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Unveiling the effect of crystallinity and particle size
of biogenic Ag/ZnO nanocomposites on the

electrochemical sensing performance of carbaryl
detection in agricultural productst
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In this study, bio-Ag/ZnO NCs were synthesized via a microwave-assisted biogenic electrochemical

method using mangosteen (Garcinia mangostana) peel extract as a biogenic reducing agent for the

reduction of Zn?* and Ag" ions to form hybrid nanoparticles. The as-synthesized NC samples at three
different microwave irradiation temperatures (Z,0, Zgo, Z9o) exhibited a remarkable difference in size and
crystallinity that directly impacted their electrocatalytic behaviors as well as electrochemical sensing

performance. The obtained results indicate that the Zgo sample showed the highest electrochemical

performance among the investigated samples, which is attributed to the improved particle size

distribution and crystal microstructure that enhanced charge transfer and the electroactive surface area.
Under the optimal conditions for carbaryl pesticide detection, the proposed nanosensor exhibited a high
electrochemical sensitivity of up to 0.303 pA uM~t cm~2 with a detection limit of LOD ~0.27 pM for
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carbaryl pesticide detection in a linear range of 0.25-100 pM. Overall, the present work suggests that

bio-Ag/ZnO NCs are a potential candidate for the development of a high-performance electrochemical-
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1. Introduction

Carbaryl (1-naphthyl methylcarbamate, C;,H;;NO,) is the main
ingredient in many commercial pesticides that have been
widely used in agriculture to increase crop yield and enhance
quality. However, their excessive residue products in soil, fruits,
vegetables, and water can cause many negative effects on
human health and the environment. Especially, they inhibit the
catalytic activity of acetylcholinesterase (AChE) in the central
nervous system and cause serious effects on humans and
animals."” Because of the potential risks to people's health and

“Phenikaa University Nano Institute (PHENA), Phenikaa University, Hanoi 12116,
Vietnam. E-mail: tuan.hoangvan@phenikaa-uni.edu.vn; tuan.leanh@phenikaa-uni.
edu.vn

*Faculty of Materials Science and Engineering (MSE), Phenikaa University, Hanoi
12116, Vietnam

‘Faculty of Biotechnology, Chemical and Environmental Engineering (BCEE), Phenikaa
University, Hanoi 12116, Viet Nam

“Center for Advanced Materials and Environmental Technology, National Center for
Technological Progress, Hanoi 12116, Viet Nam

‘Department of Chemical Engineering and Applied Chemistry, Chungnam National
University, Daejeon, 34134, Republic of Korea

available. See DOLI:

T Electronic ~ supplementary  information  (ESI)

https://doi.org/10.1039/d3ra00399j

© 2023 The Author(s). Published by the Royal Society of Chemistry

based non-enzymatic nanosensor with rapid monitoring, cost-effectiveness, and eco-friendly to detect
carbaryl pesticide residues in agricultural products.

animals, many countries have taken regulations on carbaryl
limitation. For example, the carbaryl limit level in Europe is
only in the concentration range from 0.01 mg kg™ ' to 0.5 mg
kg for rice, fruits, and cereals. This allowable limit of Russia is
from 0.02 mg kg™ to 2.0 mg kg™ in milk products, maize, and
grains; and from 0.02 mg kg " to 25.0 mg kg™ ' in olive oil.?
Hence, it is necessary to develop a sensitive and robust method
to determine carbaryl levels in foods.

Until now, many analytical methods have been developed for
the detection of carbaryl in food, water, and drinks, including
ultra-performance liquid chromatography with mass spec-
trometry (UPLC/MS),* reaction-resonance scattering spectros-
copy, gas chromatography-mass spectrometry (GC-MS),* high-
performance liquid chromatography (HPLC),® colorimetry,’
fluorimetry,® surface-enhanced Raman spectroscopy,” and
electrochemical methods.” Among them, the electrochemical
sensor has received significant attention for the detection of
carbaryl, due to their low expense, easy use, fast response, and
high sensitivity. In addition, electrochemical sensors are also
convenient for on-site determination and point-of-care
testing.* For example, a novel electrochemical sensor based
on graphene oxide-ionic liquid composite modified glassy
carbon electrode (GCE) was used for the quick and ultra-
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sensitive detection of carbaryl with a detection limit (LOD) of 2
x 10~® M.* Glass carbon electrode (GCE) was modified by a new
polyaniline/CoAl-layered double hydroxide composite (PANI/
CoAl-LDH) with the carbaryl detection limit of 6.8 x 107° M.*?
Reduced graphene oxide-wrapped silver nanoparticles
(Ag@rGO) were utilized to modify the electrode surface with
carbaryl being the detection target and the detection limit of 42
x 10~ M." Electrocatalysts of Pd and ZnO nanoparticles (NPs)
supported on a highly porous framework of activated carbons
(APC) were synthesized for electrochemical detection of carbaryl
with a detection limit of 10™® M.* Therefore, it is crucial to
develop highly sensitive electrochemical sensors modified with
eco-friendly materials to detect carbaryl.

Recently, the Ag/ZnO nanocomposites (Ag/ZnO NCs) were
exposed as a candidate for the electrochemical nanosensor for
organic agent trace detection.'*® Particularly, ZnO nano-
particles (NPs) possess a range of desirable traits, including
wide availability, non-toxicity, robust mechanical strength, high
thermal stability, antifouling and antibacterial properties, high
specific surface area, efficient catalytic performance, and strong
adsorption capabilities.'>*® These properties make ZnO NPs an
excellent choice for modifying working electrode surfaces in
electrochemical sensors. However, ZnO NPs have poor charge
transfer ability and rapid recombination of charge carriers,
which are the main weak points of ZnO NPs for electrocatalysis
applications.” To address these challenges, researchers have
employed several approaches, including doping, modification,
and hybridization, etc. As an effective way, ZnO NPs were
combined with noble metal NPs to form metal-metal oxide
interfaces.”** The interesting studies of Ag/ZnO NCs have
related to their morphology, size, component, and structure via
some different synthesis methods, including bio-hydro-
thermal,”>** sol-gel method,”® photo-chemical reduction,**
chem-hydrothermal method,”*®* and mechanochemical
method.” Almost them displayed the impressive enhancements
in electrochemical sensors toward toxic organic compounds.
Using the one-pot hydrothermal method, an electrochemical
sensor based on Ag/ZnO NCs was developed onto the ITO
electrode, with a low limit detection of phosphorothioate
pesticides of 0.010 uM. In addition, the photocatalytic perfor-
mance of Ag/ZnO NCs was demonstrated for the degradation of
Phox, with higher performance than pure ZnO nanorods.
Therefore, modifying electrodes with Ag/ZnO NCs shows
promising potential for the electrochemical sensor and photo-
catalytic degradation of toxic pesticides in the food and envi-
ronmental fields.** N. Sebastian et al have devoted to
developing a sensitive electrochemical sensor based on silver-
decorated zinc oxide (Ag/ZnO) material for the nanomolar-
level detection of rhodamine B (RhB). The obtained result
showed a low limit detection of 0.8 nM. Moreover, Ag/ZnO NCs
was also found to be a remarkable photocatalyst for efficiently
degrading RhB. The sensitive detection and degradation of dye
are crucial to ensuring the safety of living being.** A novel
biosensor was also successfully developed to detect xanthine in
both meat and fish samples corresponding to limit detection of
0.07 uM. The electrode was covered with nano Ag-ZnO, which
played an important role in the performance of the biosensor by
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significantly increasing the porous structure of the conducting
polymer (pyrrole) surface.*

In this work, for the first time, we reported a green approach
for the synthesis of Ag/ZnO NCs via a combined microwave-
assisted/biogenic electrochemical method. Biomolecules from
mangosteen peel extract not only played the role of biogenic
reducing agent for the reduction of Zn>* and Ag" ions to form
ZnO and Ag nanoparticles but also acted as stabilizers. The
present work has exposed eco-friendly, easy-to-scale-up, and
cost-effective methods. More interestingly, by tuning particle
size distribution and crystal microstructure of Ag/ZnO NCs,
their systematic impacts on electrocatalytic activity, conduc-
tivity, and sensing performance in electrochemical sensors
based on biogenic Ag/ZnO NCs were clarified. Finally, according
to the proposed approach, a rapid electrochemical-based non-
enzymatic nanoplatform was proposed for carbaryl detection
in agricultural products.

2. Experimental section

2.1. Chemicals and apparatus

Pure silver (Ag) bars were used as working electrodes in the
electrochemical process, which were 10 and 15 cm high, 3 and
8 mm thick, respectively, and were purchased from a domestic
jewellery company in Hanoi, Vietnam. Cabarryl (CBR, 98%),
nitric acid (HNOs, 63%), iron(m) nitrate (Fe(NOs)s, 99%), cop-
per(n) sulfate (CuS0,4,99%), zinc nitrate (Zn(NOj3),, 99%), nick-
el(u) nitrate (Ni(NO3),, 99%), potassium chloride (KCl, 99%),
ascorbic acid (CgHgOs, 99%), urea (CH4N,O, 99%) amoxicillin
(C16H19N305S, 99%), and p-glucose (Ce¢H1,06, 99%) were
purchased from Shanghai Chemical Reagent. Also, the double-
distilled water used in the whole process was prepared using
a Milli-Q® system (18.2 MQ cm at 25 °C).

The phosphate-buffered saline (PBS) buffer solution (0.1 M,
pH 7.2) was prepared by using NaCl, KCl, Na,HPO,-12H,0, and
KH,PO, (>99%, Merck KGaA, Germany). The pH of PBS buffer
was adjusted by using H3PO,4(0.1 M) and NaOH (2 M). All
chemicals were used as received without any further purifica-
tion. Carbon screen-printed electrodes (SPEs-DS110) were
provided from DS Dropsens, Spain.

2.2. Synthesis of bio-Ag/ZnO NCs and bio-Ag/ZnO NCs-
modified SPE

20 mL of plant extract, namely mangosteen (Garcinia man-
gostana) peel was added to a 200 mL beaker and stirred for
15 min. Two zinc (Zn) rods were placed 7 cm apart and dipped
about 10 cm deep into the beaker used as the cathode and
anode. A 20 V DC voltage source was applied to the electrodes.
The electrochemical synthetic process was carried out for 2 h at
room temperature without using any chemical additives. Simi-
larly, the electrolysis process of the bare Ag rods was carried out.
However, here the voltage supplied was about 10 V for 30 min.
Next, the homogenized solution was subjected using UWave-
2000 multifunctional microwave aiming to heating for 15 min
with 250 W at different temperature conditions of 70 °C, 80 °C,
and 90 °C, which were denoted as Z,¢, Zgo, and Zy, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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All carbon screen-printed electrodes (SPEs) modified with
bio-Ag/ZnO NCs were prepared by a simple dropping method.
Briefly, all SPEs were washed several times with DI and ethanol,
then dried at room temperature. Next, a solution of biological
(bio-Ag/ZnO NCs) with various volumes from 4 to 12 pL was
dripped onto the surface of the SPE working electrode and dried
naturally in the air. The modified electrode was used for
subsequent electrochemical experiments.

2.3. Preparation of real samples

Real samples were prepared from cabbage samples, which were
purchased from the local supermarket. 3 g of the homogenized
cabbage samples was carefully mixed with 10 mL of phosphate
buffer (0.1 M) using a vortex mixer. Then, the obtained solution
was sonicated for 30 min. The resulted solution was centrifuged
for 5 min at 10000 rpm and filtered through Whatman filter
paper to get clear liquid phase. Finally, the known different
amounts (10, 25, and 50 pM) of CBR standard were added to the
obtained liquid phase.

2.4. Characterization techniques

The crystalline characterization and structural properties of bio-
Ag/ZnO NCs were analyzed by a Bruker D5005 X-ray diffrac-
tometer (using Cu Ka radiation, A = 0.154056 nm) under
a voltage of 40 kV and a current of 30 mA. The absorption
spectra of bio-Ag/ZnO NCs was measured by ultraviolet-visible
(UV-vis) spectrophotometry (HP 8453 spectrophotometer). The
morphology of bio-Ag/ZnO NCs was characterized by high-
resolution transmission electron microscopy (HR-TEM, JEOL,
JEM-3010, Tokyo, Japan). Particle size distribution was analyzed
by dynamic light scattering (DLS) measurement (Horiba SZ-
100). pH value was determined by an IC-PH60 pH tester kit.
In addition, all electrochemical measurements were conducted
on a three-electrode electrochemical cell (Palmsens4, PS Trace,
PalmSens, The Netherlands) at room temperature.

2.5. Electrochemical measurements

The electrochemical properties of the bare electrode (bare SPE)
and bio-Ag/ZnO NCs-modified electrodes were investigated via
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) techniques. CV measurements were carried out in
0.1 M KCI containing 5 mM [Fe(CN)s]*"*~ as redox probes at
a scan rate of 50 mV s~ ' within the potential range from —0.3 V
to 0.6 V. While, electrochemical impedance spectroscopy (EIS)
was recorded in the frequency range of 0.01-50 kHz by applying
an AC voltage of 10 mV amplitude. Electrolyte of 0.1 M phos-
phate buffer solution (PBS, pH 7.4) was prepared by dissolving
8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO,, and 0.245 g KH,PO, into
1000 mL DI water under the aid of magnetic stirring for 30 min
at room temperature. The electrochemical behaviors of CBR on
the modified electrodes were investigated using CV and differ-
ential pulse voltammetry (DPV) measurements in phosphate
buffer (0.1 M PBS) containing different concentrations of CBR.
The CV measurements were carried out in the potential range
between 0 and 1.0 V, Tequilibrium = 120 s. The DPV measure-

ments were completed as follows: scan rate of 6 mV s,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Tequilibrium =55, Epluse = 0.05V, and Tpulse = 0.2 s in the
potential range of 0.0 to 0.8 V.

3. Results and discussion

3.1. Characterization of bio-Ag/ZnO NCs

Bio-Ag/ZnO NCs were synthesized by a combined microwave-
assisted/biogenic electrochemical method using mangosteen
peel extracts. UV-vis spectroscopy and TEM were used to
confirm the characteristic absorption peak and the morphology
of bio-Ag/ZnO NCs (see Fig. 1). Fig. 1a shows the UV-vis spectra
of the as-synthesized samples and the color of their solutions.
After the electrochemical process, the color of the extracted
mixture turned yellow-brown due to the formation of bio-Ag/
ZnO NCs under microwave radiation. The UV-vis spectra of
ZnO nanoparticles (NPs) showed a characteristic absorption
peak centered at 334 nm, which is the characteristic peak for
hexagonal wurtzite ZnO.** The formation of Ag NPs was
confirmed by the characteristic surface plasmon resonance
absorption band at 400-420 nm in the UV-vis region. As the
increase in microwave temperature, the absorption peak
intensity increased clearly meanwhile the absorption peak
wavelength remained unchanged.

The morphology of bio-Ag/ZnO NCs could be viewed in
Fig. 1b—d. It can be observed that NPs with different sizes were
separately dispersed on the phytochemical matrix in the as-
synthesized solution. The uniform near-spherical nanoparticle
(average size of ~20 nm) could correspond to Ag NPs. The
others (average size of ~50 nm) could correspond to bio-Ag/ZnO
NCs due to Ag NPs decorated on ZnO NPs. The Zy, nanoparticles
had small size, relatively uniform dispersion. However, Z,, and
Zgo nanoparticles had large size, uneven distribution, and
showed the phenomenon of agglomeration. The results of
Fig. 1b’-d’ show that the nanoparticle size distribution of the
samples Z,4, Zgo, Zoo the range of 20 to 80 nm, 20 to 50 nm and
10 to 40 nm, respectively. The particle size distribution of these
composite samples is further confirmed through the results of
DLS spectroscopy (Fig. S11). For more convincing evidence, the
result of the HRTEM image analysis was shown in Fig. 2. Two
different contrasting bands can be found within the boundary
of bio-Ag/ZnO NCs. The 2.45 A inter-plane distance corresponds
to the (101) plane of ZnO, while the 2.02 A inter-plane distance
was assigned to the (200) lattice plane of Ag. The observed result
confirmed that bio-Ag/ZnO NCs have formed in the as-
synthesized sample.

Fig. 3 shows the crystallographic microstructure and particle
size distribution of bio-Ag/ZnO NCs. As shown in Fig. 3, all three
bio-Ag/ZnO NCs samples exhibited the appearance of charac-
teristic peaks at 31.7°, 34.4°, 36.2°, 47.5°, and 56.6° that fix well
with (100), (002), (101), (102), and (110) planes, respectively, of
hexagonal wurtzite structure of ZnO (JCPDS standard card no.
36-1451). Furthermore, the other diffraction peaks were also
observed at around 37.2°, 40.5°, 54.8°, and 76.1°, revealing the
presence of Ag, according to JCPDS (87-0598) within the bio-Ag/
ZnO NCs crystalline lattice structure. The average crystal size of
ZnO NPs was calculated by the Debye-Scherrer equation, cor-
responding to 44 nm, 32 nm, and 23 nm for Z,, Zgo, and Zyo,

RSC Adv, 2023, 13, 8753-8764 | 8755
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Fig. 2 The HRTEM images of Zgg.
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the TEM images of Z7q; Zgo: Zoo; (b'—d’) histograms of the size distribution of Z;; Zgo: Zoo samples, respectively.

respectively. For Ag NPs, the average crystal size of sample Z,
was estimated to be 25 nm, the values of Zg, and Zy, samples
were 21 nm and 15 nm, respectively. The temperature favored
the crystallization of bio-Ag/ZnO NCs nanocrystals. Obviously,
increasing microwave temperature decreased the particle size.
Smaller particles produced at higher temperatures could be
attributed to the higher supersaturation ratio of metal atoms in
the solution at faster temperature ramp rates.>* Herein, the
significant effect of the synthesis temperature on the size
distribution was considered due to the impact of temperature
on the motivation of ions within the solution. Indeed, at higher
temperatures, the ions tend to move faster within the solution,
leading to a low ability for collision and contact among ions.
Thus, it reduces and inhibits the crystallization ability as well as
the formation of particle size.**** Clearly, Zy, showed more
unique features in not only size and crystallinity. Thus, Z,, was
expected as a key candidate possessing a high potential for
electrocatalytic activity and electron conductivity in the sensing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a); (b); (c) XRD spectrum of Z7o; Zgo: Zgo. respectively.

electrode. Crystal structure and particle size distribution were
the factors that were reported a decisive influence on their
electrocatalytic activity, conductivity, and electrochemical
sensing performance.**° This relationship was further studied
and discussed in more detail in the following sections.

3.2. Electrochemical characteristics of the modified
electrodes

The electrochemical properties of the modified electrodes
were investigated by CV and EIS measurements using a stan-
dard redox probe, [Fe(CN)4]*~/*~, aiming to explore the role of
the crystal structure of bio-Ag/ZnO NCs on CBR electro-
chemical sensing performance. Fig. 4a shows the CV curves of
bare SPE and modified electrodes (Z,,/SPE, Zgo/SPE, and Zgo/
SPE) in 0.1 M KCl containing 5 mM [Fe(CN)s]> /*~ at a scan
rate of 60 mV s~ '. The obtained CV curves exhibited a pair of
oxidations-reduction peaks, corresponding to the electron
transfer of Fe>" reversibly into Fe*. Notably, all the modified
electrodes showed a remarkable enhancement in current
response, compared to bare SPE. Indeed, the reduction peak
currents were about 58.16 pA, 90.15 pA, 117.24 pA, and 151.2
pA for bare SPE, Z,,/SPE, Zgo/SPE, and Z,,/SPE, respectively.
Modified electrodes clearly exhibited higher electrochemical

1501(3)

100 4

00 02
E (V)

properties than the bare electrode. Among them, Z,,/SPE had
the highest reduction/oxidation current response, suggesting
that crystal structure and particle size distribution of bio-Ag/
ZnO NCs have a strong influence on the resistivity of the
modified electrodes. Accordingly, the obtained results reveal
that Zg,/SPE promises a better electrochemical sensing
performance than others.

To investigate the charge transfer capacity of the variable
electrodes, electrochemical impedance spectroscopy (EIS)
measurements were performed. Nyquist plots of Z,,/SPE, Zg,/
SPE, and Zo,/SPE in 0.1 M KCl containing 5 mM [Fe(CN)e]> /4~
in the frequency range 50 kHz-0.01 Hz with amplitude 10 mV of
a.c. voltage have been shown in Fig. 4b. For all electrodes, for
the EIS measurements, the R, values of SPE, Z-,/SPE, Zg,/SPE,
and Zy,/SPE were calculated of (731 £ 1.0) Q, (620 £+ 0.71) Q,
(473 £ 0.81) Q, and (347 + 0.9) Q, respectively. Obviously, there
is a notable decrease in R, in modified electrodes with the
smallest R, of Zoo/SPE. The decrease in R.. of smaller samples
could be attributed to both higher volume fractions of smaller
NPs packed inside the film and higher crystallinity which
facilitated the charge transfer.

Fig. 5a-d shows CV curves recorded at bare SPE and modi-
fied electrodes in 0.1 M KCl containing 5 mM [Fe(CN)e]> 4~

v v

500

J \J a4
1500 2000

Z'(Q)

1000 2500

Fig.4 (a) CV profiles of various modified electrodes at scan rate 60 mV s~ in 0.1 M KCl containing 5 mM [Fe(CN)gl>~"4~ (b) EIS profiles of various

modified electrodes.
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Fig.5 (a—d): CV profiles of modified electrodes at various scan rates (10-60 mV s~%); and (e—h): the corresponding linear plot of reduction peak

current response and sqrt of scan rate. All experiments were performed in 0.1 M KCl containing 5 mM [Fe(CN)

with various scan rates from 10 to 60 mV s~ . It can be seen that
the observed peak current increased with an increase in scan
rate from 10 to 60 mV s~ '. Their corresponding linear plots of
current response (I, which is the average of three consecutive
measurements I, I, I; of the amperage value: I = (I, + I, + I3)/3)
against the square root of scan rate were presented in Fig. 5e-h,
suggesting the redox reaction onto all the electrode surfaces was
a diffusion-controlled process.’’** To further explain the
enhancement of the current intensity, the electroactive surface
area (EASA) value, which reflects the total electrochemically
active area, was calculated based on the Randles—Sevick
equation:

I, = 2.69 x 10°4n**D"Cy ' (1)
where I, presents the cathodic and anodic peak current, n is
the number of electron transfer, D is diffusion coefficient of
[Fe(CN)6]>"*", A is electroactive surface area (EASA), » is the
potential scan rate, and C is the concentration of [Fe(CN)e]>~’
4=, Herein, EASA was estimated from the graphs of cathodic
peak current along with n =1, D = 6.5 X 10°cecm s, C =
5 mM, and » = 0.05 V s~ '. The calculation results indicate that
the active surface area of the electrode was improved by the
addition of bio-Ag/ZnO NCs. In which, the EASA value of Zyo/
SPE was the highest (0.495 cm?) and 3.6-fold larger than that of
bare SPE (0.137 cm?®). The EASA values of Zg/SPE (0.335 cm?)
and Z,,/SPE (0.265 cm?) were also 2.5-fold and 1.9-fold higher
than those of bare SPE, respectively. This result could be due to
the difference in distribution size and crystallinity of bio-Ag/
ZnO NCs, leading to get a larger active surface area. The CV
and EIS results indicate that Z,,/SPE also exhibited the best
electrochemical performance among the investigated modi-
fied electrodes.
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3.3. Electrochemical sensing performance of the modified
electrodes

The electrochemical behavior of CBR at bio-ZnO NPs, bio-
AgNPs, bio-Ag/ZnO, and Z,,-modified electrodes in PBS buffer
solution (pH 3) was considered by typical CV at a scan rate of
50 mV s~ (Fig. 6a). It can be seen that the strongly increased
oxidation peak occurs at 0.58 V for the SPE, 0.55 V for the three
electrodes modified with bio-ZnO NPs, bio-Ag/ZnO, and Z,,,
particularly the lowest potential at 0.46 V for the electrode
modified with bio-AgNPs. This peak could be assigned to the
carbaryl oxidation which is consistent with some previous
reports regarding the oxidation peak of CBR."**' Fig. 6b shows
a bar plot of the irreversible oxidation peak current response for
CBR for all modified electrodes. Indeed, the oxidation peak
current response of CBR at bio-ZnO NPs (3.82 pA), bio-AgNPs
(4.64 pA), bio-Ag/ZnO (5.52 pA), and Z, (6.73 pA) was 1.1-fold,
1.4-fold, 1.7-fold and 2.0-fold higher as compared with bare SPE
(3.34 pA), respectively. Among them, Z,, offered the highest
anodic peak current compared with other modified electrodes.
It is clear that the Z,, sample with microwave assistance
enhanced significantly the amperage signal compared with the
rest of the samples. Therefore, the Z,, sample was selected to
conduct further experiments.

To evaluate the electrochemical activity of different elec-
trodes, the CV response of SPE and SPE modified with Z,,/SPE,
Zs0/SPE, and Z,,/SPE were measured in PBS buffer solution (pH
3.0) at a scan rate of 50 mV s~ . Fig. 6¢ shows the CV curves of all
four electrodes in 0.1 M PBS (pH 3) containing 100 uM CBR. It
can be seen that a sharp increase in oxidation peak occurred at
0.58V, 0.55 V, 0.53 V, and 0.5 V for SPE, Z,,/SPE, Zg,/SPE, and
Zoo/SPE, respectively. For modified electrodes, the sharp
oxidation peaks were recorded as the oxidation process of CBR
at the potential. It is found that the oxidation peak potential on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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corresponding bar chart diagram of irreversible oxidation peak current responses for CBR; (c) CV curves of SPE and Z,o/SPE, Zgo/SPE, and Zgo/
SPE-modified electrodes using 0.1 M PBS (pH 3.0) in 100 uM CBR. The scan rate is 50 mV s *.

Zq, shifted to a more positive direction, compared to Z,, and
Zgo, consuming less energy required for the electrochemical
oxidation of CBR. The difference in oxidation peak potential
may be due to the change in crystallinity. Fig. 6d shows a bar
chart diagram of irreversible oxidation peak current responses
towards CBR for all three modified electrodes. Compared to the
bare SPE, all the modified SPEs showed an increase in the
oxidation peak current, indicating that the bio-nanocomposites
significantly improved the electrochemical activity for CBR
oxidation. Among them, Z,, offered the highest anodic peak
current of about 16.15 pA, which is ~1.8 times higher than Zg,
(9.18 pA), 2.4 times higher than Z,, (6.73 pA), and 4.8 times
higher than bare electrode (3.34 pA). It is clear that the size and
crystallinity of Ag/ZnO NCs were important factors, affecting the
electrochemical sensing performance for detecting CBR.

3.4. The effect of scan rate and pH

The influence of experimental parameters, including pH value,
scanning speed, accumulation time, and electrode coating
volume on the sensing performance were investigated and
optimized. To understand the mechanism of electron transfer

© 2023 The Author(s). Published by the Royal Society of Chemistry

reaction occurring onto the modified electrode surface, the
effect of scanning speed and pH value on the oxidation poten-
tial as well as the current response of CBR were investigated by
CV measurements. Based on relationship between sweep rate
and peak amperage or voltage response, kinetic studies calcu-
lated from CV measurements were performed. Fig. S2t illus-
trates the effect of different sweep rates (10-60 mV s~ ') on the
electrochemical behaviors of CBR in 0.1 M PBS (pH 3) con-
taining 100 uM CBR for modified electrodes. Apparently, the
increases in both anode and cathode peak currents were
observed along with the increase in the scan rate for the
investigated electrodes. Calibration graphs between CBR irre-
versible peak oxidation current and sweep rate were described
with linear regression equations:

Z0: I, (RA) = 0.14y (mV s~") + 0.137; R* = 0.99
Zgo: I, (RA) = 0.18y (mV s™") + 0.194; R* = 0.99

Zoo: I, (RA) = 0.29v (mV s ") + 2.06; R* = 0.99

RSC Adv, 2023, 13, 8753-8764 | 8759
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Accordingly, CBR oxidation was a typical surface adsorption-
controlled process rather than a diffusion process. More inter-
estingly, the adsorption capacity of CBR on the electrode surface
of Z4o/SPE was also determined through the equation:**>*

I, = P FAvI1ART (2)

With the observed slope values, the adsorption capacity (I') of
Z70/SPE, Zgo/SPE, and Z,,/SPE were approximately 4.5 x
10" molem™2,5.9 x 107" mol em ™2, and 9.3 x 10~” mol cm 2.
Therefore, the Zyy-modified electrode exhibited the largest
adsorption capacity. At the same time, the small change in the
CBR peak potential was observed with an increasing sweep rate.
Indeed, the anodic peak potential of CBR shifted in the positive
direction according to a linear relationship with In(v), corre-
sponding to the regression equations respectively:

Z70: Epy = 0.0291nv (Vs™') + 0.634 (R* = 0.99)
Zso: Epa = 0.031Inv (Vs™') + 0.627 (R = 0.99)

Zoo: Epy = 0.0331Inv (Vs') + 0.608 (R* = 0.99)

Based on the Laviron equation:***

Epa = E° + (RTI(1 — a)nF) x In((1 — a)nF)/RTke)
+ (RTI(1 — a)nF)In(v) (3)

According to that, the slope of a straight-line plot yielded by
E = f{lnv) equaled to RT/((1 — a)nF), where R is the gas constant
(R =8.314 J mol " K'), T = 300 K, a is the electron transfer
coefficient, F is the Faraday constant (F = 96 485.33 C mol '), n
is the number of electrons transferred, and k. is the electron
transfer rate constant. From the determined slope values, the
number of transfer electrons (n) in the electron transfer reaction
could be determined to be 1 for CBR, corresponding to the
charge transfer coefficient («) found of 0.1, 0.16, and 0.21 for
Z0/SPE, Zgo/SPE, and Zy,/SPE, respectively. More importantly,
the electron transfer rate constant (k) was calculated approxi-
mately 1.56 s~ * for Zgo, 0.74 s~ * for Zg,, and 0.34 s~ for Z,. As
we know, the electron transfer number in the redox reaction
directly affects the current intensity and they are usually
proportional to each other.*” Thus, Zy, exhibited the largest
electron transfer rate constant (k.), demonstrating high elec-
tron conduction and faster response than the other electrodes.

The impact of pH on the amperage and oxidative peak
potential of CBR for bio-Ag/ZnO NCs was investigated by the
DPV technique. The DPV curve of Zy, for 100 pM CBR in 0.1 M
PBS with different pHs between pH 2 and pH 7 was shown in
Fig. S3.7 Obviously, the peak current response of CBR increased
gradually as the pH varies from 2 to 3. However, beyond a pH
value of 3, a further increase in pH led to a decrease in the peak
current response. Obviously, at a pH value of 3, the CBR
oxidation reaction reached a maximum. The obtained results
could be explained by the fact that at low pH, the naphthol
molecules can be protonated. This caused the diminution of
peak current and affected the oxidation process. These results
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are similar to some previous reports.'* Therefore, pH 3 was
chosen for CBR detection, which is consistent with some
previous publications.*®

Furthermore, with increasing solution pH, the peak poten-
tial turned negative, which infers that the oxidation of CBR
involves protons. According to the regression equation of E =
—0.0393 pH + 0.547 (R* = 0.99) in Fig. S2b,} the slope value of
—0.0393 V pH "' was the same as the theoretical value of Nernst
—(m*0.59)/n (V pH '), where m and n represent the number of
protons and electrons transferred. As a result, one proton and
electron were involved in the electrochemical oxidation that
occurred at the electrode surface. The Zy,-modified SPE elec-
trode was investigated from 30 to 150 s to determine the optimal
accumulation time. The results are shown in Fig. S4.1 The peak
amperage (I,) obviously increased with increasing accumula-
tion time and peaked at 120 s. Therefore, the accumulation time
was optimized to be 120 s for the subsequent experiments.

To optimize the Zy, coating volume on SPE, the electro-
chemical response of Zy,/SPE with different dropping volumes
from 4 to 12 pL was investigated by DPV technique towards 100
1M CBR detecting in 0.1 M PBS at a high sweep rate 60 mv s~*
(Fig. S51). The oxidation peak current increased significantly
with increasing coating volume from 4 to 8 pL. After that, the
peak current gradually decreased as the adjusted coating
volume increased. It is possible that when the increased volume
caused the formation of thick layers of material on the electrode
surface, this not only hindered the electron transfer within the
electrode and the access of the electrolyte to the electrode
surface but also led to easy peeling, breaking the working
electrode during operation. Therefore, the optimal value of Zy,
volume was suggested to be 8 pL for subsequent electro-
chemical measurements.

3.5. Effect of crystallinity and size distribution of bio-Ag/ZnO
NCs on electrochemical sensing performance

The DPV technique was used to evaluate the CBR sensing
performance of various biological AgNPs-based electrochemical
sensors. Fig. 7 shows the DPV curves of CBR with different
concentrations on electrodes modified with Z,,/SPE (a), Zgo/SPE
(b), and Zy/SPE (c) in 0.1 M PBS (pH 3), suboptimal conditions,
and calibration graphs of peak amperage, corresponding to
different concentrations of CBR. It is clear that the amperage
increased as the CBR concentration increased for all samples.
Calibration plots were constructed for each modified electrode
with a correlation coefficient R> greater than 0.99, as shown in
Fig. 7d-f. The regression equation was found to be I, (nA) =
0.056C (UM) + 0.03 (R* = 0.99) for Z,,/SPE in the CBR concen-
tration range of 1-100 uM. For sample Zg: I, (1A) = 0.058C (uM)
+0.05 (R* = 0.99) in CBR concentration range from 10-100 pM
and I, (nA) = 0.11C (uM) + 0.013 (R* = 0.99) in the shorter CBR
concentration range of 0.5-10 pM. And I, (nA) = 0.08C (uM) +
0.106 (R* = 0.99) in the CBR concentration range of 25-100 uM
and I, (nA) = 0.12C (uM) + 0.07 (R* = 0.99) in the CBR
concentration range from 0.25-25 uM for Z,,/SPE. Furthermore,
it was observed that the oxidation potential slightly shifted to
a more negative direction with increasing CBR concentration,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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which was attributed to proton involvement and the change in
pH value around the electrode surface.

Compared to the other samples, the Zy, exhibited the highest
electrochemical sensitivity up to 0.303 pA pM~' cm™> with
a CBR lowest detection limit of about 0.27 uM over a wider
linear range (0.25-100 puM). The electrochemical sensitivity of
Zgo was calculated as 0.27 pA pM ! em ™2 with a detection limit
of about 0.34 pM with a linear range of 0.5-100 pM. While
sample Z,, the lowest electrochemical sensitivity of about 0.21
pA pM ' em 2 with detection limit of 0.64 uM, linear range 1-
100 puM. In summary, Zg, achieved a higher sensitivity with
lower LOD over a wider linear range for CBR detection than Z,
and Zg,.

The difference in size, crystallinity, and distribution are
important parameters that decisively influence the conductivity,
electrocatalytic activity, and adsorption efficiency of the trans-
formed electrodes change. The order of grain size is Zgy < Zgo <
Z,9, respectively, and crystallinity increases with increasing
microwave temperature. Besides, the EASA value and R value
were recorded in the order Z5, < Zgo < Zoo and Zgo < Zgo < Z7o. The
higher the temperature, the smaller the particle size, and the
greater the crystallinity. In general, the smaller particle size is
the origin of the larger electroactive surface area and is vital for
enhancing electrochemical performance. There have been
a number of publications indicating that the electrocatalytic
properties increase with decreasing size and crystallinity of
nanoparticles.>”*** Such potential characteristics have
contributed to the enhancement of EASA value, electronic
conductivity, and electrochemical response for CBR electro-
chemical detection. These results emphasize the synergistic

© 2023 The Author(s). Published by the Royal Society of Chemistry

effects of size, crystallinity, and distribution on electrochemical
sensing performance.

The oxidation of CBR in the presence of Ag/ZnO NCs was
proposed by two processes as follows:'"**>°

(1) In alkaline media with adding of NaOH, CBR molecules
were hydrolyzed to 1-naphthol.

(2) Then, the [OH ] functional group within 1-naphthol was
oxidized with removing of 1 electron and 1H", corresponding to
the appearance of a well-defined oxidation peak at 0.5 V.

The electrochemical mechanism of CBR was displayed as
Fig. 8.

3.6. Repeatability, stability, reproducibility, and selectivity
studies of the electrochemical sensing system

Under the optimal conditions, the repeatability of the modified
electrodes was evaluated by recording the current response in
the presence of 100 pM CBR for 10 consecutive times on the
same electrode (Fig. S61). The obtained results demonstrate
that this sensor has good repeatability with relatively low stan-
dard deviation (RSD) values of 1.14%, 1.03%, and 1.02% for Z,,/
SPE, Zg/SPE, and Z,,/SPE, respectively. The selectivity of this
modified electrode was analyzed by the DPV technique in the
presence of several different interfering compounds and ions.
The test results were shown in Fig. S7.f The obtained results
showed the presence of 200 uM of some ions (Ni**, Fe*", Cu®",
NO; , and SO427) and 200 uM of compounds such as p-glucose,
ascorbic acid, urea, thiram, amoxicillin, chloramphenicol, and
furazolidone did not interfere in the determination of CBR. To
evaluate the practical applicability of an electrochemical sensor
based on bio-nanocomposites in a real sample, cabbage
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Fig. 8 Schematic illustration of the enhanced mechanism of electrochemical sensing performance of CBR using SPE electrode modified.

Table 1 Determination results of CBR in cabbage samples (n = 3)

Amount Amount
Electrode  added (uM)  found (uM)  Recovery (%)  RSD (%)
Z70/SPE 10 48.46 96.93 2.27
25 22.61 90.45 1.22
50 9.31 93.10 1.69
Zgo/SPE 10 46.72 93.45 1.41
25 24.75 98.99 1.58
50 9.64 96.39 2.15
Zgo/SPE 10 49.16 98.33 1.35
25 23.99 95.98 0.93
50 9.33 93.33 2.22

samples with adding CBR were used. Different concentrations
of CBR of 10 uM, 25 pM, and 50 pM were spiked into cabbage
samples and then analyzed by the DPV technique. The final
concentration of CBR was calculated according to the regres-
sion equation of the calibration curves, as summarized in Table
1. The mean recoveries for Z70 were found to range from 91% to
97% with deviations. The relative standard (RSD) was within
1.2-2.3% (n = 3). Zgo/SPE, and Zy,/SPE show average recovery
between 93% and 98% and RSD around 2.2%. The calculation
results also demonstrate that the modification with this
composite nanomaterial can be used effectively to control and
monitor CBR in cabbage samples.

4. Conclusions

In summary, bio-Ag/ZnO NCs were successfully synthesized
using a combined microwave-assisted/biogenic electrochemical
method with mangosteen (Garcinia mangostana) peel extract.
The obtained results show that microwave temperature
impacted the characterization of as-synthesized samples. The
relationship between tuning particle size distribution and

8762 | RSC Adv, 2023, 13, 8753-8764

crystal structure of bio-Ag/ZnO NCs on the electrochemical
response of nanosensors was considered. It found that Zy,/SPE
exhibited the best electrochemical performance among the
investigated modified electrodes. This provides an insight that
enhanced electrochemical activity can be achieved by control-
ling the crystallinity as well as the particle size distribution of
their nanomaterial-assembled layer on the electrode. For
carbaryl detection, the Zy,/SPE exhibited the highest sensing
performance, good reproducibility, and reliability with electro-
chemical sensitivity up to 0.303 pA uM " cm ™2 with a detection
limit of ~0.27 pM in wider linear range (0.25-100 puM). The
proposed electrochemical-based non-enzymatic sensor can
reliably detect carbaryl in cabbage samples with an average
recovery of 98%. The present study revealed that bio-Ag/ZnO
NCs offered great promise for designing a high-performance
electrochemical-based non-enzymatic nanosensor.
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