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A B S T R A C T

In this study, we explored the effect of Cr3⁺ substitution by partially and fully replacing Fe3⁺ in the normal spinel 
ZnFe₂O₄ crystal structure at electrochemical interfaces. The resulting ZnCrₓFe₂₋ₓO₄ nanomaterials exhibited an 
average particle size between 20 and 50 nm with a spherical morphology. The materials also demonstrated 
energy band gaps ranging from 2.1 to 3.1 eV X-ray diffraction (XRD) analysis confirmed that all the synthesized 
materials maintained a normal spinel structure, attributed to the octahedral site preference energy (OSPE) of 
Zn2⁺, Fe3⁺, and Cr3⁺ ions. Electrochemical performance assessments revealed that the ZnFe₂O₄-based sensor 
achieved a sensitivity of (37.8 ± 0.2) μA/mM with a kinetic rate constant of (13.1 ± 2.8) ms⁻1, while the 
ZnCr₂O₄-based sensor exhibited a sensitivity of (32.4 ± 0.5) μA/mM and a kinetic rate constant of (3.73 ± 0.55) 
ms⁻1 in the detection of paracetamol, whereas ZnCrFeO4 sensor has produced the second-best sensitivity (35.7 ±
0.1 μA/mM) and the rate constant (4.53 ± 0.54 ms⁻1) with the lowest limit of detection (1.94 ± 0.01 μM). These 
differences in electrochemical performance were correlated with the variations in the energy band gaps caused 
by the restructuring of the normal spinel structure. Our findings indicate that the ZnFe₂O₄ sensor has a higher 
potential for direct electron transfer, whereas the other sensors are more likely to facilitate surface-mediated 
electron transfer.

1. Introduction

Spinel oxide-based nanomaterials have gained significant attention 
in the field of nanoscience offering a wide range of applications due to 
their unique magnetic, electrical, and structural properties [1–3]. The 
spinel oxide’s structure has a face-centered cubic (FCC) arrangement of 
oxygen anions, with different metal cations occupying tetrahedral (Td) 
and octahedral (Oh) sites within the lattice [4]. This unique crystal 
structure provides spinel oxides with interesting magnetic and electrical 
properties [5,6]. Another key feature of spinel oxides is the ability to 
form solid solutions with other spinel oxides offering the ability to easily 
tune their composition, lattice structure, and band gap leading the way 
for a wide range of applications [7–10]. Spinels can be normal, inverse, 
or mixed depending on the combination of the trivalent and bivalent 
cations and their preferential occupancy either of ‘Td’ or ‘Oh’ sites. A 

spinel is defined as normal when bivalent and trivalent cations occupy 
‘Td’ and ‘Oh’ sites, respectively (eg: ZnFe2O4, ZnCr2O4), inverse when 
‘Oh’ sites are shared between trivalent and divalent cations while “Td’ 
sites are occupied by trivalent cations (eg: NiFe2O4, Fe3O4, CoFe2O4). A 
spinel is termed mixed when both sites are shared by bivalent and 
trivalent cations; this latter phase is possible usually when we have solid 
solutions of normal and inverse spinel oxides (eg: Zn0.4Ni0.6Fe2O4) [7].

Spinel oxide-based nanomaterials are produced by different tech-
niques, the choice being based on the requirements of the specific 
application and properties. The two routes of synthesis are: dry synthesis 
and wet synthesis. Dry synthesis includes solvent-free conventional [7] 
and microwave-assisted combustion techniques [11]. Wet synthesis 
techniques include sol-gel [12,13], co-precipitation [14], solvent defi-
cient [15], solvothermal/hydrothermal [16,17], sonochemical methods 
[18,19]. Sol-gel technique is widely used as size and shape of the 
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nanoparticles control is possible with different surfactants enhancing 
different properties of the particles [12,20,21].

Among the large class of spinel nanomaterials, ZnFe2O4 [7,22] and 
ZnCr2O4 [23,24] offer a wide range of possibilities due to their normal 
spinel lattice structure. Both possess n-type semiconducting nature due 
to their normal spinel lattice structure as the conductivity is mainly by 
electron hopping within the crystal sites [7]. Zinc chromite shows wide 
band energy gap above 3 eV [24,25] whereas zinc ferrite possesses an 
energy gap around 2.5 eV [7,22], it is found that the band gap energy is a 
crucial parameter in electrochemical sensing that can impact the elec-
tron transfer at the electrochemical interface in our previous work [7,
22]. Zinc ferrite shows ferromagnetic [26] nature (electron hopping in 
the direction of the electric field) while zinc chromite acts as antifer-
romagnetic [24] (electron hopping in the opposite direction of the 
electric field) due to frustrated electron spin. The electron hopping gets 
affected by the magnetic nature of the materials changing the conduc-
tivity [27]. Due to these similar properties, zinc ferrite and zinc chromite 
are very interesting to study in electrochemical detection.

In electrochemical sensing, zinc ferrite nanomaterials are used as 
sensing materials in sensing different molecules such as dopamine [28], 
hydrogen peroxide [5,16,29], heavy metals, and glucose [30,31]. 
Recently, zinc ferrite and nickel ferrite nanomaterials are deeply 
investigated for electrochemical sensing of paracetamol [7] and normal 
spinel ZnFe2O4 is found to be the best sensor with high sensitivity ‘S’ and 
kinetic rate constant ‘k’. A comparative study on electrochemical ac-
tivity of ZnCr2O4, ZnCrFeO4, ZnFe2O4, ZnBiFeO4, ZnBi2O4 [32], and 
ZnCr2-xFexO4 (x = 1, 1.25, 1.5, 1.75, 2) [33] also showed that ZnFe2O4 is 
the best sensor for paracetamol sensing. Zinc chromite is used in elec-
trochemical sensing of carcinogenic drugs [34], CO [35], and dopamine 
and ascorbic acid [36].

From Marcus theory [37,38] and the generalized Marcus theory of 
electron transfer by Tachiya and Murata [39], electron transfer rate 
constant ‘k’ depends on the reorganization energy ‘λ’ and the transfer 
integral ‘J’. In turn ‘λ’ and ‘J’ depend on the ionic radii of the donor and 
acceptor, and the distance between the donor and acceptor. These pa-
rameters can be affected by the size, geometry, crystal structure, and 
composition of the electrode material. Based on that, in our previous 
work, we studied the effect of crystal structure (ZnxNi1-xFe2O4) [7] and 
of larger ionic size by inserting Bi3+ into the crystal structure of ZnFe2O4 
(ZnBixFe2-xO4) [22] and found that normal spinel ZnFe2O4 was per-
forming better in terms of sensitivity and rate constant. The aim of this 
work is to study the effect of similar ionic size by replacing Fe3+ with 
Cr3+ partially and fully in ZnFe2O4 on electron transfer at the electro-
chemical interface with paracetamol as a test probe molecule. Synthe-
sized nanomaterials (ZnCrxFe2-xO4) by auto combustion method are 
characterized to understand the chemical, structural, morphological 
features. Energy band gap, valence band maximum, and conduction 
band minimum energies of the nanomaterials are reported. Electro-
chemical characterization in terms of sensitivity, limit of detection, and 
rate constant is presented and correlated with the chemical features of 
the electrode materials. Insights into the electron transfer at the elec-
trochemical interface and the effect of surface states in electrochemical 
sensing activity are presented and discussed.

2. Materials and methods

2.1. Chemicals

Zn(NO3)2•6H2O, Fe(NO3)3•9H2O, Cr(NO3)3•9H2O, C(NH2)2O 
(Urea), C4H10O (Butanol), and paracetamol powder are purchased from 
Sigma Aldrich and used without further purification.

2.2. Material synthesis

Adopted from the literature, auto-combustion method is used for 
nanomaterial synthesis [7,11]. A redox mixture (1:1 mole ratio) of metal 

nitrates (oxidizing agents) and urea (reducing agent or fuel) is prepared 
in a crucible and followed the same procedure as reported previously 
[7]. The final product is grounded to fine powders of ZnCrxFe2-xO4 (x =
0, 0.25, 0.5, 0.75, 1, 2).

2.3. Physicochemical characterization

Field emission scanning electron microscopy (FESEM Zeiss SupraTM 
50, Oberkochen, Germany) is used to analyze the nanomaterials 
morphology. Micro-Raman spectroscopic measurements are performed 
(Renishaw, inVia Raman Microscope) to find out the molecular vibra-
tions of the materials. X-ray powder diffraction (PANalytical Empyrean 
diffractometer (Malvern Panalytical, Malvern, UK)) is used for phases 
and crystal structure identification with Bragg-Brentano configuration 
at room temperature and Cu Kα (λ = 1.5418Å ) radiation at 40 kV and 40 
mA is used. The analysis is performed in a 2θ range between 10◦ and 70◦, 
with a step size of 0.013◦/s and a time step of 60 s. UV–Visible experi-
ments are performed on a Cary 5000 UV–Vis-NIR spectrophotometer 
(Varian Instruments, Mulgrave, Australia) equipped with a DR (Diffuse 
reflectance) apparatus. X-ray photoelectron spectroscopy (XPS) mea-
surements are conducted on a PHI 5000 Versaprobe spectrometer using 
a monochromatic Al Kα (1486.6 eV) X-ray source. An electron gun and 
an ion gun are used as a charge compensation system. Binding energy 
calibration is applied by setting the position of the adventitious sp3 

carbon component at 284.8 eV Pass energies are set at 187.85 and 23.5 
eV for the acquisition of survey and high-resolution spectra, respec-
tively. The spectra are processed using CasaXPS software (v2.3.23, Casa 
Software Ltd).

2.4. Electrodes modification

Screen-printed electrodes (SPE) with carbon working electrode (WE) 
(area 0.12 cm2), carbon counter electrode (CE), and Ag/AgCl reference 
electrode (RE) are used as electrochemical sensing elements. Nano-
material suspensions are prepared by adding 3 mg material in 1 mL (3:1 
material to solvent ratio) of 1-butanol and the solution is put in an ul-
trasonic bath until it becomes a homogeneous solution. SPEs are 
modified by spreading 5 μL of nanomaterial suspension on top of the WE 
and dried overnight (drop-casting technique) for 24 h at room 
temperature.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) is performed by using a Bio-logic SP-300 
potentiostat with surface-modified SPEs as electrochemical sensors to 
sense 4 mM Ferri/Ferrocyanide redox couple in 0.1 M PB (phosphate 
buffer) at pH 7. Cyclic voltammograms are recorded by dropping 100 μL 
of electrolytic solution on top of the electrochemical sensor. The po-
tential is applied from − 0.4 to 0.8 V (versus Ag/AgCl) at scan rate of 100 
mV/s, and the scan rate analysis is performed by changing the scan rate 
from 25 mV/s to 150 mV/s in steps of 25 mV/s. Electrochemical 
impedance spectroscopic measurements are conducted in the frequency 
range from 0.1 – 100 kHz with 10 points per decade at a potential 
amplitude of 5 mV. After the initial measrements, CV is executed to 
detect paracetamol in 0.1 M PB at pH 7. The sweeping voltage is ranging 
from –0.6 to +0.8 V (versus Ag/AgCl). The redox currents and potentials 
are evaluated after removing the non-Faradaic current by background 
correction through the peak analysis in EC-Lab. CV is conducted by 
varying the scan rate from 50 – 300 mV/s (step size of 50 mV/s) to find 
out the nature of the electrochemical interface. CV at different concen-
trations of paracetamol ranging from 0.5 mM to 3 mM in steps of 0.5 mM 
is carried out to construct the calibration plots of the sensors.

M. Madagalam et al.                                                                                                                                                                                                                           Materials Research Bulletin 183 (2025) 113191 

2 



3. Results

3.1. Morphological and structural characterization

The ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 0.75, 1, 2) size and morphology 
are investigated by FESEM as shown in Fig. 1. Nanostructured particles 
with a similar morphology are observed in Fig. 1a–f. Particles aggre-
gation is clear from the FESEM captures as previously reported in the 
literature [18,40–42]. This is due to the auto combustion synthesis 
method that does not allow for a strict control over the particle size or 
morphology. The particle size is estimated using ImageJ by taking a 
clear portion of the image with a low degree of aggregation, and the 
results are reported in Table 1. ZnCrxFe2-xO4 (x = 0.25, 0.5, 0.75, 1, 2) 
showed similar particle size compared to the zinc ferrite (x = 0) that has 
slightly greater size (as it can be appreciated in Fig. 1f). It is possible that 
the particles are formed by more crystallites in the case of x =
0 compared to the other cases, as expected due to the synthesis method.

Fig. 2 depicts the surface of the ZnCr2O4 modified carbon working 
electrode at 1 μm scale (Fig. 2a) and 100 nm scale (Fig. 2b) respectively. 
The modified surface shows the very well dispersed nanoparticles of 
ZnCr2O4 (Fig. 2b) with a low degree of aggregation on the carbon 
surface.

To investigate the phase compositions of the samples and the crys-
tallite dimensions, XRD analysis is conducted. The XRD patterns of 
ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 0.75, 1, 2) are shown in Fig. 3.

For x = 0 and x = 2, the diffraction patterns fully match with those of 
the normal spinel Franklinite [43] (ZnFe2O4, ref. code 01–089–4926, 
ICSD-076,178) and Zincochromite [44] (ZnCr2O4, ref. code. 
00–022–1107). Even for intermediate compositions, ZnCrxFe2-xO4 spinel 
can be identified as the main crystalline phase, although the patterns are 
shifted in comparison to both Franklinite and Zincochromite. As a 
matter of fact, for x values between 0.25 and 1, these patterns exhibit a 
progressive shift of the spinel peaks toward lower angles as the Cr 
content increases. The intermediate position of the diffraction peaks 
between franklinite and zincochromite indicates that materials with 
intermediate composition may possess an intermediate structure be-
tween those of ZnFe2O4 and ZnCr2O4 an outcome similar to that of our 
previous study of ZnxNi1-xFe2O4 nanomaterials [7]. This can be 

understood by taking a look into the cation distribution in the spinel 
oxides. Cations distribution can be affected by several factors such as 
ionic radii, electrostatic forces, crystal field stabilization energy and so 
forth [45]. Cr3+ ions generally form d3 (high spin) complexes with a high 
octahedral crystal field stabilization energy (CFSE) of − 6/5Δo (octahe-
dral d-orbital splitting energy), eventually leading to a very high octa-
hedral site preference energy (OSPE) as shown in Fig. 4. Fe3+ ions form 
d5 high spin complexes (the weak ligand O2- leads to lower Δo) with a 
zero CFSE and zero OSPE [46] (see Fig. 4) meaning that Fe3+ has no site 
preference; whereas Zn2+ has a very high tetrahedral site preference [7], 
which makes Fe3+ to occupy the octahedral sites. These facts suggest 
that ZnCr2O4 and ZnFe2O4 are normal spinels since mixing of Zn2+ with 
Cr3+ or Fe3+ in tetrahedral or octahedral sites is not possible. The pro-
gressive shift in the peaks because of the progressive change in the 
composition can be due to slight difference in ionic radii for 
Cr3+(61.5pm) [47] and Fe3+(64.5pm) [47] ions in the octahedral sites 
and/or due to stoichiometric mismatches occurring in the synthesized 
nanomaterials. Such a mismatch can produce stress/strain in the crystal 
structure which in turn leads planes to reflect at slightly modified 2θ 
angles [48].

The XRD patterns of the intermediate compositions (x = 0.25, 0.5, 
0.75, and 1) exhibit a small peak at a 2θ value equal to 26.5◦, which 
corresponds to the position of the most intense peak of graphite. The 
presence of this crystalline phase is justifiable due to the synthesis 
process involving the use of a graphite reactor. However, it is not 
possible to identify the weakest peaks of graphite, likely due to the 
limited amount of this phase.

Finally, four small peaks can be observed in the XRD pattern of 

Fig. 1. FE-SEM images of (a) ZnCr2O4, (b) ZnCrFeO4, (c) ZnCr0.75Fe1.25O4, (d) ZnCr0.5Fe1.5O4, (e) ZnCr0.25Fe1.75O4, (f) ZnFe2O4.

Table 1 
The average particle size of ZnCrxFe2-xO4 nanomaterials.

Material Particle size (nm)

ZnFe2O4 44 ± 17
ZnCr0.25Fe1.75O4 29 ± 6
ZnCr0.50Fe1.50O4 25 ± 5
ZnCr0.75Fe1.25O4 26 ± 5
ZnCrFeO4 26 ± 7
ZnCr2O4 20 ± 3
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ZnFe2O4 within the 2θ range between 30◦ and 36◦ These peaks are 
attributed to zinc oxide (ZnO, ref. code 01–080–0075, ICSD-067,849) 
and iron oxide (Fe2O3, ref. code 01–085–0987, ICSD-033,643) with 
their most intense peaks provided by the latter. Although the less intense 
peaks of these two phases could not be identified, their presence is 
clearly due to the reactants employed in the auto combustion synthesis. 
These extra phases of ZnO, Fe2O3 are mainly attributed to the surface 

states of the materials. Hence, they are difficult to detect by XRD if their 
presence is very low in proportion to the main spinel phase of the 
material.

The Debye-Scherrer’s method is utilized to calculate the average 
crystallite size of the spinel oxides by taking the shape factor value as 
‘0.9′ (assuming a spherical shape). Seven higher intensity peaks are 
considered corresponding to the diffraction of the (111), (220), (311), 
(400), (422), (511), and (440) planes, respectively. Microstrain is 
calculated using the same peaks. Table 2 shows the crystallite size and 
microstrain of each material. Crystallite size varies between 12 and 37 
nm for ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 0.75, 1, 2) materials. The calcu-
lated crystallite size from XRD and estimated particle size from FESEM 
are in good agreement with each other. Irregular variation of crystallite 
size is observed as the composition of the ZnCr2O4 changes by replacing 
Cr3+ with Fe3+. These irregularities are quite common in the auto 
combustion synthesis because of the weak control over the crystallite 
growth kinetics leading to irregular variations in the nanoparticle size as 
witnessed by the FESEM analysis. Similar effects are shown in literature 
when combustion synthesis was used [7,8], for spinel oxides synthesis. 
Strain increased from x = 2 to x = 1 when the Cr:Fe is 1:1 and decreased 

Fig. 2. FE-SEM image of ZnCr2O4 modified carbon working electrode surface (a) 5kx (1 μm) and (b) 50kx (100 nm) magnification, respectively.

Fig. 3. XRD patterns of ZnCrxFe2-xO4 nanomaterials showing different phases 
with surface oxides or defects.

Fig. 4. Cr, Fe complexes with high spin crystal field stabilization energy.

Table 2 
The average crystallite size and microstrain of ZnCrxFe2-xO4 nanomaterials.

Material D (nm) Strain (10–2)

ZnFe2O4 36.18 ± 1.38 0.3002 ± 0.0363
ZnCr0.25Fe1.75O4 22.88 ± 1.15 0.3822 ± 0.0293
ZnCr0.5Fe1.5O4 18.70 ± 0.62 0.3951 ± 0.0440
ZnCr0.75Fe1.25O4 16.62 ± 0.69 0.4313 ± 0.0545
ZnCrFeO4 20.10 ± 1.21 0.4357 ± 0.0621
ZnCr2O4 12.30 ± 0.16 0.3867 ± 0.0545

M. Madagalam et al.                                                                                                                                                                                                                           Materials Research Bulletin 183 (2025) 113191 

4 



when the content of Fe is higher than the content of Cr in the crystal 
structure (from x = 0.75 to 0.25). The strain further decreased when 
there is no Cr in the ZnFeO4 structure meaning that a low ionic radius 
cation presence in the octahedral site has higher strain compared to the 
slightly higher ionic radius cation. These differences in strain justify the 
differences in 2θ angles for the planes of ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 
0.75, 1, 2) materials though they possess the same crystal structure.

The lattice constant ‘a’ of the nanomaterials is calculated using the 
typical relation of D-spacing and Miller indices of the planes. Five high 
intense planes (2 2 0), (3 1 1), (4 0 0), (5 1 1), and (4 4 0) are considered 
in calculating the lattice constant of each nanomaterial and the average 
lattice constant ‘a’ is reported in Table 3. The first thing to notice is that 
the lattice constant reported in the literature from the diffraction data of 
ZnCr2O4 is lower [44] than that of ZnFe2O4 [43], due to the higher ionic 
radius of Fe3+ compared to Cr3+in the lattice structure following the 
Vegard’s law [49]. The calculated lattice constants of ZnCr2O4 and 
ZnFe2O4 are in very good agreement with the reported lattice constants. 
From Table 3, the lattice constant decreases as the Cr content increases 
in the ZnFe2O4 lattice while for x = 0.5 and x = 0.75 the materials have a 
very similar ‘a’. This behavior in the value of ‘a’ could be due to a 
minimal or negligible difference in local distortions in the lattice, 
resulting in a non-detectable change in ‘a’ value [48]. For x = 0.25 the 
‘a’ value increased due to higher local distortion and further increased 
when Cr is completely replaced by Fe in the spinel.

The hopping length (L) (the average distance covered by an ion from 
one lattice site to another) is also determined using the equations re-
ported in the literature [50]. The hopping length from ‘Td’ site (A-site) 
to ‘Td’ site (LA), ‘Oh’ site (B-site) to ‘Oh’ site (LB), and from A site to 
B-site (LA-B) are listed in Table 4. The hopping lengths LA and LA-B are 
greater than LB leading to a lower probability of electron hopping. 
Hopping lengths can give an idea of the conductivity of the spinel 
nanomaterials as the motion of electrons decides the conductivity [27].

3.2. Spectroscopic characterization

Fig. 5a shows the Raman spectrum of ZnCr2O4. Previous studies 
indicate that ZnCr2O4 spinel has five Raman active modes [51]. The 
modes at 180, 510, and 589 cm-1 are due to F2g

(3), F2g
(2), and F2g

(1) symmetries 
of spinel, respectively. The high intense mode around 730 cm-1 corre-
sponds to the Cr-O symmetric stretching vibration of A1 g symmetry in 
CrO6 octahedra. Another mode at 420 cm-1 is the Eg symmetry of spinel, 
while the peak at 340 cm-1 is due to the multiple phonon vibration of 
ZnO [52], this could be due to the surface ZnO of the spinel ZnCr2O4. 
The band around 820 cm-1 is assigned to O–Cr3+-O symmetric 
stretching [53] because of the surface chromium hydroxide while the 
bands between 900 and 1000 cm-1 are assigned to Cr6+-O due to the over 
oxidation of Cr [53] forming CrO3 on the surface of the spinel. The 
Raman spectra of ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 0.75, 1) nanomaterials 
are presented in Fig. 5b. As Fe is introduced in the ZnCr2O4 spinel, the 
bands between 900 and 1000 cm-1 disappear preventing the over 
oxidation of Cr. The bands around 820 cm-1 are still present due to the 
surface chromium hydroxide. The other bands of the spinel can be 
similarly assigned for the other Zn-Cr-Fe spinel nanomaterials. Pure zinc 
ferrite (x = 0) Raman spectrum interpretation is clearly presented in our 

previous work [7].
X-ray photoelectron spectroscopy (XPS) analysis is used to identify 

the chemical elements and oxidation states of elements present in the 
composition of spinel nanomaterials. Full XPS survey depicted in Fig. S1 
showed no additional elements other than those expected in the spinels 
and adventitious carbon, excluding the presence of nitrates. High- 
resolution (HR) XPS spectra are acquired and analyzed (Fig. 6) to 
determine the oxidation states of Zn, Fe, Cr, and O in ZnCrxFe2-xO4 
nanomaterials. HR spectrum of O 1 s (Fig. 6d) is decomposed into three 
components, related to lattice oxygen O2- (Zn-O, Fe-O, and Cr-O) at 
binding energy (BE) ≃ 529.9 eV, to hydroxyl groups (BE ≃ 531 eV), and 
to the adsorption of water (BE ≃ 533 eV) [7,54]. Fig. 6c shows the Zn 2p 
orbital splitting into Zn 2p1/2 and Zn 2p3/2 at 1044.1 eV and 1021.1 eV 
(ΔBE = 23 eV), respectively, attributed to tetrahedral Zn2+ in the spinel 
[7]. Fe 2p with Fe 2p1/2 and Fe 2p3/2 around 725.6 eV and 711.5 eV 
(ΔBE = 14.3 eV), respectively is complemented by the two shake-up 
satellites around 733.8 eV and 718.4 eV related to the presence of 
octahedral Fe3+ in spinel ferrites [7] (Fig. 6a). Cr 2p1/2 and Cr 2p3/2 
peaks are decomposed using three components as shown in Fig. 6b. 
Photoelectron lines corresponding to 588 eV and 578.1 eV (ΔBE = 10.1 
eV) are assigned to Cr3+ due to Cr bonding with hydroxyl groups 
(confirmed with O 1 s) forming Cr3+ hydroxide [55]. The components at 
588 eV and 586.4 eV of Cr 2p1/2, 578.1 eV and 576.7 of Cr 2p3/2 are 
assigned to Cr3+ species present in the octahedral sites of the spinel 
and/or as Cr2O3 at the surface [51].

Diffuse Reflectance (DR) UV–Vis spectra of ZnCrxFe2-xO4 nano-
materials are reported as Kubelka-Munk function [56] in Fig. 7. Zinc 
ferrite (ZnFe2O4) showed three main bands with maxima at ca. 300 nm, 
500 nm and 800 nm (inset of Fig. 7). The most intense band with 
maximum at 300 nm can be ascribed to O2− → Fe3+ charge transfer 
transition (CT), usually giving rise to intense absorption [57]. The 
sample also absorbs in the visible range, with an absorption tail towards 
the Near Infra-Red (NIR) region. The band at 500 nm has been assigned 
in the literature to a CF transition 6A2 → 4A1 (4E(4G)) of octahedral 
Fe3+sites. This assignment is supported by the presence of the broad 
absorption centered at ca. 800 nm, assigned in literature to the 6A2 → 
4T1 (4G) transition of octahedral Fe3+ sites [7,58]. Accordingly, the 
bands at 500 nm and 800 nm are observed to decrease their intensity as 
Cr ions are introduced in the structure. Simultaneously, the band asso-
ciated to O2− → Fe3+ CT transitions at 300 nm in the ZnFe2O4 sample 
decreased and a band at 275 nm is observed for ZnCr0.75Fe1.25O4. The 
band at 275 nm is assigned to O2− → Cr3+ CT transitions in a matrix 
perturbed by the presence of Fe3+ ions. The bands at 255, 450 and 580 
nm in the ZnCr2O4 sample, according to the literature, are due to O2− → 
Cr3+ CT transitions, 4A2g→4T1g(F) and 4A2g→4T2g transition, respec-
tively. The ZnCr2O4 sample also shows a minor band at 660 nm (inset of 
Fig. 7) that is assigned in the literature to 4A2 g → 4T1g(F) transition of 
octahedral Cr3+ (d3) ions [59]. The same band occurs also in the samples 
containing both Cr and Fe, but slightly shifted and split, likely due to an 
effect of Fe in the matrix [60]. Another band at ca. 390 nm can be 
appreciated in the spectra of the ZnCr2O4 and cannot be assigned 
unambiguously, since it could be either due to the 4A2 g → 4T2 g tran-
sition of octahedral Cr3+ (d3) ions [61] or to the O2-→ Zn2+ CT 
transition.

The band gap energy (Eg) is calculated by using Tauc plot method by 

Table 3 
Calculated lattice constant ‘a’ of ZnCrxFe2-xO4 nanomaterials.

Material ‘a’ (Å)C ‘a’(Å)R

ZnFe2O4 8.4465 ± 0.0069 8.443 [43]
ZnCr0.25Fe1.75O4 8.4299 ± 0.0084 –
ZnCr0.5Fe1.5O4 8.4178 ± 0.0076 –
ZnCr0.75Fe1.25O4 8.4183 ± 0.0097 –
ZnCrFeO4 8.3858 ± 0.0047 –
ZnCr2O4 8.3391 ± 0.0071 8.328 [44]

C – calculated from the experimental XRD data, R – reported in the literature 
diffraction data.

Table 4 
Calculated hopping lengths of ZnCrxFe2-xO4 nanomaterials.

Material LA-A (Å) LB-B (Å) LA-B (Å)

ZnFe2O4 3.6575 ± 0.0030 2.9863 ± 0.0024 3.5018 ± 0.0029
ZnCr0.25Fe1.75O4 3.6502 ± 0.0036 2.9804 ± 0.0029 3.4948 ± 0.0035
ZnCr0.5Fe1.5O4 3.6449 ± 0.0033 2.9761 ± 0.0027 3.4898 ± 0.0032
ZnCr0.75Fe1.25O4 3.6452 ± 0.0042 2.9763 ± 0.0034 3.4901 ± 0.0040
ZnCrFeO4 3.6311 ± 0.0020 2.9648 ± 0.0017 3.4765 ± 0.0019
ZnCr2O4 3.6109 ± 0.0031 2.9483 ± 0.0025 3.4572 ± 0.0029
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assuming direct electron transition as in the earlier reported work [7]. 
The extrapolation of the Tauc plot is performed by considering the edges 
in such a way that the band tailing effect due to the presence of surface 
states (confirmed by XRD, Raman, and XPS) is included (Fig. S2, sup-
porting information). The band gap is reported (Table 5) as an average 
band gap energy due to band tailing effect of surface oxides or hy-
droxides on the spinel ZnCrxFe2-xO4 nanomaterials. The band gap 
decreased as the Cr ions are introduced into the ZnFe2O4 spinel, and 
decreased further as we increased the Cr ions content (x = 0.5). When 

we increase further the Cr ions in the spinel the band gap has increased 
and increased further when the Fe ions are completely replaced by Cr 
ions in the spinel. This can be due to the Moss-Brunstein effect when 
some states close to the conduction band edge (EC) of a semiconductor 
are populated due to doping [61]. This is observed in both ZnFe2O4 and 
ZnCr2O4 spinel nanomaterials when Cr and Fe ions are introduced into 
the structure respectively, up to a certain concentration the band gap has 
decreased and higher concentration lead to an increase in Eg due to the 
CB edge being populated pushing the absorption edge to the higher 

Fig. 5. Raman spectra of (a) of ZnCr2O4 nanomaterial and (b) ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 0.75, 1, 2) nanomaterials.

Fig. 6. High-resolution X-ray photoelectron spectra of the following lines: (a) Fe 2p, (b) Cr 2p, (c) Zn 2p, (d) O 1s.
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energy levels.
Valence band XPS spectra of ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 0.75, 1, 

2) nanomaterials are used to extract the energy of the valence band 
maximum (EV) of each nanomaterial. The first rising edge of the valence 
band spectrum is extrapolated to the x-axis upon baseline correction and 
the x-intercept is taken as the energy level of the valence band maximum 
‘EV’ of the nanomaterial (Fig. S3, supporting information). The energy 
level of the conduction band minimum ‘EC’ (=Eg+Ev) is calculated and 
the values Eg, EV, and EC reported in Table 5. The Fermi energy level (EF) 
of nanomaterials is assumed to be at zero eV hence the EV values are 
reported with a negative sign.

3.3. Electrochemical characterization

Initially bare, ZnFe2O4, and ZnCr2O4 sensors are characterized by 
electrochemical impedance spectroscopy with 4 mM ferri/ferrocyanide 
redox couple in 0.1 M PB at pH 7. Fig. S4 shows the Nyquist plots of the 
different sensor samples. The plots are fitted with equivalent Randels 
circuit, the series resistance (Rs) and the charge transfer resistance (Rct) 
are reported in Table S1. Zinc ferrite and zinc chromite sensors have 
exhibited series resistances of 154 and 140 Ω while the charge transfer 
resistances are 2.7 and 3.7 kΩ, respectively, which are lower than the 
bare sensor (Rs = 168 Ω, Rct = 5.8 kΩ) proving the effect of nano-
materials electrocatalytic activity in reducing the resistance at the 
electrochemical interface. Scan rate analysis is performed by cyclic 
voltammetry with scan rates from 25 mV/s to 150 mV/s in steps of 25 
mV/s. Fig. S5 shows the CVs of bare, ZnFe2O4, and ZnCr2O4 sensors with 
respect to the scan rate and observed that the redox potential is 
increasing with an increase in scan rate. The inset shows that the 
oxidation current is varying linearly with the square root of the scan 

rate, by indicating that it is generated by a freely diffusing quasi- 
reversible electrochemical interface . Electroactive surface area (AR-S; 
AReal = AR-S/Ageom; Ageom = 0.12 cm2) of the three sensor’ types are 
calculated using the Randles-Sevčik equation and reported in Table S2 
[22,62]. The presence of nanostructured spinel nanomaterials increased 
the electroactive surface area compared to the bare carbon sensors as 
expected.

Fig. 8 shows the cyclic voltammograms of bare and ZnCrxFe2-xO4 
sensors for 1 mM paracetamol in 0.1 M PB at pH 7 at a scan rate of 100 
mV/s. Preliminary observation is that ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 
0.75, 1, 2) sensors show enhanced performance compared to the bare 
carbon sensor. Higher current and lower overpotential are observed 
making the ZnCrxFe2-xO4 sensors better than the bare carbon-based 
sensor. Among the ZnCrxFe2-xO4 sensors, it is observed that pure 
ZnFe2O4 sensor resulted in higher oxidation current and lowest oxida-
tion potential compared to the pure ZnCr2O4 sensor and mixed Cr-Fe 
sensors. Table 6 reports the oxidation current and potential (from here 
on all errors are reported as standard error mean (sem) unless otherwise 
specified) of bare and ZnCrxFe2-xO4 sensors. Bare sensor has an oxidation 
potential of 396 ± 2 mV with an oxidation current of 34.5 ± 0.2 μA. 
ZnCr2O4 sensor produced a 13.21 μA higher current at a 104 mV lower 
overpotential compared to the bare one showing the impact of nano-
particles. When we replaced 50 % of Fe by Cr (x = 1) in the crystal lattice 
of ZnFe2O4, we observed a 7 mV lower oxidation potential, and a similar 
oxidation current compared to the pure chromite sensor. As the Cr % 
decreased (x = 0.75, 0.5, 0.25) in ZnFe2O4 structure, similar oxidation 
current and potential are noticed, indicating that lower amounts of Cr 
addition does not lead to a significant enhancement in the electro-
chemical performance. The pure ferrite sensor (x = 0) has produced a 
152 mV lower potential and 17.9 μA higher oxidation current compared 
to the bare carbon one. The effect on the potential is clear evidence of 
the very well-known Nernst effect [7,62,63]. The presence of nanolayers 
at the interface between electrode and paracetamol shifts the redox re-
action towards lower potential by using lower energy in electron 
transfer. The biggest advantage of using nanomaterials in electro-
chemical sensors is to use less energy to produce high oxidation currents 
for better detection of molecules.

3.3.1. Effect of scan rate
Cyclic voltammetry is carried out by varying the scan rate ‘ν’ from 50 

mV/s to 300 mV/s (step size 50 mV/s). Fig. 9 shows the cyclic vol-
tammograms of bare, ZnCr2O4, ZnCrFeO4, and ZnFe2O4 sensors for 1 
mM paracetamol in 0.1 M PB at pH 7. The inset of Fig. 9 shows the plots 

Fig. 7. DR UV–Vis spectra of ZnCrxFe2-xO4 nanomaterials. The inset shows a 
magnification of the spectra in the 500–1000 nm range. The step at 800 nm is 
due to the change in the type of optical filter while the measurement 
was running.

Table 5 
Estimated Eg, EV, and EC of ZnCrxFe2-xO4 nanomaterials.

Material Eg (eV) Ev (eV) Ec (eV)

ZnFe2O4 2.58 ± 0.06 − 1.87 ± 0.49 0.71 ± 0.43
ZnCr0.25Fe1.75O4 2.38 ± 0.06 − 1.32 ± 0.43 1.06 ± 0.37
ZnCr0.50Fe1.50O4 2.17 ± 0.01 − 0.89 ± 0.27 1.28 ± 0.26
ZnCr0.75Fe1.25O4 2.61 ± 0.12 − 0.64 ± 0.21 1.97 ± 0.09
ZnCrFeO4 2.78 ± 0.13 − 0.94 ± 0.28 1.84 ± 0.15
ZnCr2O4 3.07 ± 0.11 − 0.33 ± 0.09 2.74 ± 0.02

Fig. 8. Cyclic voltammograms of bare and ZnCrxFe2-xO4 sensors with 1 mM 
paracetamol in 0.1 M PB at pH 7 (ν = 100 mV/s).
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of the redox currents with respect to 
̅̅̅
ν

√
. The oxidation current (Ipa) and 

reduction current (Ipc) vary linearly with 
̅̅̅
ν

√
while the peak potential 

shifts to higher potentials as ‘ν’ increases. Linear regression equations of 
redox currents along with the regression coefficients for the bare and 
ZnCrxFe2-xO4 (x = 0, 1, 2) sensors are reported in Table 7. The same 
effect is observed for ZnCrxFe2-xO4 (x = 0.25, 0.5, 0.75) sensors, 
respective cyclic voltammograms at different scan rates are shown in 
Fig. S6 (supporting information) and linear regression equations with 
regression coefficients are listed in Table S3 (supporting information). 
The effect of ‘ν’ is explained using Randles-Sevčik theory [62,63],: as ‘ν’ 
increases the overall current increases due to the increase in capacitive 
current in addition to the faradaic current produced by the redox reac-
tion at the interface. As the peak potential position changes with ‘ν’ and 
current varies linearly with 

̅̅̅
ν

√
then the electrochemical system is a 

freely diffusing quasi-reversible electrochemical system.

3.3.2. Kinetic parameters
Fig. 10 displays the potential values of the anodic (Epa) and cathodic 

(Epc) peak potentials, and peak-to-peak separation potential (ΔEp) vs 
ln(ν) of the bare and ZnCrxFe2-xO4 (x = 0, 1, 2) sensors. Epa, Epc, and ΔEp 
are varying linearly with ln(ν) with linear regression parameters listed in 
Table 8, and Table 9. Similarly for the other sensors, peak potentials and 
ΔEp with ln(ν) are depicted in Fig. S7 and linear regression equations 
listed in Table S4, S5 (supporting information), respectively. After 
checking the linearity of redox currents vs 

̅̅̅
ν

√
and the linearity of Epa, 

Epc, and ΔEp vs ln(ν), Laviron model [64] is applied to calculate the 
electron transfer rate coefficient (α), and kinetic rate constant (k). In 
Laviron model, Epc and Epa are given by 

Epc = E0 −

(
RT
αnF

)

ln
[

α
|m|

]

, (1) 

Epa = E0 +

(
RT

(1 − α)nF

)

ln
[
(1 − α)
|m|

]

, (2) 

Table 6 
Oxidation potential and current of the bare and ZnCrxFe2-xO4 sensors.

Sensor Oxidation potential (mV) Oxidation Current (μA)

Bare 396 ± 2 34.50 ± 0.20
ZnFe2O4 244 ± 1 52.41 ± 0.56
ZnCr0.25Fe1.75O4 280 ± 1 47.81 ± 0.26
ZnCr0.50Fe1.50O4 285 ± 2 45.92 ± 0.12
ZnCr0.75Fe1.25O4 282 ± 2 45.88 ± 0.39
ZnCrFeO4 285 ± 2 47.68 ± 0.72
ZnCr2O4 292 ± 2 47.71 ± 1.20

Fig. 9. Cyclic voltammograms of (a) bare (b) ZnCr2O4 (c) ZnCrFeO4, and (d) ZnFe2O4 sensors with scan rate from 50 – 300 mV/s (step of 50 mV/s) with 1 mM 
paracetamol in 0.1 M PB at pH 7. Inset shows the redox current variation with 

̅̅̅
ν

√
.

Table 7 
Ipa, Ipc regression equations of the bare and the ZnCrxFe2-xO4 (x = 0, 1, 2) 
sensors.

Sensor Ipa R2 Ipc R2

Bare 2.82
̅̅̅
ν

√
+6.35 0.998 − 2.26

̅̅̅
ν

√
+ 8.93 0.999

ZnFe2O4 5.86
̅̅̅
ν

√
+0.87 0.999 − 3.27

̅̅̅
ν

√
+ 4.35 0.991

ZnCrFeO4 5.96
̅̅̅
ν

√
− 8.9 0.999 − 3.71

̅̅̅
ν

√
− 7.21 0.997

ZnCr2O4 4.91
̅̅̅
ν

√
− 1.7 0.999 − 3.32

̅̅̅
ν

√
+ 4.74 0.998
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where m = (RT/F)(k/nν), ‘n’ is the number of electrons involved in the 
redox reaction, ‘ν’ is the scan rate, ‘E0’ is the standard surface potential, 
‘R’ is the universal gas constant, ‘T’ is the absolute temperature in 
Kelvin, and ‘F’ is the Faraday constant. ‘α’ value is evaluated from the 
slopes of the Epa and Epc versus ln(ν) plots. The kinetic rate constant ‘k’ is 
calculated using the Laviron equation for ‘k’: 

ln (k) = αln(1 − α) + (1 − α)ln (α) − ln
(

RT
nFν

)

− α(1 − α) nFΔEp

RT
(3) 

Paracetamol redox process involves two electrons (n = 2) [7], and 
ΔEp is chosen at ν = 100 mV/s since the electrochemical system is a 

quasi-reversible system. The α, ΔEp, and k values of the bare and 
ZnCrxFe2-xO4 sensors are reported in Table 10. The electron transfer rate 
coefficient α, ΔEp are reduced for ZnCrxFe2-xO4 sensors compared to the 
bare sensor. As the ΔEp is lower than the bare sensor, ZnCrxFe2-xO4 
sensors have the higher ‘k’ values leading to the faster electrochemical 
reactions at the sensor and paracetamol interface. The ‘k’ is usually 
referred to as the first-order kinetic rate constant as the Laviron model 
didn’t consider the double layer and diffusion effects at the interface of 
interest. We observe from Table 10 that ZnCr2O4, ZnCrFeO4, ZnFe2O4 
sensors have ‘k’ values of 3.73 ± 0.55, 4.53 ± 0.54, 13.1 ± 2.8 ms-1, 
respectively. As the Fe % increases in ZnCr2O4 from 0 to 50 %, the ‘k’ 
increased around 0.8 ms-1 then decreased and finally highly increased 
when Cr is completely replaced by Fe. Pure ferrite sensor is found to be 
the best in the aspect of kinetic performance among all the sensors 
studied in this work.

3.3.3. Sensitivity and limit of detection
Cyclic voltammograms are recorded at different concentrations of 

Fig. 10. Redox positions of (a) bare (b) ZnCr2O4 (c) ZnCrFeO4, and (d) ZnFe2O4 sensors with ln(ν). Inset shows the ΔEp variation with ln(ν).

Table 8 
Epa, Epc regression equations for bare and ZnCrxFe2-xO4 (x = 0, 1, 2) sensors.

Sensor Epa R2 Epc R2

Bare 41.5 ln(ν)+ 216.1 0.973 − 33.3 ln(ν) − 189.3 0.996
ZnFe2O4 26.4 ln(ν)+ 127.3 0.975 − 90.2 ln(ν) − 278.3 0.996
ZnCrFeO4 22.6 ln(ν)+ 189.3 0.963 − 64.7 ln(ν)+ 144.5 0.989
ZnCr2O4 21.1 ln(ν)+ 190.8 0.995 − 63.2 ln(ν)+ 150.4 0.981

Table 9 
ΔEp regression equations for bare and ZnCrxFe2-xO4 (x = 0, 1, 2) sensors.

Sensor ΔEp R2

Bare 74.81 ln(ν)+ 405.47 0.991
ZnFe2O4 116.64 ln(ν) − 151.01 0.999
ZnCrFeO4 87.33 ln(ν)+ 44.85 0.997
ZnCr2O4 84.3 ln(ν)+ 40.4 0.989

Table 10 
α, ΔEp, and k of the bare and ZnCrxFe2-xO4 sensors.

Sensor α ΔEp (mV) k (ms-1)

Bare 0.536 ± 0.004 746 ± 5 (2.22 ± 0.19) x 10–3

ZnFe2O4 0.23 ± 0.02 386 ± 2 13.1 ± 2.8
ZnCr0.25Fe1.75O4 0.32 ± 0.01 488 ± 4 0.88 ± 0.16
ZnCr0.50Fe1.50O4 0.35 ± 0.01 455 ± 4 1.11 ± 0.06
ZnCr0.75Fe1.25O4 0.355 ± 0.003 564 ± 7 0.18 ± 0.03
ZnCrFeO4 0.24 ± 0.01 446 ± 2 4.53 ± 0.54
ZnCr2O4 0.258 ± 0.004 444 ± 6 3.73 ± 0.55
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paracetamol at a fixed scan rate of 100 mV/s. Oxidation current is 
measured and averaged over three measurements at each concentration 
and calibration of each sensor is plotted. The calibration of each sensor is 
depicted in Fig. 11. The slope of the calibration of each sensor is the 
sensitivity of the sensor as listed in Table 11. Sensitivity has a two-fold 
increase (> 32 μA/mM) with respect to the bare sensor (16.7 ± 0.9 μA/ 
mM) for ZnCrxFe2-xO4 sensors. ZnFe2O sensor is the best (37.8 ± 0.2 μA/ 
mM) while ZnCrFeO4 tailored sensor is the second best. The limit of 
detection (LOD) is calculated using the relation LOD = KD/S, where K is 
the statistical confidence level, here it is set equal to ‘3′, D is the standard 
deviation of the blank measurements, and ‘S’ is the sensitivity of the 
sensor. LOD for each sensor is reported in Table 11 where ZnCrFeO4 
sensor shows the lowest LOD of 1.94 ± 0.01 μM while ZnFe2O4 sensor 
has the highest LOD of 7.94 ± 0.04 μM among all the sensors in this 
work.

4. Discussion

This work used a simple, single-step, cost-effective, solvent-free, auto 
combustion synthesis to produce nano oxides. This synthesis has no 
control over the temperature of the reaction due to its exothermic 
(abrupt change in temperature due to the release of heat) nature. Despite 
this drawback the synthesis procedure is successful in producing the 
nanoparticles of interest. Another important factor is the shape of the 
particles which eventually impacts on the orientation leading to the 
different reactivity of the particles. This work has led to the successful 
production of uniform (almost) spherically shaped nanoparticles ruling 
out different orientation possibilities, even if a certain degree of aggre-
gation is observed which can hinder the reactivity of some nano-
particles. This affects the performance of the working electrode 
participating in the electrochemical reaction leading to different reac-
tion rates (different rate constant ‘k’).

From XRD, it is proved that both ZnFe2O4 and ZnCr2O4 nano-
materials have a normal spinel structure; the conduction of spinel ma-
terials is explained by the ‘small polaron hopping’ model [7,27]. This 
model suggests that the conduction depends on the charge transfer be-
tween cations present in the ‘Oh’ sites of the spinel structure. Since both 
zinc ferrite and zinc chromite have a normal spinel, both Fe and Cr 
occupy the ‘Oh’ sites in the spinel, Fe and Cr share the ‘Oh’ sites in the 
case of other ZnCrxFe2-xO4 (x = 0.25, 0.5, 0.75, 1) nanomaterials. In 
ZnCr2O4 and ZnFe2O4, conduction occurs due to electron hopping of 
Cr3+/Cr4+ and Fe3+/Fe2+, respectively. According to hopping lengths of 
ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 0.75, 1, 2) nanomaterials, the hopping 

length LB (hopping length from B-site to B-site) decreases from x = 0 to 
0.5 and x = 0.75 has a very similar LB as x = 0.5 and then decreased for x 
= 1 and 2. The hopping length LB suggests that the conductivity de-
creases as the hopping length increases [27] but the conductivity does 
not depend only on the hopping lengths of ions present in the spinel 
structure. The conductivity also depends on the hopping rate of elec-
trons (jumps per second), a higher electron hopping rate results in a 
higher conductivity of the spinel nanomaterials [27]. The magnetic 
nature of the spinel structure (chromites typically exhibit an antiferro-
magnetic frustrated nature [65] and ferrites exhibit ferromagnetic 
behavior [26]) as well can affect the conductivity [27]. The sensitivity 
and rate constant increased from x = 2 to 1: this could be due to the 
equal proportion of Cr and Fe ions in the spinel leading to a higher 
conductivity compared to the pure chromite. When we moved from x =
1 to x = 0.25, the sensitivity and rate constant decreased, this might be 
due to the mismatches in the spinel system effecting the conductivity. 
The pure ferrite (x = 0) has the highest sensitivity and rate constant; this 
could well be due to the ferromagnetic nature of the ferrite with high 
conductivity compared to the other nanomaterials in the current study 
[27]. Table 12 shows the comparison of sensitivities and rate constants 
of different spinel oxides crystal structures from our previous work and 
the current work as well.

A normal spinel is a typical n-type semiconductor due to its con-
duction through electron hopping, whereas inverse spinel is a p-type one 
due to hole hopping conduction [27]. For this reason, a normal spinel 
conducts better compared to an inverse spinel. If we compare the current 
results with the previous work [7], the sensitivity and rate constant are 
higher compared to inverse spinel NiFe2O4, proving a better perfor-
mance of normal spinel nanomaterials towards electrochemical sensing 
of paracetamol (Table 12). The mixed spinel with ‘Zn’ in nickel ferrite 
increased the sensitivity and rate constant compared to the pure inverse 
spinel nickel ferrite, whereas the presence of ‘Bi’ with mixed spinel has 
decreased the sensitivity. In the former the mixed effect is mainly due to 
bivalent cations of ‘Zn’ and ‘Ni’ whereas in the latter case the effect is 
due to the trivalent cations of ‘Bi’ and ‘Fe’. This indicates that the mixed 
spinel based on the type of cations also plays an important role in the 

Fig. 11. Calibration of bare and ZnCrxFe2-xO4 sensors for paracetamol (0.5 to 3 
mM) in 0.1 M PB at pH 7.

Table 11 
The sensitivity and limit of detection of the bare and ZnCrxFe2-xO4 sensors.

Sensor Sensitivity (μA/mM) R2 LOD (μM)

Bare 16.7 ± 0.9 0.975 3.26 ± 0.17
ZnFe2O4 37.8 ± 0.2 0.995 7.94 ± 0.04
ZnCr0.25Fe1.75O4 32.1 ± 0.3 0.998 7.57 ± 0.08
ZnCr0.50Fe1.50O4 33.3 ± 0.6 0.990 2.21 ± 0.04
ZnCr0.75Fe1.25O4 34.5 ± 0.5 0.990 2.29 ± 0.03
ZnCrFeO4 35.7 ± 0.1 0.996 1.94 ± 0.01
ZnCr2O4 32.4 ± 0.5 0.996 2.99 ± 0.05

Table 12 
Comparison of electrochemical parameters for different spinel oxides with 
respect to their spinel structure.

Sensor Sensitivity (μA/ 
mM)

k (ms-1) Spinel 
structure

Refs

NiFe2O4 29.4± 0.4 0.27 ± 
0.02

Inverse [7]

Zn0.4Ni0.6Fe2O4 30.0 ± 0.2 0.62 ±
0.10

Mixed [7]

ZnFe2O4 37.8 ± 0.2 13.1 ±
2.8

Normal [7,22], 
present work

ZnBiFeO4 25.6 ± 0.8 1.3 ±
0.2

Mixed [22]

ZnBi2O4 23.5 ± 0.6 0.45 ±
0.16

Mixed [22]

ZnCrFeO4 35.7 ± 0.1 4.5 ±
0.54

Normal Present work

ZnCr2O4 32.4 ± 0.5 3.73 ±
0.55

Normal Present work
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electrochemical performance. Apart from the type of spinel, the ionic 
size also affects the electrochemical performance with a clear difference 
in sensitivity and rate constant with Bi(III) and Cr(III) in ZnFe2O4 
(Table 12). We can predict the nature of the electron transfer by using 
the energy band gap of the nanomaterials. Similar to our previous work 
[7], Burello and Worth’s theoretical predictive model [66,67] is 
employed to predict the electron transfer between the sensor surface and 
the molecule of interest. Energy band edges EC and EV of the nano-
materials are estimated using UV–vis spectroscopy and XPS techniques, 
and experimental redox potential (Epa, Epc) of paracetamol is used to 
predict the type of electron transfer. A matching of the EC, EV with Epa 
and Epc is depicted in Fig. 12. It is possible to estimate the electron 
transfer by considering the EC of the nanomaterial and Epa of paracet-
amol. A direct electron transfer is possible when the EC is overlapping or 
below the Epa of paracetamol meaning that the electrons from the 
HOMO (Highest Occupied Molecular Orbital) of paracetamol can jump 
or tunnel through the barrier directly to the conduction band of the 
nanomaterial. From Fig. 12 we can see only for ZnFe2O4, an overlap 
between its EC and the Epa of paracetamol indicating a direct electron 
transfer phenomenon between the sensing material and paracetamol. 
We can observe that EC is moving towards the Epa of paracetamol as the 
content of Cr3+ ions is decreased from x = 2 to 0.25 in ZnFe2O4, but in 
these cases it is difficult to predict the direct electron transfer because of 
no overlapping or higher energy level with Epa of paracetamol. How-
ever, in these sensors, we observed the electron transfer and so did the 
redox mechanism of paracetamol at the electrochemical interface. 
Hence, it is difficult to estimate the electron transfer using this model 
since Burello and Worth’s model disregards the role of surface states. In 
the case of x = 0.25 to 2, there could be an involvement of surface states 
or defects, the presence is confirmed by XRD, Raman, and XPS charac-
terizations. The existence of energy states within the nanomaterial’s 
band gap results in band tailing due to the influence of surface states/-
defects. The energy states within the band gap can overlap with the Epa 
of paracetamol providing a path to the electron from the HOMO of 
paracetamol to the nanomaterial. This type of electron transfer is 
referred to as surface-state-mediated electron transfer. This could be 
another reason why ZnFe2O4 sensor performs better at lesser Epa 
compared to the other sensors leading to smaller ΔEp and to faster re-
action at the interface with a higher rate constant. Since the EC of x =
0.25 to 2 nanomaterials are at higher energy levels compared to Epa of 
paracetamol, the redox reactions happened at higher applied potentials 
compared to the ZnFe2O4 sensor. We can clearly observe this 

phenomenon from Table 6: ZnCr2O4 has the highest Epa of 292 ± 2 mV 
while the ZnCr0.25Fe1.75O4 sensor has an oxidation potential of 280 ± 1 
mV.

Another important factor to notice is that the ionic radius of Cr3+ is 
61.5pm while that of Fe3+ is 64.5pm. A difference of 3pm (2.4 %) in 
ionic radius led to a change of 0.5 eV in the energy band gap. This dif-
ference in band gap has a relevant effect on the sensitivity and kinetic 
rate constant leading to different types of electron transfer mechanisms 
at the electrochemical interface. and how much the performance may be 
improved by a small alteration in the sensor surface. This further dem-
onstrates how sensitive the electrochemical processes are at the elec-
trochemical interface and a slight alteration in the sensor surface can 
enhance the performance significantly. Considering the possible valence 
states of Cr3+ compared to Fe3+, there might be some possible inter-
mediate reactions between chromites and paracetamol due to different 
reactivities of valence states of Cr3+ making the final reaction slower, 
hence leading to lower kinetic rate constant. This also justifies the higher 
kinetic rate constant for ZnFe2O4 sensor, and its higher sensitivity 
compared to all other sensors.

5. Conclusion

This work is a first-of-a-kind study of ZnCrxFe2-xO4 (x = 0, 0.25, 0.5, 
0.75, 1, 2) nanomaterials aimed to understand the effect of ionic radius 
and energy band gap on electrochemical sensing applications. A simple 
synthesis technique of auto combustion is used to synthesize the nano-
materials by using their respective metal nitrates in presence of urea as 
fuel and nanomaterials were extensively characterized. All spinel 
nanomaterials tailored sensors are found to have a sensitivity around 
two times higher than the bare sensors with a lower peak-to-peak po-
tential and a higher kinetic rate constant. ZnFe2O4 is found to be the best 
material to maximize the sensitivity in electrochemical sensors, pre-
senting the higher sensitivity and kinetic rate constant on the detection 
of paracetamol, used here as a model target. It was found that normal 
spinel nanomaterials work better in electrochemical sensing compared 
to inverse spinel. This is also due to the higher electrical conductivities 
related to the fact that conduction occurs by electron hopping in normal 
spinel while by hole hopping in inverse spinel. Energy band gap map-
ping with redox potential of paracetamol was performed to predict the 
electron transfer mechanism at the electrochemical interface. A slight 
change in the ionic radius produced a significant difference in the energy 
bandgap of nanomaterials. This proved how sensitive electrochemical 
reactions can be as a slight change at the interface can enhance the re-
action efficiency significantly. The role of surface states in electro-
chemical electron transfer at the interface was thoroughly discussed.

We believe that the rational design of spinel-like nanomaterials can 
be used to design sensors for the realiable detection of different mole-
cules, ranging from small molecules to dissolved oxygen, pH, and any 
other drugs/biomolecules of interest in biomedical applications.

CRediT authorship contribution statement

Mallikarjun Madagalam: Writing – original draft, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. Mat-
tia Bartoli: Writing – review & editing, Validation, Supervision, 
Conceptualization. Michele Rosito: Resources, Formal analysis. Nicola 
Blangetti: Resources, Formal analysis. Marco Etzi: Resources, Formal 
analysis, Data curation. Elisa Padovano: Validation, Resources. Bar-
bara Bonelli: Writing – review & editing, Validation, Resources. San-
dro Carrara: Writing – review & editing, Validation, Supervision. 
Alberto Tagliaferro: Writing – review & editing, Supervision, 
Resources.

Declaration of competing interest

The authors declare that they have no known competing financial 

Fig. 12. Mapping of energy bands of ZnCrxFe2-xO4 nanomaterials with redox 
potential (Epa and Epc) of paracetamol in predicting electron transfer mecha-
nism at the electrochemical interface. Ef is the Fermi energy level of nano-
materials assumed to be at zero eV.

M. Madagalam et al.                                                                                                                                                                                                                           Materials Research Bulletin 183 (2025) 113191 

11 



interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Funding sources

No external funding is received.

Data availability statement

The data supporting this study’s findings are available from the 
corresponding author upon reasonable request.

Supplementary materials

Supporting information provides the XPS survey spectra, Tauc plots, 
XPS Valence band spectra, cyclic voltammograms with scan rate, and 
redox potentials and peak-to-peak separation with ln(ν) of selected 
sensors.

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.materresbull.2024.113191.

Data availability

Data will be made available on request. 

References

[1] S.J. Yoon, S.H. Lee, K.H. Kim, K.S. Ahn, Electrical and magnetic properties of spinel 
ZnCr2− xFexO4 (0 ≤ x ≤ 1.0), Mater. Chem. Phys. 73 (2) (2002) 330–334.

[2] N. Ponpandian, P. Balaya, A. Narayanasamy, Electrical conductivity and dielectric 
behaviour of nanocrystalline NiFe2O4 Spinel, J. Phys. Condens. Matter 14 (2002) 
3221.

[3] D.R. Patil, B.K. Chougule, Effect of copper substitution on electrical and magnetic 
properties of NiFe2O4 Ferrite, Mater. Chem. Phys. 117 (1) (2009) 35–40.

[4] J.M. Gonçalves, L.V.de Faria, A.B. Nascimento, R.L. Germscheidt, S. Patra, L. 
P. Hernández-Saravia, J.A. Bonacin, R.A.A. Munoz, L. Angnes, Sensing 
performances of spinel Ferrites MFe2O4 (M = Mg, Ni, Co, Mn, Cu and Zn) based 
electrochemical sensors: a review, Anal. Chim. Acta 1233 (2022) 340362.

[5] P. Guo, L. Cui, Y. Wang, M. Lv, B. Wang, X.S. Zhao, Facile synthesis of ZnFe2O4 
nanoparticles with tunable magnetic and sensing properties, Langmuir 29 (28) 
(2013) 8997–9003.

[6] P. Maji, R.B. Choudhary, Facile synthesis, dielectric properties and electrocatalytic 
activities of PMMA-NiFe2O4 nanocomposite, Mater. Chem. Phys. 193 (2017) 
391–400.

[7] M. Madagalam, M. Bartoli, M. Rosito, N. Blangetti, M. Etzi Coller Pascuzzi, 
E. Padovano, B. Bonelli, S. Carrara, A. Tagliaferro, Unraveling the effect of the 
chemical and structural composition of ZnxNi1− xFe2O4 on the electron transfer at 
the electrochemical interface, Small Struct. 4 (12) (2023) 2300163.
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