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ABSTRACT: Novel visible-light-driven Ag (X)-doped Bi2Zr2O7
(BZO) nanocomposites in pudina (P) extract (Mentha spicata L.),
X-1, 3, 5, 7, and 9 mol %, were synthesized by the one-pot greener
solution combustion method. The as-synthesized nanocomposite
materials were characterized by using various spectral [X-ray
diffraction (XRD), Fourier transform infrared, UV−visible, UV−
diffuse reflectance spectra, X-ray photoelectron spectroscopy],
electrochemical (cyclic voltammetry, electrochemical impedance
spectroscopy), and analytical (scanning electron microscopy−
energy-dispersive X-ray spectroscopy, transmission electron mi-
croscopy, Brunauer−Emmett−Teller) techniques. The average
particle size of the nanocomposite material was found to be
between 14.8 and 39.2 nm by XRD. The well-characterized Ag-
doped BZOP nanocomposite materials exhibited enhanced photocatalytic degradation activity toward hazardous dyes such as
methylene blue (MB) and rose bengal (RB) under visible light irradiation ranges between 400 and 800 nm due to their low energy
band gap. As a result, 7 mol % of Ag-doped BZOP nanocomposite material exhibited excellent photodegradation activity against MB
(D.E. = 98.7%) and RB (D.E. = 99.3%) as compared to other Ag-doped BZOP nanocomposite materials and pure BZOP
nanocomposite, respectively, due to enhanced semiconducting and optical behaviors, high binding energy, and mechanical and
thermal stabilities. The Ag-doped BZOP nanocomposite material-based electrochemical sensor showed good sensing ability toward
the determination of lead nitrate and dextrose with the lowest limit of detection (LOD) of 18 μM and 12 μM, respectively.
Furthermore, as a result of the initial antibacterial screening study, the Ag-doped BZOP nanocomposite material was found to be
more effective against Gram-negative bacteria (Escherichia coli) as compared to Gram-positive (Staphylococcus aureus) bacteria. The
scavenger study reveals that radicals such as O2

•− and •OH are responsible for MB and RB mineralization. TOC removal
percentages were found to be 96.8 and 98.5% for MB and RB dyes, and experimental data reveal that the Ag-doped BZOP enhances
the radical (O2

•− and •OH) formation and MB and RB degradation under visible-light irradiation.
KEYWORDS: green combustion synthesis, visible-light photocatalyst, electrochemical sensor, antibacterial activity, radical scavenger study,
biocompatibility study

1. INTRODUCTION
Enormous utilization of organic dye molecules in paper, dying,
textile, plastic, cosmetic, and pharmaceutical industries leads to
the discharge of harmful nonbiodegradable wastes as industrial
effluents without any purification to the environment.1

Consequently, the discharged organic dye-contaminated
wastewater effluent raises numerous hazardous issues for
ecosystems in the environment. Besides, the penetration of
sunlight and the presence of oxygen levels are also problems
for creating a sustainable environment inside aquatic systems
due to the existence of colored organic matter.2 Hence, it is
indispensable to remove the organic pollutants from industrial

wastewater effluents to convert water into potable water and to
create an ecofriendly environment.3 Today, nanocomposite-
based catalytic degradation of harmful materials under light
irradiation has received much interest among researchers due
to the physiochemical properties of nanocomposite materials.
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Recently, heterojunction/structure-based photocatalysts have
focused much on dye degradation and catalytic conversion of
4-nitrophenol, H2 generation, and energy harvesting techni-
ques due to their excellent electron−hole separation perform-
ance, wide range of light absorption, enhanced photocatalytic
activity, good semiconducting property, proper band structure,
harmful substances, and better reduction/oxidation ability.4

Apart from heterojunction/structure materials, bismuth
[Bi2O3, Bi2WO6, BiOX (X-halogens), BiVO4] and bismuth
zirconate (Bi2Zr2O7) have also received excellent attention due
to their admirable catalytic properties such as band gap,
stability, visible light utilization, and so forth.3−5 Bismuth
zirconate (BZO) is one type of pyrochlore photocatalyst with
the chemical formula A2B2O7, where A and B represent the
existence of two or many metals. On the other side, the band
gap energy of BZO (between 1.6 and 2.8 eV), VB (valence
band) energy, and CB (conduction band) energy of BZO
(about 2.75 and 0.36 eV) and the copious oxygen vacancies on
the surface of BZO are responsible for its enhanced redox
properties and the formation of more active species.1,6−8

However, BZO has some shortcomings, such as facile
recombination of electron−holes and moderate light response,
which do not limit its wide spectrum of photocatalytic
applications. Liu et al. (2018) prepared BZO material by
various methods to increase the specific surface area and
enhance the photocatalytic ability.6 Wu et al. (2015) have
reported the specific surface area of BZO photocatalysts
synthesized by the solution combustion technique, and the as-
synthesized photocatalysts showed excellent selectivity and
degradation toward pollutants.7 Sharma et al. (2013) prepared
bismuth zirconate (Bi2Zr2O7) by the solution combustion
technique and performed the photocatalytic degradation of
dyes in wastewater and displayed comparable photocatalytic
results.8 Generally, silver (Ag) nanoparticles have some unique
properties (higher surface energy, agglomeration ability,
distinct shape and size, and stability), and due to these
characteristics, Ag has been used in many fields, including
sensors, catalysts, solar energy, bioimaging, and so forth.9,10

Zr/Zr-oxide nanomaterial is the better choice for intercalating
with Ag nanomaterials owing to its unique metal−metal
interaction, chemical stability, and properties. When Ag is
doped with other metals and metal nanocomposites, the
reactivity of the Ag nanoparticle will enhance the catalytic
activity because of the aforementioned characteristics.11,12 The
charge carrier recombination, inhibition photocorrosion, and
plasmonic effects arise due to the incorporated/doped metal
nanoparticles, especially Ag, Au, Pt, and Cu over the surface of
the photoactive semiconductor.13−16 These kinds of mod-
ifications provide enhanced recombination duration for the
photochemically generated electron−hole pairs and a wide
spectrum of absorption in the visible-light region (400−800
nm) owing to the surface plasmonic resonance consequence.13

For instance, Ag-doped sodium bismuth titanate exhibited
enhanced photocatalysis, stability, as well as reusability against
the degradation of methylene blue (MB) dye.14 In addition, Ag
nanoparticles have a wide band gap energy which offers
enhanced absorption in the visible region. The doping of Ag
nanoparticles on ZnO enhanced the photocatalytic process by
foiling the electron−hole pair recombination, and the process
exhibited an excellent antibacterial potential even after the
cutoff of the UV light.15,16 On the global market, pudina has
played a remarkable role as a medicine, diaphoretic, antiseptic,
stomachic, antispasmodic, food flavoring, and spicing

agent.17,18 It is also used as medicine for cold, fever, flu,
motion sickness, food poisoning, poor digestion, rheumatism,
hiccups, stings, earaches, flatulence, sinusitis, and so forth.19,20

The synthesis of the BZO nanocomposite with pudina leaf
extract has great potential in the field of photocatalysis and is
also environmentally benign. The phytochemicals present in
pudina leaf extract may act as reducing or stabilizing mediators
during the synthesis of nanocomposites. Herein, a greener
solution combustion technique was adopted for synthesizing
different mole percentages of Ag-doped BZOP nanocompo-
sites. Various methods have been adopted for synthesizing
nanocomposite materials, including high-energy ball-milling,
three-dimensional printing, electrospinning, melt intercalation,
solution intercalation, grafting melt intercalation, and rapid
solidification processes.21,22 However, these techniques take
more time, are highly expensive, require harsh conditions (high
temperature and pressure), and produce toxic chemicals as
byproducts. However, the one-pot green combustion method
is employed for synthesizing the photocatalytic materials due
to its ease of synthesis, shorter time, and high yield. It is also
able to tune the morphology of the materials as compared with
other methods. Heavy metal ions, such as lead, are deadly
poisonous to human health and environmental sustainability.
Lead poisoning leads to neurotoxic effects in humans, resulting
in damage to the central nervous system (CNS) and peripheral
nervous system (PNS). Inhibited growth, behavior delin-
quency, and knowledge infirmities are observed in children due
to the small amount of lead ions (10 μg/dL) in human blood.
Catastrophic health complications such as coma, confiscation,
and death are also observed with the consumption of higher
amounts of lead ions (greater than 70 μg/dL). Water is an
important exposure source for lead ions for human health, and
the level of lead contamination must be determined
quantitatively.21 In addition, hypoglycemia is a disorder caused
by a very low dextrose level in the blood and creates many
symptoms such as faintness, perspiration, pain, appetite, and so
forth. Excess alcohol and drug intake, hormonal inequity,
insulinoma, and diabetes are the various causes of
hypoglycemia. Thus, sensing low dextrose levels in the blood
has also become important recently. Many analytical
techniques are available to determine lead ions, including
atomic absorption spectrometry, atomic adsorption spectrom-
etry, spectroscopy, potentiometry, surface-enhanced Raman
scattering (SERS), surface plasmon resonance (SPR) spec-
troscopy, inductively coupled plasma mass spectrometry,
plasma optical emission spectrometry, and so forth.22−24

However, the aforementioned techniques need expensive
equipment, manpower, chemicals, and time. Thus, the cyclic
voltammetry (CV) technique is a simple and efficient
technique for the determination of lead ions and dextrose in
blood samples. Investigations of the antibacterial potentials of
Ag and Ag-doped nanomaterials are essential from a clinical
study point of view. In ancient times, they used Ag
nanoparticles as potential antibacterial agents and found that
lower concentrations of Ag did not affect human cells. Many
studies have been devoted to evaluating the antibacterial
potential of Ag nanomaterials, and they found that the
interaction between Ag ions and bacteria depends mainly on
their shape and size.25−29 They reported that Ag nanomaterials
have released Ag ions that interact with the −SH groups of
bacterial proteins and damaged DNA replication.26,27 Even
though many reports are available for Ag nanomaterials used as
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antibacterial potential candidates, an exact mechanism of
bacterial degradation has not yet been established.

In this present study, we have synthesized a Ag-doped
Bi2Zr2O7-P (BZOP) (pudina) nanocomposite and established
it as a photocatalyst. The physicochemical parameters of the
as-synthesized materials have been successfully characterized
using several characterization techniques. The evaluation of the
photocatalytic performance of the as-synthesized photocatalyst
at different concentrations of Ag dopant has been studied by
the degradation of MB and RB dyes under visible-light
irradiation with time. The heavy metal ion (Pb2+) and dextrose
were successfully determined electrochemically using an Ag-
doped BZOP nanocomposite-modified electrochemical sensor
in a 0.1 M KCl solution with varying concentrations of lead
nitrate and dextrose from 1 to 5 mM. In addition, the
antibacterial activity of the selected Gram-positive and
-negative bacteria was analyzed using the Ag-doped BZOP
nanocomposite.

2. EXPERIMENTAL METHODS

2.1. Materials
Bismuth nitrate [Bi(NO3)3·6H2O], zirconyl (IV) nitrate [ZrO-
(NO3)2·H2O], isopropyl alcohol (IPA), ammonium oxalate mono-
hydrate (AO), ascorbic acid (AA), MB, rose bengal (RB), lead nitrate,
dextrose, and potassium chloride were purchased from Loba
Chemical Company and Sigma-Alrich Chemicals, India. Silver nitrate
(AgNO3) with 99.9% purity was procured from Merck Chemicals,
India. All of the reagents were of analytical (AR) grade and used as
such without purification. Pudina extract was prepared using acid
distillation (Soxhlet apparatus) and filtered by a Whatman grade-1
filter paper. All of the solutions were prepared with deionized water
whenever required.

2.2. Techniques
The phase, composition, and crystal structure of BZOP nano-
composite and Ag-BZOP nanocomposite materials were analyzed by
the powder X-ray diffraction (XRD) analysis technique at a wide angle
(20−80°) using a Bruker-AXS D8 Advanced X-ray diffractometer.
Transmission electron microscope imaging was also used to analyze
the surface morphology, size, and shape of the as-synthesized material
using a JEOL model JEM-2100 system. UV−visible diffuse reflectance
spectra (UV−DRS) were recorded on Varian’s Cary 5000 UV−vis−
NIR spectrophotometer for calculating the optical energy band gap
(Eg) of the materials. Photocatalytic performances of the samples were
estimated by degrading 40 mg/L of MB and RB dye solutions with 20
mg/L of catalyst under visible-light irradiation by varying the time
from 0 to 90 min using a Jasco-V560 UV−visible spectrophotometer,
in the range between 200 and 800 nm. All the photodegradation
studies for MB and RB were performed using 400 W halogen lamps
with wavelengths more than 400 nm and a UV cut filter in aqueous
solutions. The EXTECH instrument (model: 401027, λmax = 546 nm,
and light source intensity = 150 W/m2) was used at a 15 cm distance
between a halogen lamp and a glass tube containing the catalyst and
dye solutions. The electrochemical studies were performed using an
electrochemical workstation (CH-Instrument) at 0.1 M KCl solution
with conventional three-electrode systems in an N2 atmosphere. The
zone of inhibition method was adopted for evaluating the antibacterial
potential of the as-synthesized Ag-BZOP nanocomposite materials
against Gram-positive and Gram-negative bacteria.

2.3. Synthesis of Mentha spicata L.-Mediated Ag-Doped
BZOP Nanomaterials
To synthesize nanocomposite materials, a simple, facile solution
combustion method was employed due to its excellent advantages
over the other synthesizing techniques, such as self-propagating, high
temperature, single-step synthesis, ease of operation, short period,
crystalline material that can be synthesized, and different morphol-

ogies that can be obtained. Dried powder of the leaves of M. spicata L.
(30 g) was used for the preparation of the extract in 250 mL of
double-distilled water, which was heated at 90 °C for 30 min. Then,
the extract was filtered using a Whatman-grade filter paper, and the
resultant extract solution was kept at room temperature. For the
synthesis of Ag-doped BZOP nanocomposite material by the green
combustion method, three precursor compounds were used, including
Bi(NO3)3·6H2O and ZrO(NO3)2·H2O (dissolved in DD water), and
1, 3, 5, 7, and 9 M solutions of AgNO3 were dissolved in 40 mL of M.
spicata L. leaf extracts. The reaction mixture mentioned above was
kept inside the solution combustion chamber and heated at 450 ± 5
°C for 10 min. After the solution combustion process, the resultant
composite was calcined at 550 °C for 4 h, and then a grayish-pale
yellow color mixture was obtained, which was used for further
characterization and experimental study of this present work.
2.4. Preparation of an Experimental Method and
Evaluation of Degradation Parameters
An amount of 20 mg/L of Ag-doped BZOP nanocomposite was
dispersed in a beaker containing 40 mg/L of MB and RB dye
solutions, and the reaction mixture was continuously stirred in a dark
condition before light irradiation for 15 min to attain the adsorption−
desorption equilibrium. About 5 mL of the reaction mixture was
withdrawn at fixed time intervals and centrifuged. The concentrations
of the dyes were monitored by probing their absorbance (λmax) at 660
and 550 nm. The photocatalytic performance of different molar ratios
of Ag-doped BZOP nanocomposites was analyzed following the same
procedure as that discussed above. After the combustion process, the
resultant composite was calcined at 550 °C for 4 h, and then a
grayish-pale yellow color mixture was obtained, which was used for
further characterization and the experimental study of this present
work. The photodegradation efficiency of the as-synthesized nano-
composites was calculated using the following equation (eq 1).

= [ ] ×C C C% of degradation ( )/ 1000 t 0 (1)

where C0 is the initial concentration of dye and Ct is the concentration
of dye after irradiation. The rate constants for the degradation of MB
and RB dyes in the presence of nanocomposite photocatalysts were
evaluated by fitting the degradation profiles in a first-order equation
(eq 2).

=C C ktln( / )0 (2)

where C is the concentration after degradation, C0 is the
concentration of the dye after adsorption in the dark, k is rate
constant, and t is time for light irradiation.

3. RESULTS AND DISCUSSION

3.1. Characterization of Ag-Doped BZOP Nanomaterial
The functional group analysis of BZOP and Ag-doped BZOP
nanomaterials (from 1 to 9 mol %) was done using Fourier
transform infrared (FTIR) spectral technique in the wave-
number ranges between 500 and 4000 cm−1, and the obtained
FTIR spectra are shown in Figure 1. The BZOP nanomaterial
exhibited FTIR bands at 433, 916, 1123, 1562, and 3530 cm−1.
The peak at 400−600 cm−1 corresponds to Bi−O and Zn−O
vibrational bands, and the peaks at 916 and 1123 cm−1

revealed the C−H vinyl and bending vibrations, respec-
tively.15,30 The FTIR peaks at 460 cm−1 indicated the Zr−O−
Zr bond (deformation mode), with the peaks at 1002 and 1109
cm−1 corresponding to the stretching vibrations of the terminal
Zr−O bond.29−31 The FTIR bands at 1562 and 3530 cm−1

matched the −OH stretching and bending present in the
adsorbed water molecule (Figure 1a). The peaks at 3450,
1685, and 1505 cm−1 concern the hydroxyl, carbonyl, and
double-bonded (C�C) carbons of aromatic compounds
present in the pudina leaf extract. When Ag doped with
BZOP, the peaks at 400−600 cm−1 disappeared, and the new

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.3c00057
ACS Environ. Au 2024, 4, 106−125

108

pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.3c00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


peaks at 1154, 1398, and 1647 cm−1 revealed the existence of
Ag in BZOP. In addition, the intensity of the peaks was
increased by increasing the Ag concentration (from 1 to 9 mol
% of Ag) (Figure 1b−f) due to agglomeration of Ag on the
surface of the BZOP nanomaterial.15,31

The pure BZOP and Ag-doped BZOP nanocomposite
materials were analyzed by a high-resolution XRD technique,
and the obtained XRD patterns are shown in Figure 2a−f.
Figure 2a ascribes the XRD pattern of BZOP, which well
matched with the standard δ-FCC structure of Bi2O3.32 In
addition, small shifted peaks were also observed, owing to the
replacement of Bi3+ ions with Zr4+ ions in the δ-FCC form of
BZO material.33 The major XRD peaks were obtained at 29.3,
33.4, 48.1, 57.2, 59.9, 70.0, 77.2, and 79.2°, corresponding to
the (222), (044), (404), (226), (444), (008), (517), and
(408) lattice planes of the BZO nanocomposite material.29−36

The XRD peaks at 24.3, 28.2, 31.2, 34.0, 40.2, 49.8, and 59.7°
correspond to the (110), (111), (002), (200), (102), (122),
and (302) lattice planes of the FCC structure of Ag
nanoparticles.37 Ag-doped BZOP exhibited additional XRD

peaks, which correspond to the FCC structure of metallic Ag
(JCPDS card no. 04-0783), and the XRD pattern vindicated
the crystalline Ag-cluster nanoparticle formation. The
increased XRD peak intensity while increasing the Ag
concentration indicates Ag agglomerated with BZOP, and
the obtained data are in good agreement with the reported
data. The minimal peak position value difference arises due to
Ag doping with BZOP, and the Ag+ ion has a higher ionic
radius than Bi and Zn ions. The crystal planes marked by *
indicated the peaks of Ag (JCPDS card no. 04-0783), and the
decrement of crystallite size with increasing Ag concentration
in BZOP suggested the slow agglomeration of Ag nanoparticles
and excess Ag+ ions. The obtained results are corroborated
with the reported data.38 The average crystalline size of the as-
synthesized nanocomposite material was calculated by Debye−
Scherer’s formula.

=D k / cos (3)

where D−−average crystal size; k−−constant value (0.89);
λ−−X-ray beam wavelength; β−−full width at half-maximum
of the diffraction peak; and Cosθ−−Bragg’s angle, respectively.
The calculated XRD parameters are presented in Table 1, and

Figure 1. FTIR spectra of the as-synthesized BZOP and different mol
% (1−9 mol %) of Ag-doped BZOP nanomaterials.

Figure 2. XRD patterns of the as-synthesized BZOP (a) and different mol % (b−f) (1−9 mol %) of Ag-doped BZOP nanomaterials.

Table 1. Calculated XRD Parameters of BZOP and Ag-
Doped BZOP Nanomaterials

NPs
crystallite size

(nm) strain SF
δ (1015 line

m−2)

BZOP 24.8 17.5 0.63 1.626
1 mol % Ag-doped

BZOP
33.0 16.7 0.57 0.918

3 mol % Ag-doped
BZOP

33.9 16.0 0.44 0.870

5 mol % Ag-doped
BZOP

34.8 15.6 0.36 0.825

7 mol % Ag doped
BZOP

38.4 14.8 0.28 0.678

9 mol % Ag-doped
BZOP

39.2 13.7 0.12 0.651
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the calculated data are in good agreement with the reported
values.31 The crystallite size is calculated from the Scherrer
equation from the strongest peak of the Ag dopant. The
crystallite size was found to be ranging from 24.8 to 39.2 nm;
the mean value of the crystallite size was found to be 34.01 nm,
and the calculated average size was in good agreement with the
standard JCPDS 1-1164 of Ag nanoparticles.39 An increasing
trend of peak intensity was observed, as the mole percentage of
dopants such as Ag increased from 1 to 9 mol %.

The morphology and microstructure of the as-prepared
BZOP and Ag-doped BZOP nanomaterials were characterized
by transmission electron microscopy (TEM) and HR-TEM
analysis (Figure 3a−c). The TEM image analysis confirmed
the existence of spherically shaped Ag nanoparticles that were
well-deposited over the surface of BZOP. Figure 3d displays
the HR-TEM image of Ag-doped BZOP with lattice fringes.
The lattice fringe spacing of 0.31 nm corresponds to the 044
plane.40 The SAED pattern (Figure 3e) confirmed the
polycrystalline nature of the nanomaterials. The d-spacing
values for all of the spots depicted in the SAED pattern of Ag-
doped BZO nanomaterials are presented in Table 2. The spot

that exists in the SAED pattern corresponds to a specific set of
lattice planes. From Figure 3f, it can be confirmed that the Ag
particles are well-dispersed on the surface of BZOP with a
narrow size distribution of 5−30 nm and an average particle
size of around 18.4 nm. Thus, the TEM image confirmed the
formation of Ag-doped BZOP nanomaterials, which are further
established to facilitate electron transfer (ET) between Ag and
BZOP nanomaterials.41

UV−visible diffuse reflectance spectroscopy was employed
to study the optical properties of BZOP and Ag-doped BZOP
nanomaterials at room temperature, and the obtained data are
presented in Figure 4a. Figure 4a shows the UV−DRS spectra
of BZOP and Ag-doped BZOP nanocomposites, which are
presented in Figure 4b−f. The peaks observed at 323 and 395
nm for Ag-doped BZOP and bare BZOP nanocomposites are
due to the electronic transitions from the VB to the CB.42 The
absorption wavelength was shifted from the lower wavelength
side to the higher wavelength side when increasing the Ag
concentration from 1 to 9 mol % due to surface traps
(transition of extrinsic states) and weak reflection at the near
UV−visible area.35,36 This characteristic feature of the
nanocomposite may be consigned to the host lattice
absorption, and the optical band gap energy (Eg) was
calculated by using the Kubelka−Munk equation (eq 4).

=h A h E( )n
g

/2
(4)

where α, h, ν, A, and Eg represent the absorption coefficient,
Planck’s constant, photon frequency, proportionality constant,
and band gap energy, respectively.

The Tauc plot was drawn between the photon energy [(hν),
eV] and [αhν]1/2, and the resultant plot is shown in Figure 4b.
From Figure 4b, the optical band gap energy values were

Figure 3. TEM images (a−c) of BZOP and Ag-doped BZOP; HRTEM image (d); SAED pattern (e); and size distribution histogram plot (f) of
Ag-doped BZOP.

Table 2. d-Spacing Values of Ag-Doped BZOP from SAED
Patterns

spot
d-spacing

(nm)
rec.

pos. 1/(nm)
degrees to

spot 1
degrees to
x-axis amplitude

1 0.3109 3.217 0.00 53.06 2128.80
2 0.2298 4.352 2.24 50.82 499.00
3 0.1966 5.087 23.17 76.23 170.48
4 0.1557 6.424 0.10 52.96 2124.92
5 0.1406 7.112 30.30 83.35 123.99
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calculated. The band gap energy values were estimated to be
2.33, 2.18, 1.93, 1.89, and 1.98 eV, corresponding to BZOP, 1
mol % Ag-doped BZOP, 3 mol % Ag-doped BZOP, 5 mol %
Ag-doped BZOP, 7 mol % Ag-doped BZOP, and 9 mol % Ag-
doped BZOP, respectively. The Tauc plot slopes of the edges
for all the Ag-doped BZOP nanocomposite materials are lower
than that of the BZOP material due to the existence of
vacancies and charge transfer (CT) between the energy levels
of the VB of Ag and the CB of the BZOP nanomaterial.34−36

The oxygen vacancies prevented recombination via electron
trapping and enhanced the photodegradation activity. The
calculated band gap value of BZOP is higher than that of the
Ag-doped BZOP nanocomposite materials, and a small shift in
band gap energy values was observed owing to the increasing
concentration of Ag over the BZOP nanocomposite materi-
al.33−36 The lower band gap value of 7 mol % of the as-
synthesized Ag-doped BZOP nanocomposite material pro-
moted the separation of charge carriers and enhanced the
performance of the photocatalyst.43,44,50

The surface area as well as the porosity of bare BZOP and 7
mol % Ag-doped BZOP was analyzed through the N2
adsorption and desorption isotherm model by the Brunauer−
Emmett−Teller (BET) analysis, and the obtained data are
given in the Supporting Information Figure S1a. The Barrett−
Joyner−Halenda (BJH) technique was used to calculate the
pore volume distribution of the bare BZOP and 7 mol % Ag-
doped BZOP (as shown in Figure S1b). The BET analysis
result indicated that the adsorption isotherm was classified as
type IV, accompanied by the H3 hysteresis loop category.39

The BJH plot revealed the mesoporous nature of the as-
synthesized BZOP and Ag-doped BZOP nanomaterials.39 The
overall pore volume of BZOP and 7 mol % Ag-doped BZOP
was calculated to be 0.123 and 0.184 cm3/g, respectively,
owing to an increase in the surface volume.40−42 The surface
areas of BZOP and 7 mol % Ag-doped BZOP were found to be
26.58 and 20.86 m2/g, respectively. The hysteresis loop for the
relative pressure P/Po was observed in between 0.0 and 1.0,
and the pore diameter was studied in between 0 and 60 nm.
The observed result explained that Ag doped on the surface of
the BZOP material improves the surface area and pore volume
distribution and enhances the photocatalytic degradation of
MB and RB organic dyes.

The X-ray photoelectron spectral technique was used to
determine the chemical states and bonding characteristics of
Bi, Zr, C, and Ag elements in BZOP and Ag-doped BZOP
nanomaterials, respectively. Figure 5a−f displays wide-scan and
high-resolution scans of Ag 3d, Bi 4f, Zr 3d, O 1s, and C peaks.
Figure 5b shows the spectrum of Bi 4f, which consists of two
peaks at 156.9 and 162.5 eV, corresponding to Bi 4f7/2 and Bi
4f5/2, respectively, in BZOP. However, Ag-doped BZOP was
shifted slightly in the binding energy of Bi. The absorption
bands at 156.7 and 162.02 eV correspond to Bi 4f7/2 and Bi
4f5/2, respectively.42 The Bi ions in the samples existed in a
trivalent state. From the Zr 3d spectra of BZOP, it was
observed that the two distinct peaks at 181.9 and 179.6 eV
correspond to Zr 3d3/2 and Zr 3d5/2, respectively, which are the
characteristic peaks of the Zr4+ state. In Ag-doped BZOP, the
peak appeared slightly lower at 181.6 and 179.4 eV (Figure
5c). The O 1s spectrum shown in Figure 5d could be
deconvoluted into three peaks for BZOP, which are located at
527.3, 528.9, and 532.7 eV. The peaks might be due to oxygen
vacancies in the interstitial sites and lattice oxygen and surface
hydroxyl group (O−H).45,46 The peak at 530.42 eV is
attributed to oxygen in the hydroxyl groups of Menthaspicata
L. Figure 5e shows the C 1s spectra of BZOP and Ag-doped
BZOP nanomaterials, and the peaks appear at 283.2, 287.4,
and 291.2 eV, which might be due to carbon from the
instrument and atmospheric C−C, C−O, and C�O bonds.
The XPS spectrum of Ag showed two peaks located at 366.8
and 372.8 eV with a spin−orbit splitting of 5.6 eV (Figure 5f).
Therefore, it is clear from the spectrum that Ag existed in a +1
state.37,45,46 As a result, the binding energy shifts in the XPS
study further confirmed the successful accumulation of Ag over
the BZOP nanomaterial.

The scanning electron microscopy (SEM) image of BZOP
exhibited a nanoflake-like structure, as shown in Figure 6a. The
SEM images of Ag-doped BZOP nanomaterials (Figure 6b−f)
showed the spherical shape structure due to the presence of Ag
on the surface of BZOP. As the Ag concentration increased
from 1 to 9 mol %, spherical-shaped Ag agglomerated to form
porous, rough crystalline material on the surface of BZOP.31,37

The presence of cracks and roughness on the Ag-doped BZOP
nanomaterial surface supports the porous nature of the as-
synthesized materials as compared to BZOP. The EDX spectra

Figure 4. (a) UV−visible DRS, (b) Tauc plot between photon energy [(hν), eV] and [αhν]1/2 of BZOP and different mol % (1−9 mol %) of Ag-
doped BZOP nanomaterials.
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of BZOP and Ag-doped BZOP materials revealed the existence
of characteristic peak percentages such as Bi, Zr, O, and Ag
elements (Figure 7a1−f1). Figure 7a1 exhibited the peak
percentages (Bi, O, and Zr peaks) present in BZOP
nanomaterials, and Figure 7b1−f1 showed the Bi, Zr, and Ag
peak percentages for Ag-doped BZOP nanomaterials. The
EDX spectra of Ag-doped BZOP indicated that an increasing
trend of % of Ag was observed due to an increase in Ag dopant
concentrations from 1 to 9 mol %.46 Increasing the percentage
of Ag accumulation or aggregation on the surface of the BZOP
nanomaterial was confirmed by EDX. Furthermore, numerous
sphere-shaped Ag nanoparticles with 18.5 nm diameter

adsorbed on the BZOP surface by SEM analysis are in good
agreement with the particle size of Ag, which is confirmed by
TEM.
3.2. Electrochemical Characterization

Galvanostat charging and discharging (GCD), CV, and
electrochemical impedance spectroscopy (EIS) techniques
were utilized to study the electrochemical properties of the
as-synthesized BZOP and Ag-doped BZOP nanomaterials. The
CV measurements were performed using a conventional three-
electrode pattern in aqueous 0.1 M KCl as a supporting
electrolyte. Figure 8a displayed the CV curves in the potential
range between +1.0 and −1.0 V for BZOP and Ag-doped

Figure 5. XPS spectra of Ag-doped BZOP nanomaterial. (a) XPS wide spectrum, (b) high-resolution Bi 4f spectrum, (c) high-resolution Zr 3d
spectra, (d) high-resolution O 1s spectrum, (e) high-resolution C 1s spectrum, and (f) high-resolution Ag 3d spectrum.
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BZOP graphite-modified electrodes at a scan rate of 0.02 V s−1.
The presence of redox peaks confirmed the pseudocapacitance
behavior of BZOP and Ag-doped BZOP graphite-modified
electrodes. As can be seen from Figure 8a, the cyclic area of
CV increased due to an increase in the Ag dopant
concentration in the BZOP nanomaterial, and a small potential
shift and an increase in the current intensity were also
observed. The aforementioned observations support the
hypothesis that the synthesized nanomaterials have excellent
electrochemical properties.

Figure 8c represents the EIS spectra of BZOP and Ag-doped
BZOP nanomaterial-modified graphite electrodes in 0.1 M
KCl. The high-frequency regions of the prepared electrodes
comprise a semicircle, and the lower-frequency regions
comprise a straight line. Using the diameter of the semicircle,
the CT resistance (Rct) values of the electrode and electrolyte
interface can be obtained.49 The calculated Rct values of BZOP,
1 mol % Ag, 3 mol % Ag, 5 mol % Ag, 7 mol % Ag, and 9 mol
% Ag-doped BZOP nanomaterial-modified graphite electrodes
were found to be 407, 579, 841, 378, 225, and 1382 Ω,
respectively. The slopes from the straight lines at the low-
frequency regions for 7 mol % Ag-doped BZOP were tending
slightly toward 90° as compared to other modified electrodes.
The 7 mol % Ag-doped BZOP-modified electrode exhibited a
low Rct value, which revealed that the material can be utilized
as a semiconducting material for enhancing photocatalytic
applications.

The specific capacitance value (SPcv) was calculated from
CV curves using the following equation, as depicted in Table 3.

= * *
I V

v m V
SP

d
CV (5)

It is clear from the Table 3 that 7 mol % Ag-doped BZOP
graphite-modified electrode exhibited a higher specific
capacitance with a high exposure area as compared to BZOP
and other Ag-doped BZOP graphite-modified electrodes. This
observation revealed that the 7 mol % Ag-doped BZOP
graphite-modified electrode showed an excellent electro-
chemical behavior. The stability of the nanomaterial was
confirmed by CV technique at different scan rates (0.01−0.05
mV/s) for 7 mol % Ag-doped BZOP graphite modified, as
depicted in Figure 9. It was predicted that the shift in cathodic
peaks and anodic peaks in the area of CV curves when
increasing the scan rates from 0.01 to 0.05 mV/s would be due
to an internal resistance over the electrode surface.47 All the
curves from CV retained their redox peaks at different scan
rates, which confirm the pseudocapacitance behavior of the
nanomaterial. The calculated SPcv values for a 7 mol % Ag-
doped BZOP electrode at different scan rates are given in
Table 3. As can be seen in Table 3, there is a decreasing trend
in the SPcv value observed by increasing the scan rates due to a
relatively inadequate faradaic redox process at high scan
rates.47−49

The comparative GCD curves of BZOP and a 7 mol % Ag-
doped BZOP nanomaterial-modified graphite electrode at a
current density of 1 A/g are shown in Figure 9a,b. Figure 9b
clearly indicates that the 7 mol % Ag-doped BZOP
nanomaterial-modified graphite electrode displayed a longer
discharging time with linear charge−discharge performance as
compared to BZOP. The SPGD values of BZOP and 7 mol %
Ag-doped BZOP nanomaterial-modified graphite electrodes
were calculated from the discharge curves of GCD using eq 6.

Figure 6. SEM images of (a) BZOP, (b) 1 mol % Ag-doped BZOP, (c) 3 mol % Ag-doped BZOP, (d) 5 mol % Ag-doped BZOP, (e) 7 mol % Ag-
doped BZOP, and (f) 9 mol % Ag-doped BZOP nanomaterials.
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=
*
*

I t
m V

SPGD (6)

The 7 mol % Ag-doped BZOP nanomaterial-modified
graphite electrode exhibited a higher SPCD (60.3 F/g) value
as compared to BZOP (12.8 F/g) at 1 A/g of current density.

The increased trend in the capacitance for a 7 mol % Ag-doped
BZOP nanomaterial-modified graphite electrode compared to
a BZOP-modified electrode was observed due to the presence
of Ag ions. The stability of a 7 mol % Ag-doped BZOP
nanomaterial-modified graphite electrode was investigated by a
charging−discharging study. The cyclic curves (Figure 9c)

Figure 7. EDX spectra of (a1) BZOP, (b1) 1 mol % Ag-doped BZOP, (c1) 3 mol % Ag-doped BZOP, (d1) 5 mol % Ag-doped BZOP, (e1) 7 mol
% Ag-doped BZOP, and (f1) 9 mol % Ag-doped BZOP nanomaterials.
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were found to be linear and exhibited a typical triangular shape
at charging and discharging for about 1500 s (7 mol % Ag-
doped BZOP) as compared to BZOP (for 500 s), indicating
satisfactory capacitive features of the as-prepared 7 mol % Ag-
doped BZOP nanomaterial-modified electrode in this study.
3.3. Photocatalytic Degradation Study
The photocatalytic degradation of industrial organic dyes such
as MB and RB (40 mg/L) was studied using five different mole
percentages of Ag-doped BZOP nanomaterials (20 mg/L) at
time intervals from 0 to 90 min under visible-light irradiation.
The obtained photodegradation spectra for MB dye are

depicted in Figure 10. The photodegradation spectra for RB
dye are shown in Supporting Information, Figure S2. The
obtained dye degradation data revealed that BZOP exhibits
62.5 and 84.5% photocatalytic degradation efficiency for MB
and RB, respectively, owing to the large Eg values of ZrO2 in
BZOP.11,17,27 However, the dye degradation efficiency was
enormously enhanced by adding Ag with the BZOP nanoma-
terial, and this result indicates the better photocatalytic activity
of Ag in this study. The obtained result vindicated that when
increasing the concentration of Ag as a dopant from 1 to 9 mol
%, the dye degradation also increased. As compared to all mole
percentages of Ag dopant, 7 mol % of Ag concentration
exhibited a better degradation efficiency of 98.7% than BZOP
(62.5%), 1 mol % of Ag (68.2%), 3 mol % of Ag (75.0%), 5
mol % of Ag (89.6%), and 9 mol % of Ag (77.8%), for MB dye.
The photocatalytic degradation of RB dye also exhibited better
degradation efficiency of 5 mol % (99.1%) and 7 mol %
(99.3%) of Ag concentration as compared to other mole
percentages of Ag in BZOP nanomaterials. The UV−visible
dye degradation kinetic results confirmed the production of
larger numbers of Ag particles when increasing the Ag
concentration. The large number of Ag species could act as
recombination centers and species and mask the active sites of
the BZOP nanomaterial.31,37 The covered active sites of the
BZOP nanomaterial, due to excess concentrations of Ag,
decreased the photocatalytic performances of the as-synthe-
sized Ag-doped BZOP nanomaterial in this study. In addition,
when increasing the Ag concentration above 7 mol %, it forms
turbidity inside the solution, which also affects the penetration
of visible light and reduces the photocatalytic performance.37

Figure 8. (a) CVs of BZOP and Ag-doped BZOP nanomaterial-modified electrodes at the scan rate of 0.02 V s−1, (b) CVs of 7 mol % of Ag-doped
BZOP nanomaterial-modified electrode at different scan rates (0.01−0.05 mV/s), and (c) EIS spectra of BZOP and Ag-doped BZOP
nanomaterial-modified electrodes. Potentials are measured to the calomel electrode as the reference electrode.

Table 3. Calculated Specific Capacitance from CV (F/g) of
BZOP and Ag-Doped BZOP Nanomaterials at Different
Scan Rates

specific capacitance from CV (F/g)

specific capacitance from CV
(F/g) [7 mol % Ag-doped

BZOP]

nanomaterials
scan rate at

0.02 (mV/s)
scan rate
(mV/s)

specific
capacitance (F/g)

BZOP 8.34 0.01 61.0
1 mol % Ag-doped

BZOP
9.83 0.02 55.6

3 mol % Ag-doped
BZOP

10.34 0.03 31.8

5 mol % Ag-doped
BZOP

13.21 0.04 25.4

7 mol % Ag-doped
BZOP

55.66 0.05 22.9

9 mol % Ag-doped
BZOP

26.25
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3.4. Kinetic Study of Photocatalytic Degradation of MB
and RB Dyes

The UV−visible kinetic study was carried out for the
photocatalytic degradation of MB and RB dyes under
pseudo-first-order conditions with excess dye concentra-
tions.48,49 The kinetic spectrum of MB dye degradation
under pseudo-first-order conditions using Ag-doped BZOP
nanomaterial photocatalysts at different time intervals (0−90
min) is depicted in Figure 11. The kinetic spectrum of RB dye
degradation under pseudo-first-order conditions using Ag-
doped BZOP nanomaterial photocatalysts at different time
intervals (0−90 min) is depicted in Figure S2. The plots of C/
C0 versus irradiation time (in min) were found to be linear
with a correlation coefficient value (R2) of 0.99, as given in
Figure 12. The linear plots of ln C/C0 versus time (in min)
were also found to be linear, and the kinetic parameters such as
rate constant k (min−1) and correlation coefficient (R2) values
were evaluated from the equation: ln C/C0 = −kt, where k is
the pseudo-first-order rate constant and C/C0 is the
concentration change at time t and 0 min. The obtained
kinetic data from the photocatalytic degradation of dyes are
presented in Table 4. The highest rate constant (k) was
evaluated to be 0.628 s−1 for 20 mg/L of 7 mol % Ag-doped
BZOP nanomaterial photocatalyst and 40 mg/L of dye
concentrations. The rate constant (k, s−1) values increased
when increasing the dye concentration (5−40 mg/L) during
the photocatalytic degradation of MB and RB dyes, as
presented in Table 4. This kinetic result supported the
excellent photocatalytic activities of 7 mol % Ag-doped BZOP
nanomaterials as compared to other Ag-doped BZOP nano-
materials for the degradation of MB and RB dyes under visible-
light irradiation.
3.5. Electrochemical Sensing of Lead Nitrate and Dextrose

Nanomaterial-based electrochemical sensors have received
much attention for enhancing their electrochemical and
biosensor activities. The fabricated (1−9 mol %) Ag-doped
BZOP nanomaterials and modified graphite electrodes were
utilized for the detection of Pb+ ions in lead nitrate and the
sensing of dextrose molecules by the CV technique. Supporting

Information Figure S3a,b shows the CV curves of the
electrochemical sensing of lead nitrate and dextrose in 0.1 N
KCl electrolyte at 1 mol % Ag-doped BZOP nanomaterial-
modified graphite electrode. This CV exhibited two well-
defined peaks (cathodic and anodic peaks) for lead nitrate at
−0.28 and −0.84 V and for the dextrose biosensor at 0.11 and
−0.71 V, respectively. The variations of peak positions of 3 mol
% of Ag-doped BZOP-modified electrode were found to be at
0.23 and −0.36 V for lead nitrate and at 0.27, 0.10, and −0.39
V for dextrose molecules, as shown in Figure S4a,b. In
addition, enhanced electrochemical and biosensor activities
were also observed for 5 mol % of Ag-doped BZOP
nanomaterial-modified electrode, and the peak potentials
were found to be at 0.26, −0.32, and −1.05 V for lead nitrate
and at 0.13, −0.30, and −0.4 V for dextrose molecules in 1−5
mM concentrations, as shown in Figure S5a,b. Furthermore,
the excellent sensing activities and dynamic performance of
lead nitrate and dextrose on a 7 mol % Ag-doped BZOP-
modified electrode used as a sensor were analyzed at different
concentrations ranging from 1 to 5 mM at a scan rate of 3 mV
s−1 (Figure 13a,b). As can be seen in Figure 13a,b, an
increasing peak current was observed with increasing
concentrations of lead nitrate and dextrose, and it exhibits
additional peaks at 0.05, −0.25, −0.37, and −0.65 V for lead
nitrate and at 0.06, −0.18, and −0.71 V for dextrose molecules.
The plot between Ipa and the concentrations of lead nitrate and
dextrose (1−5 mM) was found to be linear with an R2 value of
0.9762. The limit of detection (LOD) was calculated using the
following formula: LOD = 3.3 S/b, where S is the standard
deviation, and b is the slope of the calibration plot. The
modified electrochemical sensor exhibited the lowest detection
limits of 18 and 12 μM (S/N = 5) for lead nitrate and dextrose,
respectively. The obtained LOD data revealed that a 7 mol %
Ag-doped BZOP-modified electrode showed a better detection
limit toward lead nitrate and dextrose molecules. Additionally,
we performed sensing activities on a 9 mol % Ag-doped BZOP-
modified electrode for the determination of lead nitrate, with
its peak positions at 0.22, −0.35, and −0.65 V, and lesser
sensitivity was found for the dextrose molecule with a peak
position at 0.13 V, as shown in Figure S6a,b. As a result of the

Figure 9. (a) Comparative GCD curves of BZOP and (b) 7 mol % Ag-doped BZOP nanomaterial-modified graphite electrodes at a current density
of 1 A/g. (c) stability of 7 mol % Ag-doped BZOP nanomaterial-modified graphite electrode.
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electrochemical sensing study, it was revealed that the 7 mol %
Ag-doped BZOP nanomaterial has great sensing ability toward
the detection of lead nitrate and dextrose.47

4. ANTIBACTERIAL ACTIVITY
The antibacterial susceptibility of the synthesized BZOP and
Ag-doped BZOP nanomaterials was examined by employing
the paper disc diffusion method against Staphylococcus aureus
(Gram-positive) and S. typhi (Gram-negative) by selecting
tetracycline as a positive and BMSO as a negative control. The
obtained diameter of the zone of inhibition (in millimeters) is
presented in Table 5.

The clear diameter of the bacterial inhibitory zone was
connected to the antibiotic action of the synthesized samples,

which demonstrates the fact that antibacterial activity increases
with concentration.24−27,51−53 Due to the bactericidal action of
Ag-doped BZOP samples, they exhibited higher antibacterial
activity for both Gram-positive and Gram-negative bacteria
compared to BZOP samples, where Gram-positive bacteria
showed resistance toward BZOP samples in the absence of
inhibition zones, as shown in Figure 14. The enhanced
antibacterial activity of Ag-doped BZOP can be attributed to
the presence of Ag in the BZOP lattice as a dopant.13 The
bactericidal effect of Ag on the outer cell wall has been
explained in four possible ways: Ag ions releasing from the
lattice and interfering with the formation of the cell wall inhibit
the synthesis of proteins, obstruct the synthesis of nucleic
acids, and inhibit a metabolic pathway.51 Initially, the Ag-

Figure 10. Photocatalytic degradation of MB in the presence of BZOP nanomaterial and different mol % (1−9 mol %) of Ag-doped BZOP
nanomaterial photocatalysts for different time intervals (0−90 min).
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doped BZOP nanomaterial adheres to the surface of the cell
membrane and impairs vital processes including permeability
and respiration, leading to plasmolysis. It is worth mentioning
that the interaction of the available surface area affects how
tightly the particles are bound to the bacterial cell wall. Smaller
particles can diffuse into the cell wall easily and will have a
stronger bactericidal impact.27 Ag-doped BZOP nanomaterials

with smaller Ag ions have the capacity to penetrate bacteria
through the cell wall and inhibit the further growth of the
bacteria.51−53 The antibacterial potential of the BZOP
nanomaterial was increased by doping noble metals such as
Ag due to its smaller size and the change in morphology and
shape of the nanomaterials.

Figure 11. (a) Plots of C0/Ct vs irradiation time (in min), (b) plots of ln C0/Ct vs irradiation time (in min) for the photodegradation of MB in the
presence of BZOP nanomaterial and different mol % (1−9 mol %) of Ag-doped BZOP nanomaterial photocatalysts for different time intervals (0−
90 min) under visible-light irradiation.

Figure 12. (a) Plots of C0/Ct vs irradiation time (in min), (b) plots of ln C0/Ct vs irradiation time (in min) for the photodegradation of RB in the
presence of BZOP nanomaterial and different mol % (1−9 mol %) of Ag-doped BZOP nanomaterial photocatalysts for different time intervals (0−
90 min) under visible-light irradiation.

Table 4. Pseudo-First-Order (k, min−1) Rate Constants and Correlation Coefficients (R2) for the Degradation of MB and RB
Dyes with Various mol % of Ag-Doped BZOP Nanomaterials

catalyst amount of photocatalyst, mg/L dye concentration, mg/L
Pseudo-first-order rate constant

(k, min−1) R2 value

MB RB

BZOP nanomaterial 20 40 0.053 ± 0.01 0.107 ± 0.01 0.97
1 mol % Ag-doped BZOP nanomaterial 20 40 0.067 ± 0.01 0.164 ± 0.01 0.98
3 mol % Ag-doped BZOP nanomaterial 20 40 0.091 ± 0.01 0.190 ± 0.01 0.99
5 mol % Ag-doped BZOP nanomaterial 20 40 0.105 ± 0.01 0.242 ± 0.01 0.99
7 mol % Ag-doped BZOP nanomaterial 20 40 0.229 ± 0.01 0.291 ± 0.01 0.98
9 mol % Ag-doped BZOP nanomaterial 20 40 0.156 ± 0.01 0.226 ± 0.01 0.98
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5. RADICAL SCAVENGER STUDY
To study the photocatalytic degradation of anionic dyes such
as MB and RB, they are examined using isopropyl alcohol
(IPA), ammonium oxalate (AO), and ascorbic acid (AA) for
producing reactive species like •OH, •O2

−, or h+, which will
directly be involved in the process after the electron−hole pairs
were generated by Ag-doped BZOP nanocomposite photo-
catalysts under visible-light irradiation.32,36 In the radical
scavenging test, we have taken 1.0 mM/L of IPA, AO, and AA,
which were dispersed into the reaction solution for examining
the formation of •OH, •O2

−, or h+ in visible-light irradiation.
The photodegradation performances of MB and RB were
monitored in the presence and absence of radical scavengers,

Figure 13. (a) CV curves of lead nitrate sensing activity, (b) CV curves of dextrose sensing activity for different concentrations of lead nitrate and
dextrose (1−5 mM) in 0.1 N KCl electrolyte over 7 mol % Ag-doped BZOP-modified graphite electrode at a scan rate of 50 mV/s.

Table 5. Inhibition Zone (in mm) of BZOP and Ag-Doped
BZOP Nanomaterials against S. typhi and S. aureus

concentrations
(μg/mL) BZOP

Ag-doped
BZOP

control
(tetracycline)

S.
typhi

S.
aureus

S.
typhi

S.
aureus

S.
typhi

S.
aureus

100 14 15 14 23 27
200 15 18 17 24 28
300 16 21 19 26 29
400 19 25 22 28 30

Figure 14. Inhibition zones of (a) S. typhi and (b) S. aureus for the BZOP sample; (c) S. aureus and (d) S. typhi for Ag-doped BZOP nanomaterials;
and (e) S. aureus and (f) S. typhi for control (tetracycline).
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as shown in Figure 15. As can be seen in Figure 15, adding IPA
exhibits a slight effect on the photodegradation of MB and RB,
which revealed that the •OH radical showed a frailer role.
Moreover, the photodegradation performance was decreased
substantially by adding AO to the reaction mixture, which
shows that h+ (holes) are involved in the oxidation of MB and
RB under visible-light irradiation. Furthermore, introducing
AA to the reaction solution, the photocatalytic performances of
MB and RB are decreased. The decreased photodegradation
activity in the presence of radical scavengers indicate that O2
coverts into •O2

− (superoxide anion radical) due to its better
electron trapping ability and to avoid the electron−hole
recombination in this reaction. The scavenger study result
authenticated that •O2

− or h+ reactive species preceded the
photodegradation reaction of MB and RB dyes in this
study.36,37,54

6. REUSABILITY AND STABILITY STUDIES
To study the reusability and stability of Ag-doped BZOP
nanomaterial photocatalysts that are significant in MB and RB
degradation under visible-light irradiation, the Ag-doped
BZOP nanomaterial photocatalyst reusability was analyzed

for five cycles for the MB and RB degradation, and the
reproduced photocatalyst after the degradation of dyes was
washed with ethanol and deionized water. Then, the washed
photocatalyst was dried at 60−80 °C, and then it was reused
again for the degradation of dyes.54 To maintain the identical
photocatalyst, we included the utilized nanomaterial photo-
catalyst in every cycle. The photocatalytic efficiencies for all
five cycles were found to range from 98.6 to 86.9% (Figure
16). A decreasing trend of photocatalytic efficiency was
observed from the first cycle to the fifth cycle, owing to the
existence of Ag atoms on the surface of the BZOP
nanomaterial. The obtained reusability performance of the
Ag-doped BZOP nanomaterial photocatalyst for the degrada-
tion of MB and RB dyes supports the stability of the
nanomaterials in this study.

7. TOTAL ORGANIC CARBON STUDY
Total organic carbon was studied using teledyne-Tekmar-
introduces-fusion total organic carbon (TTIF-TOC), USA
Company, to remove the carbon (in %) in the course of
photocatalytic degradation of MB and RB dyes under visible-
light irradiation at different time (from 0 to 90 min) intervals.

Figure 15. Bar diagram of the influence of radical scavengers (IPA, AO, and AA) for the degradation of dyes.

Figure 16. Cycle stability (five cycles) and reusability of the Ag-doped BZOP nanomaterial photocatalyst.
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To determine the complete mineralization of MB and RB dyes
under visible-light irradiation, the percentage of carbon content
removal using Ag-doped BZOP nanomaterials is calculated.
The carbon content removal percentages were found to be
96.8 and 98.5% for MB and RB dyes, respectively, under
visible-light irradiation at 90 min time interval, as shown in
Figure 17. The obtained results showed that the percentage of

TOC removal of RB dye is higher than the TOC of MB dye
under visible-light irradiation by a TOC analyzer. Thus, the 7
mol % Ag-doped BZOP nanomaterials exhibited higher
photocatalytic degradation activity toward MB and RB dyes
under visible light.31,55

8. MECHANISM
The Ag-doped BZOP nanocomposite was used as a photo-
catalyst for MB and RB dye photodegradation under visible-
light irradiation. Based on the experimental data, a suitable
mechanism was proposed for the Ag-doped BZOP photo-
catalyst-based degradation of MB and RB dyes under visible-
light irradiation. Here, an electron and a positive hole in the
VB of the nanocatalyst played leading roles during the

photocatalytic degradation of the anionic dyes. The photo-
induced electrons (in the CB) and holes (in the VB) are
created as a pair and involved in the reaction under visible-light
irradiation. The electrons in the CB of BZOP creates negative
(•O2 and •OH) ions. At the same time, the holes in the VB of
BZOP oxidize H2O into •OH radicals, whereas the electrons
relocate from the CB of BZOP to the Ag dopant that behaves
as an electron trap center. The electron trap centers decrease
the electron−hole pairs’ rate of recombination and enhance
the lifetime and interfacial CT.56 The scavenger study reveals
that radicals such as O2

•− and •OH are responsible for MB and
RB mineralization under visible-light irradiation. Bhosale et al.
reported that the intensity of PL spectrum was decreased due
to the increase in the Ag dopant in BZOP.31 All the obtained
data reveal that the Ag-doped BZOP enhances the radical
(O2

•− and •OH) formation and MB and RB degradation under
visible-light irradiation, as shown in Figure 18.

9. BIOCOMPATIBILITY STUDY
After MB and RB dye degradation, the resulting solution was
used to study the biocompatibility of the green gram seeds’
growth in terms of days. Green gram seeds were cultured in tap
water [control (C)], MB and RB dye-contaminated water
[untreated (UT)], and Ag-doped BZOP photocatalyst-treated
(PT) water. The green gram seeds’ growth was studied for
different periods such as 3, 6, and 10 days, and the obtained
growth of green gram seeds is depicted in Figure 19. The
growth of green gram seeds in MB and RB dye-contaminated
water was not good as compared to the control and
photocatalyst-treated water.57,58 However, the growth of
green gram seeds in the control is very close to the growth
of seeds in Ag-doped BZOP photocatalyst treated water. The
obtained result revealed that the Ag-doped BZOP photo-
catalyst has great potential for the cultivation process.

10. CONCLUSIONS
BZOP and different mol % of Ag-doped BZOP nanomaterials
were synthesized by the greener solution combustion method,
and the synthesized materials were successfully characterized
using various spectral, analytical, and electrochemical techni-
ques. 7 mol % of Ag-doped BZOP nanomaterial displayed
excellent photodegradation performance against MB (98.7%)

Figure 17. Percentage of TOC removal of (a) RB and (b) MB with 7
mol % Ag-doped BZOP under visible-light irradiation at different time
intervals (0−90 min).

Figure 18. Mechanism of photocatalytic degradation of MB and RB dyes using Ag-doped BZOP nanomaterial photocatalyst under visible-light
irradiation.
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and RB (99.3%) dyes due to its distinct properties like
semiconducting property, higher binding energy, band gap,
optical property, and stability. Using EIS spectral data, the
lowest CT resistance (Rct-225 Ω) value was found for 7 mol %
of Ag-doped BZOP nanomaterial photocatalyst as compared to
BZOP and other mole percentages of Ag-doped nanomaterials.
An Ag-doped BZOP-modified electrochemical sensor was used
to determine the lead nitrate and dextrose molecules with low
detection limit (LOD) values of 18 and 12 μM, respectively.
Radical scavenging studies revealed that •O2− or h+ reactive
species are involved in the photocatalytic degradation of MB
and RB dyes under visible light. Enhanced antibacterial activity
was observed for Ag-doped BZOP materials as compared to
BZOP, which can be attributed to the presence of Ag on the
surface of the BZOP lattice for both Gram-positive and Gram-
negative bacteria. Moreover, the Ag-doped BZOP nanoma-
terial exhibited enhanced stability for the degradation of MB
and RB dyes, and the photocatalyst retained its photo-
degradation efficiencies, even after the fifth cycle. The
mechanism of photocatalytic degradation of dye reactions
using Ag-doped BZOP nanomaterials as photocatalysts under
visible-light irradiation has been discussed. The 7 mol % Ag-
doped BZOP nanomaterials exhibited higher photocatalytic
degradation activity toward MB and RB dyes under visible
light. The obtained biocompatibility result revealed that the
Ag-doped BZOP photocatalyst has great potential for the
cultivation process.
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