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Abstract. A simple and rapid electrochemical method was developed for the synthesizing Co30y4
film on indium tin oxide substrate via electrochemical deposition for use as a sensing electrode
to mercury (Il). Morphology and structure of the Co30y4 film were characterized by using SEM,
EDX and XRD, revealing a nanosheet structure. The synthesis conditions of the material were
systematically investigated to optimize the Co30y film. The sensing properties of the fabricated
electrode, evaluated by using differential pulse anodic stripping voltammetry (DP-ASV), demon-
strated a linear relationship in detection range of Hg(Il) ion concentration from 0.1 to 12 UM,
with a sensitivity of 14.559 UA cm™2 uM~" and a detection limit of 0.06 M.
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1. Introduction

Heavy metals contamination in water originates not only from industrial and domestic
wastewater but also from various sources, including transportation emissions, coal combustion,
waste incineration, fertilizers and pesticides. Among heavy metals, mercury (Hg) is particularly
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hazardous due to their persistent toxicity to humans [1]. Therefore, detecting and assessing mer-
cury pollution levels are crucial for establishing effective mercury remediation procedures. Vari-
ous methods existence for determining Hg(II) concentrations in water, such as high-performance
liquid chromatography (HPLC) and atomic absorption spectroscopy (AAS). However, these meth-
ods are generally limited to stationary laboratory settings, costly, and required complex operational
procedures [2]. The electrochemical sensing method offers rapid detection and high sensitivity,
with the added advantage of enabling the development of portable devices. Currently, sensing
materials based on metal oxides are being actively researched, particularly those with magnetic
properties such as NiO [3], Co304 [4], and Fe;O4 [5]. These materials play a similar role in
adsorption-reaction mechanisms, which can be leveraged in sensors for detecting heavy metal
ions.

Cobalt oxide (Co304) is a transition metal oxide that has attracted a considerable attention
in the field of electrochemical sensing, particularly with regard to the detection of heavy metal
ions such as Hg(Il) [6]. The suitability of Co30, for sensing applications stems from its unique
physicochemical properties, including high electrochemical activity, good conductivity, and strong
redox properties, which make it an ideal candidate for catalyzing electrochemical reactions. Fur-
thermore, the stable spinel structure of Co30y4 provides both Co?* and Co* ions on its surface,
allowing for dual redox reactions that enhance the sensitivity of electrochemical sensors [7].

In addition to its excellent electrochemical properties, Co3zOy is also chemically stable and
environmentally benign, making it suitable for real-world applications in environmental monitor-
ing. The ability of Co3Oy4 to detect Hg(Il) ions in water is of particular importance given the toxic
nature of mercury, which poses serious health risks even at low concentrations.

The present study focuses on the electrochemical synthesis of Co304 as a sensing material
for Hg(II) detection. The deposition of CozO4 was accomplished through the utilization of elec-
trochemical deposition, which facilitated its direct deposition on indium tin oxide (ITO) substrate.
This Co304/ITO substrate functioned as the working electrode in electrochemical sensor. This
method offers an advantage of precise control over the thickness and morphology of the Co304
layer, which can be tuned to optimize the sensitivity and selectivity to Hg(II) ions.

2. Experiment

2.1. Chemical and apparatus

Cobalt nitrate hexahydrate (Co(NO3),-6H,0) and lead(Il) nitrate (Hg(NO3),) were pro-
cured from Merck. Sodium acetate anhydrous (CH3;COONa) and acetic acid (CH;COOH) were
obtained from Xilong, China. Double-distilled water was used in the preparation of all solutions
for the study. The ITO (In;O3:SnO;) substrate, procured from BiO Intech, China, was cut into
pieces in dimension of 0.5 x 1.5 cm. The acetate buffer solution was prepared using sodium
acetate anhydrous and acetic acid.

The study was conducted using an Autolab 302N electrochemical workstation, employing
a three-electrodes setup. In this configuration, a platinum sheet served as the counter electrode, an
Ag/AgCl (KCI1 0.3 M) electrode functioned as the reference electrode, and the remaining electrode
under investigation acted as the working electrode.
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2.2. Fabrication of materials

The material was synthesized using the electrochemical deposition method in a three-
electrode system, where the ITO substrate served as the working electrode. The electrochemical
deposition of the material on the ITO substrate was carried out at an appropriate potential using
the chronoamperometric technique, as shown in Fig. 1.
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Fig. 1. Scheme of fabrication of Co304/ITO electrode.

2.3. Characterization of properties of materials

The morphology and structure of the material were characterized by scanning electron mi-
croscope (SEM: Hitachi S-4800), energy-dispersive X-ray spectroscopy (EDS: Hitachi S-4800),
and X-ray diffraction (XRD: Bruker D8 Advance). The electrochemical properties of the material
were investigated using a three-electrode system, where the Co304/ITO structure served as the
working electrode. The concentration of Hg(II) ions in the acetate buffer solution was determined
by the differential pulse anodic stripping voltammetry (DP-ASV). This technique is employed for
the quantification of metal ion concentrations. This method is comprised of several stages, initi-
ated by the electrolytic accumulation of ions onto the electrode surface at a specific potential for
a predetermined duration. Subsequently, a differential pulse scan is applied in a more positive po-
tential direction to initiate the dissolution of the deposited metal. The measurement was conducted
in acetate buffer solution pH 5 that was prepared by mixing acetic acid and sodium acetate with
total concentration of 0.1 M.

3. Results and discussion

3.1. CVofITO in 0.1 M Co(NO3),

Fig. 2 shows the cyclic voltammogram recorded for an ITO substrate used as the working
electrode in a 0.1 M Co(NOs); solution, with the potential scanned from +0.5 V to —1.5 V at
a rate of 20 mV/s. The results demonstrate a substantial increase in cathodic current density as
the applied potential becomes more negative, indicating a reduction process. Within a narrower
potential range, as depicted in inset of Fig. 2, the current density remains nearly zero from an
initial positive potential of +-0.5 V until reaching —0.620 V, at which point a noticeable increase
in cathodic current density marks the onset of reduction. The formation of a blue film on the ITO
substrate suggests that the deposited material is Co(OH), rather than metallic cobalt, which is
discussed in the following section.
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Fig. 2. CV curve of ITO in 0.1 M Co(NO3),, under condition of potential from +0.5 to
—1.5 V at scan rate of 20 mV/s.

Following analysis of the cyclic voltammetry data, we determined the optimal potentials
for the electrodeposition of Co(Il) onto the electrode surface. These potentials were selected to
be adequate for the reduction of Co(Il) ions while minimizing the potential interference from
water electrolysis. Consequently, potentials of —0.8, —0.9, —1.0, and —1.1 V were chosen for
subsequent studies.

3.2. Morphology and structure of materials

The electrodeposition of Co(II) onto the ITO substrate was conducted at potentials of —0.7,
—0.8, —0.9, —1.0, and —1.1 V, with an electrolysis duration of 300 s. At —0.7 V, the formation of
Co(OH), on the electrode was negligible, aligning with the cyclic voltammetry data indicating that
—0.7 V is the onset of the electrochemical process, where deposition is relatively slow. Attempts
at a more negative potential, such as —1.2 V, resulted in the rapid detachment of the material layer
from the ITO substrate. This phenomenon can be attributed to the vigorous reduction of water,
which generates H; gas that accumulates between the deposited material and the ITO, causing the
film to peel off. Gas bubble formation on the electrode surface was also observed. Therefore,
Co(OH),/ITO electrodes were fabricated at potentials of —0.8, —0.9, —1.0, and —1.1 V, with
an electrolysis time of 300 s. Thereafter, the electrodes were subsequently annealed at 300 °C
to produce Co304/ITO. The surface morphology of the Co30,4 material on the ITO substrate is
presented in Fig. 3.

The results indicate that at potentials of —0.8 V, —0.9 V, and —1.0 V, the electrode surface
exhibits minimal morphological changes, with leaf-like structures present. However, at a higher
potential of —1.1 V, the electrode surface becomes uneven. At higher magnification, as shown
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Fig. 3. SEM images of Co304 films at different electrodeposition potentials of —0.8 V
(a); —0.9V (b); —1.0V (¢); and —1.1 V (d). Inset in Fig. 3(b) showed high-magnification.

in the inset of Fig. 3(b), the SEM images reveal that the material surface is composed of sheet-
like structures with two-dimensional characteristics, where the sheet width is approximately 1 um
and thickness is less than 50 nm. This observation serves to confirm that the synthesized Co304
possesses a two-dimensional nanosheet structure. The Co304/ITO electrode is hence designated
as the CNSE (Cobalt Oxide Nanosheets Electrode). In order to ensure optimal electrolysis rate and
film thickness, —0.9 V was selected as the ideal potential for electrode fabrication in subsequent
experiments.

As illustrated in Fig. 4(a), the EDS spectrum of Co304 on the ITO substrate exhibits promi-
nent peaks that correspond to O and Co elements from the Co3O4 material, while the remaining
peaks are attributed to the ITO substrate. The structure of the material was further examined by
X-ray diffraction (XRD) analysis. Fig. 4(b) presents the XRD pattern of the Co(OH), and Co3zOq4
film on ITO. For Co(OH),/ITO, the diffraction peaks at 33.0 and 58.8 corresponding to planes of
(100) and (110). For Co3z04/ITO, the diffraction peaks at 18.7, 30.1, 36.6, 59.2, and 65.1° could
be indexed to (111), (220) and (311) and (440) crystal planes of Co304 phase [8]. The peaks
marked with an asterisk (*) at 21.2, 30.1, 35.1, 50.4, 55.5, 60.1 represent the planes of (211),
(222), (400), (440), and (622) of the ITO substrate [9] that appears in the both of Co(OH),/ITO
and Co304/ITO.
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Fig. 4. (a) EDS spectrum of Co304/ITO and (b) XRD pattern of Co304/ITO.

In order to elucidate the formation of Co(OH), instead of metallic Co during electrolysis,
the following explanations are given.
Based on the known standard electrode potentials of the redox couples:

Co*" +2e = Co, 8802+/CO —0.28V (1)
2H' +2e==Hs, &y, =0V. 2)

With an electrolyte solution of 0.1 M Co(NO3);, a Co(Il) concentration of 0.1 M, the solu-
tion is almost neutral, semi-quantitatively calculated according to the Nernst equation: £+ /Co =
—0.3392 V and gy+ yy, = —0.4144 V.

It can be seen that, comparing the two potential values above, Co>* will prioritize electrol-
ysis first, however, the product obtained is not Co metal but Co(OH),, which means there is no
reduction of Co(Il). This result can be explained due to the reduction of NO3~ ions according the
following process:

NO; +H;O+2e —— NO,  +20H . 3)
Characterized by redox couple with electrode process:
NO;™ +2H" +2¢ & N0y +H0, €, ) /no,- = 0-83 V. 4)

In a neutral environment, according to the Nernst equation, the potential of the above redox
couple is +0.42 V, a very positive value showing that NO3 ™ is easily reduced during electrolysis.
Therefore, the formation of Co(OH); occurs through the following processes:

NO;~ +Hy0+2e — NO, +20H"
Co*™ +20H" —— Co(OH),.

The formation of Co(OH), was also mentioned in a previous study by Yu et al. [10]; how-
ever, the authors did not provide any explanations but only proposed reactions.

The appearance of a pair of peaks at —0.375 V (cathodic peak in the negative scan direction)
with a cathodic current and at —0.320 V (anodic peak in the positive scan direction) with an anodic
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current density is likely characteristic of the Co(OH)3/Co(OH),, OH™ redox pair:
Co(OH)3 +e —= Co(OH), +OH . ®)]

On the other hand, during the negative scan, after reaching the minimum peak at —0.793 V,
the current density begins to increase again, which may be attributed to an additional dehydration
leading to form Hj:

2H,0+2e — Hy +20H . (6)

In the positive scan, at a potential of 0.4 V, the anode current density suddenly increases,
which may be attributed to the oxidation of water at the counter electrode (Pt) to form O;:

H,O — O, + H'. (7)

3.3. Electrochemical properties of CNSE
3.3.1. Effect of accumulation potential

The influence of Hg accumulation during DP-ASV measurements at different accumulation
potentials —0.1 to —0.9 V at 3 uM Hg(II) was investigated, as shown in Fig. 5.

As the accumulation potential increased, the (DP-ASV) peak current density for Hg(II)
exhibited a rapid increase up to —0.6 V, followed by a slower increase between —0.6 V and
—0.9 V, beyond which no significant change was observed. This phenomenon can be attributed to
the saturation of Hg accumulation on the electrode surface at a concentration of 3 pM and under
the investigated accumulation time conditions, commencing from —0.6 V. For subsequent studies,
an accumulation potential of —0.7 V was selected to ensure optimal experimental conditions.
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Fig. 5. (a) DP-ASV curves of CNSE for 3 uM Hg(II) at various accumulation potentials
ranging from —0.1 to —0.9 V, and (b) the dependence of DP-ASV peak current densities
of Hg(II) on its concentration.
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Fig. 6. (a) DP-ASV curve of CNSE as function of accumulation time and (b) Hg(Il)
current density peak as function of accumulation time.

3.3.2. Effect of accumulation time

The effect of accumulation time was investigated at accumulation potential —0.7 V with
accumulation times from O s to 600 s.

Figure 6(a) illustrates that increasing the accumulation time leads to a corresponding rise in
the peak height of the DP-ASV curve. This phenomenon is attributed to the extended accumulation
period, which facilitates the deposition of a greater quantity of Hg on the electrode surface, thereby
enhancing the peak response.

As demonstrated in Fig. 6(b), the relationship between peak current density and accumu-
lation time reveals a rapid increase in peak height at shorter accumulation times, followed by a
more gradual rise at extended times, characterized by a diminishing slope. In order to optimize
the accumulation time, it is necessary to balance time efficiency with the prevention of excessive
Hg accumulation, which may alter the electrode’s structure and compromise its stability. It is
therefore recommended that an accumulation time of 300 s be adopted for subsequent studies, as
it ensures adequate Hg accumulation while minimizing the risk of electrode degradation.

3.4. Determination of Hg(Il) ions in water

The DP-ASV measurements of the CNSE electrode were carried out over a range of Hg(II)
concentrations ranging from 0.1 uM to 20 uM, as illustrated in Fig. 7. As the Hg(II) concentration
increased, the peak potential shifted in a positive direction. This shift can be attributed to the
greater accumulation of Hg on the electrode surface at higher concentrations, which requires a
greater potential to achieve the peak current density. Additionally, the broader base of the peak
indicates that a longer time is required to fully dissolve the accumulated Hg on the electrode
surface.

The relationship between peak height and Hg(II) concentration is shown in Fig. 7(b). The
peak height exhibited a linear increase with Hg(I) concentration up to 12 uM, after which the
slope began to decrease. The linear range was fitted with the equation J = 14.559 x C —4.243,
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Fig. 7. (a) DP-ASV of CNSE with different concentrations of Hg(I), and (b) plot of
oxidation peak current densities vs. Hg(II) concentration.

with R? = 0.99283. The sensor’s sensitivity, defined as the change in current density per unit
concentration of the analyte, is represented by the slope of plot of J vs. C, yielding a sensitivity of
14.559 yAcm~2uM 1,

The detection limit (LOD) calculated according signal to nose of 3 [11] was 0.06 uM. A
comparison with previous studies, as shown in Table 1, demonstrates that the linear range and
detection limit are within an acceptable range, indicating that the material has significant potential
for further development in heavy metal ion detection sensors.

Table 1. Comparison of the proposed sensor’s parameters with previous studies.

Electrode Linear range (uM) Sensitivity (uAcm~2uM~') LOD (uM) Reference
NCDs 09-10 - 0.15 [12]
NG/GCE 02-9 - 0.05 [13]
Steeless 0.1-5 93.31 0.028 [14]
C60-Chit/ GCE 0.01-6 28.007 0.002 [15]
CNSE 0.1-12 14.559 0.06 This work

4. Conclusion

This study presents the successful development of an electrochemical sensor based on
Co304 nanostructures for the selective detection of Hg(Il) ions in solution. The synthesis of
Co304 by electrochemical deposition from a Co(NO3), solution was shown to be both feasi-
ble and efficient. The electrolysis process facilitated the formation of Co(OH),, which subse-
quently underwent oxidation in an ambient conditions to yield Co3;O4. Notably, this work offers
a novel and comprehensive explanation of Co(OH), formation using redox potentials and the
Nernst equation. The synthesized Co3zQO4, characterized by its nanoleaf morphology, exhibited
effective Hg(II) detection capabilities, with a linear response range of 0.1-12 uM, a sensitivity of
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14.559 yAcm~2uM !, and a detection limit as low as 0.06 uM. This research not only under-
scores the potential of Co(NOs); as a precursor but also encourages the exploration of alternative
cobalt salts for the development of advanced sensor materials.
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