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This study reports a scalable green electrochemical synthesis of novel biogenic silver nanoparticles colloid (biogenic AgNPs) in
large scale up to 5 liters using the bulk silver bar and the green tea leaves (Camellia sinensis) extract (GTE) as reducing agent
during the electrochemical process. Under a direct-current voltage source, the biomolecules in GTE can release electrons to
promote the reducing process of Ag+ to Ag0. More interestingly, the formation of the intermediate complex helps to cap on the
nanoparticles, which leads to stabilizing AgNPs. The as-synthesized biogenic AgNPs with the size of 34 nm exhibit the
outstanding electrochemical properties due to the presence of biomolecules on the biogenic AgNPs surface, which facilitates the
eﬀective attaching of AgNPs on the carbon surface of the screen-printed carbon electrode (SPE) through the formation of the
strong C-O coordinate bonds between O atom of oxygen functional groups and C atom of SPE. The electrochemical properties
of the biogenic AgNPs-modiﬁed SPE are enhanced signiﬁcantly in comparison with bare SPE and pure AgNPs-SPE. The
biogenic AgNPs-SPE is applied successfully to the detection of 4-nitrophenol (4-NP). The electrochemical sensor using biogenic
AgNPs can reliably detect 4-NP in the linear range from 0.1 to 25 μM with the sensitivity about 6.69 μA μM-1 cm-2. The present
work reveals, as the greener synthesis method with ultra-large scalable ability, high purity, and excellent electrochemical
properties of biogenic AgNPs is very promising for technological applications in high-sensitive electrochemical chemosensors,
nanopharmaceuticals, and other ﬁelds.

1. Introduction
AgNPs are one of the nanomaterials possessing the highest
degree of commercialization owing to the full range of potential applications in sensors, biomedical imaging, disinfection
agents, healthcare products, cleaning agents, food storage, textile coatings, and medical devices [1–3]. The synthetic
methods of AgNPs can be divided into chemical, physical,

and biological synthesis [3], in which biosynthesis has
attracted increasing interest in the production of biogenic
AgNPs due to its simplicity, low cost, and usage of environmentally friendly materials. Instead of using chemical compounds as reducing agents, this approach employs natural
biological agents, including plants, algae, bacteria, yeast, and
fungi. These agents not only play roles to reduce silver ions
(Ag+) to metallic silver (Ag0) but also stabilize the formed
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AgNPs during the synthetic process. Plant extracts, more
namely, green tea extract, have been widely used for the synthesis of AgNPs because it is a rich source of polyphenolic
compounds [4, 5]. Moreover, the GTE has also been employed
in cosmetic and therapeutic applications due to its safety and
environmentally friendly. Unfortunately, despite having many
unique advantages, the traditional methods used green tea
extract have been still limited by requiring time-consuming
and the diﬃculty in scaled-up production.
Meanwhile, the electrochemical method has been recently
considered as a promising approach for the straightforward
synthesis of pure AgNPs with high quality, large scale, and
low cost [6, 7]. In this technique, the bulk silver electrodes
are the major pure precursor for the formation of AgNPs. A
bulk silver electrode is anodically dissolved to create Ag+,
and then, they are reduced to Ag0 under the presence of metal
salts in the electrolyte at the cathode. Based on the advantages
and disadvantages of both biosynthesis method and electrochemical method, in this work, we propose a scalable green
electrochemical process to rapidly synthesize biogenic AgNPs
in large scale up to 5 liters using the bulk silver bar and the
GTE as reducing agent to replace metal salts in the normal
electrochemical method which is aimed at promoting synthetic eﬃciency in the short time and safety of the product.
Besides, with the presence of biomolecules in extract solution,
this reduces the large amounts of aggregation of silver on the
surface of the cathode site and enhances their stability. Moreover, to analyze the applicability of the formed product, the
biomolecule-based functionalized AgNPs are considered to
be the critical factor of the electrode modiﬁcation for the functional electrochemical sensors due to the unique features such
as good electrocatalytic properties and high conductivity, as
well as compatibility with other biomolecules [8, 9]. We have
studied potential electrochemical properties of biogenic
AgNPs as a signal translation probe towards the sensitive
detection of 4-nitrophenol (4-NP), one of the hazardous substances causes headache, drowsiness, nausea, and cyanosis for
humans, which is found into the environment as a side product in the production process of pharmaceuticals, pesticides,
and dyes [10–12]. The formation mechanism and excellent
electrochemical properties of biogenic AgNPs have been
discussed in detail.

2. Experimental Procedures
2.1. Synthesis of Biogenic AgNPs by Modiﬁed Electrochemical
Method. The proposed method for preparing biogenic
AgNPs is based on the green electrochemical process using
the inexpensive Ag metal bares as two electrodes. The GTE
solution was prepared by boiling 1 g green tea leaves in
100 mL distilled water for 10 min. This extract solution was
diluted to 500 mL at room temperature. Then, two parallel
silver electrodes were immersed in a 500 mL glass beaker,
which was ﬁlled extract solution under the magnetic stirring
condition and was connected to the DC voltage source. The
electrolysis was carried out with various supplied voltages
from 4 V to 14 V at room temperature and under magnetic
stirring for 30 min. The obtained biogenic AgNP solution
was stored under ambient conditions in plastic containers.
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Scaled-up production of the biogenic AgNPs has successfully performed using two large silver electrodes
(L × W × H = 45 × 4 × 0:6 cm) and 6 L cylinder glass vase.
The GTE solution was prepared by boiling 10 g green tea
leaves in 1 liter distilled water for 10 min, ﬁltering and then
diluted to 5 L at room temperature. Electrolysis was carried
out under continuous stirring for 60 min at room temperature and at a voltage of 12 V. The obtained product was
stored under ambient conditions.
2.2. Characterization of Biogenic AgNPs. The biogenic AgNP
formation was conﬁrmed by an ultraviolet-visible (UV-vis) spectrophotometry (HP 8453 spectrophotometer). The crystalline
structure of biogenic AgNPs was analyzed by a Bruker D5005
X-ray Diﬀractometer using Cu Kα radiation (λ = 0:154056
nm) under a voltage of 40 kV. The morphology of biogenic
AgNPs was studied by a JEOL JEM 1010 transmission electron
microscope (TEM) at an accelerating voltage of 80 kV.
2.3. Electrochemical Measurements. The screen-printed carbon electrodes (SPEs), DRP-110-U75 purchased from
Metrohm, were carefully polished with 0.05 μm Al2O3 and
were thoroughly cleaned by sonication in distilled water
and ethanol. Biogenic AgNPs-SPEs were prepared by depositing three drops (1 μL each) of the biogenic AgNP solution
onto a bare SPE. These electrodes were dried in air at room
temperature. For comparison, pure AgNPs were synthesized
by an electrochemical method as described above using
NaBH4 as both electrolyte and reductant agents instead of
GTE solution. Pure AgNPs-SPEs were prepared with a similar procedure. Electrochemical measurements were performed using PalmSens 3 analyzer, controlled by a PC
running PSTrace software version 4.8.1. The cyclic voltammetry (CV) was conducted from -0.3 V to 0.6 V with the scan
rate of 50 mV s–1. Electrochemical impedance spectroscopy
(EIS) was recorded in 0.1 mol L–1 KCl solution, where the frequency range is from 0.01 Hz to 10 kHz with a signal amplitude of 5 mV.

3. Results and Discussion
3.1. The Characterization of As-Synthesized Biogenic AgNPs.
The biogenic AgNPs formation was initially analyzed by
optical properties using UV-visible spectroscopic analysis.
Figure 1(a) shows the UV-vis absorption spectra of synthesized samples under diﬀerent voltages. It can be seen that
no absorption peak was found for the samples synthesized
at the voltage of 4 V, 6 V, 8 V, and 10 V, respectively. In contrast, at the voltage of 12 V and 14 V, they exhibited strong
absorption peaks at 437 nm and 443 nm, respectively, due
to the surface plasmon resonance (SPR) eﬀect of AgNPs [1,
2]. In our present experiment, it demonstrates that AgNPs
did not form when the applied voltage was <12 V. On the
other hand, it is also noted that the absorption band was
shifted to longer wavelengths for biogenic AgNPs synthesized at 14 V as compared to the sample at 12 V. This shift
can be attributed to the formation of the AgNPs with larger
sizes in the solution. It can be seen that the applied voltage
strongly aﬀects the formation and growth of biogenic AgNPs.
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Figure 1: UV-vis spectra of the synthesized biogenic AgNPs corresponding to the diﬀerent supplied voltages from (a) 4 V to 14 V and
diﬀerent amounts of green tea from (b) 0.1 g to 2 g.
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Figure 2: (a) XRD pattern, (b) TEM image, and (c) EDX spectrum of the biogenic AgNPs synthesized at 12 V.
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Figure 3: Schematic representation of the biogenic AgNPs’ scale-up generation mechanism by using both electrochemical process and GTE
as the reducing agent.

Additionally, the eﬀect of the amount of green tea on the
yield of biogenic AgNPs was also evaluated using UV-vis
spectroscopy. Figure 1(b) shows the UV-vis absorption spectra of biogenic AgNPs prepared using various amounts of
GTE. It was also observed that the intensity of SPR band at
437 nm obviously increased with increasing amount of green
tea and reached maximum at 2 g. The increase of characteristic band intensity is attributed to the increasing number of
nanoparticles formed as a result of greater releasing of Ag+
ions from Ag anode at higher GTE concentration [7, 13].
These results indicate that the amount of green tea can aﬀect
the yield of biogenic AgNPs. However, when the amount of
green tea is 2 g, the further increase of number of Ag+ ions
and the released oxygen can increase the formation of
Ag2O leads to the yield of biogenic AgNPs is decreased.
The formation of biogenic AgNPs was further conﬁrmed
by X-ray and TEM measurements. XRD analysis and TEM
results of biogenic AgNPs were shown in Figure 2. In
Figure 2(a), it is clear to see three diﬀraction peaks at 38.1°,
44.3°, and 64.4° correspond to the d(111), d(200), and
d(220) fcc crystal planes of bulk Ag (JCPDS No. 04-0783),
respectively. The TEM observation also reveals that assynthesized biogenic AgNPs were spherical, homogeneous
in size range of 34 nm, and shape. As shown in Figure 2(b),
it can be seen that the presence of other material membrane
around silver nanoparticles might be due to the formation of
biomolecule matrix from GTE. The EDX spectrum of the
biogenic AgNPs (Figure 2(c)) reveals the existence of Ag,
O, and C components in the sample. The existence of O
and C components can be due to emission from the formation of biomolecule matrix around AgNPs. In addition,
EDX spectrum conﬁrmed a high atomic weight percentage

of Cu element, due to emission of the copper substrate used
in the SEM and EDX measurements. These results exhibited
that novel biogenic AgNPs were successfully synthesized by
using both green electrochemical method and GTE extracts
as reducing agent.
3.2. The Formation Mechanism of Biogenic AgNPs by GTEMediated Green Electrochemical Method. As described in
Figure 3 and according to some previous reports, under a
direct-current voltage source, the electron transfer occurred
at the anode side, biomolecules in GTE (R-OH) were
decreased to form R-O. radicals and release electrons [14].
Then, Ag+ ions, which were released from the anode, interacted with R-O. radicals and received electrons to form Ag0
atoms. As a result, the silver atoms then grew to form the biogenic AgNPs. Here, the biomolecules played an essential role
in both reductant and stabilizer for AgNPs. Stabilization may
likely be caused by capping of natural biomolecules such as
the ﬂavonoid and terpenoid components to create a monolayer on the AgNPs surface in solution. On the other hand,
the formation of AgNPs on the cathode side as explained
by Khaydarov et al. [6] could be taken place, but it was
remarkably prevented due to the formation of R-OH—Ag+
and stirring force of a magnetic stirrer. The processes of the
AgNP formation are described below [6, 13–15].
(1) The formation of R-O. radicals and releasing of Ag+
ions from Ag anode:
R‐OH → R‐O + H+ + e‐
Ag0 − e‐ → Ag+

ð1Þ
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Figure 4: (a) CV of bare SPE (curve a), pure AgNPs-SPE (curve b), and biogenic AgNP-SPE (curve c) electrodes in 5 mM
K3[Fe(CN)6]/K4[Fe(CN)6] (1 : 1) mixture at 50 mV s-1; (b) Nyquist plots of bare SPE, pure AgNPs-SPE, and biogenic AgNP-SPE electrodes
recorded in 0.1 mol L-1 KCl solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]; (c) CV of biogenic AgNP-SPE electrode for 15 cycles.

(2) The formation of the intermediate complex:
R‐O + Ag+ → R‐O‐‐‐Ag+

ð2Þ

(3) Reductive formation of Ag0 atom in solution:
R‐O + Ag+ + e‐ → R = OðquinoneÞ + Ag0

ð3Þ

Role of the -OH groups in the bioreduction of Ag+ to Ag0
and the formation of AgNPs was discussed by Hussain and
Khan [16]. It is easy to transfer the proton to Ag+ ions to
form AgNPs under an applied voltage condition. Moreover,
the formation of the intermediate complex (R-O—Ag+) not
only enhances the formed AgNP stabilization [17] and protects them from the oxidation arising from the release of oxygen or hydrogen due to the electrolysis of water in GTE, but
also prevents the reduction of Ag+ ions at the surface of the
cathode. Thus, the technological yield of AgNP synthesis
process was signiﬁcantly improved compared to some conventional electrochemical methods. The synthesis yield of
AgNP formation calculated is about 98%.

In the synthesis of biogenic AgNPs using normal plant
extracts, biogenic AgNP production was aﬀected by many
other factors such as the reducing capacity of the biomolecules, extract dosage, reaction time, and temperature [4,
16]. For the synthesis of biogenic AgNPs using GTE at room
temperature and pressure, the preparation time from 2 h to
24 h was needed [17, 18]. The reduction process in a long
time causes poor crystallization of AgNPs, low eﬃciency,
and diﬃculty in the large scale-up produce [19]. In fact, some
recent reports show that the biogenic AgNP formation process was promoted and controlled by using high temperature
[13], microwave [4], and hydrothermal [20]. Instead of that,
in this study, the utilization of the direct current contributes
to promote the electron releasing process and the formation
of R-O. radicals. According to that, the reducing process of
Ag+ into Ag0 induced more quickly, leading to improve the
quality of biogenic AgNP nanocrystals. It should be emphasized that the above-proposed method not only oﬀers many
promising beneﬁts for biogenic AgNPs synthesis in the future
such as lowcost, without using chemical additives, rapid synthesis, and simple scale-up but also uses the herb resources
from nature. The technological keys to the electrochemical
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synthesis of biogenic AgNPs are the voltage value applied on
two electrodes in green tea leave extract.
3.3. The Electrochemical Activity of Novel Biogenic AgNPs.
The electrochemical activity of novel biogenic AgNPs was
analyzed and compared to pure AgNPs using two electrochemical techniques, including the CV and EIS techniques.
We evaluated the charge transfer performance of asprepared samples, and the CV of bare SPE, pure AgNPsSPE, and biogenic AgNP-SPE electrodes was recorded in a
mixture of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1 : 1) at a scan
rate of 50 mV s-1 as shown in Figure 4(a). For the bare SPE,
the cyclic voltammetry response displayed the low current
signal (I a = 28 μA and I c = −26 μA). The CV response was
improved for pure AgNPs-SPE (I a = 30 μA and I c = −43
μA), suggesting that pure AgNPs were decorated on the
SPE surface. More interestingly, compared to the bare SPE
and pure AgNPs-SPE, biogenic AgNPs-SPE exhibited the
outstanding current signal with I a = 137 μA and I c = −182
μA. This current signal enhancement can be due to the excellent conductivity and the large speciﬁc surface area of uniform biogenic AgNPs, as well as the formation of
biomolecule matrix around AgNPs.
Figure 4(b) illustrates that the Nyquist plots of bare SPE,
pure AgNPs-SPE, and biogenic AgNP-SPE electrodes were
recorded in 0.1 mol L-1 KCl solution containing 5 mM
K3[Fe(CN)6]/K4[Fe(CN)6]. As can be observed, the Nyquist
plots of all electrodes displayed a semicircle portion at higher
frequencies to a limited electron transfer process and a linear
part at a lower frequency range corresponding to the diﬀusion process. For the bare SPE, the calculated value of
electron-transfer resistance (Rct ) from diameter of semicircle

was about 1109 Ω (Figure 4(b), black curve). After bare SPE
was modiﬁed with pure AgNPs, the value of Rct decreased to
504 Ω. Particularly, compared with pure AgNPs-SPEs, the
EIS of the biogenic AgNPs-SPEs showed smaller semicircular regions with a Rct value of approximately 140 Ω. The
lower Rct value for biogenic AgNPs-SPEs indicates that the
electron transport rate between the medium and electrode
was signiﬁcantly increased upon the SPE modiﬁcation with
biogenic AgNPs, which can be due to the eﬀect of biomolecule matrix in the ability of modiﬁed electrode. These results
also corroborated well the obtained results from CV measurements. More particularly, the electrochemical stability
performance of biogenic AgNP-SPE electrode was also
examined. As shown in Figure 4(c), after 15 cycles, the
change of the reduction peak currents in CV measurements
only varied ~2.4%, indicating that the active electrode surface and the immobilization of biogenic AgNPs on the SPE
surface were extremely stable. The mechanism for the
enhanced electrochemical properties of biogenic AgNPs
deposited on the surface of the SPE as compared with pure
AgNPs was described in Figure 5. This enhancement can
be attributed due to the attachment of biogenic AgNPs on
the carbon surface of the SPE through the formation of the
C-O coordinate bonds between O atom of biomolecules on
the biogenic AgNPs surface and C atom of SPE [21, 22].
The bonding formation of biogenic AgNPs with SPE based
on biomolecules as a linker helps enhance the electron transfer kinetics and stability during the electrochemical process.
Besides, the presence of biomolecule matrixes owning many
ﬂexible π-π bonds around AgNPs also facilitates the rapid
electron transfer and enhances the active surface area. In
contrast, for pure AgNPs-SPE, AgNPs which were stabilized
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by BH4- are only absorbed physically on the SPE surface
without bonding agents. More importantly, biogenic
AgNP-SPE is able to easily and strongly adsorb the analytes
such as ions, chemical compounds due to the conjugation
eﬀect and electrostatic interaction of biomolecules, along
with that the oxygen functional groups can improve the electrocatalytic activity of the synthesized electrode [23]. These
results suggest that the biogenic AgNPs-SPE will be an ideal
candidate for green electrochemical sensors in a variety of
environmental monitoring and biomedical applications.
3.4. The Use of Biogenic AgNPs as Probe for Detection of 4Nitrophenol. In the following, to demonstrate further the
promising electrochemical properties of the biogenic
AgNPs-SPE, the 4-NP detection capability using the SPE,
pure AgNPs-SPE, and biogenic AgNPs-SPE electrodes was
performed (Figure 6) in 0.1 M PBS (pH 7.4). Figure 6(a)
shows the CV response of the biogenic AgNPs-SPE in
0.1 M PBS (pH 7.4) without (curve i) and with 10 μM 4-NP
(curve ii). In the case adding of 4-NP, there was a sharp peak

at -0.79 V, which is good agreement with some previous
reports related to the reduction peak of 4-NP [10–12].
Figure 6(b) shows the CV response of 10 μM of 4-NP in
0.1 M PBS (pH 7.4) for all the three electrodes. The results
show that it was observed at the reduction peak of 4-NP at
-0.9 V (curve i), -0.81 V (curve ii), and -0.79 V (curve iii) in
the case of the SPE, pure AgNPs-SPE, and biogenic AgNPsSPE, respectively. The pure AgNPs-SPE and biogenic
AgNPs-SPE showed the higher catalytic current responses
than that of bare SPE. This result indicates that AgNPmodiﬁed electrodes possess good electrocatalytic ability
towards 4-NP, due to the good conductivity and compatibility of AgNPs [8, 12]. Additionally, the biogenic AgNPs-SPE
showed the enhancement of current signal when compared
to pure AgNPs-SPE because of the presence of the biomolecule matrix. This enhancement is a positive result arising
from the strong electrostatic interaction and new bindings
formed between biomolecules and 4-NP as proposed above.
Figure 7(a) exhibits the diﬀerential pulse voltammetry
(DPV) response of the biogenic AgNPs-SPE for the variation
in the concentrations of 4-NP at the scan rate of 6 mV s-1 and
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the potential scanning from -0.4 V to -1.2 V. In the concentration range of 0.1-25 μM, the obtained calibration curves
(Figure 7(b)) show that there was a linear relationship
between the electrochemical responses and 4-NP concentrations with the correlation coeﬃcient, R2 = 0:99. The sensitivity for this electrode was found to be 6.69 μA μM-1 cm-2.
From this observation, it is clear that the utilization of biogenic AgNPs as electrocatalyst created a positive eﬀect on
electron transfer process during the redox reaction of 4-NP;
furthermore, it played an essential role as great electrocatalyst
for the reduction of 4-NP.
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[4]

[5]

[6]

4. Conclusions
A scalable green electrochemical method has been presented
for the rapid and large synthesis of biogenic AgNPs using the
bulk silver bars and GTE as reducing agent, along with a
direct-current voltage source. The proposed method was
based on a simple electrochemical process that can rapidly
synthesize the purity biogenic AgNPs with high yield, notably, without the use of any additive chemicals. Interestingly,
the as-synthesized biogenic AgNPs with an average particle
size of 34 nm were applied as an excellent probe for the 4NP detection. The biogenic AgNPs-SPE demonstrated good
sensitivity (6.69 μA μM-1 cm2) in the linear range from
0.1 μM to 25 μM of 4-NP, suggesting that biogenic AgNPs
are the ideal candidates for green electrochemical sensors. It
can be believed that the biogenic AgNPs will be a promising
material for biomedical and bio/chemosensing applications.
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