
NiCo2O4 nanoparticles for 
enhancing voltammetric 
determination of sodium diclofenac 
in aqueous solutions
Luoana Florentina Pascu1, Sorina Negrea2, Sorina Motoc3, Florica Manea4, Aniela Pop4, 
Vasile-Adrian Surdu5, Bogdan Stefan Vasile6, Andreea Mădălina Pandele7,  
Adelina-Carmen Ianculescu6 & Raluca Dumitru4

The presence of the pharmaceuticals in water as emergent pollutants necessitates a continuous 
improving of their sensing, e.g., through voltammetric detection with the performance given by 
electrode composition. In this study, nickel cobaltite (NiCo2O4) synthesized by the thermolysis was 
deeply investigated by X-ray diffraction, high-resolution scanning electron microscopy (HR-SEM), 
and high-resolution transmission electron microscopy coupled with selected area electron diffraction. 
Also, X-ray photoelectron spectroscopy was used to determine the oxidation state of Ni and Co 
cations. NiCo2O4 was tested as modifier for commercial glassy carbon (GC) electrode by drop-casting 
as NiCo2O4/GC electrode for the voltammetric detection of sodium diclofenac salt (DCF) in water. In our 
study, the lowest limit of detection of 3 nM, better than ones reported in the literature, was achieved 
for DCF determination using differential pulse voltammetry with the scan rate of 0.05 V s−1, step 
potential of 50 mV, modulation amplitude of 200 mV. The optimized voltammetric detection method 
was validated by DCF determination in real tap water.
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Currently, the spinel-type oxides have received growing attention due to their diversity and specific optical1–3, 
magnetic4, electrical5 and chemical properties6,7, which gives them high potential for various applications, 
e.g., chemical sensors8, electronic devices9, degradation processes10, ecological pigments11, anti-corrosion12 
etc. The NiCo2O4 spinel-type oxides have been proven to be active and stable bifunctional electrocatalysts for 
O2 evolution and reduction in alkaline medium, characterized by better electronic conductivity (at least two 
orders of magnitude) and higher electrochemical activity than single nickel or cobalt oxides13–15. In general, 
electrochemical behavior of NiCo2O4 has been investigated for various applications, e.g., high performance 
supercapacitors16, electrocatalysts for oxygen evolution17, organic synthesis electrodes18 and electrocatalyst 
characterized by high biocompatibility and low cost19–22.

Recently, the interest for integrating spinel oxide-based nanostructures within the voltametric and 
amperometric detection has increased due to their advantages, e.g., chemical stability, superior electrocatalytic 
activity and low cost23. Very good performances related to the lowest limit of detection (LOD) have been reported 
for the voltametric detection using differential pulse voltammetry (DPV), such as: 150 nM for chloramphenicol 
detection using ZnCo2O4 nanoparticles modified screen-printed carbon electrode24, 290 nM for paracetamol 
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detection using ZnFe2O4 nanoparticles modified screen-printed carbon electrode23, 10  nM and 60  nM for 
simultaneous detection of morphine and diclofenac using MgFe2O4/graphite paste electrode25. Also, NiCo2O4 
nanoflowers modified glassy carbon electrode allowed reaching LOD of 990  nM for nitrite detection using 
chronoamperometry26.

Diclofenac is a non-steroidal anti-inflammatory drug that belongs to a class of emerging pollutants in 
water due to its poor (bio)degradation and widespread use, which causes unpredictable and adverse effects 
in the ecosystem27. The concentration levels of DCF and its metabolites have been reported in water in many 
countries, e.g., 170–2550 ng L−1 in Germany, 15–40 ng L−1 in Romania28, and various types of water bodies, 
e.g., 2.40–140 ng L−1 in drinking water, 1.80–181 µg L−1 in the influent and 1.20–24.3 µg L−1 in the effluent of 
the wastewater treatment plants, and 3.90–14 ng g−1 in sediment-river/stream29. Thus, there is a demand for the 
development of simple, low-cost, environmentally friendly and in-situ analytical methods for the detection of 
DCF in water. Several conventional techniques have been conducted to determine the DCF in aqueous solution, 
i.e., spectrophotometry30 spectrofluorimetry, high-performance liquid chromatography31, gas chromatography–
mass spectrometry32, thin layer chromatography33 and electrochemical analyses29,34. In general, conventional 
methods are robust and accurate, requiring expensive equipment and long analysis time, while electrochemical 
methods offer fast response, high sensitivity, specificity, low LOD, low cost, user-friendly operation and 
simplicity35,36. Also, the electrochemical methods are versatile and can be integrated into miniaturized and 
portable instruments. In addition, other advantages of electrochemical sensors are given by ability for in situ 
analysis, easy installation due to the small size of the equipment, fast response, simple and no sample preparation 
demand37–39.

It is well-known that the electrode material is the core element for the electroanalysis efficacy using 
electrochemical sensors. Carbon-based electrodes have been the most commonly used40, but their main limitations 
are given by slow kinetics reactions that can be enhanced more or less through carbon nanostructuring41,42 
or other modifications. Electrode composition can be modified through various compounds and methods 
to provide the electrocatalytic activity towards the detection of specific analytes via electrooxidation and/or 
electroreduction processes at certain electrode potentials, thereby enhancing sensitivity43,44. Additionally, 
the advanced electrochemical techniques, such as DPV and SWV, should be exploited to enhance the 
electroanalytical performance linked to the electrode features. Several electrode materials have been reported 
for the electrochemical detection of DCF, e.g., electrochemically activated carbon paste electrodes and multi-
walled carbon nanotubes paste electrodes achieving the LOD of 0.29 µM DCF and respective, 0.001 µM DCF45, 
modified electrodes based on attapulgite clay mineral with the LOD of 0.053 µM DCF46, feather-type La3+–ZnO 
nano-flower modified carbon paste electrode that get the LOD of 5.0 µM DCF47 and diacerein modified carbon 
paste electrode with the LOD of 0.2 mM DCF48.

In this context of modified electrode for sensing, synthesis of NiCo2O4 nanoparticles by the calcination of 
the precursor at 450  °C for at least 1  h including their advanced characterization, was studied in this work 
fortheir testing as electrocatalysts in DCF detection to improve its LOD. The electrochemical behavior of 
NiCo2O4, including the presence of redox systems as modifier of commercial GC electrode material, was studied 
towards DCF oxidation and reduction to assess their electrocatalytic activity in the development of advanced 
electrochemical detection of DCF in water. To the best of our knowledge, no study related to DCF detection using 
NiCo2O4/GC electrode material has been reported. The advanced DPV and SWV techniques were exploited, 
and their operating conditions were optimized for enhancing electrochemical detection of DCF including both 
its oxidation and reduction processes.

Materials and methods
Synthesis and characterization of NiCo2O4
The oxalate precursor was synthesized using Ni(NO3)2·6H2O, Co(NO3)2·6H2O, 1,2-ethanediol, and 2  M 
HNO3 solution as reagents from Merck (Darmstadt, Germany). An aqueous solution with pH = 1 containing 
1,2-ethanediol, Ni(NO3)2·6H2O, Co(NO3)2·6H2O, HNO3 in the ratio of 3:1:2:1 was used. The reaction mixture 
was heated in a thermostat at 100  °C for about 40  min to generate NiCo2(C2O4)3(OH2)4·H2O coordination 
compound that was further subjected to the thermolysis at 400 °C to obtain NiCo2O4 oxide.

Fourier-transform infrared (FTIR) spectrum of the precursor oxalate was recorded in the range of 4000–
400 cm−1 on a Jasco FT-IR spectrophotometer (Jasco, Tokyo, Japan). TG (thermal gravimetry), DTG (differential 
thermogravimetry) and DSC (differential scanning calorimetry) curves were recorded on the precursor with a 
NETZSCH-STA 449C instrument (Netzsch Group, Selb, Germany) in the range of 25–700 °C, with a heating 
rate of 10 K min−1.

X-ray diffraction (XRD) measurements were performed at room temperature using a Rigaku Ultima IV 
diffractometer (Rigaku Co., Tokyo, Japan), operating in a Bragg–Brentano configuration with Ni-filtered Cu-Kα 
(λ = 1.5406 Å) radiation. Phase identification was performed using HighScore Plus 3.0e software, connected to 
the ICDD PDF-4+ 2023 database. Lattice parameters were refined by the Rietveld method.

In order to investigate the morphology of the NiCo2O4 powder, high-resolution scanning electron microscopy 
(FE-SEM) investigations were performed by means of a FEI QUANTA INSPECT F50 microscope (FEI, 
Hillsboro, OR, US) with field emission gun. Morphological and structural details of the starting nanoparticles 
were also analyzed by transmission electron microscopy (TEM) and high-resolution transmission electron 
microscopy (HRTEM) coupled with selected area electron diffraction (SAED) with a TecnaiTM G2 F30 S-TWIN 
transmission electron microscope (FEI, Hillsboro, OR, USA) operating at 300 kV. The particle size distribution 
of the NiCo2O4 powder was determined from the statistical analysis carried out by means of the OriginPro 9.0 
software (OriginLab, Northampton, MA, USA). Size measurements on 60 isolated particles (from images of 
appropriate magnifications obtained from various microscopic fields) performed by means of the software Digital 
Micrograph 1.8.0 (Gatan, Sarasota, FL, USA) of the electron microscope, were accounted to determine average 
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particle size. Elemental energy dispersive X-ray (EDX) analysis was performed using a Titan Themis ultra-high-
resolution electron microscope from Thermo Fisher Scientific (Hillsboro, OR, USA). For the acquisition of the 
elemental maps, the microscope was operated in STEM (Scanning transmission electron microscopy) mode at 
300 kV using a HAADF (high-angle annular dark-field) detector for imaging and in column windowless 4 Super 
EDX detector for elemental analysis.

In order to establish the oxidation state of Ni and Co cations, X-ray photoelectron spectroscopy (XPS) 
investigations were carried out. The XPS spectra were acquired on a K-Alpha XPS spectrometer (Thermo 
Scientific), fitted with a monochromatic Al Kα source (1486.6  eV). Surface charging was compensated by a 
flood gun and binding energies were referenced to the C1s peak which was set at 284.6 eV. The pass energy 
for the high-resolution spectra was 20 eV. The deconvolution of core-level spectra was performed with mixed 
Gaussian–Lorentzian functions after subtracting a Shirley background.

Testing NiCo2O4/GC in electrochemical detection experiments
All the electrochemical experiments were performed using a classical three-electrode cell consisted of the 
platinum counter-electrode, the saturated calomel (SCE) reference electrode and the NiCo2O4 modified-GC 
(NiCo2O4/GC) working electrode connected to an Autolab Pontentiostat/Galvanostat PGStat 302 (EcoChemie, 
Utrecht, The Netherlands) controlled with GPES 4.9 software (EcoChemie, Utrecht, The Netherlands). The 
NiCo2O4/GC electrode was obtained by drop casting using 5 mg mL−1 NiCo2O4 suspension prior to each series 
of the electrochemical experiments. After 15 s of the GC electrode immersion and drying 15 min in the oven at a 
temperature of 70 °C, 10 continuous repetitive cyclic voltammograms (CVs) within − 1.00 V → + 1.00 V potential 
range running from 0.00 to + 1.00 and backward to − 1.00 V versus SCE were applied for the electrochemical 
stabilization of the electrode surface. The immersion time was set-up based on CV shape recorded in 0.1 M 
sodium hydroxide (NaOH) supporting electrolyte that was chosen to achieve the best electrocatalytic activity of 
NiCo2O4. For comparison, unmodified GC was subjected to the similar electrochemical experiments by CV. The 
experiments were performed in 0.1 M NaOH supporting electrolyte using voltammetric techniques, i.e., cyclic 
voltammetry (CV), SWV and DPV. CV was performed at various scan rates from 10 to 200 mV s−1. SWV was 
performed with the scan rate of 0.5 V s−1, step potential (SP) of 50 mV, modulation amplitude (MA) of 100 mV 
and frequency of 10 Hz. SP of 50 mV and MA ranged from 50 to 200 mV were used for DPV.

The relative standard deviation (RSD), limit of detection (LOD), and limit of quantification (LOQ) were 
calculated for three replicates using the following equations49:

	
x =

∑n

i=1 xi

n
� (1)
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√∑n
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)
n − 1

� (2)

	
RSD = S

x
� (3)

	
LOD = 3S

m
� (4)

	
LOQ = 10S

m
� (5)

where x represents the mean value of the replicates, S is the standard deviation, RSD is the relative standard 
deviation, LOD is the limit of detection, LOQ is the limit of quantification, and m is the sensitivity coefficient 
obtained from the analysis.

The stock solutions of 0.3 mM DCF and 0.3 mM capecitabine (CCB) were daily prepared from analytical 
grade reagent (Sigma Aldrich) with double distilled water. The stock solution of 0.5 mM ibuprofen sodium salt 
(IBP) was prepared using 0.1 M NaOH solution. The real tap water samples were prepared by adding NaOH 
powder to achieve 0.1 M NaOH and spiked with known DCF concentrations (0.200 and 0.400 mg L−1 DCF). 
Above-mentioned similar protocol for the electrode stabilization was applied.

Results and discussion
Characterization of NiCo2O4 precursor
The NiCo2O4 precursor, oxalate coordination compound, was synthesized through the oxidation of 1,2-ethanediol 
with nitrate anion in accordance with reaction (6):

	

3C2H4 (OH)2 +
([

Ni (OH2)6

]2+ + 2NO−
3

)
+ 2

([
Co (OH2)6

]2+ + 2NO−
3

)
+ 2

(
H+ + NO−

3
)

∆t◦
−→ NiCo2 (C2O4)3 (OH2)4 · H2O(s) + 8NO(g) + 23H2O(g)

� (6)

and it was characterized by IR spectrum (Fig. S1, SM). All IR absorption bands characteristic to oxalate ligand 
with the corresponding assignments are gathered in Table 1.

The ligand oxalate is bidentate [1626 cm−1 (νasym O=C−O− ), 1317 cm−1 (νsym O=C−O− ] and tetradentate 
[1385 cm−1 (νasym OCO− ), 1360 cm−1 (νsym OCO− ), 922 cm−1 (δOCO− )]44,50. The band at 490 cm−1 confirmed 
the coordination of oxalate ligand51. The thermal decomposition of the oxalate precursor (Fig. S2, SM) in 
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air atmosphere shows the formation of NiCo2O4 as end decomposition product (mass loss calcd./found (%): 
54.67/54.33). The first decomposition step of the coordination compound characterized by an endothermic effect 
shows removal of the lattice water (25–160 °C, mass loss: found 3.20%; calcd. 3.39%). The second decomposition 
step (160–250  °C) characterized by an endothermic effect is attributed to the loss of the coordinated water 
molecules (mass loss: found 12.98%; calcd. 13.57%). In the third decomposition step (250–450  °C), the 
exothermic effect is assigned to the degradation of the oxalate anions (mass loss, found 38.15%, calcd. 37.71%) 
but also to the partial oxidation of M(II) to M(III) with obtaining of spinel NiCo2O4 compound.

Characterization of the NiCo2O4 nanoparticles
Phase composition and crystal structure
The XRD pattern recorded at room temperature shows a single-phase composition, NiCo2O4 with spinel 
structure being the unique crystalline compound identified with the ICDD card no. 04-018-4105 (Fig. 1).

The structural characteristics and the fitting parameters obtained by the Rietveld refinement are listed in 
Table 2.

These results indicate a single-phase of NiCo2O4 spinel oxide characterized by cubic crystal systems with 
crystallite size bellow 10 nm.

Morphology, crystallinity and chemical homogeneity
FE-SEM investigations performed in order to notice the size, morphology and agglomeration tendency of the 
NiCo2O4 particles show the formation of almost spherical aggregates of various sizes ranged between 160 and 
300 nm, as the lower magnification image reveals (Fig. S3a, SM). The higher magnification image of Fig. S3b 
(SM) shows a structuring of these aggregates, which seem to consist of very small primary particles, most likely 
in the nanometer range, whose sizes are very difficult to be determined. The large-area EDX mapping indicates 
an uniform distribution of Ni and Co species (Fig. S3c, SM), reflected in the lack of any Ni- and/or Co-rich 
secondary phases and thus sustaining the XRD data.

To estimate an average particle size and the crystallinity degree such small particles TEM/HRTEM analyses 
are required. TEM images of Fig. 2a and b show that the NiCo2O4 powder consists of uniform (as size and shape) 

Fig. 1.  XRD pattern at room temperature with Rietveld refinement of the NiCo2O4 powder under 
investigation.

 

Wavenumber (cm−1) Assignment

3389 ν(OH) from coordinated water

1626 νasym (O=C–O−)

1385 νasym (OCO−)

1360 νsym (OCO−) + ν(C–C)

1317 νsym (O=C–O−)

1076 ν(C–O)

922 δ(OCO−)

824 Lattice water

490 ν(M–O)

Table 1.  IR absorption bands characteristic for oxalate ligand and the corresponding assignments.
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nanoparticles, with sizes below 10 nm and with a high agglomeration tendency. A narrow, unimodal particle 
size distribution, with an estimated average particle size of (5.8 ± 1.9) nm was found, as revealed the histogram 
of Fig. 2c. Comparing the average crystallite size determined from the XRD data and the average particle size 
estimated from TEM investigations and taking into account the error bars, it can conclude that the nanoparticles 
are single crystals.

The HRTEM images of Fig. 2d and e indicate a well-faceted polyhedral shape with well-defined edges and 
rather rounded corners of the nanoparticles. Despite their small size, the nanoparticles show a high crystallinity 
degree proved by the parallel ordered fringes observed in the HRTEM images (Fig. 2d,e), as well as by the well-
marked concentric diffraction rings, specific to the crystalline planes of the spinel structure, in the corresponding 
SAED pattern (Fig. 2f).

In order to check the chemical homogeneity at the local scale, EDX investigations in the STEM mode on the 
area indicated in Fig. S4a (SM) were also performed. The elemental maps of Co, Ni and O (Fig. S4b–d, SM), as 
well as the global map resulted by the superposition of the all three elemental maps (Fig. S4e, SM) indicate a 
high chemical homogeneity proved by the uniform distribution of Co and Ni cations inside the aggregates of 
NiCo2O4 nanoparticles. The EDX spectrum depicted in Fig. S4f points out, apart from the peaks specific to the 

Fig. 2.  TEM images of various magnifications. (a,b) histogram showing the particle size distribution. (c–e) 
HRTEM images. (f) SAED pattern of the NiCo2O4 nanoparticles.

 

Characteristics NiCo2O4 powder

Crystal system/space group Cubic/Fd-3m

Lattice parameter, a [Å] 8.136973 ± 0.008899

Unit cell volume, V (Å3) 538.7517

Structural density, <ρs> (g/cm3) 5.93

Crystallite size, <D> (nm) 6.25 ± 0.24

Micro strain, <S> (%) 1.56 ± 0.77

R expected, Rexp 10.0807

R profile, Rp 5.4257

Weighted R profile, Rwp 7.3423

Goodness of fit, χ2 0.5305

Table 2.  Structural characteristics of the NiCo2O4 under investigation.
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carbon and copper species related to the TEM grids, the presence only of the peaks characteristic to the species 
Ni, Co, O which compose the NiCo2O4 nanoparticles, this demonstrating the high purity of the spinel powder.

XPS investigations
The samples were further characterized by high resolution XPS in order to estimate the surface chemistry of 
NiCo2O4 nanopowder and to distinguish the valence state of the Ni and Co cations using binding energies (BE). 
The survey spectrum depicted in Fig. 3a shows the presence of Ni, Co, O elements. In accordance to Fig. 3b, 
two spin–orbit doublets at 873.1 and 855.9 eV were present in the high-resolution Ni 2p XPS spectrum, along 
with two clearly visible shakeup satellites that correspond to Ni 2p1/2 and Ni 2p3/2 signals, respectively52,53. At a 
close examination, deconvolution of Ni 2p3/2 peak illustrates the presence of two different energy band types at 
855.2 eV attributed to Ni2+, and at 857.1 eV assigned to Ni3+. The Co 2p spectrum shown in Fig. 3c is comparable 
to the Ni 2p spectrum in that it has two spin–orbit coupling energy levels, 2p3/2 and 2p1/2, at 795.4 and 780.1 eV54. 
The deconvolution of the Co 2p3/2 peak indicates the presence of both Co3+ and Co2+ species identified by their 
specific energy bands located at 779.8 eV and 781.2 eV. Besides, satellite peaks located at 861.7 and 880.1 eV, in 
the case of Ni 2p and 789.3 and 797.0 eV for the Co 2p were also noticed in the corresponding XPS spectra55.

From these results one can conclude that, if we assume that NiCo2O4 is a typical inverse spinel, its formula 
can be written as

	
(
Co+3

1−xCo+2
x

)
Td

(
Co+3Ni+2

1−xNi+3
x

)
Oh

O4,� (7)

Fig. 3.  High resolution XPS spectrum of NiCo2O4 powder. (a) Survey spectrum. (b) BE range corresponding 
to Ni 2p states. (c) BE range corresponding to Co 2p states.
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with Ni cations placed exclusively on octahedral sites, irrespective of their oxidation state, and Co species 
occupying octahedral sites as Co3+ and both tetrahedral and octahedral sites as Co2+56. However, it is worthy 
to mention that more recent theoretical studies57,58 shown that intermediate states (see formula (7)), resulting 
due to the Co and Ni exchange between tetrahedral and octahedral sites and defined by the so-called “degree of 
inversion”, x, should also be taken into account (formula (8)).

	 (CoxCo1−x)Td (Co2−xNix)Oh O4 (0 ≤ x ≤ 1)� (8)

It was found that the inversion degree strongly depends on temperature and preparation method. Based on their 
DFT study, Chang et al.59, provides a new insight regarding the relationship between the degree of inversion and 
some physical properties as oxidation state, electronic structure and band structure in NiCo2O4, while Ndione et 
al.57, reported a method to control the electrical properties of NiCo2O4 by manipulating the degree of inversion.

NiCo2O4/GC characterization and application in electrochemical sensing of sodium diclofenac 
in aqueous solutions
The presence of NiCo2O4 nanoparticles is characterized by non-uniform dispersion on the GC surface. 
Electroactive surface area determined by classical ferry/ferro redox system generated by CV in the presence of 
4 mM K3[Fe(CN)6] in 1 M KNO3 supporting electrolyte at different scan rates is 0.035 cm2 versus geometrical 
one of 0.031 cm2.

Cyclic voltammetry
CV was first applied to investigate the electrocatalytic effect of NiCo2O4 spinel type oxide towards the 
electrooxidation of sodium diclofenac in alkaline media (0.1 M NaOH) by recording CVs comparatively on 
NiCo2O4/GC and simple GC electrodes. Also, 0.1 M Na2SO4 supporting electrolyte (considering the real matrix 
of water) was tested but no stable response was achieved (this result is not shown in the manuscript). Figure 
S5a and b (SM) present CVs recorded in 0.1 M NaOH supporting electrolyte within the potential range from 0 
to + 1.00 V/SCE and back to − 1.00 V/SCE at the scan rate of 0.05 V s−1 in the absence (curve 1) and presence 
of 17 µM DCF (curve 2) on NiCo2O4/GC and GC electrodes, respectively. It is obvious that the presence of 
NiCo2O4 on GC modified the CV shape in 0.1 M NaOH through the appearance of two anodic peaks at the 
potential values of + 0.20 V/SCE (a1) and + 0.45 V/SCE (a2), respectively. These peaks can be assigned to the 
redox couples of Ni (II)/Ni (III) and/or Co (II)/Co(III) and Co(III)/Co(IV) and/or Ni (III)/Ni (IV) based on 
the literature60–62 and modified considering proposed formulas of inverse spinel7,8 in accordance with reactions 
(9–12):

	 For x = 0, Ni+2Co+3
2 O−2

4 + OH− + H2O → Ni3+OOH + 2Co3+OOH + e−� (9)

	 For x = 1, Ni+3Co+2CO+3O−2
4 + OH− + H2O → Ni3+OOH + 2Co3+OOH + e−� (10)

	 Co3+OOH + OH− → Co+4O2 + H2O + e−� (11)

	 Ni3+OOH + OH− → Ni+4O2 + H2O + e−� (12)

Also, it has been reported that higher valence oxides/hydroxides of cobalt can be generated within the potential 
range from + 0.37 to + 0.45 V63. On the CV backward, only one clear cathodic peak (c1) is noticed at the potenial 
value of + 0.25 V/SCE, which can be result of overlapping of the Co (IV)/Co(III) and Ni (III)/Ni (II) pairs redox 
peaks. In the presence of DCF, the first peak current of NiCo2O4/GC decreased, probably due to DCF sorption 
process, but a higher second current peak (a2) is generated, which is ascribed to the DCF oxidation, indicating 
the good electrocatalytic activity of NiCo2O4/GC. It is supposed that the DCF is oxidized into by-product while 
NiOOH and Co(IV) are reduced into Ni(OH)2 and Co(III), respectively, in accordance with the literature data64.

The electrochemical behavior of DCF on GC electrode exhibited the appearance of slight anodic current 
peaks at the potential values of − 0.150 V/SCE (a1′) and + 0.035 V/SCE (a2′), indicating DCF oxidation in two 
steps involving carbon oxidation.

The useful signals recorded for 17 µM DCF onto both electrodes and presented in Table 3, showed significant 
higher sensitivity in the presence of NiCo2O4 (e.g., 84.3 vs. 0.059 µA µM−1 cm−2), proving the electrocatalytic 
activity of NiCo2O4 towards DCF oxidation. Additionally, cathodic signal revealed the electrocatalytic activity 
of NiCo2O4 towards the reduction of DCF byproducts through Ni (III)/Ni (II) and/or Co(III)/Co(II) and 
respective, Ni (IV)/Ni (III) and/or Co(IV)/Co(III).

Electrode Edet/V vs. SCE ΔI (µA µM−1 cm−2) Signal type

NiCo2O4/GC
+ 0.480 84.3 Anodic

+ 0.250 43.1 Cathodic

GC
− 0.150 0.159 Anodic

0.035 0.059 Anodic

Table 3.  Useful signal and detection potential for DCF determination.
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To clarify some detection related mechanistic aspects for the DCF oxidation and reduction onto NiCo2O4/
GC electrode, the influence of the scan rate was investigated within the range from 10 to 200 mV s−1 in 0.1 M 
NaOH and the absence/presence of 17 µM DCF (Fig. 4a,b).

As shown in inset of Fig. 4a, the first anodic peak current (a1) assigned to Ni(II)/Ni(III) redox couple is better 
evidenced at the low scan rate. However, it decreased with increasing scan rate and completely disappeared after 
a scan rate of + 0.300 V, indicating slow kinetics of this redox couple. The second anodic peak current (a2) and 
the corresponding reduction cathodic peak current (c1) increased linearly with the square root of the scan rate 
(Fig. S6a, SM), suggesting a diffusion-controlled step in the electrochemical behavior of NiCo2O4. Additionally, 
the potential of the anodic oxidation peak is shifted to a more positive direction and the cathodic reduction 
peak potential is shifted to a more negative direction with increasing the scan rate, which is characteristic of 
irreversibility (Fig. S6b, SM). However, considering the reversible character of each redox pair, this behavior is 
due to a complex mechanism that includes the potential generation of more oxides/hydroxide species and the 
overlapping of the Co(IV)/Co(III) and/or Co(III)/Co(II) and Ni(IV)/Ni(III) and/or Ni(III)/Ni(II) redox peaks. 
Also, the kinetics parameters of the redox process described by the anodic peak (a2) and the corresponding 
cathodic peak (c1) for the heterogeneous electron transfer were determined using the equations proposed by 
Laviron65. Thus, from the linearization of ∆E = Ep–E°′ versus the logarithm of scan rate, the transfer coefficient 
(α) and the apparent charge transfer rate constant (k0) were determined. The slopes of the anodic and cathodic 
linearization, expressed by 2.3RT/αnF and 2.3 RT/(1 − α)n (13), allowed α determination as 0.40. Using the 
equation: log k0 = α log(1 − α) + 1(− α)logα − log(RT/nFv) − α 1(− α)nF∆Ep 3.2/RT (14), the value of k0 were 
determined as 0.378 s−1.

One cathodic current peak was noticed at the potential value of − 0.450 V/SCE due to carbon reduction, which 
increased in the DCF presence. These anodic and cathodic current peaks are also manifested, on NiCo2O4/GC 
electrode, being assigned to carbon oxidation/reduction, and they slightly shifted to more negative value due to 
the presence of NiCo2O4. Additionally, in this cathodic range, negative currents occurred for anodic oxidation, 
which were not further considered for the detection.

The presence of 17 µM DCF did not affected the shapes of the CVs with increasing scan rate, except for the 
first anodic peak current (a1), which disappeared after the scan rate of 0.02 V s−1. This can be explained by the 
strong adsorption of DCF in this step. The slight influence of DCF presence is manifested by the higher slopes 
of the linear dependences of both anodic and cathodic currents versus the square root of the scan rates. This 
effect proves the diffusion-controlled step with faster kinetics of the overall DCF oxidation on the NiCo2O4/GC 
electrode, which is desired for the advanced electrochemical sensing. Based on the above-presented mechanistic 
aspects, corroborated with the literature data66, the scheme of redox reaction mechanism of diclofenac oxidation 
involved in the anodic and cathodic detection is proposed in Fig. 5.

The effect of increasing DCF concentration within the concentration range from 3.4 to 34 µM DCF on the 
shape of CV recorded in 0.1 M NaOH supporting electrolyte on NiCo2O4/GC comparatively on GC electrodes 
is shown in Fig. 6a and b.

It is evident that after the initial step of DCF sorption, the further oxidation occurs at the potential value 
of + 0.480 V/SCE. During the CV backward scan, the corresponding cathodic current is lower. This behaviour 
indicates the Co(III)/Co(IV) and/or Ni(III)/Ni(IV) mediated DCF oxidation and the corresponding reduction 
of its oxidation by-product. Linear dependences of the anodic and cathodic peak currents versus DCF 
concentrations are noticed (Fig. 6c). Additionally, linear regressions of the anodic peak currents recorded on the 
GC electrode versus DCF concentrations (Fig. 6d) showed very low sensitivities reached with GC compared with 
NiCo2O4 (71.6 µA µM−1 cm−2 vs. 0.137 µA µM−1 cm−2).

Fig. 4.  Influence of the scan rate on CVs. (a) CVs recorded at NiCo2O4/GC electrode in 0.1 M NaOH 
supporting electrolyte at various scan rates: 10 mV s−1 (curve 1), 20 mV s−1 (curve 2), 30 mV s−1 (curve 3), 
40 mV s−1 (curve 4), 50 mV s−1 (curve 5), 70 mV s−1 (curve 6), 100 mV s−1 (curve 7), 200 mV s−1 (curve 8). (b) 
CVs recorded at NiCo2O4/GC electrode in 0.1 M NaOH supporting electrolyte and 17 µM DCF at various scan 
rates: 10 mV s−1 (curve 1), 20 mV s−1 (curve 2), 30 mV s−1 (curve 3), 40 mV s−1 (curve 4), 50 mV s−1 (curve 5), 
70 mV s−1 (curve 6), 100 mV s−1 (curve 7), 200 mV s−1 (curve 8).
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Square-wave voltammetry (SWV) and differential-pulsed voltammetry (DPV)
Compared with CV, SWV provides faster and enhanced voltammetric signals due to its advanced features, which 
can be tuned through operating variables such as frequency, SP and MA. Figure 7a presents a series of SWVs 
recorded on NiCo2O4/GC electrode in 0.1 M NaOH with DCF concentrations ranging from 3.4 to 24 µM.

Fig. 6.  CV-based detection results. (a) CVs recorded at the 0.05 V s−1 scan rate in 0.1 M NaOH supporting 
electrolyte and in the presence of various DCF concentrations ranged from 3.4 to 34 µM on the NiCo2O4/
GC electrode. (b) CVs recorded at the 0.05 V s−1 scan rate in 0.1 M NaOH supporting electrolyte and in 
the presence of various DCF concentrations ranged from 3.4 to 34 µM on the GC electrode. (c) Calibration 
plots for DCF concentrations ranged from 3.4 to 34 µM on the NiCo2O4/GC. (d) Calibration plots for DCF 
concentrations ranged from 3.4 to 34 µM on the GC electrode.

 

Fig. 5.  Proposed mechanism for the electrooxidation of diclofenac.
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The linear calibration of SWV currents recorded at + 0.600  V/SCE versus DCF concentrations showed a 
sensitivity of 206 µA µM−1 cm−2, which is higher compared to CV recorded at the same scan rate. However, DPV 
technique was tested under various operational variables to substantially improve the voltammetric performance, 
considering its superiority in sensitivity, accuracy and resolution. The step potential (SP) was varied between 50 
and 100 mV and the modulation amplitude (MA) ranged from 100 to 200 mV. The best results regarding the 
accuracy and the sensitivity were achieved with an SP of 50 mV and MA of 100 and 200 mV (Fig. 7b).

It can be noticed that the operating variables significantly impacted the voltammetric sensing performance. 
The lower MA allowed detection for a larger DCF concentration range while higher MA showed better sensitivity, 
which implicitly leads to better limit of detection. The electrochemical performance of the NiCo2O4/GC tested 
in this work is summarized in Table 4.

The lowest limit of detection of 3 nM achieved for DCF detection on NiCo2O4, which is better than those 
reported in the literature (see Table 5), demonstrates the great potential of this electrode for practical application 
in detecting DCF from aqueous solution.

The results of the interference study in DCF detection at NiCo2O4/GC electrode using optimized DPV and 
SWV in the presence of 24 µM ibuprofen from anti-inflammatory class and 14 µM capecitabine from cytostatic 
class shows that the response recorded at about + 0.600 V versus SCE is not affected (see example using SWV—
Fig. S7, SM). Additionally, the presence of 1 mM chloride and 1 mM sulphate did not interfere with the DCF 
response. The reproducibility of the electrode using the optimized DPV technique was evaluated through three 
replicates measurements of 0.200  mg L−1 DCF. The relative standard deviation (RSD) of a maximum 1.50% 

Technique Working parameters Detection potential (V/SCE) Sensitivity (µA µM−1 cm−2) LOD (µM) LQ (µM) R2

CV v = 0.05 V s−1
+ 0.250 (cathodic signal) 29.1 0.100 0.360 0.966

+ 0.480 71.6 0.022 0.075 0.997

SWV

v = 0.5 V s−1

+ 0.600 206 0.004 0.014 0.994
SP = 50 mV

MA = 100 mV

f = 10 Hz

DPV

v = 0.05 V s−1

+ 0.630 1835 0.004 0.014 0.999SP = 50 mV

MA = 100 mV

v = 0.05 V s−1

+ 0.730 3057 0.003 0.010 0.971SP = 50 mV

MA = 200 mV

Table 4.  Analytical parameters achieved for NiCo2O4/GC electrode tested in DCF voltammetric detection.

 

Fig. 7.  (a) Square-wave voltammograms recorded on NiCo2O4/GC electrode in 0.1 M NaOH supporting 
electrolyte, in the presence of various DCF concentrations: 3.4–24 µM, SP of 50 mV, MA of 100 mV, f = 10 Hz. 
Inset: Calibration plots for DCF detection in the concentration range 3.4–24 µM recorded at the potential value 
of E = + 0.600 V/SCE. (b) Differential-pulse voltammograms recorded on NiCo2O4/GC electrode in 0.1 M 
NaOH supporting electrolyte, in the presence of various DCF concentrations: 0.34–8.14 µM, SP of 50 mV and 
MA of 100 mV. Inset: Calibration plots for DCF detection in the concentration range of 0.34–8.14 µM recorded 
at the potential value of E = + 0.630 V/SCE.
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demonstrated the good reproducibility of the detection methods. A recovery test was performed by analyzing 
three parallel tap water samples spiked with 0.200 and 0.400 mg L−1 DCF. The minimum recovery values of 97% 
and the maximum RSD values of 2% for both concentrations demonstrated good recovery and reproducibility 
of the results. Finally, the results obtained using optimized DPV using were compared with those obtained by 
a conventional spectrophotometric method. Based on the obtained results, it can be concluded that the results 
of voltametric method are very close to spectrophotometric ones, revealing a good accuracy of the proposed 
voltammetric method.

Main limitations of this detection method should consider the interference of more complex matrices (e.g., 
wastewater) including the high organic loading, considering the potential of the fouling effect, as well as. Future 
work will be focused on the optimizing the composition of the NiCo2O4 based composite electrode including 
specific membranes for assuring the selectivity for DCF detection and avoiding the fouling effect.

Conclusions
NiCo2O4 nanoparticles with sizes bellow 10  nm characterized as inverse spinel oxide with single-phase 
composition and a cubic crystal system, were obtained after calcination of oxalate as NiCo2O4 precursor at 
450 °C for at least 1 h. The electrocatalytic effect of NiCo2O4 nanoparticles towards sodium diclofenac detection 
was demonstrated using a NiCo2O4 modified glassy carbon electrode in comparison with the unmodified glassy 
carbon electrode (GC) electrode. The presence of nickel cobaltite on the surface of the GC electrode conferred 
the electrocatalytic activity for the DCF oxidation and reduction, mediated by complex redox couples of Ni(II)/
Ni(III) and/or Ni(III)/Ni(IV) and Co(II)/Co(III) and/or Co(III)/Co(IV), considering the specific characteristics 
of inverse spinel oxide. Additionally, quasi-reversible complex reduction processes of DCF oxidation byproducts 
with lower kinetics compared to the oxidation process, involving overlapping redox pairs, were manifested. 
Square-wave and differential-pulse voltammetry techniques, through their specific characteristics, allowed for 
improved detection performance via DCF oxidation process. The best electroanalytical performances, with a 
sensitivity of 3057 µA µM−1 cm−2 and a detection limit of 3 nM, were obtained. However, the LOD of 4 nM 
achieved by SWV technique should be considered for very fast detection method (ten times faster than CV or 
DPV). The presence of 24 µM IBP from anti-inflammatory class and 14 µM CCB from cytostatic class, along 
with 1 mM chloride and 1 mM sulphate, did not interfere with the DCF response on NiCo2O4/GC electrode. 
Additionally, good reproducibility and accuracy were found for the voltammetric methods proposed for DCF 
detection. All results of electroanalytical performance for DCF detection, along with its flexibility for anodic 
and/or cathodic detection, indicate that the NiCo2O4/GC electrode has great potential for detecting of DCF in 
aqueous matrices.

Data availability
The dataset supporting the conclusions of this article is included within the article and supplementary material.
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