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A B S T R A C T

Herein, Silver nanoparticles (AgNPs) decorated pencil graphite electrodes (PGEs), with assimilation of Chitosan
(CS), as a versatile electrode material for supercapacitor and electrochemical sensing application have been
reported. The AgNPs were prepared by employing a green synthesis method using marigold flower s extract.
Marigold flower contains lutein, which can be used as a reductant. The morphology and crystal structure of the
prepared nanomaterial was characterized by Field emission scanning electron microscopy (FESEM), Elemental
Dispersive X-Ray Spectroscopy (EDX), Fourier transform infrared spectrometer (FTIR), X-ray diffraction (XRD),
UV-VIS Spectrophotometer and X-ray photoelectron spectroscopy (XPS). The prepared hybrid material, PGE/
AgNPs/CS was utilized in an electrochemical 3D printed microfluidic device for supercapacitor and electro-
chemical sensing of H2O2. As a supercapacitor, the device provided a remarkable storage capacity of
367.16 mF cm−2at a current density of 1 mA cm−2 with high cyclic stability over 1500 charge-discharge cycle.
Subsequently, H2O2 sensing with the same electrode in a three-electrode microfluidic system gave a LOD of
0.52 µM within a linear range of 1-10 µM. In addition, the effect of common interfering species, including
ascorbic acid (AA), uric acid (UA) dopamine (DA) and xanthine (XN) were thoroughly investigated. Thus, the
prepared hybrid electrode material showed excellent electrochemical activity for the supercapacitor and elec-
trochemical sensing of H2O2, which can be further assessed for other relevant applications.

1. Introduction

Over the past few decades, exploration of novel methods to syn-
thesize metal nanoparticles has attracted an immense attention of re-
searchers because of their unique optical, thermal and electronic
properties, and has an extensive application in drug delivery, in-
formation storage, magnetic and optoelectronic [1,2].There are various
methods for synthesizing metal nanoparticles such as ion sputtering,
chemical reduction, sol-gel [3,4]. All these methods are quite expensive
and hazardous for the environment. Although nanocrystalline silver
particles have great application in the field of antimicrobial, diagnostic,
biomolecular detection, therapeutics and micro-electronics [5–7], yet
there is a need of the commercially economical, feasible and environ-
ment-friendly method of synthesis. With this goal, green synthesis
method, harnessing plant extract like roots, leaves, flower or fruit as
reductants and stabilizing agents for metal nanoparticle synthesis, has
received great response in diverse research fields. The green synthesis
method has an advantage over other approaches as it is inexpensive,
eco-friendly and reproducible [8,9]. In the present work, marigold

flower extract, consisting of lutein as 95% of the component, assists the
reduction of Ag+ ions to give AgNPs [10].

Silver nanoparticles are extensively used in the field of electro-
chemical energy storage applicationas it gives high chemical stability,
high electronic conductivity, surface chemical properties [11,12].
Owing to these properties, AgNPs have the potential to be used as su-
percapacitors and energy storage devices. Supercapacitors are con-
sidered to be one of the newest innovations in the field of electrical
energy storage. With characteristics like high power density, fast
charge-discharge life, low equivalent series resistance (ESR) and low-
cost maintenance, there is an increase in demand of supercapacitors in
electric equipment and digital communication [13–15]. Generally, the
electrode materials used in supercapacitor are conducting polymer,
nanocarbon and transition metal oxide. The fundamental mechanism of
energy storage in a supercapacitor is achieved either by electrical
double-layer capacitive (EDLC) based on nanocarbon electrode material
or by pseudocapacitive based on Faradic material like transition metal
oxide or conducting polymer [16–18]. Hybrid material, like carbon,
while combining with conducting polymer or metal oxide, gives the
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advantage of both EDLC and pseudocapacitor [19–21]. However, the
disadvantage of a conducting polymer, while preparing material for
supercapacitor application, is its poor stability in charge-discharge
cycle due to the redox sites. Even though carbon material has low ca-
pacitance value, they have a better life cycle in comparison to the
conducting polymers [22].

On the other hand, carbon materials, are often embedded with
metal or metal oxide as a promising electrode material for super-
capacitor applications [23]. Among various carbon materials, pencil
graphite electrode (PGE) is attractive with distinctive advantages like
cost-effectiveness, easy availability and reasonably good electrical
conductivity. PGE surface has a rough structure as it contains a reg-
ularly ordered graphitized layer which leads to ease of modification
with reproducibility [24].

The electrode material fabricated by combining PGE and AgNPs can
boost the performance of the prepared composite electrode electro-
chemically. Reports are available on AgNPs and carbon material based
composite electrode for supercapacitor application. Liu et al. have
grown Ag nanoparticle directly on the porous material substrate as a
composite electrode for supercapacitor application [25]. The developed
electrode provided a specific capacitance of 517.5 F/g and an out-
standing cycle stability of 85.6% retention after 3000 cycles. Das et al.
synthesized silver polypyrrole / graphene nanocomposite as an elec-
trode material for supercapacitor application. The developed composite
gives a high specific capacitance of 472 F/g at a 0.5 A/g current den-
sity. Reports are also available on green synthesis technique for the
preparation of AgNPs for supercapacitor and electrochemical applica-
tion [11]. Chen et al. synthesized AgNPs by reduction of silver nitrate
with vitamin C as a nature-friendly reducing agent. The synthesized
nanoparticle with polyaniline nanofiber as a nano composite gave an
excellent capacitive performance with 553 F/g specific capacitance [8].

Therefore, the incorporation of AgNPs processed using green
synthesis techniques on PGE has a strong potential to increase the
electrical conductivity and electrochemical storage capacity. Many re-
ports indicate that hydrophilicity of an electrode surface enhances the
supercapacitive properties of the active material [26]. The electrode
having the property of good wettability gives better penetration of
electrolyte into the active surface. Sun et al. showed that assimilation of
chitosan (CS) to an electrode material led to better hydrophilic prop-
erties as it has the ability to form hydrogen bonding with inherent
amine and hydroxyl groups [27]. In the present work, the aforemen-
tioned unique advantage of CS with PGE/AgNPs have been combined to
investigate its supercapacitor properties and electrochemical sensing
using 3DP microfluidic device.

In further, the prepared PGE/AgNPs/CS was explored for electro-
catalytic detection activity towards hydrogen peroxide (H2O2). H2O2
detection has become extremely important in the past few years due to
its wide application in food industries, cleaning product, cosmetics,
clinic, drugs and environmental analysis [28,29]. H2O2 and its deriva-
tives are powerful oxidizing agents that can be used for synthesizing
organic compounds and treatment of environmental pollutant. De-
termining H2O2 concentration using electrochemistry has proven to be
inexpensive and effective way to investigate the reaction of the sub-
stances. A number of electrochemical sensors with and without enzyme
were developed for H2O2 sensing, but they are relatively costly and
unstable. To avoid the drawback of enzyme-based sensing, a novel
electrode based on nanomaterial gives better enzyme imitative prop-
erties.

Microfluidics offers an easy and instant sensing platform to identify
particular biomolecules. From the last two decades, several microfluidic
platforms has shown a great potential to meet the desire of low sample
volume, cost-effective, rapid analysis and enhanced reaction reliability
and reproducibility. Earlier microfluidic devices for rapid production
were made using poly(dimethylsiloxane) (PDMS), but prototype de-
velopment and cost were the limiting factors. 3D-printing enables rapid
prototyping of single unit devices by avoiding the use of expensive

masks that are necessary for the fabrication using lithography and soft-
lithography. Herein, a 3D printed microfluidics platform has been de-
veloped for effective electrochemical sensing of H2O2 and for super-
capacitor application; using the fabricated PGE/AgNPs/CS as a
working, Ag/AgCl as reference and platinum wire as a counter elec-
trode.

2. Experimental section

2.1. Chemicals, materials and instrumentation

All the chemicals were of analytical reagent grade and were used
without any further purification. Hydrochloric acid (HCl) 35%,
Potassium chloride (KCl), Acetic acid(CH3COOH), Chitosan (CS),
Hydrogen peroxide (H2O2) 30% and Silver nitrate Ag(NO)3 were ob-
tained from Sigma (St.Louis, MO, USA). Absolute ethanol was obtained
from S.D Fine Chemical Limited (Mumbai, India). 0.1M KCl-HCl
(pH=2) was used as a supporting electrolyte. Deionized water (DI)
collected from milli-Q was used for aqueous solution preparation. The
commercially available pencil lead (2mm, 2B) obtained from
Camlinwas obtained from local stationery. Electrochemical measure-
ments were carried out with an electrochemical analyser (SP-150, Bio-
Logic, electrochemical workstation (France)). The pH meter from
Oakton was used for measuring the accurate pH value of the required
solution. The ultra-sonication water bath was obtained from life-care.
The CIC-15A hot air oven was obtained from Cintex Industrial
Corporation (Mumbai, India). Remi R-4C Laboratory Centrifuge was
obtained from m-LABS. ApreoLoVac Field emission scanning electron
microscope (FE-SEM) was used for microscopic analysis of the devel-
oped nanoparticle. Likewise, FTIR-4200 from Jasco, Rigaku Ultima IV
X-ray Diffractometer (XRD), UV-VIS Spectrophotometer V-650 JASCO,
Thermo scientific K-Alpha X-ray Photoelectron Spectrometer (XPS)
were used for FTIR, XRD,UV-Vis, XPS analysis.

2.2. Procedure

2.2.1. Preparation of the flower extract
Tagetes erecta (Marigold) flowers were collected from a local market

in Hyderabad, India. The flower petals were washed and then dried in a
hot air oven at 60 °C. 5 g of dried petals were refluxed in a 100ml of
distilled water with 4–5 drops of 1 M HCl for an hour with continuous
magnetic stirring at 80 °C temperature. The extract was cooled to room
temperature and filtered out, giving a dark red filtrate solution
(Scheme 1.).

2.2.2. One pot synthesis of silver nanoparticles
0.5 mM solution of Ag(NO)3 was prepared in 50 mL DI water. The

obtained solution Ag(NO)3 was mixed in 1:1 ratio with the flower ex-
tract. The resulting solution was stored overnight in a dark chamber at a
room temperature [5]. The Ag+ ions were reduced to Ag nanoparticles
which were observed by the change in color from dark red to orange.
Following this, the solution was centrifuged (10000 RPM for 30 min),
thereby the particles got settled down at the bottom, whereas the su-
pernatant was discarded. The filtered nanoparticles were washed using
90% ethanol and deionized water for several times and then dispersed
in 1ml of ethanol solution using an ultrasonicator for an hour.

2.2.3. Design and fabrication of 3D printed microfluidics platform
3D printing gives a fast and simple way to fabricate microfluidic

devices directly from the computer-aided software. A commercial 3D-
printer based on fused deposition modelling (Flashforge) was used to
print the microfluidic-based platform with ABS filament of 1.75 mm.
Using 123D design software, the computer-aided design was created,
and the file was exported in .stl format, compatible with the 3D printer
software. The design was printed with an optimized extruder tem-
perature of 240 °C, bed temperature as 120°C, infill 100% and a layer
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height of 100mm. Here, two 3D printed devices were fabricated that
can be used for electrochemical sensing and supercapacitor applica-
tions. The fluidic device of total size 40 mm × 18 mm × 5 mm with
microchannel of a rectangular reservoir of size 30mm × 4mm × 2mm
with inlet holes for the electrode was realized (PGE, Pt and AgCl elec-
trode). The channel was bonded with the glass slide to get a transparent
window using a double sided tape.

2.2.4. Preparation of electrode and electrochemical measurement
The supercapacitor PGE was wrapped with non-conductive parafilm

(Tarson) by leaving the disc portion (i.e. bottom part) for the electro-
chemical studies. The exposed surface was equalized by polishing it on
Silicon Carbide Waterproof Abrasive Sandpaper Sheet 1500 Cw. On the
exposed surface of PGE (2mm), AgNPs solution (3 µL) was drop-casted
twice followed by a single layer of CS (2 µL). After each layer of drop-
casting, it was allowed to dry at ambient temperature for 2 h.

The developed 3D printed microfluidics platform for two, and three-
electrode setup was used for supercapacitor and electrochemical sen-
sing application using 500 µL of working solution (Scheme 2.). The
electrochemical storage properties of the prepared material were
characterized using cyclic voltammetry (CV), electrochemical im-
pedance spectroscopy (EIS), galvano static charge-discharge (GCD),
capacitive retention in 1M HCl-KCl (pH=2) aqueous solution. EIS
measurements were carried out in the range of 0.01~105 Hz with an
amplitude of 10mV. The three-electrode system consisted of a modified
PGE/AgNPs/CS, Pt and Ag/AgCl (1M HCl-KCl) as the working, counter
and reference electrodes. In a three-electrode configuration the areal
capacitance values were calculated from the GCD curves using equa-
tions:

=C I t/S V (1)

Where I is discharging current in mA-cm−2, Δt is the discharging
time in seconds, ΔV is the potential window and S is the active area of
the working electrode in cm2.

3. Result and discussion

3.1. Characterization of the silver nanoparticles

In order to study the topographical morphology of the synthesized
AgNPs, a field emission scanning electron microscope (FE-SEM) was
used.The FE-SEM micrographs of the AgNPs at higher magnification
suggested that the synthesized particles had a homogeneous size dis-
tribution (Fig. 1. A and B). The elemental composition of the particles,
shown in the Elemental Dispersive X-Ray Spectroscopy (EDX) images
(Fig. 1.C),reflects a high silver content present in the NPs study [30].

To identify the functional groups present, Fourier transform infrared
spectrometer- (FTIR) was carried out (Fig. 2. A) The band at
3340 cm−1 was responsible for O-H stretching. The band at 1668 cm−1

represent the C=C stretching; furthermore the peak near 1341 cm−1

and 810 cm−1 represent C-O bending and C-H bending [6].The peaks
observed corresponds to the traces of the reductant. The X-ray dif-
fraction studies were followed up to get information about the internal
lattice structure of the crystalline metallic silver nanoparticles
(Fig. 2.B) Herein, the X-ray target was copper (Cu-kᵝ) with an operating
voltage and tube current value of 40 kV, 30 mA respectively. The
scanning speed was 3 ° / min covering a scan range of 5–90°. The XRD
patterns reflected that the synthesized silver nanoparticles have a face
centred cubic (FCC) structure that was observed from the diffraction
peaks in the 2θ range of 30°–80°, that indexed to (1 1 1),(2 0 0), (2 2 0)
[30].To confirm the presence of nanostructured silver particles, the
ultraviolet visible spectroscopy was performed using a UV-VIS Spec-
trophotometer. The absorbance spectra were recorded for a wavelength
range of 300–900 nm (Fig. 2.C), and it was observed that AgNPs peaks
occur at 430nm with high absorbance which is specific for silver na-
noparticle [6]. X-ray photoelectron spectroscopy studies (XPS) were

executed to analyse the surface composition and to examine the purity
of the as synthesized silver nanoparticles extracted from the Tagetes
erecta marigold petals (Fig. 2.D). The XPS spectrum was recorded in
the range of 0–1200 eV. The physico-chemical characterization tech-
niques revealed the formation of silver nanoparticles of 20 nm–50 nm
The spectrum shows the presence of metallic silver because of the 3d5/2
component occurs at the binding energy of 368.3 eV, which represents
the characteristic of the metallic oxidation state of Ag [31].

3.2. Electrochemical properties

For investigating the electrochemical performance of the as-pre-
pared material, a series of electrochemical tests were performed.
Fig. 3.A depicts the Cyclic Voltammetry (CV) curves of PGE and PGE/
AgNPs/CS as a working electrode, platinum as a counter electrode and
Ag/AgCl as a reference electrode. The CV measurements were carried
out in the potential window of 0.5 to - 0.7 V at a scan rate of 50 mV/s.
As can be seen, a surface-confined redox peak corresponding to AgNPs
is observed at a potential 0.12V and -0.18V vs Ag/AgCl. The redox pair
can be attributed to the electron transfer between silver and chitosan
matrix, where AgNPs interact with active amino and hydroxyl groups in
the CS matrix. The result indicates a large specific capacitance with the
prepared material, which might have been obtained from the pseudo-
capacitance of the electrochemically activated AgNPs/CS. Fig. 3.B
shows the corresponding CV curves of PGE/AgNPs/CS at a scan rate in
the range of 10–90 mVs−1. Here, the results revealed that the peak
current increased linearly as per Randle–Sevick equation [32].

= ×i A D n V C2.69 10p e
5 1/2 3/2 1/2 (2)

Where ip =peak current, n= number of electrons involved in redox
reaction, D=diffusion coefficient (7.6 × 10−6 cm2 s−1),
C=concentration of electrolyte, v is the scan rate, Ae is the electro-
chemically active area of the working electrode, which implies a dif-
fusion-controlled electrochemical process. Upon substitution of various
parameters in the above Eq. (2) active area of the working electrode
(Ae) was calculated to be 0.24 cm2 .

The stability and reproducibility of the PGE/AgNPs/CS were also
examined. The stability of the PGE/AgNPs/CS was examined after
storing the fabricated electrode at a room temperature for 4 weeks, and
no significant changes in the current response were observed after the
first five days. After 2 weeks of storage time, < 5 % loss was observed.
After 4 weeks, 89% of the peak was intact. In order to check the elec-
trode reproducibility, five different electrodes were tested. The relative
standard deviation (RSD) of the current response was 1.4 %.

3.3. Supercapacitor application

The hybrid PGE/AgNPs/CS composite showed an enormous scope
to be used as a standalone electrode in electrochemical sensing plat-
forms. Meanwhile, to investigate the super capacitive performance of
the fabricated PGE/AgNPs/CS electrodes, electrochemical impedance
spectroscopy(EIS), galvanostatic charge-discharge(GCD) experiments
were carried out using symmetric electrode. The Nyquist plots, shown
in the Fig. 3.C, suggests that an equivalent series resistance (ESR)
(which constitutes the resistance offered by 0.1 M HCl-KCl electrolyte,
inherent resistance of the electroactive material, and the contact re-
sistance between the electrode-electrolyte interfaces) for the hybrid
PGE/AgNP/Cs composite is significantly smaller than that of bare PGE
electrode, which in turn indicates a lower charge transfer resistance.
From the EIS plots, the Rct values were estimated to be 50 Ω for the
PGE/AgNPs/CS composite as compared to 225 Ω for the bare PGE. The
lower charge transfer resistance value of the PGE/AgNPs/CS can be
attributed to the formation of a highly conducting membrane with
nanostructured silver particles sandwiched between the PGE surface
and CS polymer film which enhances the electron transport pathway
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between the electrode and the redox probe. To compare the capacita-
tive performance, GCD experiments were carried out for a bare PGE and
the hybrid PGE/AgNPs/CS composite at a higher current density of
5 mA cm−2.The results presented in Fig. 3.D revealed that the dis-
charge time for the hybrid PGE/AgNPs/CS composite was much higher

than a bare PGE yielding a significantly higher areal capacitance value
of 150.24 mF cm−2 which was an order of magnitude higher when
compared to bare PGE (15.36 mF cm−2). Some literature reports sug-
gest, the supercapacitive behaviour of bare PGE at very low current
densities, however, when evaluated at higher current densities the bare

Fig. 1. (A-B) SEM images (C) EDX of AgNPs

Fig. 2. Synthesized Silver Nanoparticle (A) FTIR Spectra (B) XRD(C) UV-VIS (D) XPS
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PGE exhibited very low areal capacitance as compared to the hybrid
PGE/AgNPs/CS composite [33].

The GCD plots of the hybrid PGE/AgNPs/CS electrodes at different
current densities of 1,2,3 and 5 mA cm−2 are shown in Fig. 3E. The
areal capacitance for the modified PGE electrode was estimated to be
154.67, 200.68. 283.33 and 367.16 mF cm−2 at the current densities of
5, 3, 2 and 1 mA cm−2, respectively.The plot depicts that as the current
density increases the discharge time of the PGE/AgNPs/CS electrodes
decreases. The non-linear shapes of all the curves depict the faradaic
battery like capacity shown by the PGE/AgNPs/CS composite. The su-
perior supercapacitative behaviour of hybrid PGE/AgNPs/CS composite
and the large operational voltage of 1.2V can be attributed to the rapid
surface redox reactions of the silver nanoparticles which has been
verified by the CV curves.

Long cycling life is an important criterion in the characterization of
supercapacitor electrodes. As shown in Fig. 3.F to examine the capacity

retention the fabricated PGE/AgNps/CS electrodes, they were cycled
upto 1500 cycles. Capacitance system showed minimal deterioration in
the charge-discharge rate and capacitance after 1500 cycles with high
capacitance retention of 92.8%.The fabrication of the PGE surface with
chitosan matrix in the presence of silver nanoparticles provided a better
pathway for electron transfer between the bulk electrolyte and the
electrode thereby enhancing the storage capacity of the supercapacitor.

To further evaluate the charge and energy storage performance of
the PGE/AgNPs/CS a symmetrical supercapacitor device was fabricated
by leveragingtwo identical PGE/AgNPs/CS electrodes with pH=2 HCl-
KCl as the liquid electrolyte. Two similar devices were connected in
series and were utilized to power a 3V LED for nearly a minute, which
shows that the fabricated electrodes have immense potential in portable
energy storage applications. The optical micrograph of the glowing LED
is shown in Fig. 4.

Fig. 3. Effect of potential on CV response in 0.1M HCl/KCl (pH=2) solution at 10 mV s−1 (A) PGE,PGE/AgNPs/CS at 10 mV s−1, (B) Potential cycling experiment
within a fixed potential of -0.6 V – 0.4 V with inset plot are respectively of ipa value Vs variable potential, (C) EIS responses of PGE, PGE/AgNPs/CS, (D)GCD curves of
a PGE, PGE/AgNPs/CS at 5 mA cm−1

, (E) GCD curves of a PGE/AgNPs/CS at different current densities, (F) Cycling stability of the PGE/AgNPs/CS electrode. Inset:
GCD curves of first and last 10 cycles.
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3.4. PGE/AgNPs/CS as a H2O2 sensor

The prepared hybrid material, PGE/AgNPs/CS, was further explored
for H2O2 sensing as a model system to investigate the electro catalytic
activity of the prepared Ag particles. Prior to the experimental sensing,
the test solutions were deaerated with high-purity nitrogen to remove
any unwanted peaks due to the presence of diffused oxygen. The three-
electrode system consisted of a prepared hybrid material as PGE/
AgNPs/CS, Pt and Ag/AgCl as the working, counter and reference
electrodes respectively.

As shown in Fig. 5.A, in comparison to bare PGE, the modified PGE/
AgNPs/CS electrode provided considerable cathodic reduction peak for
H2O2 reduction. The possible mechanism of H2O2 reduction with
modified PGE/AgNPs/CS electrode is shown in Scheme 3. Here, AgNPs
enhanced the electron transfer activity remarkably leading to H2O2

electro-catalysis. Based on previous studies, the mechanism for the
electrocatalytic reduction of H2O2 in the presence of silver nano-
particles can be described as [34]

+

+ + +

H O O H O

O 2 2H H O

2 2
Ag 1

2 2 2

2 e
Electode

2 2

As a result of the above experiments, quantitative analysis of H2O2
concentration were performed using cyclic voltammograms (CV) tech-
nique in the range of -0.7 to 0.2 V. The solutions were prepared for
H2O2 in pH 2 HCl-KCl, and a calibration graph was plotted. A linear
graph was plotted (Fig. 5.B) for concentration over the range of 1 µM
-10 µM H2O2. As can be seen, the detection limit was found to be 0.51
µM with the prepared hybrid material gives the better catalytic effect of
AgNPs in the presence of H2O2.

In addition, the effect of variable scan rate on the electro-catalytic
reduction of H2O2 with PGE/AgNPs/CS was carried out to comprehend
the electron transfer mechanism. The peak current increases with the
increase in the scan rate within the range of 10-90 mV s−1 as shown in
Fig. 5.C in correspondence with Randle–Sevcikequation [32]. As shown
in the inset of Fig. 5.C, corresponding calibration plot is linear with
slope value -0.602 indicating a diffusion controlled reaction. Further
the stability of the electrode was tested after H2O2sensing and it was
found the peak current sustained post H2O2 exposure with <5% re-
duction (Fig. 5.D).

For examining the sensitivity of the modified PGE sensor towards
H2O2 in a sample containing other interfering species such as ascorbic
acid (1mM), uric acid (1mM) dopamine (1mM) and xanthine (1mM),
cyclic voltammetry studies were carried out. The results revealed that
the interfering species did not produce any observable peaks, therefore,
negligible interference from other bio-chemicals is observed. It can be

Fig. 4. LED powered by two symmetric electrodes connected in series in a 3D
printed microfluidic channel.

Fig. 5. Effect of potential on CV response in 0.1M HCl/KCl (pH=2) solution at 10 mV s−1 (A) PGE/AgNPs/CS with and without H2O2(1 mM) (B) Concentration effect
of H2O2 on PGE/AgNPs/CS (C) Scan rate effect of PGE/AgNPs/CS in 10 µM H2O2 (pH=2). Inset C, corresponding calibration plot of scan rate vs. v1/2. (D) CV
response of PGE/AgNPs/CS before and after exposure to 10 µM H2O2 (pH=2) at 50 mV s−1.
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seen that the PGE/AgNPs/CS sensor is highly selective towards hy-
drogen peroxide sensing even in the presence of interfering species.

3.5. Real sample analysis

For testing the applicability of the fabricated the PGE/AgNPs/CS
electrochemical sensor, three commercially available real samples were
tested for H2O2 detection in FEM-bleach solution (a), hair dye sample
(b) and a medicated H2O2 solution (c).

The samples (a) and (b) were prepared by mixing 10 mg of the
bleach and 100 mg of the hair dye developer kit in 10 ml of pH 2 HCl-
KCl separately, and subsequently sonicated for 15 min, filtered and
used. For sample (c) preparation about 10 µM of medicated solution
was diluted with 990 µL of pH 2 HCl-KCl. The detected levels and the

calculated recovery values in the test samples are presented in the
Table 1. From the obtained result, it is suggested that this method can
be used for traces analysis of H2O2 in cosmetic products in real-time.

4. Conclusion

In summary, the Silver nanoparticles (AgNPs) have been success-
fully synthesized by using green synthesis technique that delivers large
electrochemically active sites and electrical conductivity. A 3DP mi-
crofluidic platform was integrated with the electrode. The incorpora-
tion of AgNPs on pencil graphite electrodes (PGEs) with chitosan (CS)
matrix, was of great benefit for supercapacitor and electrochemical
sensing applications. The 3D printed microfluidics platform was used
for supercapacitor and electrochemical sensing application with two or
three-electrode arrangement. The prepared hybrid material PGE/
AgNPs/CS symmetric supercapacitor exhibited electrochemical perfor-
mance, along with the rapid charge-discharge rate, high specific areal
capacitance of 367.16 mF-cm−2 at 1 mA-cm−2 and exceptional stability
of 1500 cyclic lifetime with capacitance retention of92.8%. Also, the
PGE/AgNPs/CS provided remarkable electro-catalytic activity towards
electrochemical detection of H2O2 with LOD of 0.52 µM as compared to
other AgNPs based electrodes. The proposed sensor was used to detect
H2O2 in cosmetic as well as medical samples with high accuracy and
selectivity, making it an ideal choice in the development of disposable,
low-cost device for hydrogen peroxide detection. The result obtained
gave appreciable recovery value suggesting high sensitivity of the
electrode towards H2O2.
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Scheme. 1. Schematic representation of Tagetes based Green Synthesis method for Silver nanoparticle synthesis.

Scheme. 2. Schematic Representation of 3D Microfluidic Channel for
Supercapacitor and Electrochemical sensing.

Scheme. 3. Schematic representation of the electrode and overall detection of
H2O2 by AgNPs.

Table 1
Real sample analysis.

Samples Found in original
sample(µM)

Spiked
(µM)

Detected
(µM)

Recovery (%)

Bleach 2.34 5 5.21 104.2
Hair Dye 4.2 5 4.9 98
Medicated

H2O2
4.56 5 5.02 100.4
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