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A B S T R A C T

This work investigates the effect of the inclusion of Bi3+ ions in ZnFe2O4 nanoparticles on electron transfer at the
electrochemical interface. ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nanomaterials are synthesized and the impact of Bi3+

ions on the chemical features of ZnFe2O4 nanoparticles is studied by using different materials’ characterization
techniques. The effect of the change in the chemical composition of ZnFe2O4 nanoparticles on the electro-
chemical sensing performance is extensively studied and correlated with the electrochemical sensitivity and
kinetic rate constant. Screen-printed electrodes functionalized with ZnBixFe2-xO4 nanomaterials have an excel-
lent enhancement of electrochemical sensing performance towards paracetamol, as a test molecule, compared to
the carbon electrodes. The highest sensitivity (37.8 ± 0.2 μA/mM) and the best kinetic rate constant (13.1 ± 2.8
ms− 1) are achieved by the ZnFe2O4 sensor, while the ZnBi2O4 sensor achieved a sensitivity of (23.5 ± 0.6) μA/
mM with a kinetic rate constant of (0.45 ± 0.16) ms− 1. The ZnFe2O4 sensor is found to have a direct electron
transfer, whereas the other sensors participate in a surface state-mediated electron transfer at the electrochemical
interface. This research shows a clear path to the potential applications of spinel oxide-based electrochemical
sensors for specific drugs or molecules detection.

1. Introduction

Transition multi-metal oxide nanomaterials have excellent potential
in various applications due to the availability of multiple levels of
freedom in the nanomaterial design. However, the fundamental
awareness of different activities (especially electrocatalytic activity) of
these oxides is limited because of the high complexity related to the
presence of multi-metals in their composition [1]. The level of
complexity rises when the crystal structure has more than one site for
metal occupancies, as it occurs for instance in the cubic spinel crystal
system [2,3]. Understanding the origin of the electrochemical/catalytic
activity in such materials is rather challenging. Due to the presence of
more than one metal with different oxidation states of the metal ions in
the system, the spinel multi-metal oxides have shown excellent potential
in electrocatalytic oxygen evolution reactions,[1,4] electrochemical

sensors,[5,6] photocatalytic activities,[3,7] and energy applications
such as supercapacitors[8,9] and batteries [2,10,11].

The spinel structure typically provides two different sites (tetrahe-
dral ‘Td’ and octahedral ‘Oh’) for metals to occupy. Different metals
prefer to occupy different sites based on their oxidation states and
crystal field stabilization energies of the metal ions. Based on the
occupied metal ions the spinel system is divided into normal spinel,
inverse spinel, and mixed spinel systems [5]. Normal spinel is the simple
arrangement of metal ions with bivalent cations placed in the ‘Td’ sites
and trivalent cations placed in the ‘Oh’ sites formed by the oxygen an-
ions. Based on the trivalent cation in the composition of the spinel they
are referred to as ferrites with Fe(III), cobaltites with Co(III), manganites
with Mn(III), and chromites with Cr(III) ions.

Spinel nanomaterials can be synthesized using different techniques
based on the application requirements. For example, precipitation and
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crystallization,[12] one-step hydrothermal reaction,[13] micro-
emulsion method,[14] sol–gel synthesis,[15] and combustion tech-
niques[5] are widely used.

Among the different classes of spinel nanomaterials, ferrites are of
great interest due to their magnetic, electrical, and optical properties
[5,14,16,17]. One of the well-known ferrites is ZnFe2O4 (zinc ferrite); its
properties can be enhanced/modified by partially substituting iron with
other ions into the crystal system. This can either sustain the same spinel
type or be modified into another spinel type based on the type of cations
introduced.

We have studied these structural transitions by introducing Ni2+ ions
into the ZnFe2O4 crystal system and clearly demonstrated that the
amount of Ni2+ ions gradually changed the normal spinel ZnFe2O4 into
an inverse spinel NiFe2O4 through mixed spinel phases (ZnxNi1-xFe2O4).
These structural transitions have significantly enhanced the electro-
chemical sensing performance of the spinel-based nanomaterials func-
tionalized sensors [5]. In another case, when Cr3+ ions are introduced,
we observed that the phase has not changed from normal spinel as there
is a huge preference for tetrahedral and octahedral sites for Zn and Cr,
respectively, due to their respective crystal stabilization energies.
Though the introduction of Cr3+ ions leads to the formation of the same
structural phase there are significant changes in the electrochemical
performance of the nanomaterials due to slight changes in the mole
fraction (x) of the composition and differences in the ionic radii of Cr3+

and Fe3+ ions. Even slight differences at the electrochemical interface in
any form can show significant differences in the sensor performance as
the electrochemical reactions are very sensitive to any kind of change at
the interface [18,19].

Paracetamol is used as a model-molecule of therapeutic compounds.
It is also known as acetaminophen is a widely used analgesic, antipyretic
drug to treat fever, pain, and headache [20,21]. Usually it is safe when it
is used as directed within limits but the overdosage can cause severe
liver damage [21,22]. Due to this reason monitoring or detecting the
paracetamol levels is very important, there are various sensing tech-
niques to detect and monitor the paracetamol concentration levels.
There are various analytical methods proposed among which electro-
chemical sensing method is the more reliable and cost-effective method
[23]. Since paracetamol is an electroactive molecule, it has been widely
used in testing different types of new electrochemical sensors which
employed various metal oxides based nanomaterials [24–27]. Spinel
metal oxides-based nanomaterials have also been used in electro-
chemical sensing of paracetamol such as La-doped CuFe2O4,[28] clay
MnFe2O4 nanocomposites,[29] MnFe2O4,[30] NiFe2O4,[5,31,32]
ZnFe2O4,[5,33] and CoFe2O4.[34].

Another interesting spinel nanomaterial is obtained by inserting
bismuth in the spinel structure producing ZnBi2O4. ZnBi2O4 is mainly
used for photocatalytic applications in combination with other oxides to
form p-n junction to reduce the recombination rates. It is used as a
photo-catalyst for degradation of organic pollutants in junction with
Bi2O3,[35] ZnO,[36] and as an enhanced photocatalyst under visible
light with TiO2 QDs [37]. However, there is not much research available
in the literature about the electrocatalytic applications of bismuthate,
even though a similar mechanism should be involved in both phenom-
ena. Therefore, our interest is to study the electrochemical sensing
behaviour of bismuthates and in combination with ferrites to understand
the synergic effect on electrochemical sensing [19].

This work focuses on the effect of the partial substitution of Fe3+ ions
with Bi3+ ions in the crystal structure of ZnFe2O4 nanoparticles. Bi3+

ions are gradually introduced into the composition of ZnFe2O4 and
ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nanomaterials are synthesized by auto-
combustion technique. Commercially available screen-printed carbon
electrodes are functionalized with ZnBixFe2-xO4 nanomaterials to fabri-
cate the new spinel oxide-based electrochemical sensors. Cyclic vol-
tammetry is used to electrochemically characterize the sensors in the
detection of paracetamol as a test molecule. Chemical features of the
nanomaterials are deeply discussed and correlated with the

electrochemical parameters such as sensitivity and kinetic rate constant.
The energy band gap of the nanomaterials is computed and correlated
with the experimental electrochemical peak potentials to understand the
electron transfer mechanism at the electrochemical interface.

2. Materials and methods

2.1. Chemicals

Zn(NO3)2⋅6H2O (Zinc nitrate), Fe(NO3)3⋅9H2O (Iron nitrate), Bi
(NO3)3⋅9H2O (Bismuth nitrate), C(NH2)2O (Urea), C4H10O (Butanol),
and paracetamol powder are purchased from Sigma Aldrich and used
without any further purification.

2.2. Material synthesis

Adopted from the literature, a simple, single-step, and cost-effective
auto-combustion method is used for the material synthesis [5,38]. The
combustion method was widely used in the production of Bi in ZnFe2O4
nanomaterials [39–42]. Depending on the composition of the material,
metal nitrate/s (oxidizing agent) are mixed with urea (reducing agent
acts as a fuel) in correct stochiometric proportions (1:1 mole ratio of
oxidizer to reducer) to prepare a redox mixture. The newly prepared
redox mixture is kept in a graphite reactor which was inserted into a
furnace. The furnace is heated up to 600 ◦C and the product is annealed
at 600 ◦C for 1 h then it is cooled until it reaches the room temperature
and grounded to obtain the final spinel-oxide nanomaterials. The syn-
thesis scheme is shown in Fig. 1.

2.3. Physicochemical characterization

Field emission scanning electron microscopy (FESEM) is conducted
utilizing the Zeiss SupraTM 50 (Oberkochen, Germany) to examine the
nanomaterial’s morphology. Micro-Raman spectroscopic measurements
are performed by employing the Renishaw, inVia Raman Microscope to
identify the molecular vibrations or get structural information of the
materials. The phases and crystal structure of the materials are deter-
mined by X-ray diffraction (XRD) using a Panalytical Empyrean
diffractometer (Malvern Panalytical, Malvern, UK). The analysis is car-
ried out using a time step of 60 s and a step size of 0.013◦/s, covering a
2θ range from 20◦ to 70◦, in a Bragg-Brentano geometry and with a
radiation source of Cu Kα (λ = 1.5418 \AA) at 40 kV and 40 mA. A Cary
5000 ultraviolet visible near infrared (UV–Vis-NIR) spectrophotometer
(Varian Instruments, Mulgrave, Australia) equipped with a diffuse
reflectance (DR) system is employed for UV–visible investigations. X-ray
photoelectron spectroscopy (XPS) experiments are carried out in a PHI
5000 Versaprobe spectrometer equipped with a monochromatic Al Kα
(1486.6 eV) X-ray source. An Ar ion gun and an electron gun are used for
charge compensation. Binding energy calibration is performed by
setting the adventitious C sp3 component at 284.8 eV. Pass energies are
set at 187.85 and 23.5 eV for the acquisition of survey and high-
resolution scans, respectively. XPS spectra are processed using
CasaXPS software (v2.3.23, Casa Software Ltd).

2.4. Electrodes modification

The electrochemical sensing elements (Electrochemical sensor) are
composed of screen-printed electrodes with an Ag/AgCl reference
electrode (RE), a carbon counter electrode (CE), and a carbon working
electrode (WE) (area 0.12 cm2). To prepare the nanomaterial suspen-
sions, 3 mg material is added to 1 mL (3:1 material to solvent ratio) of
butanol. The mixture is then homogenized in an ultrasonic bath. The
drop-casting technique is used for electrodes modification. The sensors
are modified after dropping 5 μL of nanomaterial suspension on top of
the WE and permitted to dry at 27 ◦C (room temperature) for 24 h.

M. Madagalam et al.
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2.5. Electrochemical measurements

Cyclic voltammetry (CV) experiments are conducted using a Bio-
logic SP-300 potentiostat to detect paracetamol in a 0.1 M PB (Phos-
phate Buffer) solution at pH 7 (electrolytic solution). The sweeping
voltage ranged from –0.6 to + 0.8 V (versus Ag/AgCl). Cyclic voltam-
mograms are acquired by applying 100 μL of electrolytic solution onto

the electrochemical sensor. Redox currents and potentials are analyzed
after getting rid of the non-Faradaic current through background
correction using peak analysis in EC-Lab software. CVmeasurements are
performed by varying the scan rate from 50 to 300 mV/s (in increments
of 50 mV/s) to investigate the electrochemical interface. Additionally,
CV experiments are conducted at different concentrations of paraceta-
mol, ranging from 0.5mM to 3mMwith intervals of 0.5 mM, to establish

Fig. 1. Auto combustion synthesis scheme.

Fig. 2. FE-SEM images of (a) ZnFe2O4, (b) ZnBi0.5Fe1.5O4, (c) ZnBiFeO4, and (d) ZnBi2O4 at a magnification of 50x.
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the calibration of the sensors. Electrochemical impedance spectroscopy
(EIS) is performed in the frequency range of 0.1 Hz to 100 kHz with 10
points per decade with an amplitude of 5 mV.

3. Results and discussion

3.1. Morphological and structural characterization

Fig. 2 shows the FESEM images of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2)
materials. From Fig. 2(a), we observe highly nanostructured particles
with spherical shape for pure ZnFe2O4 material (x = 0). In Fig. 2(b) to
(d) we observe two different particle morphologies as the amount of Bi
increases from x = 0.5 to 2. Some of the particles become larger and
their shape changes from quasi-spherical to patch-like morphology as
we increase the amount of Bi. The degree of nanostructured particles has
decreased as we completely replaced Fe(III) with Bi(III) in the compo-
sition of the materials. From the FESEM images, it is evident that most of
the particles have sub-micrometer (>100 nm and < 1 μm) dimensions
and some particles retained the spherical shape with nanometer size as
we move from x = 0 to 2.

In Fig. 3, the XRD patterns of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) are
shown. For x = 0, the diffraction pattern fully matches with the normal
spinel Franklinite (zinc iron oxide) (ICDD ref. code 01–089-4926), while
for x = 2, the XRD pattern is in good agreement with cubic bismuth zinc
oxide (ICDD ref. code 01–077-0569). The intermediate compositions (x
= 0.5, 1) exhibit a hybrid pattern, with peaks attributable to both zinc-
iron oxide and bismuth-zinc oxide as depicted in Fig. 3.

In all patterns, some minor peaks are observed between 30◦ and 37◦:
we assign these peaks to zinc oxide (ICDD ref. code 01–080-0075) and
iron oxide (ICDD ref. code 01–085-0987) since their position coincides
with that of the most intense peaks of these two phases[5]. The zinc
oxide and the iron oxide are possible as secondary phases due to the
reactants used in the synthesis process.

Scherrer’s method is applied to calculate the crystallite size of the
particles on seven major peaks [5]. The crystallite size of the materials is
reported in Table 1. The crystallite size varies from material to material
as the composition of the material changes, in agreement with previous
literature [5]. For x = 0.5, the introduction of Bi3+ into the ZnFe2O4
structure has a significant effect on the lattice strain, while it increases
slightly for x = 1. The ionic size of Bi3+ (103 pm)[43] is higher than that
of Fe3+ (64.5 pm),[43] and this might lead to a higher strain as the Bi
content increases. For x = 2, when Fe(III) is completely replaced with Bi

(III) the strain is reduced compared to the ZnFe2O4 system. This could be
due to the better matching of the site space to the ionic size of Bi3+.

3.2. Spectroscopic characterization

As shown in Fig. 4, all the bands below 220 cm− 1 for ZnBixFe2-xO4 (x
= 0.5, 1, 2) materials are assigned to the Bi and O framework as in cubic
Bi2O3 [44]. The band above 600 cm− 1 is attributed to the A1g symmetry
of the spinel structure whereas the band around 445 cm− 1 is assigned to
the T2g(3) symmetry of the spinel. Raman bands of materials with x =

0.5, 1, 2 around 310 and 520 cm− 1 are also assigned to Bi and O bonds
related to the Cubic Bi2O3 phase. Another band around 345 cm− 1 is
assigned to the T2g(2) mode of the spinel for materials with x = 0.5, 1
while this mode is not observed for x = 2. The band around 250 cm− 1

could be attributed to the shifted Eg mode of the spinel due to local
variations because of the presence of both Fe and Bi in the crystal
structure or, alternatively, could be another band related to the cubic
Bi2O3 as there is a small difference of 30 cm− 1 with the Eg mode of the
spinel material with x = 0 as demonstrated previously [5]. For x = 2
material the band around 375 cm− 1 is related to the Zn-O bonding as in
ZnO [45].

To evaluate the surface states and oxidation states of the elements in
the materials ZnBi2O4 and ZnBiFeO4, XPS high-resolution (HR) spectra
of the elements are recorded. Fig. 5(a) shows the HR spectrum of Zn 2p
with peaks at binding energies (BE) of 1021.5 eV and 1044.6 eV related
to Zn 2p3/2 and Zn 2p1/2 states. The position of the peaks points toward
the presence of Zn2+ [5]. HR spectra of Bi 4f region are shown in Fig. 5
(b), with Bi 4f orbital splitting into Bi 4f7/2 and Bi 4f5/2. The components
at 158.5 eV and 163.9 eV are assigned to octahedral Bi3+ while those at
160 and 165 eV to tetrahedral Bi3+, confirming the presence of Bi3+ at
two sites in the main spinel phase.[9,46] The core level spectrum of Fe
2p orbital has a doublet at 711.5 eV and 725.1 eV corresponding to Fe
2p3/2 and Fe 2p1/2, respectively, with complementing shake-up satellites
at 718.5 and 732.8 eV, as depicted in Fig. 5(c). The peaks of Fe 2p3/2 and

Fig. 3. XRD patterns of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nanomaterials.

Table 1
The crystallite size and microstrain of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2)
nanomaterials.

Material D (nm) Strain

ZnFe2O4 35 ± 3 0.003 ± 0.002
ZnBi0.50Fe1.50O4 40 ± 20 0.003 ± 0.001
ZnBiFeO4 31 ± 5 0.004 ± 0.001
ZnBi2O4 49 ± 12 0.002 ± 0.001

Fig. 4. Raman spectra of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nanomaterials.

M. Madagalam et al.
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Fe 2p1/2 are deconvoluted using two different components corre-
sponding to octahedral (710.8 and 724.1 eV) and tetrahedral (712.6 and
725.9 eV) Fe3+ in the spinel crystal structure [9]. XPS spectra of O 1 s are
shown in Fig. 5(d); fitting is performed using three components ascribed
to oxygen in the main lattice phase (~529.6 eV), in hydroxyl groups
(~531.3 eV), and adsorbed water (~533.1 eV) [5,47,48]. The atomic
concentrations derived from the survey spectra of the elements for
materials with x = 1 and 2 are evaluated and reported in Table S1,
supporting information. The ratio of the atomic percentage of Bi to Zn is
about 2.29 (x= 2) and 1.96 (x= 1); in the case of x = 1 the ratio is close
to the expected ratio of 2. By combining these results with those ob-
tained by XRD, we confirm the presence of the cubic spinel phase of
ZnBi2O4. Moreover, Bi3+ ions preferentially occupy the octahedral sites
in the absence of Fe3+ ions in the structure referring to a normal spinel
structure from Fig. 5(b). For x = 2, the ratio is much higher than ex-
pected; this might be due to surface enrichment in Bi. As reported in
Figure S1 (supporting information), other than the expected elements
present in the oxides we found only the presence of adventitious carbon
on the surface.

Diffuse reflectance UV visible (DR UV–vis) spectra of ZnBixFe2-xO4 (x
= 0, 0.5, 1, 2) materials are reported (F(R) Kubelka-Munk vs. wave-
length) in Fig. 6 [49]. Zinc ferrite (ZnFe2O4) showed three main bands
with maxima at ca. 800 nm, 500 nm and 300 nm. The most intense band,
with maximum at 300 nm, can be ascribed to the O2− → Fe3+ charge
transfer transition (CT), usually giving rise to an intense absorption
[50]. As expected, the intensity of this band decreases as the content of
Bi increases, and, accordingly, cannot be appreciated in the spectra of
the ZnBiFeO4 and ZnBi2O4 samples, which show an intense absorption
below 400 nm, with a different shape. The band at 500 nm can be
assigned, according to the literature, to an internal crystal field transi-
tion (CF) 6A2 → 4A1 (4E(4G)) associated with octahedral Fe3+ sites [50].
Another evidence of the presence of octahedrally coordinated Fe3+ sites
is the band at 800 nm (inset to Fig. 6), which was assigned to the 6A2 →
4T1 (4G) transition of octahedral Fe3+ sites.[5,51] This band was
observed only with the Fe-containing samples (inset to Fig. 6) and its

intensity decreased with the Fe content. The band observed at ca. 500
nm with the ZnBi2O4 sample could not be ascribed to such CF transition
(due to Fe3+). The ZnBi2O4 spectrum is in agreement with a previously
reported DR-UV–Vis spectrum of bismuth zinc oxide,[52] whereas the
band shape is compatible with some inter-band transitions, likely due to
defects and/or metal-to-metal charge transfer transitions. Except for the
ZnBi2O4 sample, all the spectra in Fig. 6 also show a shoulder at ca 430
nm, likely related to Fe: according to the literature the shoulder at 430
nm can be assigned to a charge transfer transition among the d-orbitals
of octahedral and tetrahedral Fe3+ions [51].

The Tauc’s plot method is used to estimate the energy gap (Eg) of the
materials by considering a direct transition process [5]. Tauc’s plot is

Fig. 5. High-resolution XPS spectra of (a) Zn 2p, (b) Bi 4f, (c) Fe 2p, (d) O 1 s regions.

Fig. 6. DR UV–Vis spectra of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nanomaterials. The
inset shows zoom of the spectra in the 500–1000 nm range.
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extrapolated by taking into account the edges in a way that includes the
band tailing effect caused by defects or surface states (Figure S2, sup-
porting information). Table 2 lists the average energy gap of ZnBixFe2-
xO4 (x= 0, 0.5, 1, 2) materials, When Bi3+ ions are added to the ZnFe2O4
spinel, the Eg decreases for x = 0.5, 1 and then increases for ZnBi2O4, in
agreement with the literature values reported for this material, between
2.90 and 3.00 eV [52].

The valence band maximum (EV) of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2)
materials is extracted from XPS valence band spectra and the method is
reported in the supporting information, Figure S3. Table 2 reports Eg,
and EV together with the computed conduction band minimum EC (=Eg
+ EV). Since it is assumed that the materials have a Fermi energy (EF) of
‘0′ eV, the EV values are reported negatively.

3.3. Electrochemical characterization

3.3.1. Electroactive area of the sensors
Bare and ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) sensors are characterized in

50 mL of 4 mM Ferri/ferrocyanide in 0.1 M PB at pH 7 by CV. Cyclic
voltammograms at different scan rates (ν) (25 – 150 mV/s in steps of 25
mV/s) are presented in Figure S4 (supporting information). In all the
cases, anodic peak currents are varying linearly with the square root of
the scan rate as shown in the inset of Figure S4, indicating a diffusion
controlled process of reactants at the electrode–electrolyte interface
[53,54]. The electroactive area (A) is calculated using the slope of the
anodic peak current (Ipa) versus

̅̅̅
ν

√
by following the Randles-Sevčik

equation that is written in the equation (1).[55]

Ip = 2.69 • 102AD1/2n3/2ν1/2 (1)

where Ip is the peak current, A is the electroactive area, D is the diffusion
coefficient of the electrolyte taken as 6.8 × 10-6 cm2/s,[56] n is the
number of electrons participating in the redox reaction. C is the con-
centration of the redox molecules in the electrolytic solution. The
calculated Randles-Sevčik electroactive area (AR-S) of the sensors and
the real area (AR) (AR-S/AGeom; AGeom= Geometrical area of the working
electrode = 0.12 cm2) are presented in Table S2 of the supporting in-
formation. We observe the increment in the AR-S due to nano-
structuration of the working electrode surface. Compared to the bare
carbon surface, we expect always a higher area of the sensor due to
surface roughness and presence of nanostructured materials. Of course,
the electrochemical active area depends on the morphology, orientation,
and size of the particles.

3.3.2. Electrochemical impedance spectroscopy (EIS) studies
In order to further understand the electrochemical system, electro-

chemical impedance spectroscopy (EIS) is performed using the same set
up as described above. The related Nyquist plots are fitted with the
modified Randles equivalent circuit model presenting Rs (series resis-
tance), Rct (charge transfer resistance), CPE (constant phase element),
andWarburg impedance (W). Randles equivalent circuit and the Nyquist
plots for all the sensors are reported in Fig. 7. The fitting parameters (Rs,
Rct) are presented in Table S3 in the supporting information. The
Nyquist plots showed a typical semi circle at higher frequencies and tend
to be linear at lower frequencies indicating the electron transfer limited
(Rct) and diffusion limited process (W) at the interface [56]. It is
observed that the ohmic resistance between the reference and the
working electrode Rs has been reduced by the introduction of the

nanostructured spinel materials compared to the bare carbon and
similarly the charge transfer resistance (Rct) has been significantly
reduced by the presence of ZnBixFe2-xO4 materials showing their supe-
rior electrochemical performance with respect to the bare carbon sensor.

3.3.3. Electrochemical sensing of paracetamol
Fig. 8 shows the cyclic voltammograms of bare and ZnBixFe2-xO4 (x

= 0, 0.5, 1, 2) sensors in presence of 1mM paracetamol in 0.1M PB at pH
7 at a scan rate (ν) of 100 mV/s. It is evident from Fig. 8 that the
ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) materials-modified sensors have a
significantly enhanced electrochemical sensing of paracetamol
compared to the bare carbon sensor. The oxidation current decreased
with the introduction of Bi(III) into the composition of ZnFe2O4 and
decreased further as Bi(III) completely replaced the Fe(III) while the
oxidation potential increased. The particle morphology has changed
from a spherical-like shape (zinc ferrite) to a patch-like shape with a
larger size (zinc bismuthate) as we increased the amount of Bi in
ZnFe2O4. This is one of the important factors that impacted the

Table 2
Estimated Eg, EV, and EC of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nanomaterials.

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

ZnFe2O4 2.58 ± 0.06 − 1.87 ± 0.49 0.71 ± 0.55
ZnBi0.50Fe1.50O4 2.43 ± 0.08 − 0.85 ± 0.25 1.58 ± 0.33
ZnBiFeO4 2.40 ± 0.02 − 1.29 ± 0.10 1.11 ± 0.12
ZnBi2O4 2.95 ± 0.06 − 1.22 ± 0.14 1.73 ± 0.20

Fig. 7. Nyquist plots from EIS studies of the bare and ZnBixFe2-xO4 (x = 0, 0.5,
1, 2) sensors with 4 mM Ferri/ferrocyanide redox probe in 0.1 M PB at pH 7.
[Frequency range: 0.1 – 100 kHz with 10 points per decade at an amplitude of
5 mV].

Fig. 8. Cyclic voltammograms of Bare and ZnBixFe2-xO4 (x = 0, 0.5, 1, 2)
sensors with 1 mM paracetamol in 0.1 M PB at pH 7. (ν = 100 mV/s).
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electrochemical performance of the materials. Though the performance
has degraded with the introduction of Bi into zinc ferrite, it is signifi-
cantly better than the performance of bare carbon sensor with an
oxidation current increment (>8 μA) and a potential decrement (>100
mV).

3.3.3.1. Effect of scan rate. To evaluate the nature of the electro-
chemical interface, cyclic voltammetry is performed by varying the scan
rate. Scan rate is varied from 50 mV/s to 300 mV/s in increments of 50
mV/s. Fig. 9 (a) and (d) show the cyclic voltammograms of ZnBixFe2-xO4
(x = 1, 2) with scan rate while inset figures show the anodic (Ipa) and
cathodic peak (Ipc) currents with respect to

̅̅̅
ν

√
for bare and ZnBixFe2-xO4

(x = 0, 1, 2) sensors. The plots are reported in Figure S5, supporting
information for ZnBi0.5Fe1.5O4 sensor and our previous work can be
referred for bare and zinc ferrite sensors [5]. Table 3 shows the linear
regression equations and fitting coefficients of different sensors. We
noticed a very good linearity of redox peak currents with

̅̅̅
ν

√
, and the

position of the redox peaks is changing with the change in the scan rate.
An explanation of the effect of the scan rate ν is given in the Randles-
Sevčik theory [55,57]. When ‘ν’ increases, the capacitive current and
faradaic current generated by the redox reaction at the interface also
increase, contributing to an overall current increase. A freely diffusing
quasi-reversible electrochemical system is identified when the peak
position varies with ‘ν’, and the current varies linearly with

̅̅̅
ν

√
.

3.3.3.2. Kinetic parameters. The anodic (Epa) and cathodic (Epc) peak
positions are evaluated with the scan rate and plotted (Fig. 9 (b) and (e)
for ZnBixFe2-xO4 (x = 1, 2) sensors) with respect to ln(ν). Peak-to-peak
separation (ΔEp = Epa-Epc) is calculated and plotted (Fig. 9 (c) and (f)
for ZnBixFe2-xO4 (x= 1, 2) sensors) against the ln(ν) for different sensors.
Figure S5, supporting information shows the plots for ZnBi0.5Fe1.5O4
sensor and our previous work can be referred to for bare and zinc ferrite
sensors [5]. We identified a linear variation of redox peak potentials and
ΔEp with ln(ν) and the linear regression equations with their coefficients
are reported in Table 4 and 5, respectively. Since redox peak currents

and redox peak positions follow a linear relationship with respect to
̅̅̅
ν

√

and ln(ν) respectively, the Laviron model[58] can be applied to evaluate
the electron transfer rate coefficient (α). Laviron model describes the
redox peak positions Epc and Epa as

Fig. 9. (a), (d) Cyclic voltammograms 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
currents (Ipa: anodic peak current and Ipc: cathodic peak current) variation with

̅̅̅
ν

√
. (b), (e) Variation of peak positions with ln(ν) (Epa: anodic peak potential and Epc:

cathodic peak potential). (c), (f) Peak to peak separation (ΔEp) with respect to ln(ν) for ZnBi2O4 and ZnBiFeO4 sensors, respectively.

Table 3
Ipa, Ipc regression equations of the bare and the ZnBixFe2-xO4 (x = 0, 0.5, 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

ZnBi0.5Fe1.5O4 4.93
̅̅̅
ν

√
+ 1.17 0.995 − 3.35

̅̅̅
ν

√
+ 9.24 0.958

ZnBiFeO4 4.48
̅̅̅
ν

√
− 0.32 0.985 − 2.71

̅̅̅
ν

√
+ 6.43 0.978

ZnBi2O4 3.69
̅̅̅
ν

√
+ 5.28 0.997 − 1.82

̅̅̅
ν

√
+ 1.98 0.987

Table 4
Epa, Epc regression equations for bare and ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) sensors.

Sensor Epa R2 Epc R2

Bare 41.5ln(ν) + 216.1 0.973 − 33.3ln(ν) − 189.3 0.996
ZnFe2O4 26.4ln(ν) + 127.3 0.975 − 90.2ln(ν) − 278.3 0.996
ZnBi0.5Fe1.5O4 18.5ln(ν) + 218.5 0.962 − 65.7ln(ν) + 155.6 0.987
ZnBiFeO4 28.9ln(ν) + 160 0.951 − 57.5ln(ν) + 82.3 0.993
ZnBi2O4 20.3ln(ν) + 216.8 0.988 − 47.3ln(ν) + 18.2 0.992

Table 5
ΔEp regression equations for bare and ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) sensors.

Sensor ΔEp R2

Bare 74.81ln(ν) + 405.47 0.991
ZnFe2O4 116.64ln(ν) − 151.01 0.999
ZnBi0.5Fe1.5O4 84.16ln(ν) + 62.85 0.987
ZnBiFeO4 86.51ln(ν) + 77.71 0.989
ZnBi2O4 67.61ln(ν) + 198.62 0.996
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Epc = E0 −
(
RT
αnF

)

ln
[

α
|m|

]

(2)

Epa = E0 +
(

RT
(1 − α)nF

)

ln
[
(1 − α)
|m|

]

(3)

where m = (RT/F)(k/nν), ‘T’ is the absolute temperature in Kelvin, ‘F’ is
the Faraday constant, ‘R’ is the universal constant for gas, ‘n’ is the
number of electrons engaged in the redox reaction, and ‘E0′ is the stan-
dard surface potential.

The slopes of Epa and Epc vs ln(ν) fitting lines are used to calculate the
value of “α”. We have α, n = 2, and the system is a quasi-reversible one
hence the ΔEp value is chosen at ν = 100 mV/s.

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

)

− α(1 − α) nFΔEp
RT

(4)

Equation (4), the Laviron equation for ’k’, is used to derive the kinetic
rate constant ‘k’. The calculated electron transfer rate coefficient ‘α’,
ΔEp, and kinetic rate constant ‘k’ for bare and ZnBixFe2-xO4 (x = 0, 0.5,
1, 2) sensors are listed in Table 6. It is observed that ‘α’ has decreased
from bare to zinc ferrite sensor and increased as we increase the amount
of Bi in the composition of zinc ferrite. The same effect has been
observed with the peak-to-peak separation of the sensors whereas the ‘k’
has increased significantly from bare to zinc ferrite and has decreased
when the amount of Bi(III) increase. This analysis proves that the
modified sensors have shown a significant improvement in the reaction
rate at the interface compared to the bare carbon sensor with zinc
ferrite, without any presence of Bi(III), being the best sensor. The
insertion of Bi(III) has shown a very significant effect on the sensor
performance in terms of reaction rate at the interface.

3.3.3.3. Sensitivity and limit of detection. At a set scan rate, cyclic vol-
tammograms are recorded at various paracetamol concentrations. Each
sensor is calibrated after the oxidation current is gathered and averaged
over three assessments at each concentration. The calibration of the
different sensors is reported in Fig. 10. The sensitivity of the sensors is
reported by taking the slope of the respective calibration of sensors in
Table 7. The sensitivity is more than two-fold increased for the zinc
ferrite sensor (37.8 ± 0.2 μA/mM) with respect to the bare one (16.7 ±

0.9 μA/mM). As the content of Bi3+ ions increased the morphology
changed from spherical to platelike shape and the particle size
increased. Moreover, the crystal structure of ZnFe2O4 was modified, and
the higher ionic size of Bi3+ compared to Fe3+ affected the strain. These
changes due to the introduction of the Bi3+ ions affected the electro-
chemical sensor performance leading to a decrease in the sensitivity
with the increase in Bi3+ ions content.

XRD showed (Fig. 3) the presence of two different phases, namely,
zinc ferrite and zinc bismuthate, along with some secondary phases such
as ZnO and Fe2O3. Unlike our previous works, [5,18] we obtained a dual
spinel phase instead of a solid solution of two spinel materials with a
single phase. This might be one of the reasons why we observed two
distinct morphologies in Fig. 2(b-d) of FESEM images where spherical
shape can be ferrite and patch-like shape can be bismuthate. This
heavily affects electrochemical properties as we are witnessing the effect
of two different materials instead of a single material when we have both
Bi(III) and Fe(III) in the material. This also indicates that instead of

inserting Bi(III) into the crystal structure of zinc ferrite, we have pro-
duced two different materials with different behaviors at the electro-
chemical interface. Zinc ferrite showed better sensitivity while zinc
bismuthate showed lower sensitivity whereas the combination showed a
slightly higher sensitivity compared to the zinc bismuthate. High-
resolution XPS spectra showed that the insertion of Bi(III) has affected
the spinel structure where Fe(III) occupies both the ‘Td’ and ‘Oh’ sites
along with Bi, as shown by DR UV–Vis spectroscopy. This modified the
normal spinel structure into a mixed spinel structure. As we previously
demonstrated, the type of spinel structure plays a crucial role in the
electrochemical sensing performance due to different conductive
mechanisms [5].

To compute the limit of detection (LOD) we used the well-assessed
formula (LOD) = KD/S. K stands for the statistical confidence level,
which is set at’3′, D for the standard deviation of the blank data, and S
for the sensor’s sensitivity. Table 7 presents the LOD for each sensor.
Among the sensors in the current investigation, ZnFe2O4 has the greatest
LOD of 7.94 ± 0.04 μM, while the ZnBiFeO4 sensor shows the lowest
LOD of 2.26 ± 0.07 μM.

The current work is compared with the previously reported work for
electrochemical sensing of paracetamol by using spinel oxide-based
nanomaterials. The different synthesis methods, electrochemical char-
acterization techniques used, linear range, limit of detection of different
electrochemical sensors for paracetamol are reported in Table 8. Since
the linear range and studied conditions of the sensors are different it is
difficult to directly compare the performances of the current materials
with those previously reported in Table 8.

Other important features of electrochemical sensors are the stability,
repeatability, and reproducibility. We observed very stable electro-
chemical results with a standard deviation of around 1 μA within a span
of 3 weeks in oxidation peak current of paracetamol using our modified
sensors. Usually non-enzymatic screen-printed electrochemical sensors

Table 6
α, ΔEp, and k of the bare and ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) sensors.

Sensor α ΔEp (mV) k (ms− 1)

Bare 0.54 ± 0.01 746 ± 5 (2.2 ± 0.2) x 10-3

ZnFe2O4 0.23 ± 0.02 386 ± 2 13.1 ± 2.8
ZnBi0.50Fe1.50O4 0.24 ± 0.01 438 ± 4 5.6 ± 0.6
ZnBiFeO4 0.30 ± 0.02 479 ± 3 1.3 ± 0.2
ZnBi2O4 0.32 ± 0.01 532 ± 12 0.45 ± 0.16

Fig. 10. Calibration of bare and ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) sensors for
paracetamol (0.5 to 3 mM) in 0.1 M PB at pH 7.

Table 7
The sensitivity and limit of detection of the bare and ZnBixFe2-xO4 (x = 0, 0.5, 1,
2) 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
ZnBi0.5Fe1.5O4 26.5 ± 0.4 0.988 2.36 ± 0.04
ZnBiFeO4 25.6 ± 0.8 0.980 2.26 ± 0.07
ZnBi2O4 23.5 ± 0.6 0.986 7.35 ± 0.02
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provide very stable results [59,60]. The repeatability of the sensors
modified with ZnFe2O4 and ZnBi2O4 sensors is studied by performing 5
measurements under the same conditions and they have a relative
standard error mean (Rsem) of 1.07 % and 0.9 %, respectively. The
reproducibility of ZnFe2O4 and ZnBi2O4 sensors is checked by charac-
terizing three different sensors of each type and found to have a Rsem of
1.58 % and 2.1 %, respectively.

3.3.3.4. Interference tests. To understand the effect interferences with
paracetamol, the best sensor in this study (ZnFe2O4 sensor) is charac-
terized. Paracetamol (100 μM) solution is prepared in 0.1 M PB at pH 7
along with 50 μM of ascorbic acid (AA), 50 μM of uric acid (UA). A
freshly prepared ZnFe2O4 sensor is used to perform the CV measure-
ments to detect the presence of paracetamol in presence of AA and UA. It
is observed from Fig. 11 (cyclic voltammogram in red) that the redox
reaction of paracetamol is clearly distinguishable (oxidation peak at
287 mV) from the interference of AA (oxidation around 125mV) and UA
(usually occurs around 350 mV) seemed to be not oxidized by the sensor
hence we observe no peak around or above 350 mV. The sensor is also
tested for the interference study of the presence of ions K+, Na+, Mg2+

and Cl- by adding 5mMKCL, 5mMNaCl, and 5mMMgCl2 to the 100 μM
paracetamol solution in 0.1 M PB at pH 7. We clearly observed the effect
of the presence of inorganic ions in Fig. 11 (cyclic voltammogram in
black) as the oxidation potential has increased from 287 mV to 377 mV
and oxidation peak current has been reduced from 9.9 μA to 6.03 μA
proving the significant effects on the sensor surface.

3.4. Energy bands and redox potential mapping

Inspired by Burello and Worth’s theoretical predictive model[62,63]
and some of the previous work reported in the literature, [5,20,35,64]
we have used the band energy levels of the nanomaterials to predict the
type of electron transfer. The estimated conduction band energy mini-
mum EC and valence band energy maximum EV are compared to the
experimental redox potentials of paracetamol as shown in Fig. 12. We
observed that only the EC of ZnFe2O4 overlaps with the redox potential
of paracetamol, indicating direct electron transfer at the electrochemical
interface between the nanomaterial surface and paracetamol. Though
there is no overlap between EC and redox potential of paracetamol for
the bismuth-containing sensors, we have observed a good improvement
in electrochemical sensitivity and rate constant compared to the bare
carbon sensor. In these cases, it is possible to have an indirect electron
transfer with the help of surface states/defects of the nanomaterials.
XRD has confirmed the presence of ZnO, Fe2O3, and Raman has shown
the presence of cubic phase Bi2O3; hence, this type of indirect electron
transfer is usually a surface state mediated transfer. This could be the
main reason for zinc ferrite to produce the highest sensitivity and faster
reactions at the electrochemical interface whereas the other cases have
lower sensitivity and slower reaction rates due to the involvement of
surface states with multiple transfer rates giving rise to an average effect
by the end of the electron transfer.

4. Conclusions

In this work, we synthesized ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nano-
materials using a simple self-combustion synthesis technique. The main
aim of this work is to understand the effects of ionic size on nano-
materials performance in electrochemical sensing applications. To be
able to understand the effect of Bi3+ ions on the electrochemical sensing
performance of ZnFe2O4 nanoparticles, cyclic voltammetry is used to
successfully characterise five different sensors.

All the studied ZnBixFe2-xO4 spinel nanomaterials tailored sensors
have a sensitivity higher than the bare sensor with a lower ΔEp and a
higher ‘k’. ZnFe2O4 sensor has the highest capability in maximizing the
sensitivity and rate constant leading to faster electrochemical reactions
at the nanomaterial and paracetamol interface. It is difficult to make a
direct comparison with different morphologies and particle sizes
ranging from the nano-scale to sub-micrometer scale from material to

Table 8
Electrochemical sensing of paracetamol by different spinel metal oxides-based
sensors.

Sensor Method Technique Linear range
(μM)

LOD
(μM)

Reference

CoFe2O4 Combustion DPV 3–200 0.25 [34]
MnFe2O4 Combustion CV 1000–5000 − [30]
NiFe2O4 Hydrothermal DPV 1–90 0.49 [31]
NiFe2O4 Combustion CV 500–3000 6.93 [5]
NiFe2O4 Thermal

treatment
DPV 0.6–8.5 0.08 [32]

ZnFe2O4 Hydrothermal DPV 0–500 0.29 [33]
ZnFe2O4 Combustion CV 500–3000 7.94 This work
ZnBiFeO4 Combustion CV 500–3000 2.26 This work
ZnBi2O4 Combustion CV 500–3000 7.35 This work

Fig. 11. Study of the interference effects of ZnFe2O4 sensor in 100 μM para-
cetamol in 0.1 M PB at pH 7 with 50 μM ascorbic acid (AA) and 50 μM uric acid
(UA) (red curve) and with 5 mM KCl, 5 mM NaCl, and 5 mM MgCl2 (black
curve). Cyclic voltammograms at a scan rate of 100 mV/s.

Fig. 12. Mapping of energy bands of ZnBixFe2-xO4 (x = 0, 0.5, 1, 2) nano-
materials with redox potential (Epa: Anodic peak potential and Epc: Cathodic
peak potential) of paracetamol in predicting electron transfer at the electro-
chemical interface. Ef is the Fermi energy level of nanomaterials assumed to be
at zero eV.
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material whereas we have nanoparticles and a combined spinel phase
with chromium substitution. The energy gap and bands edge energy
positions are used to predict the type of electron transfer at the interface
along with the redox potentials of paracetamol. The change in the
composition obtained by inserting Bi(III) and the particle size have
affected the band gap that in turn affected the electrochemical perfor-
mance. Overall, the spinel-based nanomaterials have enhanced elec-
trochemical performance compared to the bare carbon sensors.

The rational design of spinel-based nanomaterials by suitable
methods could be extended in the detection of O2, pH, and different
types of drugs in biomedical applications.
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