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ABSTRACT

The escalating issue of nitrite (NO,") contamination in aquatic environments necessitates the development of
highly sensitive and selective detection methods. In this study, a series of porous Co,0,/N-doped carbon (Co,0,/
NC) nanocomposites were successfully synthesized through a facile one-step pyrolysis of a zeolitic imidazolate
framework-67 (ZIF-67) precursor at varying temperatures (500, 600, 700, and 800 °C). The effect of pyrolysis
temperature on the physicochemical properties and electrochemical sensing performance of the resulting materials
was systematically investigated. The optimized nanocomposite, Co,0,/NC-700, obtained at 700 °C, exhibited a
well-defined porous dodecahedral morphology with uniformly dispersed Co,O, nanoparticles embedded within
a highly conductive N-doped carbon matrix. This unique architecture provided a large electroactive surface area,
abundant active sites, and rapid electron transfer pathways. When employed as an electrode modifying material
for electrochemical nitrite sensing, the Co,0,/NC-700 based sensor demonstrated outstanding performance,
including a wide linear range from 0.1 pM to 1500 uM, a high sensitivity of 850.3 pA mM™' cm™, and an
ultralow detection limit of 0.03 pM (S/N = 3). Furthermore, the sensor exhibited good repeatability (RSD
= 2.8%, n = 7), electrode-to-electrode reproducibility (RSD = 3.9%, n = 5), and retained 94.5% of its initial
response after 30 days. In tap water and river water, recoveries obtained by the standard addition method
ranged from 98.6% to 103.2%, confirming the reliability of the proposed sensor for real-sample analysis. This
work presents a simple and effective strategy for designing advanced MOF-derived nanocomposites for high-
performance environmental monitoring applications.

Keywords: MOF-derived materials; Porous polyhedral architecture; Heteroatom-modified carbon matrix;
Non-enzymatic sensing; Environmental contaminant monitoring.

1. INTRODUCTION

Nitrite (NO,"), an intermediate species in the nitrogen cycle, has become a significant environmental pollut-
ant due to its widespread use in industrial processes, food preservation, and as an agricultural fertilizer [1, 2].
The excessive discharge of nitrite-containing wastewater into aquatic ecosystems poses a severe threat to both
environmental balance and human health. When ingested, nitrite can lead to methemoglobinemia, a condition
that impairs the oxygen-carrying capacity of blood, and can also react with amines in the human body to form
carcinogenic N-nitrosamines [3]. Consequently, the World Health Organization (WHO) and the U.S. Environ-
mental Protection Agency (EPA) have established stringent maximum allowable limits for nitrite in drinking
water, typically around 3 mg L' (approximately 65.2 pM) [4]. Therefore, the development of rapid, sensitive,
and reliable methods for the quantitative determination of nitrite is of paramount importance for public health
and environmental protection.

Conventional methods for nitrite analysis, such as spectrophotometry, chromatography, and fluores-
cence, while accurate, often suffer from several drawbacks, including time-consuming procedures, the need for
sophisticated instrumentation, complex sample pretreatment, and high operational costs [5]. These limitations
restrict their applicability for on-site and real-time monitoring. In contrast, electrochemical sensing techniques
have emerged as a highly attractive alternative owing to their inherent advantages of simplicity, rapid response,
low cost, portability, high sensitivity, and excellent selectivity [6]. The core of an electrochemical sensor lies in
the electrode material, whose properties directly govern the overall sensing performance. Therefore, extensive
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research has been devoted to the design and synthesis of advanced nanomaterials to construct high-performance
electrochemical sensors for nitrite.

Among various candidate materials, transition metal oxides have garnered considerable attention for
electrocatalytic applications due to their multiple oxidation states, high stability, and natural abundance. In par-
ticular, cobalt oxide (Co,0,) is considered a promising electrocatalyst for nitrite oxidation due to its excellent
catalytic activity, low cost, and environmental benignity [7, 8]. However, the practical application of pure Co,O,
nanomaterials is often hindered by their intrinsic poor electrical conductivity and tendency to agglomerate,
which limits the accessibility of active sites and reduces electrocatalytic efficiency [9, 10]. To overcome these
issues, a common strategy is to integrate Co,O, nanoparticles with conductive carbon-based supports, such as
graphene, carbon nanotubes, or porous carbon. Nitrogen-doped carbon (NC) is an especially effective support
material because nitrogen doping can modulate the electronic structure of the carbon matrix, create defect sites,
improve wettability, and generate additional active centers, thereby significantly enhancing the overall electro-
catalytic performance [11, 12]. Recent studies on pollutant sensing have shown that analytical performance is
strongly governed by the architecture of the active material and the transduction mode employed. Electrochem-
ical platforms remain particularly attractive for water-quality monitoring because they combine rapid response,
low instrumentation cost, and on-site applicability [13—-16]. Recent reviews have emphasized that for nitrite
sensing, improved performance is commonly achieved by coupling catalytically active metal oxides with con-
ductive carbonaceous supports or defect-engineered nanostructures. In parallel, MOF-derived and ZIF-based
materials have emerged as versatile candidates because they provide controlled porosity, high surface area, and
compositional tunability. For example, a recent Ionics study reported a ZIF-67@g-C,N, colorimetric nitrite sen-
sor with excellent sensitivity, illustrating the broader potential of ZIF-derived architectures; however, optical/
colorimetric systems and electrochemical systems differ substantially in instrumentation, operational simplicity,
and electrode interfacial kinetics. Therefore, the development of a robust electrochemical nitrite sensor based on
a MOF-derived conductive porous framework remains highly relevant.

Metal-Organic Frameworks (MOFSs), a class of crystalline porous materials constructed from metal ions
or clusters coordinated to organic linkers, have been recognized as ideal precursors or self-sacrificial templates
for synthesizing various functional nanomaterials [ 17, 18]. Their exceptionally high surface areas, tunable poros-
ity, and uniform distribution of metal and organic components at the molecular level make them uniquely suited
for this purpose. Zeolitic imidazolate framework-67 (ZIF-67), composed of Co?" nodes and 2-methylimidazole
linkers, was selected in this work because it offers several advantages over the direct synthesis of bare Co,0,.
First, ZIF-67 acts simultaneously as a cobalt source, a nitrogen-containing carbon precursor, and a self-sacrificial
polyhedral template [19, 20]. During pyrolysis, the organic linker is carbonized in situ to form an N-doped
conductive carbon matrix, while cobalt species are converted into finely dispersed Co,O, nanocrystallites. This
route therefore enables intimate interfacial coupling between Co,O, and N-doped carbon, suppresses nanopar-
ticle agglomeration, and preserves a porous polyhedral framework with a high density of accessible active sites
[21, 22]. In contrast, directly prepared Co,0, commonly suffers from lower conductivity, broader particle-size
distribution, and less controlled porosity, all of which are unfavorable for rapid electron transfer and efficient
mass transport. For electrochemical nitrite sensing, the ZIF-67-derived route is therefore advantageous because
it integrates catalytic Co,O, sites with a conductive and defect-rich carbon network in a single material.

The properties of MOF-derived materials are highly dependent on the synthesis conditions, with the
pyrolysis temperature being one of the most critical parameters [23, 24]. The temperature influences the degree
of carbonization, the phase of the resulting cobalt species (metallic Co, CoO, or Co,0,), the nitrogen content
and speciation, the porosity, and the overall morphology of the final product [25-27]. By carefully tuning the
pyrolysis temperature, it is possible to optimize the material’s structure and composition to achieve superior
electrochemical performance. For instance, an appropriate temperature can ensure the complete decomposition
of the organic linker to form a graphitic carbon network while converting Co** to catalytically active Co,O,,
preserving a porous structure inherited from the ZIF-67 precursor [28].

In this work, we report a systematic study on the synthesis of ZIF-67-derived Co,0,/N-doped carbon
(C0,0,/NC) nanocomposites via a simple one-step pyrolysis method. By varying the pyrolysis temperature
from 500 °C to 800 °C, we fabricated a series of materials (denoted as Co,0,/NC-T, where T is the temperature)
and thoroughly investigated the influence of this parameter on their morphology, structure, composition, and
ultimately, their electrocatalytic activity towards nitrite oxidation. The synthesized materials were extensively
characterized using a suite of analytical techniques. The electrochemical performance of the composites as
sensors for nitrite was evaluated using cyclic voltammetry and amperometry. The nanocomposite prepared at
700 °C (Co,0,/NC-700) demonstrated the most favorable combination of properties, leading to an electrochemical
sensor with exceptional sensitivity, a low limit of detection, a wide linear response range, and excellent long-
term stability for nitrite determination in water.
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2. MATERIALS AND METHODS

2.1. Chemicals and reagents

Cobalt(Il) nitrate hexahydrate (Co(NO,),"6H,0, >99.0%) and 2-methylimidazole (C,HN,, 99%) were
purchased from Sigma-Aldrich. Methanol (CH,OH, >99.8%), ethanol (C,H,OH, >99.5%), and Nafion solution
(5 wt%) were obtained from Alfa Aesar. Sodium nitrite (NaNO,), potassium chloride (KCI), sodium chloride
(NaCl), sodium nitrate (NaNO,), potassium sulfate (K,SO,), glucose, uric acid, and ascorbic acid were supplied
by Merck. Phosphate buffer solution (PBS, 0.1 M) was prepared by mixing stock solutions of NaH,PO, and
Na,HPO,, and the pH was adjusted using 0.1 M H,PO, or NaOH. All aqueous solutions were prepared with
deionized (DI) water (18.2 MQ-cm) obtained from a Millipore Milli-Q system. All chemicals were of analytical
grade and used as received without further purification.

2.2. Synthesis of ZIF-67 precursor

The ZIF-67 precursor was synthesized using a previously reported precipitation method with slight modifications
[29, 30]. In a typical synthesis, 2.91 g (10 mmol) of Co(NO,),6H,0 was dissolved in 100 mL of methanol in
a beaker to form a clear pink solution, designated as solution A. In a separate beaker, 6.56 g (80 mmol) of
2-methylimidazole was dissolved in 100 mL of methanol to form solution B. Subsequently, solution A was
rapidly poured into solution B under vigorous magnetic stirring. The mixture immediately turned into a purple
suspension. The stirring was continued for 24 hours at room temperature (25 °C) to allow for complete crystal
growth. The resulting purple precipitate was collected by centrifugation at 8000 rpm for 10 minutes, washed
thoroughly with fresh methanol three times to remove any unreacted reagents, and finally dried in a vacuum
oven at 60 °C for 12 hours.

2.3. Synthesis of Co,0,/NC nanocomposites

The Co,0,/N-doped carbon (Co,0,/NC) nanocomposites were prepared via a one-step thermal decomposition
of the as-synthesized ZIF-67 precursor [31]. A certain amount of the dried ZIF-67 powder was placed in a
ceramic boat and positioned in the center of a horizontal tube furnace. The furnace was first purged with high-
purity nitrogen (N,) gas for 30 minutes to create an inert atmosphere. Then, the furnace was heated to a target
temperature of 500 °C, 600 °C, 700 °C, or 800 °C at a heating rate of 5 °C/min and held at that temperature for
2 hours under a continuous N, flow. After the pyrolysis process, the furnace was allowed to cool naturally to
room temperature. The obtained black powder samples were collected and designated as Co,0,/NC-500, Co,0,/
NC-600, Co,0,/NC-700, and Co,0,/NC-800, corresponding to the pyrolysis temperatures used.

2.4. Material characterization

The morphology and microstructure of the synthesized materials were examined using field-emission scanning
electron microscopy (JSM-7600F, JEOL, Tokyo, Japan) equipped with an energy-dispersive X-ray spectroscopy
(EDS) detector for elemental analysis and mapping. Further morphological details and lattice structures were
investigated by transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) on a JEOL
JEM-2100F (JEM-2100F, JEOL, Tokyo, Japan) instrument operating at 200 kV. The crystal structure and
phase composition of the samples were determined by X-ray diffraction (XRD) using a Bruker D8 Advance
diffractometer with Cu Ka radiation (A = 1.5406 A) over a 20 range of 5° to 80°. Thermogravimetric analysis
(TGA, Q500, TA Instruments, New Castle, DE, USA) was performed on a TA Instruments Q500 analyzer from
room temperature to 900 °C at a heating rate of 10 °C/min under a nitrogen atmosphere to study the thermal
stability of the ZIF-67 precursor. Raman spectra (inVia, Renishaw, Gloucestershire, UK) were recorded on
a Renishaw inVia Raman microscope with a 532 nm laser excitation source. Nitrogen adsorption-desorption
isotherms were measured at 77 K using a Micromeritics ASAP 2020 analyzer (ASAP 2020, Micromeritics,
Norcross, GA, USA). The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method,
and the pore size distribution was derived from the desorption branch of the isotherm using the Barrett-Joyner-
Halenda (BJH) model [32]. The surface chemical composition and elemental valence states were analyzed by
X-ray photoelectron spectroscopy (XPS, K-Alpha*, Thermo Fisher Scientific, East Grinstead, UK) on a Thermo
Fisher Scientific K-Alpha* spectrometer with a monochromatic Al Ka X-ray source.

2.5. Electrochemical measurements

To prepare the working electrode, 2.0 mg of the synthesized Co,0,/NC catalyst was dispersed in a 1.0 mL
solution containing 950 pL of ethanol and 50 pL of 5 wt% Nafion solution. The mixture was ultrasonicated for
30 minutes to form a homogeneous black ink. Before modification, the bare GCE was polished sequentially
with 1.0, 0.3, and 0.05 pm alumina slurries on a polishing cloth, followed by ultrasonication in ethanol and DI
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water, and finally dried under a nitrogen stream. Then, 5.0 puL of the catalyst ink was carefully drop-cast onto
the pre-cleaned GCE surface and allowed to dry naturally at room temperature to form the Co,O0,/NC/GCE
modified electrode.

Cyclic voltammetry (CV) was conducted in 0.1 M PBS (pH 7.0) within a potential window of 0.0 V to
+1.2 V. Electrochemical impedance spectroscopy (EIS) was performed in a solution of 5.0 mM [Fe(CN) J*/*
containing 0.1 M KCl over a frequency range from 100 kHz to 0.1 Hz with an AC amplitude of 5 mV. Amper-
ometric (i-t) measurements for nitrite detection were carried out in stirred 0.1 M PBS (pH 7.0) at a constant
applied potential of +0.80 V. For LOD evaluation, the blank response was recorded repeatedly under the same
conditions, and the detection limit was calculated using the 3o/S criterion from the blank standard deviation
and the slope of the calibration curve. For real-sample analysis, nitrite was quantified by the standard addition
method. For selectivity tests, the amperometric response to 100 pM nitrite was recorded after the addition of
various interfering species.

To optimize the amperometric conditions, the effects of solution pH (6.0-8.0) and applied potential
(10.60 to +0.90 V vs. Ag/AgCl) were evaluated using 100 uM nitrite. The highest signal-to-background ratio
was obtained in 0.1 M PBS at pH 7.0 and +0.80 V; therefore, these conditions were used for all subsequent
measurements.

3. RESULTS AND DISCUSSION

3.1. Synthesis and morphological characterization

The synthetic strategy for the Co,0,/NC nanocomposites is illustrated by the controlled pyrolysis of a ZIF-67
precursor. Initially, ZIF-67 crystals were synthesized through a simple co-precipitation reaction between Co?**
ions and 2-methylimidazole linkers in methanol at room temperature. The scanning electron microscopy (SEM)
image of the as-prepared ZIF-67 precursor is shown in Figure 1. The image reveals that the precursor consists of
uniform polyhedral crystals with a well-defined rhombic dodecahedral morphology, which is the characteristic
shape of ZIF-67 [33, 34]. The crystals exhibit smooth surfaces and sharp edges, with an average particle size of
approximately 650 + 50 nm. This uniform morphology and size distribution make ZIF-67 an ideal template for
deriving porous carbon-based nanomaterials.

Figure 1: SEM image of the as-synthesized ZIF-67 precursor crystals, showing their uniform rhombic dodecahedral
morphology.
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The ZIF-67 precursor was subsequently subjected to pyrolysis at different temperatures (500, 600,
700, and 800 °C) under a N, atmosphere to induce its transformation into Co,O,/NC nanocomposites. The
morphological evolution of the materials as a function of the pyrolysis temperature was investigated by SEM, as
depicted in Figure 2. After pyrolysis at 500 °C (Co,0,/NC-500, Figure 2a), the dodecahedral morphology of the
parent ZIF-67 is largely preserved, although the surfaces become rougher and a noticeable shrinkage in particle
size to ~500 nm is observed due to the decomposition of the organic linkers. As the temperature increases to
600 °C (Co,0,/NC-600, Figure 2b) and 700 °C (Co,0,/NC-700, Figure 2¢), the overall polyhedral shape is
still maintained, but the structure becomes more porous and hollow, with a significant amount of carbonization
occurring. The sample Co,0,/NC-700, in particular, displays a stable and highly porous framework, which is
expected to provide abundant active sites and facilitate mass transport. However, when the temperature is further
increased to 800 °C (Co,0,/NC-800, Figure 2d), the dodecahedral structure begins to collapse and aggregate,
likely due to the excessive carbothermal reduction and sintering of cobalt species at such a high temperature
[35]. This morphological analysis suggests that 700 °C is an optimal temperature for creating a well-defined,
porous Co,0,/NC structure.

The elemental composition and distribution within the Co,0O,/NC-700 nanocomposite were analyzed by
EDS mapping, as shown in Figure 3. The maps clearly demonstrate the homogeneous distribution of carbon
(C), nitrogen (N), oxygen (O), and cobalt (Co) elements throughout the entire dodecahedral structure. The
strong correlation between the spatial distributions of Co and O confirms the formation of cobalt oxide, while
the overlapping C and N signals verify the presence of an N-doped carbon framework. This uniform elemental
distribution is crucial for ensuring that the catalytically active Co,0, sites are readily accessible and well-inte-
grated with the conductive carbon support.

3.2. Structural and compositional analysis

The crystallographic structure of the as-synthesized ZIF-67 and the pyrolyzed Co,0,/NC composites was inves-
tigated using XRD. As shown in Figure 4a, the XRD pattern of the ZIF-67 precursor exhibits a series of sharp
diffraction peaks that are in excellent agreement with the simulated pattern, confirming its high crystallinity
and pure phase [36]. After pyrolysis, the characteristic peaks of ZIF-67 disappear completely, indicating the

Figure 2: SEM images of the ZIF-67-derived nanocomposites prepared at different pyrolysis temperatures: (a) Co,0,/
NC-500, (b) Co,0,/NC-600, (c) Co,0,/NC-700, and (d) Co,0,/NC-800. The images show the evolution from a solid
dodecahedron to a porous and eventually collapsed structure.
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Figure 3: SEM image of a single Co,0,/NC-700 particle and the corresponding EDS elemental mapping for C, N, O, and Co.
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Figure 4: (a) XRD patterns of the ZIF-67 precursor and the Co,0,/NC composites pyrolyzed at different temperatures.
(b) TGA curve of the ZIF-67 precursor measured under a N, atmosphere at a heating rate of 10 °C/min.

decomposition of the MOF structure. For the Co,0,/NC-500, -600, and -700 samples, the XRD patterns dis-
play distinct diffraction peaks at 20 values of 19.0°, 31.3°, 36.8°, 44.8°, 59.4°, and 65.2°. These peaks can be
indexed to the (111), (220), (311), (400), (511), and (440) crystal planes of the cubic spinel Co,O, phase (JCPDS
No. 42-1467) [34]. A broad peak centered around 25° is also observed, corresponding to the (002) plane of
graphitic carbon, which confirms the formation of a carbonaceous matrix. Interestingly, for the Co,0,/NC-800
sample, additional sharp peaks appear at 44.2°, 51.5°, and 75.9°, which can be assigned to the (111), (200), and
(220) planes of metallic cobalt (Co’, JCPDS No. 15-0806). This indicates that at 800 °C, the Co,0, is partially
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reduced to metallic Co by the carbon matrix (carbothermal reduction), which can be detrimental to the desired
electrocatalytic activity for nitrite oxidation. The average crystallite sizes of the Co,0, phase, calculated using
the Scherrer equation based on the (311) peak, are listed in Table 1. The size increases from 9.1 nm to 18.5 nm
as the temperature rises from 500 °C to 800 °C, which is consistent with crystal growth at higher temperatures.

The thermal decomposition process of the ZIF-67 precursor was studied by TGA under a N, atmosphere,
and the resulting curve is presented in Figure 4b. The initial slight weight loss of about 3% below 200 °C
is attributed to the removal of adsorbed solvent molecules (methanol and water). The major weight loss of
approximately 55% occurs in the temperature range of 350 °C to 550 °C, which corresponds to the thermal
decomposition of the organic 2-methylimidazole linkers and the collapse of the ZIF-67 framework [36, 37]. The
curve becomes stable after 600 °C, indicating that the organic components have been completely carbonized.
The final residual weight is about 41.5%, which is close to the theoretical cobalt oxide content in ZIF-67. This
TGA result guided the selection of the pyrolysis temperatures for the synthesis of the Co,0,/NC composites.

Raman spectroscopy was employed to investigate the nature of the carbon framework in the pyrolyzed
composites. As shown in Figure 5a, all Co,0,/NC samples exhibit two prominent peaks at approximately 1352
cm™' and 1595 cm™, corresponding to the D band (disordered and defect carbon) and the G band (graphitic sp?
carbon), respectively. The intensity ratio of the D band to the G band (I(D)/I(G)) is often used to evaluate the
degree of defects and graphitization in carbon materials. The calculated I(D)/I(G) ratios for Co,0,/NC-500,
-600, -700, and -800 are 1.05, 0.98, 0.91, and 0.86, respectively. The decreasing trend of the I(D)/I(G) ratio
with increasing pyrolysis temperature indicates a higher degree of graphitization in the carbon matrix, which
is beneficial for enhancing its electrical conductivity. In addition to the carbon peaks, several weaker peaks are
observed at 475, 518, and 680 cm™, which can be attributed to the Eg, F,g, and A, g vibrational modes of Co,0,,
further confirming the presence of the cobalt oxide phase.

The porosity and specific surface area of the Co,0,/NC composites were characterized by N, adsorption-
desorption analysis. The isotherms for all samples, shown in Figure 5b, display a type-IV curve with a distinct
H3-type hysteresis loop at high relative pressures (P/P; > 0.5), which is characteristic of mesoporous materials
[38]. The corresponding pore size distribution curves, calculated using the BJH method (Figure 5c), confirm
the presence of mesopores, mainly centered around 4 nm and 20—40 nm. These mesopores are formed due to
the release of gas molecules during the decomposition of the organic linkers. The key textural parameters are
summarized in Table 2. The parent ZIF-67 exhibited a high BET surface area of 1654 m?/g. After pyrolysis,
the surface area decreases significantly due to the collapse of the microporous structure. Interestingly, the BET
surface area first increases from 215.3 m*/g for Co,0,/NC-500 to a maximum of 327.8 m?*/g for Co,0,/NC-700,

Table 1: Crystallite size of Co,0, in the pyrolyzed samples calculated from the XRD patterns using the Scherrer equation.

SAMPLE 20 of (311) PEAK (°) FWHM (°) Crystallite Size (nm)
Co0,0,/NC-500 36.78 0.914 9.1
Co0,0,/NC-600 36.82 0.735 113
Co,0,/NC-700 36.85 0.582 14.3
Co,0,/NC-800 36.88 0.451 18.5
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Figure 5: (a) Raman spectra of the Co,0,/NC composites prepared at different pyrolysis temperatures. (b) N, adsorption-de-
sorption isotherms of the Co,0,/NC composites. (c) Pore size distribution curves of the Co,0,/NC composites derived from
the BJH method.
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and then decreases to 264.1 m*/g for Co,0,/NC-800. The initial increase is due to the formation of more pores
as the organic linkers are removed more completely. The subsequent decrease at 800 °C can be attributed to
the partial collapse of the porous structure and pore blockage caused by the sintering of cobalt particles at high
temperatures [25]. The Co,0,/NC-700 sample possesses the largest surface area and pore volume, which is
highly advantageous for an electrochemical sensor as it can provide more active sites and facilitate the diffusion
of electrolyte ions and analyte molecules.

3.3. Surface Chemical State Analysis (XPS)

X-ray photoelectron spectroscopy (XPS) was conducted to analyze the surface elemental composition and
chemical states of the optimized Co,0,/NC-700 composite. The full survey spectrum (Figure 6a) confirms the
presence of Co, O, N, and C elements on the surface of the material, which is consistent with the EDS results.
The atomic percentages were calculated to be 68.2% for C, 15.5% for O, 11.1% for Co, and 5.2% for N.

The high-resolution Co 2p spectrum (Figure 6b) can be deconvoluted into two spin-orbit doublets (Co
2p,/, and Co 2p/,) and two corresponding satellite (Sat.) peaks. The peaks centered at binding energies of
780.1 eV and 795.0 eV are assigned to Co**, while the peaks at 782.0 eV and 797.2 eV correspond to Co** [39].
The presence of both Co** and Co* oxidation states is characteristic of the Co,0, spinel structure, where Co*
ions occupy tetrahedral sites and Co®" ions occupy octahedral sites. The quantitative analysis of the peak areas
reveals a Co**/Co*" ratio of approximately 1.9, which is close to the theoretical value of 2 for Co,0,, further
confirming the successful formation of the desired cobalt oxide phase.

The high-resolution C 1s spectrum (Figure 6¢) is deconvoluted into three main components. The domi-
nant peak at 284.8 eV corresponds to sp*-hybridized carbon (C=C/C-C) from the graphitic carbon framework.
The peak at 285.9 eV is attributed to C-N bonds, confirming the successful doping of nitrogen into the carbon
lattice [40]. The third peak at 288.5 eV is assigned to C=0O bonds, indicating some surface oxidation of the
carbon material.

The high-resolution N 1s spectrum (Figure 6d) provides insight into the nature of nitrogen doping.
The spectrum can be fitted into three distinct peaks, which are assigned to pyridinic-N (398.7 eV), pyrrolic-N
(400.3 eV), and graphitic-N (401.5 eV) [41]. Pyridinic-N and pyrrolic-N are located at the edges or defects of
the carbon layers and are known to be electrochemically active sites that can enhance catalytic performance.
Graphitic-N, where a nitrogen atom substitutes a carbon atom within the graphitic plane, can improve the elec-
trical conductivity of the carbon matrix. The presence of these multiple N species is highly beneficial for the
electrochemical sensing application. The relative contents of different N species were analyzed for all samples
and are presented in Table 3. With increasing pyrolysis temperature, the total nitrogen content decreases, and

Table 2: Textural properties of the ZIF-67 precursor and the pyrolyzed Co,0,/NC composites.

SAMPLE BET SURFACE AREA | TOTAL PORE VOLUME | AVERAGE PORE SIZE
(m?/g) (cm’/g) (nm)

ZIF-67 1654.2 0.785 1.9
Co,0,/NC-500 215.3 0.298 55
Co,0,/NC-600 289.6 0.412 5.7
Co,0,/NC-700 327.8 0.536 6.5
Co,0,/NC-800 264.1 0.451 6.8
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Figure 6: (a) XPS survey spectrum of Co,0,/NC-700. (b) High-resolution Co 2p spectrum. (¢) High-resolution C 1s spec-
trum. (d) High-resolution N s spectrum.
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the proportion of more stable graphitic-N increases at the expense of pyridinic-N and pyrrolic-N. The Co,0,/
NC-700 sample appears to strike an optimal balance between the total N content and the distribution of different
N species, contributing to its superior performance. The enhanced activity of Co,0,/NC-700 can be ascribed
to the synergistic coupling of Co,0, with the N-doped carbon matrix. Co,O, provides redox-active Co sites,
where the Co**/Co*" couple facilitates nitrite oxidation, while the N-doped carbon improves charge transport and
modulates the local electronic structure. Among the nitrogen species, pyridinic-N and pyrrolic-N are expected
to contribute defect-associated active sites and stronger interfacial adsorption, whereas graphitic-N mainly
enhances electronic conductivity. The superior performance of Co,0,/NC-700 is therefore attributed to the opti-
mized balance between accessible Co,0, active centers, sufficient N functionality, and improved graphitization.

3.4. Electrochemical performance for nitrite detection

To evaluate the potential of the synthesized materials for electrochemical sensing, we first investigated the
electrochemical properties of the modified electrodes using CV and EIS. Figure 7a shows the CV curves of a
bare GCE and GCEs modified with the different Co,0,/NC composites in 0.1 M PBS. The modified electrodes
all exhibit a significantly larger capacitive background current compared to the bare GCE, which is attributed to
their large surface area. Among them, the Co,0,/NC-700/GCE shows the largest background current, consistent
with its highest BET surface area. The electron transfer kinetics at the electrode-electrolyte interface were stud-
ied by EIS, and the Nyquist plots are shown in Figure 7b. The diameter of the semicircle in the high-frequency
region represents the charge transfer resistance (Rct). The bare GCE shows a large semicircle with an Ret of
~1250 Q. After modification, the Rct values decrease dramatically, indicating that the composites facilitate
electron transfer. The Rct values for Co,0,/NC-500, -600, -700, and -800 modified electrodes are calculated
to be 210, 135, 65, and 98 Q, respectively. The Co,0,/NC-700/GCE exhibits the smallest Rct, suggesting the
fastest electron transfer kinetics. This can be attributed to its optimal combination of high surface area, porous
structure, and good electrical conductivity from the more graphitized carbon matrix.

The applied potential was optimized because nitrite oxidation is strongly potential-dependent. Although
the oxidation current further increased slightly above +0.80 V, the background current and noise also increased;
therefore, +0.80 V provided the best compromise between sensitivity and analytical stability.

The electrocatalytic activity of the prepared sensors towards nitrite oxidation was then investigated.
Figure 8a displays the CVs of the Co,0,/NC-700/GCE in the absence and presence of 1.0 mM NaNO, in

Table 3: Surface elemental composition and relative content of different N species in the Co,0,/NC composites determined
by XPS.

SAMPLE N (at. %) PYRIDINIC-N (%) | PYRROLIC-N (%) | GRAPHITIC-N (%)
C03O4/NC-500 8.9 45.1 38.6 16.3
C0304/NC-600 6.7 40.2 35.5 243
Co,0,/NC-700 5.2 34.8 30.1 35.1
C03O4/NC-800 3.1 25.6 21.7 52.7
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Figure 7: (a) CVs of bare GCE and GCEs modified with different Co,O,/NC composites in 0.1 M PBS (pH 7.0) at a scan rate
of 50 mV/s. (b) EIS Nyquist plots of the different electrodes in 5.0 mM [Fe(CN) J*/*" + 0.1 M KCL.
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0.1 M PBS. No significant redox peaks are observed in the absence of nitrite. However, upon the addition of
nitrite, a distinct and well-defined irreversible oxidation peak appears at a potential of approximately +0.82 V
(vs. Ag/AgCl), indicating that the Co,0,/NC-700 composite has excellent electrocatalytic activity for nitrite
oxidation. The electrochemical oxidation of nitrite on the electrode surface likely proceeds via the reaction: NO,™ +
H,0 — NO,” + 2H" + 2¢". The Co*/Co** redox couple on the surface of Co,0, nanoparticles is believed to act
as the catalytic active center that mediates this electron transfer process. The oxidation peak potential of nitrite
on Co,0,/NC-700/GCE is centered at ca. +0.82 V (vs. Ag/AgCl), so +0.80 V was selected for amperometric
detection to maximize faradaic response while remaining slightly below the peak maximum. Additional
comparison experiments at +0.70, +0.75, +0.80, and +0.85 V showed that +0.80 V provided the highest signal-
to-noise ratio and the most stable baseline. At +0.70 V, the nitrite response was detectable but markedly lower;
therefore, +0.80 V was retained as the optimum operating potential for this material. The superior response of
Co0,0,/NC-700 compared with bare-oxide-type systems can be attributed not only to the catalytic Co,O, phase,
but also to the ZIF-67-derived porous N-doped carbon scaffold, which lowers Rct, improves dispersion of active
sites, and facilitates nitrite diffusion.

The performance of the sensors prepared with materials pyrolyzed at different temperatures was com-
pared, as shown in Figure 8b. Under the same conditions, the oxidation peak current for nitrite follows the
order: Co,0,/NC-700 > Co,0,/NC-600 > Co0,0,/NC-800 > Co,0,/NC-500. The Co,0,/NC-700/GCE exhibits
the highest catalytic current, which is consistent with its superior structural properties, including the largest
surface area, optimal porosity, and lowest charge transfer resistance. The lower activity of the Co,0,/NC-500
and -600 samples can be attributed to their lower conductivity and smaller surface area. The decreased activity
of the Co,0,/NC-800 sample is likely due to its collapsed structure, reduced surface area, and the presence of
less active metallic Co.

The effect of scan rate on the electrochemical response of the Co,0,/NC-700/GCE was also studied
(Figure 8c). The oxidation peak current increases linearly with the square root of the scan rate (v'/?) from
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Figure 8: (a) CVs of Co,0,/NC-700/GCE in 0.1 M PBS (pH 7.0) without and with 1.0 mM NaNO,. (b) CVs of different
Co0,0,/NC-T/GCEs in 1.0 mM NaNO,. (c) The relationship between the peak current and the square root of the scan rate for
Co0,0,/NC-700/GCE. (d) Amperometric response of Co,0,/NC-700/GCE to successive additions of NaNO, at an applied
potential of +0.80 V.
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10 to 200 mV/s, with a linear regression equation of Ipa (uA) = 45.2 v'/? (V/s)!/2 + 8.1 (R? = 0.998). This linear
relationship indicates that the electro-oxidation of nitrite on the Co,0,/NC-700/GCE is a diffusion-controlled
process.

Amperometry (i-t curve) was used for the quantitative determination of nitrite due to its higher sensitivity.
Figure 8d shows the typical amperometric response of the Co,0,/NC-700/GCE upon successive additions of
nitrite into a stirred PBS solution at an applied potential of +0.80 V. The current increases rapidly in a stepwise
manner with each addition of nitrite, reaching a steady state within 3 seconds. This demonstrates the sensor’s
rapid and sensitive response to changes in nitrite concentration.

The calibration curve for the Co,0,/NC-700 sensor is plotted in Figure 9a. The response current is
linearly proportional to the nitrite concentration over a wide range. As shown in Figure 9b, there are two distinct
linear ranges: a lower range from 0.1 uM to 100 uM with a regression equation of I (uA) =0.601 C (uM) + 0.15
(R?2=0.999), and a higher range from 100 uM to 1500 uM with an equation of T (uA) = 0.355 C (uM) + 25.1
(R2=0.997). The sensitivity, calculated from the slope of the calibration curve and the electrode area (0.0707 cm?),
is 850.3 uA mM™! cm™ for the lower concentration range. The limit of detection (LOD) was calculated from the
calibration plot using the 36/S criterion, where ¢ is the standard deviation of the blank current obtained from
repeated measurements of blank PBS under identical amperometric conditions and S is the slope of the low-
concentration calibration plot. Thus, the reported LOD of 0.03 uM was obtained from the analytical calibration
method rather than from the standard addition procedure. The standard addition method was used only for the
quantification of nitrite in real water samples and recovery evaluation. The analytical performance parameters
for all prepared sensors are summarized in Table 4, which clearly confirms the superiority of the Co,0,/NC-700
sensor. The two linear ranges likely originate from a concentration-dependent change in the dominant kinetic
regime. At low nitrite concentrations, abundant exposed catalytic sites and rapid interfacial electron transfer
lead to a steeper slope. At higher concentrations, partial occupation of active sites and increased diffusion/
transport limitation reduce the apparent sensitivity, giving rise to a second linear region. For quantification near
the boundary concentration (around 100 uM), calibration should therefore be performed using the appropriate
local linear segment.

The selectivity of the Co,0,/NC-700 sensor is a crucial parameter for its practical application. The
amperometric response to 100 uM nitrite was measured in the presence of various potentially interfering
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Figure 9: (a) Calibration curve of the current response versus nitrite concentration for the Co,0,/NC-700/GCE. (b) The
corresponding two linear ranges, values are presented as mean + SD (n = 3).

Table 4: Comparison of the analytical performance of the different Co,0,/NC-T/GCE:s for nitrite detection.

SENSOR LINEAR RANGE SENSITIVITY LOD (uM) R?
(M) (LA mM ! cm?) (S/N=3)
Co,0,/NC-500/GCE 1.0 — 800 255.1 0.85 0.992
Co,0,/NC-600/GCE 0.5-1200 489.3 0.21 0.996
Co,0,/NC-700/GCE 0.1 -1500 850.3 0.03 0.999
Co,0,/NC-800/GCE 0.8 —1000 376.9 0.47 0.994




) I SONG, W.; LU, A., revista Matéria, v.31, 2026

species. In addition to K*, Na*, CI', SO, NO,", glucose, ascorbic acid, and uric acid, we further evaluated
representative interferents relevant to natural waters, including humic acid, sulfite, Ca**, Mg**, Cu?*, Fe**, and
sodium dodecyl sulfate. Under the tested concentrations, these species caused only minor changes in the nitrite
response, confirming the robustness of the sensor matrix. Residual free chlorine and other strong oxidants may
interfere at positive detection potentials; therefore, freshly collected or dechlorinated samples are recommended
for practical analysis. This indicates the excellent anti-interference ability and high selectivity of the sensor.

The reproducibility and stability of the sensor were also evaluated. The relative standard deviation (RSD)
for seven successive measurements of 100 pM nitrite with the same electrode was 2.8%. The electrode-to-
electrode reproducibility was assessed by fabricating five independent sensors, which yielded an RSD of 3.9%
(Figure 10a), demonstrating good fabrication reproducibility. For the long-term stability test (Figure 10b), the
sensor was stored at 4 °C when not in use and tested periodically. After 30 days of storage at 4 °C, the sensor
retained 94.5% of its initial current response, indicating good short-term storage stability. Extended storage
stability (2-3 months), continuous-use drift, and cycling durability were not fully investigated in the present
work and will be addressed in future studies.

The performance of our Co,0,/NC-700 sensor was compared with other previously reported electro-
chemical sensors for nitrite, as summarized in Table 5. It is evident that our sensor exhibits a comparable or
superior performance, particularly in terms of its wide linear range, high sensitivity, and very low detection
limit. This outstanding performance highlights the significant advantages of the unique porous structure derived
from the ZIF-67 template.

To validate its practical applicability, the Co,0,/NC-700 sensor was used to determine the nitrite concen-
tration in real water samples (tap water and local river water) using the standard addition method. The results
(Table 6) demonstrated recovery rates between 98.6% and 103.2%, which are in good agreement with the results
obtained from a standard spectrophotometric method. This confirms that the developed sensor is reliable and
suitable for the practical determination of nitrite in real environmental samples.
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Figure 10: (a) Reproducibility test using five independently prepared electrodes (n = 5). (b) Long-term stability of the sensor
stored at 4 °C over 30 days (n = 3).

Table 5: Comparison of the analytical performance of the Co,0,/NC-700/GCE with other reported nitrite sensors.

ELECTRODE MATERIAL LINEAR LOD (uM) SENSITIVITY REFERENCE
RANGE (uM) (LA mM™' cm™?)
Co,0, circular sheets 6.6 — 3000 0.22 318 [8]
Spindle-like Co,0,/rGO 1-380 0.14 - [42]
Co0,0,-TGO/CNTs 8 — 56000 0.016 - [43]
AuNPs/Co,0,/Graphene 0.2 —2500 0.05 - [44]
ZIF-67C/Cu0O-NiO 2-1718 0.58 732 [45]
Co,0,/NC-700 (This work) 0.1 -1500 0.03 850.3 -
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Table 6: Determination of nitrite in real water samples using the Co,0,/NC-700/GCE sensor by the standard addition
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method.
SAMPLE ADDED (uM) FOUND (pM) RECOVERY (%) RSD (%)
Tap water 20.0 19.7 98.6 2.4
Tap water 100.0 101.8 101.8 2.1
River water 50.0 51.6 103.2 2.8
River water 200.0 198.9 99.5 2.3

4. CONCLUSION

In this work, the principal novelty is not merely the preparation of a Co,0,-based nitrite sensor, but the demon-
stration that the pyrolysis temperature of a single ZIF-67 precursor governs the balance among porosity, graph-
itization, cobalt speciation, and nitrogen functionality, which together determine nitrite-sensing performance.
Among the materials examined, Co,0,/NC-700 provided the most favorable structural combination: a preserved
porous dodecahedral framework, the highest BET surface area, the lowest charge-transfer resistance, and a
balanced distribution of catalytically useful N species. These features translated into fast and sensitive nitrite
oxidation, with reliable operation in real water samples. The results indicate that ZIF-67-derived Co,0O,/N-doped
carbon is an effective electrode design strategy because it integrates catalytic oxide sites with a conductive
defect-rich carbon network in a single step. More broadly, this study provides a practical structure—property
guideline for tailoring MOF-derived composite electrodes for environmental electroanalysis.
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