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ized bismuth oxide (AgBi2O3)
nanoparticles for the superior electrochemical
detection of glucose, NO2

− and H2O2†

M. Ramesh,a C. Sankar, b S. Umamatheswari, *a R. Ganapathi Raman, c

R. Jayavel,d Dongjin Choi *e and A. G. Ramue

In this study, silver-functionalized bismuth oxide (AgBi2O3) nanoparticles (SBO NPs) were successfully

synthesized by a highly efficient hydrothermal method. The as-synthesized SBO nanoparticles were

characterized using FT-IR, P-XRD, XPS, HR-SEM, and HR-TEM analytical methods. It was found that the

NPs were in spherical shape and hexagonal crystal phase. The newly prepared SBO electrode was further

utilized for the detection of glucose, NO2
− and H2O2 by cyclic voltammetry (CV) and amperometric

methods. The electrodes exhibited high sensitivity (2.153 mA mM−1 cm−2 for glucose, 22 mA mM−1 cm−2

for NO2
− and 1.72 mA mM−1 cm−2 for H2O2), low LOD (0.87 mM for glucose, 2.8 mM for NO2

− and 1.15

mM for H2O2) and quick response time (3 s for glucose, 2 s for both NO2
− and H2O2 respectively). The

sensor exhibited outstanding selectivity despite the presence of various interferences. The developed

sensor exhibited good repeatability, reproducibility, and stability. In addition, the sensor was used to

measure glucose, H2O2 in human serum, and NO2
− in milk and river water samples, demonstrating its

potential for use in the real sample.
1. Introduction

Diabetes mellitus, oen known as type 2 or adult-onset dia-
betes, is a metabolic disorder that results in persistently high
blood sugar levels. It develops when the body either fails to
produce enough insulin or its use is inefficient.1 Untreated
diabetes can affect pregnancy and cause additional health
issues such as neuropathy, hypertension, stroke, nephropathy,2

hyperosmolar hyperglycemia, nonketotic syndrome,3 blind-
ness,3 gastroparesis,3 heart failure4 and mental health issues.5

The ability to determine glucose concentration is essential in
the healthcare industry because it leads to the diagnosis and
treatment of diabetes mellitus. Biosensors have made an
extensive contribution to clinical glucose observation.
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Nitrite (NO2
−) is a strong, effective oxidizing agent, which is

widely used as a food preservative and coloring agent in food
processing,6 dyeing and chemical fertilizers.7 An excessive
amount of nitrite in the blood inhibits the body's oxygen
transport and increases the irreversible oxidation of hemo-
globin. It produces the harmful substance methemoglobin by
the reaction of amine and nitrites, which causes health issues
such as blue-baby syndrome in babies,8,9 stomach cancer and
tissue hypoxia.10 According to WHO, the permissible amount of
NO2

− in potable water is 0.1 mg L−1.11 Hence, it is indispensable
to the improvement of swi and effective detection of NO2

− in
food and water samples.

Similarly, hydrogen peroxide (H2O2) is generally used in food
processing, preservation,12 clinical care,13 environmental
monitoring and chemical manufacturing industries because of
its excellent chemical oxidation, reduction (redox) and micro-
bial controlling capacities.13 It is frequently utilized as a green
oxidant in contact lens solutions, antiseptic additives, and
household detergent disinfectants. However, excessive
consumption of H2O2 is highly risky for both environmental
safety and human health.14,15 As a result, a quick, suitable,
precise and cost-effective sensing technique is needed to
measure the glucose, nitrite, and H2O2 levels, with practical
implications for ecological safety, medical diagnosis, and food
protection.

Several existing analytical techniques such as spectropho-
tometry,16 colorimetry,17 chemiluminescence,18 uorescence19

and HPLC20 were used to detect the glucose, NO2
− and H2O2
© 2023 The Author(s). Published by the Royal Society of Chemistry
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levels in various samples. However, these techniques suffer
from high cost, complex pretreatment, low sensitivity and long
detection time, which limit the probability of rapid determi-
nation in real samples. Therefore, there is an urgent need to
develop a low-cost, highly sensitive and user-friendly analytical
method. Conversely, the electrochemical method has attracted
much more attention due to its attractive features such as
certainty, fast response, good repeatability, high sensitivity and
selectivity.21–23 In recent years, a variety of nanomaterials such as
polymers, non-metals, metals and their metal oxides have been
used for the enhancement of electrochemical sensing
devices.24,25 Particularly, metals and metal oxides have attracted
widespread research attention because of their high earth
abundance, harmlessness, inexpensiveness, better redox
behaviour, high surface area and enhanced electrocatalytic
properties for a variety of electrochemical applications such as
energy storage and conversion devices and sensors.26,27

In this context, bismuth oxide (Bi2O3) is an important n-type
semiconductor with a large band gap of 2.85 eV and employed
in a variety of applications including photovoltaic cells, sensors,
and energy storage devices.28,29 However, very few studies have
been reported on the synthesis and investigations of Bi2O3 NPs
on sensor applications.30–34 In addition, these types of electrodes
did not reach the required detection limit, working range, or
durability due to their innately weak electrical conductivity and
inadequate electrocatalysis of Bi2O3. Consequently, some stra-
tegic methods have been proposed to enhance the catalytic
activity of Bi2O3. When using metal oxides with noble metals
such as Au, Ag, and Pt, metal/metal oxide hybrids35,36 seem to
provide signicant improvements in glucose sensing
performance.

Silver is an economic noble metal that has outstanding
catalytic activity and excellent electron transfer efficiency.37–39 Ag
nanostructures including nanoparticles and nanotubes are
used to construct electrochemical sensors for the ultrasensitive
detection of hydrogen peroxide,40,41 proteins,42 lactose,43 and
glucose.44

It is widely known that doping one metal with another metal
oxide (Bi2O3) can have synergistic effects, and it would be ex-
pected to enhance the electrochemical performance by lowering
charge transfer resistance and providing more reactive sites
when compared to pure Bi2O3. Furthermore, to the best of our
knowledge, there has been no report in the literature on the
fabrication of AgBi2O3 and its application in electrochemical
sensing until now.

Based on the above-mentioned observations and on our
current research, we propose a simple, scalable, and one-step
method for the synthesis of Ag-functionalized Bi2O3 (SBO) via
a hydrothermal process and successfully utilize the same for the
rst time as a tri-functional electrode in glucose, NO2

− and
H2O2 detections. The morphology and structures of as-prepared
SBO NPs were determined by XRD, XPS, HR-SEM, and HR-TEM.
The constructed non-enzymatic sensor exhibits high sensitivity,
low detection limit (LOD), a wide linear range and good feasi-
bility in the detection of glucose, NO2

− and H2O2. Our study
reveals that the SBO NPs hold excellent electrocatalytic sensing
properties to glucose, NO2

− and H2O2 detections in both lab
© 2023 The Author(s). Published by the Royal Society of Chemistry
and real samples. Real-time detection and quantication of
glucose, NO2

− and H2O2 in human serum, milk, and water
samples are established using SBO NPs. The present work also
envisaged low-level detection of glucose (0.87 mM), which is
signicantly lower than that of the previously reported Bi2O3-
based glucose sensor.

2. Experimental
2.1. Materials and methods

Bismuth nitrate (Bi(NO3)3$5H2O), sodium dodecyl benzene
sulfonate (SDBS), silver nitrate (AgNO3), Naon, glucose
(C6H12O6), sodium nitrite (NaNO2

−), and hydrogen peroxide
(H2O2) were purchased from Sigma Aldrich, India. Borax solu-
tion, zinc acetate (CH3COOZn), urea (NH2CONH2), zinc
sulphate (ZnSO4), sodium hydroxide (NaOH), sodium acetate
(CH3COONa), sodium bicarbonate (NaHCO3), potassium
hydroxide (KOH), dopamine (DA), uric acid (UA), ascorbic acid
(AA), deionized water (DI), potassium chloride (KCl), and all
other chemicals were purchased from SRL Pvt Lt., (India). The
stock solutions were prepared in deionized water.

2.2. Synthesis of AgBi2O3 nanoparticles

SBO NPs were synthesized according to the previous report with
slight modications.45 In brief, 0.2 M of Bi(NO3)3$5H2O and
0.05M of AgNO3 were dissolved in 50mL of deionized water and
stirred in a magnetic stirrer for 45 minutes at room tempera-
ture. At the same time, 20 mL of 0.5 g SDBS solution was slowly
added to the reaction mixture. Then, 4 M of NaOH solution was
added dropwise into the solution mixture until the pH reached
10 under constant stirring. The reaction mixture was trans-
formed into a 100mL of Teon coated autoclave, heated at 100 °
C for 15 hours and allowed to cool room temperature. The
resulting yellow precipitate was washed with DI water and
ethanol mixture, and dried at 80 °C for 24 hours. The obtained
NPs were placed in a muffle furnace, annealed at 500 °C for 4
hours, and nally, we got the pure SBO NPs.

2.3. Electrode fabrication

Before use, the 3 mm diameter GCE was polished with 0.05 mM
alumina and washed with an ethanol and water (1 : 1) mixture.
The electrode was subsequently dried in a hot air oven before
use for nanocomposite deposition. The slurry was prepared by
dispersing 5.0 mg of SBO NPs in 500 mL of ethanol and 10 mL of
Naon solution. The prepared slurry was sonicated for 1 hour.
Finally, 10 mL of the freshly prepared slurry was put on the
surface of the as-prepared electrode. Then, the modied elec-
trode was dried for 15 minutes in a hot air oven at 40 °C and
used for electrochemical analysis.

2.4. Electrochemical measurements

All the electrochemical measurements were carried out using an
electrochemical workstation (CHI600E) in a standard three-
electrode system. A glassy carbon electrode (GCE) was used as
the working electrode, Ag/AgCl (in saturated KCl solution) as the
reference electrode and a Pt wire as the counter electrode. All
RSC Adv., 2023, 13, 20598–20609 | 20599
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View Article Online
measurements were performed at ambient temperature (25 ± 1
°C) and all the potentials were referred to the Ag/AgCl reference
electrode. All three electrodes were immersed 1 cm deep into
the 0.1 M NaOH electrolyte. In cyclic voltammetry (CV),
measurements were recorded in the applied potential range of
−0.8 to 0.8 V (for glucose 0 to 0.8 V, for NO2

− 0.1 to 0.9, and
H2O2 0 to −0.8 V) at different scan ranges of 10–100 mV s−1.
2.5. Characterization

Crystallographic data for the synthesized nanoparticles were
investigated by powder X-ray diffraction (P-XRD). The P-XRD
pattern of the SBO NPs was recorded using a BRUKER ECO
D8 advance with Cu Ka radiations (l = 0.15406 nm) at room
temperature. The FT-IR spectrum of the synthesized nano-
particle (as pellets in KBr) was recorded using a IRTRACER-
100 FT-IR spectrometer. The morphology of the synthesized
NPs was investigated by high-resolution transmission electron
microscopy (HR-TEM, JEOL, JEM-2100 plus, Japan) and high-
resolution scanning electron microscopy (HR-SEM, Thermo
Scientic, Apreos), with energy-dispersive spectroscopy (EDS)
and mapping to elemental analysis. A Kratos Axis Ultra-DLD X-
ray photoelectron spectrometer was utilised in order to carry
out the X-ray photoelectron spectroscopic (XPS)
investigations.
Scheme 1 Schematic diagram for the synthesis and fabrication of the S

20600 | RSC Adv., 2023, 13, 20598–20609
3. Results and discussion
3.1. Synthesis and characterization of SBO NPs

The proposed non-enzymatic sensor was designed based on the
SBO–GCE. SBO NPs were synthesized by a one-pot, simple, and
cost-efficient hydrothermal approach, as shown in Scheme 1.
The synthesised SBO NPs were characterized by FT-IR spec-
troscopy, P-XRD, XPS, HR-SEM and HR-TEM.

The crystallinity and crystal size of the prepared SBO NPs
were identied by powder X-ray diffraction analysis, as shown in
Fig. 1a. The diffraction peaks located at 2q= 24.66, 27.42, 33.06,
37.59, 41.46, 45.11, 48.54, 52.41, 54.18, 55.51, 60.48, 61.82 and
66.24 were assigned to the crystal planes of Bi2O3 of (−102),
(120), (−122), (112), etc. All these peaks are perfectly indexed to
the (monoclinic system) crystal lattice with a P21c space group of
Bi2O3 (JCPDS no.: 41-1449).32 The additional characteristic
peaks that appeared at 2q= 29.41, 30.30 and 39.48 are related to
the Ag NPs. Therefore, this P-XRD pattern clearly reveals that Ag
was successively doped with Bi2O3 to form AgBi2O3 NPs. The
peaks at 27.42, 33.06, 45.11, 52.41 and 55.51 are more intense
and sharp in nature, which indicate that the SBO NPs are very
pure and in good crystalline nature. The average particle sizes of
SBO NPs were observed in the range of 13± 4 nm. The observed
XRD results conrmed the formation of AgBi2O3

nanocomposites.
BO–GC electrode and electrochemical applications.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The FT-IR spectrum of SBO NPs is shown in Fig. 1b, recorded
in the range of 400–4000 cm−1. The characteristic bands
observed between 400 and 600 cm−1 were assigned to the
vibration bands of the Bi–O bond. The vibration band at
829 cm−1 is ascribed to the Bi–O–Bi band.33 The bands at 948
and 1536 cm−1 indicate the stretching vibration band of Ag
NPs46 and the stretching vibration of the OH group in water
molecules is appeared as a broad band at 3426 cm−1.

In order to ensure the formation of SBO NPs, the chemical
state and composition of the SBO NPs were investigated by XPS.
The obtained survey spectrum is given in Fig. 2a, specifying the
presence of Ag, Bi and O species, and the elemental composi-
tion of the synthesized SBO NPs is Ag d5/2 (1.6%), Bi 4f7/2
(31.2%) and O 1s (67.2%). The XPS spectrum of Fig. 2b reveals
that the double peaks including a lower energy bond at
367.94 eV and a higher energy bond at 373.96 eV could be
assigned to Ag 3d5/2 and Ag 3d3/2. Aer thermal treatment of the
SBO NPs, the coexistence of the reduction state Ag(0) and the
oxidation state Ag(I) are 367.94 eV and 373.96 eV, respectively.47

In the Bi 4f core-level XPS spectrum, Fig. 2c shows two peaks
with binding energy values of 160.8 eV (Bi 4f7/2) and 166.2 eV (Bi
4f5/2), which were attributable to the spin–orbit splitting of Bi3+

in the SBO NPs,48 whereas Fig. 2d exhibits the O 1s spectrum of
the peaks observed at 530.09 and 532.12 eV, assigned to Bi–O
and C–O respectively. Hence, the presence of Ag 3d5/2, Ag 3d3/2,
Bi 4f7/2, Bi 4f5/2 and O 1s peaks conrmed the formation of SBO
NPs.

To explore themorphology of SBONPs, HR-SEM images were
recorded. The HR-SEM images displayed in Fig. 3a, b and S1a†
shows the low-range magnication at 500 nm and high-range
magnication at 5 mm and it reveals the maximum particles
are spherical in shape, with an average particle size ranging
from 16 ± 2 nm.

The elemental composition of synthesized SBO NPs was
examined by the EDS spectrum, which displayed a sharp
distinctive Bi peak at 2.5 keV, indicating amaximum proportion
of Bi (73.59%). Furthermore, smaller peaks at 3 keV and 0.5 keV
Fig. 1 (a) XRD pattern of SBO NPs and (b) FT-IR spectrum of SBO NPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
are assigned to Ag (19.67%) and O (6.74%) respectively (Fig. 3c
and S1b†). In addition, the elemental mapping images of Bi, Ag,
and O are shown in the EDS of SBO NPs in Fig. S1c–f.†

The morphology of SBO NPs was further conrmed by HR-
TEM analysis. The typical HR-TEM images along with the
SAED patterns of SBO are given in Fig. 3. The HR-TEM image
(Fig. 3d) conrmed that the SBO NPs are spherical in shape,
even at lower (20 nm) and higher (50 nm) magnications, and
the SBO NPs are smaller and more spherically shaped (Fig. S2a
and b†). The histogram plot of particle size distribution is
shown in the right inset of Fig. 3d. SBO NPs have a particle size
range of 10–26 nm, with an average particle size of 18 nm for the
maximum NPs. The SAED pattern displayed in Fig. 3e strongly
illustrates that the SBO NPs are polycrystalline in nature. The
interplanar distances D(020) = 4.10, D(021) = 3.53, D(212) =
2.56, and D(122) = 2.11, conrming that the SBO NPs are highly
polycrystalline, which is similar to the P-XRD data. The lattice
fringe is shown in Fig. 3f, which was further conrmed by
inverse fast Fourier transform (FFT) analysis. The lattice fringes
with an interplanar spacing of D = 0.31 nm correspond to the
(012) lattice plane of monoclinic Bi2O3. Interestingly, the Ag
nanoparticles were distributed across the Bi2O3 nano-sheets.
The respective lattice fringe of the Ag–Bi2O3 nanoparticles
clearly shows two distinct fringe patterns of Ag and Bi2O3

nanoparticles (Fig. S2c†). The obtained TEM results obviously
conrm the formation of AgBi2O3 NPs.
3.2. Electrochemical studies

3.2.1. Electrochemical response for glucose detection.
Cyclic voltammetry (CV) is one of the most well-known methods
for determining electrocatalytic activity. As a result, cyclic vol-
tammetry was used to analyze the electron transfer bearing of
the fabricated SBO electrode. The electrocatalytic behavior of
glucose on GCE and modied SBO–GCE was studied by cyclic
voltammetry (CV) in 0.1 M NaOH solution at an applied
potential ranging from 0 to 0.8 V s−1 at a scan rate of 50 mV s−1
RSC Adv., 2023, 13, 20598–20609 | 20601
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Fig. 2 XPS spectrum of SBO NPs: (a) XPS survey spectrum, (b) XPS spectrum of Ag 3d, (c) XPS spectrum of Bi 4f, and (d) XPS spectrum of O 1s.
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(Fig. 4a). In Fig. 4a, the bare GCE did not show any oxidation
peaks in the potential range of 0.4 V to 0.8 V. In contrast, SBO–
GCE shows a good oxidation peak at 0.55 V, which is attributed
to the oxidation of Bi0+ to BiO3+ in the presence of glucose.49

However, the anodic current was dramatically increased with
the addition of 1.0 mM glucose into the electrolyte, which
indicates that the reduction of BiO3+ to BiO+ occurs along with
the oxidation of glucose. As the glucose concentration increases
from 0.5 mM to 10 mM, the observed anodic current was
phenomenally increased, as shown in Fig. S3a.† The effect of
varying scan rates on potential and peak current was investi-
gated at SBO–GCE (Fig. 4b). The study did not show any change
in oxidation and reduction peaks, only the oxidation and
reduction peaks were shied towards the higher and lower
potentials, respectively. This shiing was due to the faster
transport of ions and electrons between the interface of the
SBO–GCE and the electrolyte at a higher scan rate. Therefore, it
indicates that the oxidation peak current (mA) is directly
20602 | RSC Adv., 2023, 13, 20598–20609
proportional to the square root of the scan rate. The linear
regression of the oxidation current R2 is 0.98763, indicating
a diffusion-controlled glucose oxidation process at the SBO–GC
electrode.

The following possible mechanism is proposed for the
oxidation of glucose on the SBO–GC electrode during the anodic
sweep in the electrolyte solution, and Bi2O2

+ could be oxidized
into Bi2O3, while being reduced by the oxidation of glucose. The
complete mechanism is given in the ESI (Scheme S1).†

Bi2O3 + OH− + H2O / 2BiOOH + 2H2O + 4e− (1)

2BiOOH + 2H2O + 4e− + 2glucose /

2Bi(OH)2 + 2gluconolactone (2)

Likewise, the electrocatalytic response of Ag towards the
oxidation of glucose depends on the following mechanism.50

Ag + 2OH− / AgOOH + e− (3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) and (b) HR-SEM images at lower and higher magnifications for SBO NPs, (c) EDX spectrum of SBO NPs, (d) HR-TEM image of SBO NPs
(inset shows the histogram plot of particle size determination), (e) SAED pattern and (f) IFFT image of SBO NPs.
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AgOOH + e− + glucose / Ag(OH)2 + gluconolactone (4)

Gluconolactone / gluconic acid (5)

Amperometric response of glucose detection. An amperometric
measurement of glucose was carried out based on the electro-
chemical oxidation of glucose on SBO–GCE. Fig. S3b† shows the
typical amperometric i–t response of SBO–GCE aer the addi-
tion of a known amount (0.5 mM) of glucose in different
potentials. It can be seen that the oxidation peak current
increases signicantly as the potential increases to 0.5, 0.55, 0.6,
and 0.65 V. The current response slightly increases as the
applied potential shied from 0.5 V to 0.55 V and the observed
current responses are almost equal at applied potentials of
0.55 V and 0.60 V. Even though the applied potential was
increased to 0.65 V and above, the current response is
decreased. Therefore, 0.55 V was preferred as the best applied
potential for amperometric studies. The amperometric
response (i–t curve) was investigated by the addition of glucose
at varying concentrations from 1 mM to 5.848 mM, and it is
remarkable that the fabricated SBO–GC electrode exhibits
a quick response in 3 s by the addition of glucose in the elec-
trolyte at the applied potential range of 0.55 V (Fig. 4c).

Fig. 4d illustrates that the calibration curve between the
response current and the glucose concentration. The obtained
© 2023 The Author(s). Published by the Royal Society of Chemistry
results revealed that the response current linearly increased
with the increase in concentrations of glucose in the range of 1
mM to 5.848 mM, and the response current quickly reached the
steady state. The calibration plot gives a good linear response
with the correlation coefficient of R2 = 0.9971. The sensitivity of
2.153 mA mM−1 cm−2 and the low detection limit (LOD) of 0.87
mM (S/N = 3) were calculated from eqn (6).51

LOD = 3s/S (6)

Here, s is the standard deviation of the blank solution and S is
the slope of the calibration curve.

The fabricated electrode has excellent analytical perfor-
mance for glucose detection such as high sensitivity, low limit
of detection and good linear range. Table S1† shows that the
fabricated SBO–GC electrode performed similarly to or better
than previous reports, owing to bismuth's more stable electro-
chemical properties in the negative potential region than in the
positive potential region. The active surface area of the mate-
rials must be higher due to the deposition of silver on bismuth,
and it provides the perfect surface for the immobilization of
glucose oxidase and outperforms the other modied electrodes
in glucose detection.

The selectivity of the fabricated SBO–GCE was investigated
by the addition of glucose and some interferences such as UA
(0.1 mM), KCl (0.5 mM), AA (0.1 mM), and DA (0.1 mM) into
RSC Adv., 2023, 13, 20598–20609 | 20603
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Fig. 4 (a) CV plot of bare GCE and SBO–GCE in the absence and presence of 1 mM glucose at a scan rate of 50 mV s−1, (b) CV plot at different
scan rates from 10 to 100 mV s−1 (inset shows the linear relationship between the current and the scan rate), (c) amperometric i–t curve for the
increasing concentration of glucose 1 mM to 5.847 mM, (d) calibration plot of the SBO–GCE for current vs. concentration of glucose, (e)
amperometric response of the selectivity study recorded with commonly used interferences, and (f) histogram plot of real-sample analysis for
glucose detection using the SBO–GCE.
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0.1 M NaOH in the potential range of 0.55 V. Fig. 4e shows the
amperometric response of the SBO–GCE for successive addition
of glucose and interfering compounds for every 50 s. The ob-
tained results revealed that the common interference do not
generate a current response aer the addition of interfering
compounds. However, ascorbic acid had noticeable interfer-
ence with the amperometric responses, because AA is easily
oxidized in alkaline solutions.52 From the analysis, the SBO
sensor could be used for the selective detection of glucose in the
presence of interfering substance.

Furthermore, the anti-poisoning nature of the modied
electrode towards chlorine ions was analyzed by using KCl as an
electrolyte because chloride ions and SBO NPs will make
a complex, which reduces the electrocatalytic nature of the SBO-
modied GC electrode. Interestingly, there is no complexation
between chloride ions and SBO NPs, because the oxygen elec-
tronegativity is higher than that of chlorine. The obtained
results revealed that the peak current of the modied SBO–GC
electrode, which is very similar on the expansion of KCl in the
glucose-containing electrolyte, demonstrating the anti-
poisoning nature of the fabricated electrode.

The reproducibility of the ve individual modied SBO–GC
electrodes is recorded by the cyclic voltammetry of 1 mM
glucose in a 0.1 M NaOH solution at a scan rate of 50 mV s−1

(Fig. S3c†). The SBO–GCE reveals good reproducibility with
a relative standard deviation (RSD) of ve electrodes at about
2.15%, suggesting that the electrode possesses superior stability
20604 | RSC Adv., 2023, 13, 20598–20609
and excellent reproducibility for glucose detection. Likewise,
the long-term stability of the SBO–GCE was measured, when the
modied electrode was again investigated under the same
condition aer the 15th day (Fig. S3d†). The cyclic voltammetry
current response in the direction of glucose detection on the 1st
day and 15th day are similar, which indicates that the electrode
has good stability toward the detection of glucose.

Detection of glucose in real blood serum samples. In order to
assess the practical possibility of the SBO–GCE for the detection
of glucose concentrations in human blood, serum samples were
used. The amperometric current response was measured at an
applied potential of 0.55 V in 10 mL of 0.1 M NaOH solution,
under stirring conditions with the addition of 100 mL of blood
serum. The results obtained from three different concentra-
tions are shown in Fig. 4f. The obtained results are tabulated in
Table 1. The SBO–GCE exhibited a recovery change from 90 to
95%with RSD= 3.6 to 3.9%. These results strongly indicate that
the SBO–GCE sensor could be effectively feasible for the detec-
tion of glucose in human blood serum samples.

3.2.2. Electrochemical response for NO2
− detection. The

electrocatalytic ability of the synthesized SBO electrode was
examined in CV using a bare GCE and a SBO–GCE in the pres-
ence of 0.1 M NaOH and 1.0 mM NO2

− at a scan rate of 50 mV
s−1 (Fig. 5). It exposed that the fabricated SBO–GCE exhibited
a good dene oxidation peak compared to the bare GCE. This
observation suggests that NO2

− is converted into NO3
− by the

fabricated SBO NPs and has good catalytic activity towards
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Determination of the concentrations of glucose, H2O2 in human blood serum (HBS) and NO2
− in milk and river water samples using

SBO–GCE sensors

Sample
Spiked amount
(mM)

Detection amount
(mM)

Recovery
(%)

RSD (%)
(n = 3)

Glucose (HBS) 0.5 0.45 90 3.9
1 0.94 94 3.6
1.5 1.43 95 3.8

NO2
− (milk) 0.5 0.48 96 2.4

1 0.92 92 2.2
1.5 1.41 94 2.1
2 1.96 98 2.2

NO2
− (river water) 0.5 0.49 98 1.1

1 0.97 97 1.2
1.5 1.48 98 1.2
2 1.99 99 1.1

H2O2 (HBS) 0.5 0.46 92 3.4
1 0.95 95 3.1
1.5 1.39 93 3.7
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oxidation (detection) of NO2
−. To nd out if the electron

transfer occurred in the fabricated SBO–GC electrode, CVs were
recorded at varying scan rates ranging from 10 to 100 mV s−1. It
was observed that the oxidation peak current linearly elevated
consequently with the increase in scan rates (Fig. 5b). The inset
in Fig. 5b shows a linear relationship between the peak current
and the square root of scan rate. This result exhibits that the
correlation coefficient (R2 = 0.99307) shows the electron
Fig. 5 (a) CV plot of the bare GCE and SBO–GCE in the absence and pre
scan rates from 10 to 100mV s−1 (inset shows the linear relationship betw
concentration of NO2

− 1 mM to 5.847 mM, (d) calibration plot of the SBO
the selectivity study recorded with commonly used interferences, and (
SBO–GCE.

© 2023 The Author(s). Published by the Royal Society of Chemistry
transfer process of the SBO–GC electrode, a good reversible
electron-controlled electrochemical response for NO2

− detec-
tion. Furthermore, the electrocatalytic activity of the fabricated
SBO–GCE is investigated with different concentrations of NO2

−,
as shown in Fig. S4a.† Obviously, with the increase in concen-
tration of NO2

−, the oxidation peak current gradually increased.
It shows a good linear relationship between peak current and
concentration, demonstrating that the SBO–GC electrode
sence of 1 mM NO2
− at a scan rate of 50 mV s−1, (b) CV plot at different

een current vs. scan rate), (c) amperometric i–t curve for the increasing
–GCE for current vs. concentration of NO2

−, (e) amperometric plot of
f) histogram plot of real sample analysis for NO2

− detection using the

RSC Adv., 2023, 13, 20598–20609 | 20605
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possesses a superior electrocatalytic activity toward the oxida-
tion of NO2

− into NO3
−.

The following mechanism belongs to electro oxidation of
NO2

− based on SBO–GCE during the anodic current in NaOH
solutions.53

(Ag0–NO2
−) / (Ag0–NO2) + e− (7)

(Ag0–NO2) / Ag+ + NO2 + e− (8)

Ag+ + NO2 + H2O / Ag0 + NO3
− + 2H+ (9)

Similarly, the electrocatalytic reaction of Bi2O3
+ towards

oxidation of NO2
− depends on the following mechanism:

(Bi2O
0
3–NO2

−) / Bi2O3
+ + NO2 + 2e− (10)

Bi2O3
+ + NO2

− + H2O / Bi2O
0
3 + NO3

− + 2H+ (11)

Amperometric response for NO2
− detection. The potential can

inuence the amperometric behavior of the fabricated SBO–
GCE. In order to enhance the electrochemical response and
prevent the oxidation of other chemicals, it is essential to
choose an applied potential. Therefore, the current response is
measured by the successive addition of 0.5 mM NO2

− in 1.0 M
NaOH at different potentials such as 0.7, 0.75, 0.8, 0.85 and
0.9 V (Fig. S4b†). As a result, the potential range of 0.85 V shows
the highest current response, and steady state current is
reached. Therefore 0.85 V is preferred as the best potential for
the detection of NO2

− in amperometric measurements.
The amperometric (i–t) curve was used to measure the

concentration of NO2
−, sensitivity and LOD for the fabricated

SBO–GC electrode. Fig. 5c shows that the current response of
the SBO–GC electrode is gradually increased with the increase
in concentrations of NO2

− for every 50 s in an electrolyte solu-
tion. In each addition of NO2

−, the steady-state current
response increased within 2 s (inset Fig. 5c). The obtained
results revealed that the response current increased linearly
with the increase in concentrations of NO2

− in the range from
1.0 mM to 5.848 mM. Fig. 5d also shows the calibration curve
between the peak current (m) and the concentration of NO2

−.
The correlation coefficient R2 is 0.997, sensitivity is 22 mA mM−1

cm−2 and the detection limit is 1.8 mM (S/N = 3), as calculated
from eqn (6). The linear range and detection limit of the
fabricated SBO biosensor was in contrast with other reported
biosensors. From Table S2,† the LOD of our fabricated SBO
biosensor is lower than that of the other reported sensors.
Moreover, the fabrication method of the SBO–GCE is simpler
than that of the other reported sensors.

The selectivity of the fabricated SBO–GC electrode was
investigated by the addition of some interferences of inorganic
ions (Zn2+, Na+, and K+) and organic compounds (urea and
glucose CH3COONa) into 0.1 M NaOH. Fig. 5e shows the
amperometric response of the SBO–GCE for successive addition
of NO2

− and interfering compounds every 50 s. The obtained
results revealed that the common interference does not
generate a current response aer the addition of interfering
20606 | RSC Adv., 2023, 13, 20598–20609
compounds. However, the addition of NO2
− inuenced the

current response with very low deviations (<5%). From the
analysis, the SBO sensor could be used for the selective detec-
tion of NO2

− in the presence of an interfering substance.
The stability and reproducibility of the fabricated SBO–GCE

have also been examined by the CV method. The reproducibility
of the electrode was determined by analysis of the ampero-
metric response of 1.0 mM of NO2

− at ve independently
fabricated SBO–GCE electrodes shown in Fig. S4c.† The ve
electrodes exhibited the relative standard deviation RSD= 1.9%
for the current response of the oxidation of NO2

−, which
showed excellent reproducibility for NO2

− detection. Aer
amperometric measurements, the modied electrode was kept
in the air at ambient temperature. The sensor maintained
95.2% of its primary response even aer 15 days (Fig. S4d†),
which indicates that the fabricated electrode has excellent
stability toward the oxidation of NO2

−.
Real sample analysis of NO2

−. The practical viability of the
SBO–GCE was conrmed by the detection of NO2

− concentra-
tion in milk and river water samples. The standard addition
method was used to estimate the accuracy. In milk samples
recorded at 4 different concentrations spiked with prepared
milk and river water samples (Fig. 5f). The obtained results are
tabulated in Table 1. The SBO–GCE exhibited a recovery change
from 92 to 98% with the RSD in the range of 2.1 to 2.4%. These
results strongly indicate that the SBO–GCE sensor could be
strongly feasible for the detection of NO2

− in real samples.
3.2.3. Electrochemical response for H2O2 detection. The

electrocatalytic activity of non-enzymatic biosensors was
assessed using the electron transfer efficiency of SBO nano-
composites on the GCE. The CVs were recorded for the detec-
tion of H2O2 in 0.1 M NaOH containing 1.0 mM H2O2 in the
scan range of 50 mV s−1. Fig. 6a shows the CVs of a bare GCE
and SBO–GCE in the electrolyte solution in the presence and
absence of 1 mM H2O2. In comparison, a highly enhanced
reduction current response can be shown with the SBO–GCE,
while no characteristic response was observed with the bare-
GCE. In order to investigate the catalytic activity of the SBO–
GCE towards H2O2 was tested at different concentrations from 1
to 10mM. Fig. S5a† shows the cathodic current peak (reduction)
increasing gradually as the concentration of H2O2 increases. In
addition, the different scan range dependence of the CVs for the
sensor probe was also studied in 0.1 M NaOH solution con-
taining 1.0 mM H2O2 from 10 to 50 mV s−1, as shown in Fig. 6b.
The cathodic peak current reduction increases linearly from the
lower to higher scan rate. The linear relationship between the
cathodic peak current and square root of scan rate is shown in
the inset of Fig. 6b and exhibits good linearity with the corre-
lation coefficient R2 = 0.99401, suggesting that the process is
a diffusion-controlled reduction process. The obtained results
indicate that the fabricated SBO–GCE would likely perform well
in amperometric studies and could be used for the electro-
chemical detection of H2O2.

The mechanism belongs to the reduction of H2O2 by the
SBO–GC electrode during the cathodic current in a NaOH
solution given in ESI Fig. S6.† Amperometric response of H2O2

detection.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) CV plot of the bare GCE and SBO–GCE in the absence and presence of 1 mM H2O2 at a scan rate of 50 mV s−1, (b) CV plot at different
scan rates of 10–50 mV s−1 (inset shows the linear relationship between current vs. scan rate), (c) amperometric i–t curve for the increasing
concentration of H2O2 1 mM to 5.847mM, (d) calibration plot of the SBO–GCE for current vs. concentration of H2O2, (e) amperometric plot of the
selectivity study recorded with commonly used interferences, and (f) histogram plot of real sample analysis for H2O2 detection using the SBO–
GCE.
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The electrochemical performance of the SBO–GCE was
recorded using an amperometric i–t curve in a 0.1 M NaOH
solution with the increase in concentrations of H2O2 under N2

saturation. Fig. S5b† illustrates the effect of different applied
potentials (0.4, 0.45, 0.5 and 0.55 V) on the amperometric
current response. The current response slightly increases as the
applied potential shied from −0.4 V and −0.45 V to a more
negative value. The maximum current response was observed at
an applied potential of−0.5 V, whereas the current response did
not considerably increase even at an applied potential of
−0.55 V. As a result, −0.5 V was preferred as the best applied
potential for further amperometric studies. Fig. 6c depicts the
amperometry of the SBO–GCE in increasing concentrations of
H2O2 at regular intervals (every 50 s) into stirred 0.1 M NaOH at
0.50 V. The steady state current was reached in 2 s, indicating
the fast response behaviour with a linear increase in H2O2

concentration from 1 mM to 6.847 mM. The fabricated electrode
exhibits a quick, well-dened amperometric response towards
various concentrations of H2O2. Furthermore, the current
response increases rapidly, reaching 95% of the maximum
steady state current within 2 s for every addition of H2O2. As
a result, the SBO–GCE shows the quick amperometric response
behavior that can be obtained. The calibration plot between the
H2O2 concentration and current (Fig. 6d) reveals a good corre-
lation co-efficient (R2 = 0.9917) with a sensitivity of 1.72 mA
mM−1 cm−2. The limit of detection was determined using eqn
(5). The LOD (S/N= 3) of the SBO–GCE was calculated to be 1.15
© 2023 The Author(s). Published by the Royal Society of Chemistry
mM. When compared to other recently reported non-enzymatic
sensors based on transition metal nanomaterials (Table S3†),
the suggested sensor had a higher sensitivity and a lower
detection limit, indicating that it could be useful for H2O2

detection in practical applications.
In order to access the selectivity of the fabricated SBO–GCE,

the effect of current response on the SBO–GCE has been
examined in the presence of interferences such as 0.1 mM UA,
0.1 mM AA, 0.1 mM DA, and 0.5 mM KCl in 0.1 M NaOH at
a potential of −0.50 V (Fig. 6e). As a result, the electrode quickly
responds to H2O2, but it is not sensitive to other species, and the
current response of the initial addition of H2O2 is strongly
similar to the nal addition of H2O2. This indicates that these
interferences have little effects on H2O2 reduction at the SBO–
GCE. For each addition of interferences, a negligible response
with no effect on the analyte response was recorded, conrming
that the modied electrode exhibits excellent selectivity towards
the detection of H2O2.

The stability and reproducibility of the fabricated SBO–GCE
have also been examined by the cyclic voltammetry method at
a scan rate of 20 mV s−1. The reproducibility of the electrode
was analyzed from the amperometric response of 1.0 mM of
H2O2 for ve successive fabricated SBO–GCEs (Fig. S5c†). The
ve electrodes exhibited the relative standard deviation (RSD) =
3.53% for the current response of H2O2 and showed excellent
reproducibility for H2O2 detection. This analysis conrmed that
the electrode has highly reproducibility. Aer CV
RSC Adv., 2023, 13, 20598–20609 | 20607
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measurements, the modied electrode was kept in the air at
ambient temperature. The sensor maintained 90% of its initial
response aer 15 days (Fig. S5d†), which indicated that the
modied electrode has excellent stability toward the reduction
of H2O2.

Detection of H2O2 in real blood serum samples. The reliability
of the SBO–GCE for real-time applications and the detection of
H2O2 in human blood serum samples were examined by
a standard addition method. Fig. 6f exhibits the analytical
response obtained for three concentrations of a blood serum
sample. The recovery of the three different concentrations of
spiked H2O2 in the blood serum sample was in the range of
0.5 mM, 1 mM and 1.5 mM, as shown in Table 1. The fabricated
sensor determined the standard H2O2 concentration added into
the blood serum sample to be in the range of 0.46, 0.95, and
1.35, with a recovery range of 92–95%. These results suggest
that the SBO–GCE could be strongly feasible and effective in the
detection of H2O2 in real-time analysis.
4. Conclusions

In summary, we effectively synthesized Ag-functionalized Bi2O3

NPs via a facile hydrothermal approach. The crystalline nature
and the presence of elements were conrmed by XRD, FT-IR,
EDX, and XPS techniques and the structural morphology was
established using HR-SEM and HR-TM images. In addition, the
SBO–GCE was fabricated by drop-casting onto the surface of the
GCE to generate a non-enzymatic electrochemical sensor for
glucose, NO2

− and H2O2. The fabricated SBO–GCE exhibits high
sensitivities of 2.153 mA mM−1 cm−2, 22 mA mM−1 cm−2 and
1.17 mA mM−1 cm−2 and low limits of detection of 0.87 mM, 1.8
mM and 1.15 mM, good stability, high selectivity, and excellent
reproducibility towards glucose, NO2

− and H2O2 respectively. It
can also be used for the detection of glucose and H2O2 in
human blood serum samples. SBO effectively identied and
quantied NO2

− in real time frommilk and river water samples.
Accordingly, the results will encourage that the SBO–GCE can be
effectively used as a non-enzymatic electrochemical sensor.
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