; PGS – pure graphite sheets; OMC – ordered mesoporous carbon; FAD – flavin adenine dinucleotide; PANI – polyaniline; MWCNT – multiwall carbon nanotubes; RB – riboflavin; ([C8Py][PF6]) – n-octylpyridinum hexafluorophosphate; (PMo12) – phosphomolybdic acid; PEI – polyethyleneimine; (CNTs–COOH) – carbon nanotubes functionalized with a carboxylic acid group; ORC – organoruthenium(II) complexes. 
i in: A M–1 m–2. Other abbreviations are the same as Table 1.
All the results mentioned above suggest that the RuOHCF/GC would represent promising material for future applications in amperometric sensor for fast and precise sensing of iodate. The usefulness of the proposed modified electrode for iodate detection in real food samples (different brands of iodized salt) as well as pharmaceutical samples (potassium iodate tablets) will be subject of further studies.
4. Conclusion

In this work we have demonstrated the electrochemical behaviour of modified electrode RuOHCF/GC in a strong acidic medium (pHs 1.0 – 2.0) and its electrocatalytic activity towards the reduction of H2O2 and iodate. RuOHCF/GC was used for sensitive detection of H2O2 and IO3– using hydrodynamic amperometry technique. The modified electrode showed wide concentration range and good reproducibility for H2O2 determination at an applied potential of 0.0 V (vs. Ag/AgCl), and provided a platform for the development of a robust electroanalytical system. The results presented in this work associated with the extremely high sensitivity, anti-interference ability, good accuracy and the response stability of RuOHCF/GC in electroreduction of IO3– predict a favorable application of the sensor for iodate quantitative analysis. 
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