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Synchronized electrochemical detection of
hydroquinone and catechol in real water samples
using a Co@SnO,—polyaniline composite
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The conductive composite Co@SnO,—PANI was successfully synthesized using hydrothermal/oxidative
synthesis. Using differential pulse voltammetry, a glassy carbon electrode modified with a CoSnO,—-PANI
(polyaniline)-based electrochemical biosensor has been created for the quick detection of two
phenolics, hydroquinone (Hqg) and catechol (Cat). Differential pulse voltammetry (DPV) measurements
revealed two well-resolved, strong peaks for GCE@Co-SnO,—PANI, which corresponded to the
oxidation of Hg and Cat at 275.87 mV and +373.76 mV, respectively. The oxidation peaks of Hg and Cat
mixtures were defined and separated at a pH of 8.5. High conductivity and remarkable selectivity
reproducibility was tested by electrochemical impedance spectroscopy, chronoamperometry, and cyclic
voltammetry techniques in standard solution and real water samples. The proposed biosensor displayed
a low detection limit of 4.94 nM (Hq) and 1.5786 nM (Cat), as well as a large linear range stretching from
2 x 1072 M to 2 x 107! M. The real-sample testing showed a good recovery for the immediate detection
of Hg (96.4% recovery) and Cat (98.8% recovery) using the investigated sensing apparatus. The
synthesized biosensor was characterized by XRD, FTIR, energy dispersive spectroscopy and scanning

Received 31st January 2023
Accepted 7th March 2023

DOI: 10.1039/d3ra00668a

Open Access Article. Published on 29 March 2023. Downloaded on 1/16/2026 7:19:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances electron microscopy.

Introduction

Catechol (Cat) and hydroquinone (Hq), are two frequently
coexisting isomers of di-hydroxy-benzene, which are widely
used in industry but are incredibly poisonous and difficult to
decompose in the natural environment.® Ecosystems have
a high level of toxicity of these chemicals.> Catechol and its
isomers are included as a category of hazardous water
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contaminants in both the EPA and EU databases.* Due to the
similarities in their chemical structures and properties, simul-
taneous detection of Hq and Cat is difficult. Numerous tech-
niques, including liquid chromatography, chemiluminescence,
colorimetric, and electrochemical approaches, have been used
for their detection to date.®® Electrochemical detection tech-
nologies are advantageous for real-time, on-site detection. In
recent years, extensive progress has been made in detecting Hq
and Cat in freshwater; although there is a long way to go,
detection can be achieved in seawater with complex
conditions.”*®

More than 70% of Earth's surface is covered by ocean, which
provides us with a wealth of resources. However, owing to
human activities in recent years, it has become more and more
contaminated.” Phenolic concentrations are quite high in
coastal waters, mostly as a result of industrial pollution; stable
algae in the intertidal zone is another source.” Due to bio-
accumulation or direct contact, water pollution with hydroqui-
none (Hq) and catechol (Cat) may be detrimental to human or
aquatic health. Additionally, it encourages marine mussel
adhesion and erosion to maritime infrastructure, which is
detrimental to the development of marine resources.”*™
Pollutants like hydroquinone and its isomers must be detected
in saltwater if the ocean economy is to grow sustainably.
Detection pretreatment methods, such as decreasing pH and
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removing contaminant ions,*'*'” are hindered by seawater's
alkaline environment and ion concentration. It is therefore
crucial to develop an electrode material capable of direct
detection of Hq and Cat in marine settings.

Co@SnO, is extensively used in the domains of heterogeneous
catalysts,'® super-capacitors,” and electrochemical biosensors.*
Co@SnO, possesses the ideal empty electron orbit for Co(u) and
Co(m) coexistence due to its many oxidation states and stability of
redox charge transfer, making it simple to absorb electrons
throughout the reaction phase and promoting the forward reac-
tion.”* Co@SnO, can primarily sustain its catalytic activity in an
alkaline environment, allowing the detection of Hq and Cat in
seawater. To improve the electrical conductivity of Co@SnO,,
a conductive polyaniline (PANI) composite with Co@SnO, was
synthesized.”” Electron interaction between PANI and phenolic
isomers may enhance the response signal. Furthermore, the
diffusion of Hq and Cat during the detection process may be
accelerated by the presence of a lot of mesoporous PANI
networks.”® Modifying PANI with Co@SnO, nanomaterial for the
detection of Hq and Cat in saltwater is thus fascinating.>*

This work fabricated a modified glassy carbon electrode
GCE@Co@SnO,-PANI, for the electrochemical detection of Hq
and Cat. Under mildly alkaline circumstances (pH 8.5), as the
pH of seawater may vary between 7.4 and 8.5 due to the
absorption of ambient carbon dioxide, simultaneous detection
of Cat and Hq was accomplished with high sensitivity and
remarkable stability. The sensor exhibited a large linear range
from 2 x 107> to 2 x 10~ M (Hq & Cat) and a low detection
limit of 4.94 nM (Hq) and 1.5786 nM (Cat). Detecting Hq and
Cat in real water using this method provided encouraging
results. Cat was recovered 98.8% of the time in saltwater
samples, whereas Hq was recovered 96.4% of the time. It
successfully detects phenolic pollutants in real water samples,
but when compared to the available online literature on this
subject the results of synthesized biosensors were outshined.

Experimental
Chemicals

All of the compounds utilized in this study were of analytical
grade and required no additional purification. Co(Ac),-4H,0,
ethanol, citrate (CA), NH;H,O (25-28 wt%), Na,HPO,-12H,0,
catechol (Cat), di-ethyl tin dichloride [Sn(CyHs5),Cly],
polyvinylpyrrolidone-40 (PVP-40) as a capping agent, and
hydroquinone (Hq) were all provided by Sinopharm Chemical
Regent Co., Ltd. Chengdu Organic Chemicals Company Ltd.
The solutions were prepared in double distilled water. A real
water sample was prepared in a saline sample obtained from
a pharmaceutical source.

Synthesis of SnO, and Co@SnO, particles

4.802 g of di-ethyl tin dichloride (240.1 g mol™") was added in
a 20 mL mixture of ethanol and distilled water (1:1) in two
beakers followed by 0.5 g of Co(Ac),-4H,O0 in one of the beakers
before beginning the sonication process. The mixture was
allowed to stir for 30 minutes. 12.5 mL of NH3(aq) was added
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dropwise to a solution containing 4.0 g of PVP-40 followed by
vigorous stirring. After two hours, homogeneous slurries in
both beakers were generated and placed in 40 mL stainless steel
Teflon-lined autoclaves. The autoclaves were sealed and heated
at 150 °C for 180 min. Small amounts of ethanol and water were
applied for washing while filtering the centrifuged contents at
room temperature. The SnO, and Co@SnO, nanoparticles were
dried at 60 °C for 48 hours in the oven.

Synthesis of polyaniline (PANI) and Co@SnO,-PANI particles

Two 250 mL beakers were filled with a mixture of 100 mL of
absolute ethanol and double deionized water (1: 1), then put in
an ice bath. 10 mL of 37% HCI and 2 mL of 98% aniline were
added to each beaker, along with 0.01 mg of Co@SnO,, particles
in one of the beakers. The solution was sonicated for almost 1
hour. 0.025 M solution of an oxidant (ammonium persulfate)
was poured drop by drop into the beakers through two burettes
after every ten seconds. After 24 hours, a clear filtrate and blue-
black polymer (PANI) and Co@SnO,-PANI particles were
produced. By centrifuging, the blue-black particles were sepa-
rated from the solution. The particles were washed with DDIW
and acetone. The synthesized particles were dried in an oven at
60 °C for 48 hours.

Instrumentation

The morphology and composition of synthesized particles, SnO,,
polyaniline (PANI), and Co@SnO,-PANI were determined by
scanning electron microscopy (Nova NanoSEM S-450). The
compound's particle size and phases were identified using X-ray
diffraction (XRD) patterns by an X-ray diffractometer (D-8
Bruker). Bonding within synthesized material was confirmed
by the FTIR technique by using Thermo-Nicolet iS50 FTIR
Spectrometer (USA). Electrochemical experiments were recorded
using a Gamry-3000 model 43120 electrochemical workstations
with traditional three-electrode systems in 0.1 M Na,HPO, buffer
solution (PBS) at pH 8.5. The working electrodes were the bare
GCE and modified electrodes (GCE@SnO,, GCE@PANI,
GCE@Co@Sn0,, and GCE@Co@Sn0,-PANI), while the counter
and reference electrodes were a platinum (Pt) wire electrode and
an Ag/AgCl electrode that had been saturated with 3 M KCI. The
pH of the mixture was determined using PSH-3D.

Electrode preparations

A Gamry polishing pad and aluminum slurry (3 pm) were used
to polish the Gamry glassy carbon electrodes (GCE; 0.37714
cm?®). After 2 hours of polishing, the electrodes were sonicated
in a DDIW/ethanol solution for 5 minutes. The cleaned elec-
trodes were warmed for 60 minutes at 60 °C to dry them out.
Sn0O,, Co@Sn0O,, PANI, and Co@SnO,-PANI slurries were
independently produced in 10 pL acetone and applied to four
glassy carbon electrodes. With 10 uL pipettes, slurries were cast
onto the active face of glassy carbon electrodes. For 10 minutes,
electrodes were held under a 60 watt illuminated Philips bulb to
achieve a dry coating. The electrodes that had been prepared
were identified as bare GCE, GCE®@SnO,, GCE®@PANI,
GCE@Co@Sn0,, and GCE@Co@SnO,-PANL.

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

The phase structures of the SnO,, Co@SnO,, PANI, and
Co@SnO,-PANI composite were determined with XRD data. As
in Fig. 1(a-1), the PANI spectra show large diffraction peaks at
23, 26, and 28, which correspond to the planes (002) and (100).
At values of, the diffraction peak is at 18, 31, 36, 38, 45, 55, 59,
and 65 in Co@SnO,-PANI nanocomposite correlates to the
distinct planes (110), (011), (020), (021), and (020). The spec-
trum of Co@SnO, was matched with data bank JCPDS card no.
96-150-8984. The distinct peaks and strong intensity indicate
that Co@SnO,-PANI has the superior crystallographic quality
and SnO, was successfully doped with cobalt particles. Fig. 1(a-
3) and (a-4) indicate a shift from 27.79 to 29.43° which is
evidence of the successful doping of Co with SnO,. Character-
istic peaks in Fig. 1(a-4) compared to Fig. 1(a-3) show a decrease
in peak intensities. No other contaminants were discovered,
indicating that Co@SnO,-PANI nanocomposites were success-
fully synthesized. Phase simulation was conducted with the
X'pert High Score Plus analysis tool and the cubic structure of
SnO, particles was confirmed (inset Fig. 1) by matching the data
with the file (1000003) available at the COD data bank online.
The structural diagram of the Co@SnO,-PANI nano-
composite can be derived from the preceding results in Fig. 1a.
The two main factors that led to the formation of this structure
are the PANI's ability to engage with Co atoms in the third
dimension and the NH,'s ability to connect with Co atoms in
the third dimension.*® In addition, the acid treatment of PANI
has introduced an abundance of oxygen functional groups on
its surface, allowing for the development of Co@SnO,-PANI
particles. This arrangement not only increases the specific
surface area of Co@SnO,-PANI but also speed up the electron
transportation process® during Hq and Cat detection.

FTIR spectroscopy

FTIR was used to evaluate bonding in the synthesized material,
as shown in Fig. 1b, which shows strong SnO, peaks at 3592,
3216, and 2539 cm ' shifted. FTIR spectrum of PANI

View Article Online
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nanoparticles produced by oxidizing aniline in an acidic per-
sulfate solution. Fig. 1b FTIR's spectra show peaks for C=C
bending at 632 cm ™', C-H bending at 748 cm ™', C-H bending at
822 cm ™', C-H bending at 872 cm ™', C-N stretching aromatic
amine at 1247 cm ™', C-C stretching aromatic ring at 1497 cm ™%,
C=C stretching conjugated at 1613 cm ', and N-H stretching
aliphatic primary The C-H in-plane bending has a band at
1184 cm ™' attributed to it. The composite of Co@SnO, with
PANI shown in Fig. 1(b-iv) had a negligible right shift, but there
was a significant decrease in intensities of all peaks that were
observed in PANI (Fig. 1(b-ii)). This shows that Co@SnO,
particles were uniformly dispersed in polyaniline and that there
was no chemical bonding between the polymer (PANI) and
Co@SnO, particles. Physical interaction between Co@SnO, and
the polar ends of PANI was anticipated. SnO, and Co@SnO,
particles were also analyzed, and the doping of SnO, with Co
was verified. Characteristic peaks of SnO, at 3592 (-O-H) and
2531 cm™ ' were significantly shifted, and new peaks at 3121 and
2598 cm~ " were observed. The results of FTIR peaks data
showed that there were bonds or interactions between
Co@SnO, and PANI. This transformation increased the speci-
ficity and selectivity of the Co@SnO,-PANI composite for the
detection of Cat and Hgq.

SEM analysis

The surface morphology of synthesized particles was evaluated
by SEM results, as shown in Fig. 2. Cubic particles of Co@SnO,
were found in the 40 to 70 nm range. SEM results were evaluated
with the analytical software Image]J version 1.53. The average
particle size of composite Co@SnO,-PANI was about 120 nm.
The surface of the composite supported the distinction of two
isomers (Cat and Hq).

EDS analysis

EDS analysis provides information about the elemental
composition of fabricated composite. The EDS spectra of
Co@Sn0,, PANI, and Co@SnO,-PANI are shown in Fig. 3a-c
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(a) XRD data plots of (a-4) SnO,, (a-1) PANI, (a-3) Co@SnO,, and (a-2) Co@SnO,—-PANI (b) FTIR plots of (b-i) aniline, (b-ii) PANI, (v) SnO,, (b-
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Fig. 2
Co@SnO,, PANI particle size distributions vs. comparative regression.

respectively. The presence of Sn, Co, C, and O, shows the
formation of the desired composite. The cps eV~ * value at 3.6
keV (Fig. 3a) dropped from 8 eV to 3.5 cps eV ' at 3.6 keV
(Fig. 3c), indicating that Co@SnO, particles were successfully
embedded in polyaniline. Co particles were intact with SnO,
and maintained their position in the composite. On the other
hand, we have performed SEM analysis (Fig. 3d) to check the
morphology of the synthesized sample after testing. We
observed that there was no change in the morphology of the
catalyst after the test.

Preliminary test of simultaneous Hq and Cat detection

In 25 mL of 0.1 M phosphate buffer solution (PBS) with 1.0 M
KCl as the supporting electrolyte, the electrochemical responses
of all modified working electrodes (GCE@SnO,, GCE@PANI,
GCE@Co@5Sn0,, GCE@CoSn0O,-PANI, and bare GCE) were
assessed in the presence of 100 pL catechol/hydroquinone ([Cat
+ Hq] = 2.0 x 107> uM). Fig. 4a demonstrates the cyclic-
voltammetry (CV) responses of modified electrodes with
a scan rate of 50 mV s~ ' and a potential range of —200 mV to
800 mV at pH 8.5. The electrochemical response of the modified
working electrode GCE@Co@SnO,-PANI was superior to that of
the other modified electrodes and the bare GCE. In the presence
of 100 puL Cat/Hq in 0.1 M PBS/1.0 M KCl buffer solution, a well-
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(a) SEM image of Co@SnO, particles (b) SEM image of PANI (c) SEM image of composite Co@SnO,—PANI particles (d) Co@SnO,—PANI,

defined oxidation peak (I, = 19.05 pA, Ep, = 545 mV) and two
reduction peaks (I,c) at —7.36 pA and —6.9 pA were seen at Ep. =
30 mV and 150 mV, respectively. The electrochemical biosensor
for the simultaneous detection of catechol (Cat) and hydroqui-
none (Hq) in a real water sample used GCE@Co@SnO,-PANI as
the working electrode and platinum wire as the counter elec-
trode (CE). The selected modified electrode was tested by EIS,
DPV, and chronoamperometry techniques. The electrochemical
response of composite Co@SnO,-PANI is much superior to that
of Co@SnO, and PANI, as shown in Fig. 4a. The electrochemical
study has proven that PANI has effectively enhanced the cata-
lytic strength of Co@SnO, particles. All the other modified
electrodes have shown single oxidative and reductive peaks, but
GCE@Co@SnO,-PANI has differentiated the reductive peaks of
Cat and Hq at 275.87 mV and 373.27 mV, respectively. As both
isomers have very close oxidative and reductive potentials, it
was therefore difficult to identify them. But, the modified
electrode GCE@Co@SnO,-PANI used in this study has
successfully overcome this hurdle.

Influence of scan rate

The behavior of catechol immobilized on GCE@Co@SnO,—
PANI was studied by cyclic voltammograms, and responses at
different scan rates (v) are represented in Fig. 4b. With

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

GCECo@SnO,-PANI as the working electrode, 25 mL PBS/KCI
buffer with 100 pL ferro/ferri internal redox reference solution
containing 100 pL Cat/Hq was scanned at several scan rates
(5 mV s to 100 mV s ). This research was done to examine if
diffusion is the sole mechanism that controls mass transfer
throughout the redox process and to estimate the kinetics of the
redox reaction between Cat/Hq immobilized on the surface of
a GCE@Co@Sn0,-PANI electrode. On cyclic voltammograms,
the Cat's oxidation and reduction peaks were recorded at
305 mV and 202 mV, respectively. The applied scan rate
potential causes levels of the oxidation and reduction peak
signal (I,.) to gradually rise. The direct proportionality of
increasing scan rates and the linear correlation of this redox
reaction point to a reduction in the diffusion layer on the
electrode surface, which raises peak currents in cyclic voltam-
mograms. The fact that this study gives the 50 mV s~ accept-
able scan rate for the pH inquiry adds to its relevance. The peak
current at this scan rate is an average of all other scan rates
used, which range from 5 to 100 mV s~ '. The Fig. 4b inset
illustrates how the peak currents produced at this range are
proportional to the scan rate's square root, demonstrating that
mass transfer is the GCE@Co@SnO,-PANI surface's defining
step-by-step response. The reaction is freely diffusing at the
electrode surface, as shown by the correlation equation, since
the peak-to-peak separation was consistent and reproducible
throughout a number of potential cycles. A quasi-reversible
electrochemical electron transport process is the redox reaction.
Randles-Sevcik equation:

I, =0.4463nFAC(nFvDIRT)"? or I, = 2.69 x 10°n">4CD"*v'"*(1)

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

(a) EDS analysis of Co@SnO, (b) EDS analysis of PANI (c) EDS analysis of Co@SnO,—-PANI and (d) SEM image of Co@SnO,—-PANI after test.

A is the surface area of the electrode (0.3778 cm?), and n is
a number of electrons (1) involved in the redox reaction at the
surface of the electrode. Whereas v is scan rate (50 mvV s~ '), C is
the concentration (2 x 10~® mol cm ™) and D is diffusion factor,
F (Faraday constant), R (gas constant), T (temperature in K) are
standard constants. The square root of scan rates has an
influence on the peak currents, which is a typical description of
a diffusion-controlled reaction process, and this can be
described using a relation equation, according to the linear
connection from the applied scan rates (5-100 mV s~ ') using
cyclic voltammetry.

Lo (MA) = 1.06893»"2 (mV s + 1.4122, R = 0.99333 (2)

Slope of eqn (2) = 2.69 x 10°#*2ACD"? (from eqn (1)).

JDY* = /(1.06893/2.69 x 10°n*?AC), hence, D = 2.6 x 10™°
cm®s

Active surface area (4) = 0.29971218 cm®.

The data of the anodic peak current and logarithm of scan
rate revealed a linear relation with a 0.59 slope. Theoretically,
this number falls within the predicted range of 0.5 for a regu-
lated current that is solely diffused. The finding demonstrates
that the redox reaction is regulated by diffusion, since the
electro-active species of Cat/Hq in the bulk solution diffuse to
the electrode surface. This is also reflected in the equation:

Epo (mV) = 0.59logy (mV s™') — 0.71, R* = 0.989 (3)

Laviron's model predicts two straight lines, one with a slope
of —2.3RT/anF for the cathodic peak and another with a slope of

RSC Adv, 2023, 13, 10017-10028 | 10021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00668a

Open Access Article. Published on 29 March 2023. Downloaded on 1/16/2026 7:19:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
a 15
204 u(;CE@Snoz-Blamk (b)
—— GCE@Co@Sn0,-PANI 104 — smvis
154 ——GCE@PANI
—— GCE@SnO, :gmws)
10 {——GCE@PANI-BIank 51 mvis
- GCE@Co@SnO, 75mVis
= Bare GCE < 0 100mvi/s
51— ccE@Co@Sn0,Blank =
0 ] -5 ] R?=0.99333
5- =10 1
10 +— r T v r T SARY TSR 200 400 (6;)0 800
-2 2 4 )
0 v Ag/ggm o0 800 EimV vs Ag/AgCl
1.2%10° (c)—bare GCE 15; ———pH 12.0 (d)
.| ——GcE@Co@sno; ——pH100
1.0x10°1  __ GCE@Co@SnO,-PANI 10+
4]
as.wo 5.
E 4 3
'NI RE Be
4.0%10%
W ; -5+
2.0%10%
Rcl '1 0 .
0.0 2.0x10%.0x10%.0x10%8.0x10*1.0x10%1.2x10%1.4x10° -200 0 200 400 600 800
Z'real () E/mV vs Ag/AgCI

Fig. 4

(a) Comparative CV plots of modified electrodes with bare GCE and blank GCE@Co@SnO,~-PANI, blank GCE@SnO,, blank GCE@PANI,

GCE@Co@Sn0O; and in the presence of 100 puL (2 x 1072 pM) in 0.1 M PBS/KCL Cat/Hq solution to validate the biosensor. (b) Scan rate vol-

tammograms at 5 mV s~ to 100 mV s~ (

inset) regression plot of the square root of scan rate vs. [Cat] (c) comparative Nyquist plots of bare GCE,

modified electrodes GCE@QCo@SnO,—-PANI and GCE@Co@SnO; (d) CV voltammograms at pH range 1 to 12 pH at potential range —200 mV to

800 mV at scan rate 50 mV s~* vs. Ag/AgCL

2.3RT/(1 — a)nF for the anodic peak, when the peak potential is
plotted against the logarithm of the scan rate. The electron-
transfer coefficient («) for Hq was found to be 0.49, whereas
that for Cat was found to be 0.59 using the aforementioned
calculations. Using this equation, we were able to calculate the
apparent heterogeneous electron transfer rate constant (k).

Logks, = a(l — a) + (1 — @)a — log RT/nFa
— (1 — ®)aFAE/23RT  (4)

whereas, « is transfer coefficient, n is number of electron, » is
scan rate and AE,, = Ep,, — Ep, ks values of Cat was 1.33 s 'and
Hq was 1.80 s~ ..

The effect of pH

In 0.1 M PBS/KCI, 2 x 107> uM [Cat/Hq] immobilized on the
GCE@Co@SnO,-PANI was studied to see how pH affected peak
potential and peak current. The study's shifting pH levels fall
between the ranges of 1.0, 5.5, 7.0, 8.5, 10.0, and 12.0. The peak
potential's change from 0.67 V to 0.39 V in Fig. 4d indicates that
the investigation was substantially pH-dependent and that
adsorption on the electrode surface took place. At pH 10.0, the

10022 | RSC Adv, 2023, 13, 10017-10028

IL,, is around its highest, and it starts to decline at pH 12.0. This
drop in I, along with a rise in pH, suggests that both
adsorption and the thickness of the diffusion layer to the elec-
trode surface have been reduced. The I,, of the Cat/Hq
decreases at a pH of 8.5. This is a result of the negatively
charged ions' electrostatic repulsion effect, which limits the
electrochemical reaction between the electrode surface and
electrolyte solution. A pH change was unable to distinguish
between the oxidative current peak (I,,) and the reductive
current peak (I,c) of Cat and Hq. At pH 8.5, only the clear
separation of the reductive peaks at 30 mV, —7.47 A of Cat and
147 mV, —7.9 A of Hq were seen, whilst the oxidative peaks at
546 mV, 19 A were combined. At pH 8.5, another electro-
chemical investigation was carried out.

Electrochemical impedance spectroscopy study (EIS)

EIS was used to analyze the conductivity diffusion factor at the
surface of Co@SnO,-PANI nanocomposite. EIS analysis
framework was set as DC voltage 0.6 V vs. reference, AC voltage
5V, initial frequency 0.1 Hz, maximum frequency 100 000 Hz,
delay range 0-100, estimated impedance value 100 Q and open

© 2023 The Author(s). Published by the Royal Society of Chemistry
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circuit voltage was 0.212285 V. An open circuit was compiled
and tested as shown in Fig. 4c. In the presence of 100 pL (2 X
102 puM) of Cat/Hq solution in 5 mL of 1.0 mM ferro/ferri as
internal redox reference in 25 mL of 0.1 M PBS/KCIl buffer
scanned with GCE@Co@SnO,-PANI, bare GCE and

View Article Online
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GCE@Co@SnO,. EIS study was conducted to determine elec-
trochemical behavior of electrodes. Nyquist plots (Fig. 4c), the
charge transfer resistance/polarization resistance (R.) of
GCE@Co@Sn0O,-PANI was less than that of GCE@Co@SnO,
and bare GCE, indicating that the PANI has effectively enhanced
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Fig.5 (a) DPV plots of [Hg + Cat] 2 x 1072 to 2 x 10~ uM at the surface of Co@SnO,~PANI, (a-i) DPV plot of [Cat] 2 x 102 to 2 x 10~ uM, (a-ii)
DPV plots of [Hql 2 x 1072 to 2 x 10~ pM (b) CV plots of [Hg + Cat] 2 x 1072 to 2 x 107! uM at the surface of Co@SnO,—PANI (c) chro-
noamperometry plot of [Hg] and [Cat] at constant alternatively injection rate (2 x 1072 pM/100 s) (d) chronoamperometry plots of [Hg] and [Cat]
in the presence of interfering species added at 600 s to onward till 1100 s in the real water sample.
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the conductivity of Co@SnO, nanoparticles. The flow of elec-
trons and diffusion process of the analyte on the surface of
GCE@Co@SnO,-PANI were determined by the electrochemical
impedance (EIS) technique with the potentiostat (Gamry-3000
model 43120). As represented in Fig. 4c, the imaginary imped-
ance (—Z"img), as well as real impedance (Z'real), were highest
in bare GCE electrodes whereas it was least in GCE@CoSnO,-
PANI. This shows the ability of GCE@CoSnO,-PANI to pass
current was superior to the other competitor electrodes,
GCE@Co@SnO, and bare GCE. PANI significantly lowered the
resistance and allows maximum current to pass through the
electrode to oxidize Cat and Hq at the surface of the working
electrode. An equivalent circuit model was compiled (Fig. 4c)
and successfully tested for constant phase element data.
Diffusion factor (Wgq = 3.597 x 10> cm? s"?) line at 45° charge
transfer resistance (R = 4.739 x 10° Q), and solution resis-
tance (Ry = 14.14 Q) were calculated by using Gamry Echem
analyst software for all working electrodes. Scan results with all
electrodes were recorded in the presence of 5 mM ferro/ferri 100
uL internal reference solution and 25 mL PBS/KCI buffer. The
line at 45° indicates the diffusion process at electrode surface
whereas radius of circular arc represents the charge transfer
resistance (R, = 12.62 x 10° Q), whereas the double layer
capacitance (Cq)) was 6.464 x 10> pF. Admittance (Y,) value of
GCE@Co@Sn0,-PANI was found 5.159 x 10°° S s~ *. There are
many ways to calculate the double layer thickness, in this study
the following expression was used to find the thickness of
double layer,

Thickness of double layer (¢) = double layer capacitance/
scan rate (Cai/(Ipa/v"'?)) = 0.006047.

Cai (6.464 x 107° pF) was calculated by using Gamry EIS
analysis tool, whereas » = 50 mV s, and I,,,/»'"* is the slope of
regression equation of I, vs. »"/*(1.05893).

The process for determining Hq and Cat simultaneously

Fig. 5a and b showed the possible electro-catalytic route to Hq
and Cat at the Co@SnO,-PANI surface. The Hq molecule has
a smaller electron cloud density than the Cat molecule, which
increases its susceptibility to oxidation and lowers its oxidative
potential. The two isomers may be detected simultaneously
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thanks to the difference in oxidation potential. The separation
of the reduction/oxidation potentials, as well as sensitivity and
selectivity, were all significantly improved by Co@SnO,-PANI.
In a mildly alkaline environment (pH 8.5), Co@SnO,-PANI
nanoparticles could retain a high degree of catalytic activity,
and their tight association with PANI enabled all nanoparticles
to take part in electrochemical detection.”” The catalysis of Hq
and Cat at pH 8.5 might be improved by the well distributed
Co@SnO, nanoparticles on or inside PANI. These particles have
a high specific surface area. By serving as an electron sink, the
PANI may interact with di-hydroxybenzene through a conju-
gated electron system and improve the redox interaction
between Hq and Cat on Co@SnO,-PANI nanoparticles. As
a result, it was possible to determine Hq and Cat simulta-
neously in alkaline circumstances. The oxidative peaks of Hq
and Cat are not well separated from one another, as illustrated
in Fig. 5b, but reduction peaks are well segregated from one
another. At a scan rate of 50 mV s~ ', highly noticeable oxidative
peaks at 275.87 mV and 373.27 mV (Fig. 5a) were observed
because differential pulse voltammetry is more sensitive than
cyclic voltammetry. A mixture of 2.0 x 10> uM of Cat and Hq
was prepared as an analyte solution along 2.0 x 107> puM
solutions of Cat and Hq separately. 100 pL (2.0 x 10> uM) of
analyte solution was dropped in 25 mL KCI/PBS buffer against
every scan. Under same conditions, Cat and Hq solutions were
scanned with Co@SnO,-PANI working electrode against Ag/
AgCl reference electrode as shown in inset of Fig. 5(a-i) and
(a-ii). Broader oxidative peaks (I,,) were formed at 331.4 mV for
Cat and 271.35 mV of Hq were recorded respectively. Oxidation
potential shift towards positive direction, recorded in case of
scanning the mixture of Cat and Hq (Fig. 5a). In cyclic-
voltammetry plots, shift in E,, was more significant, a shift of
249.32 mV was noticed. As gap between reductive peaks of Cat
and Hq (AEp,. = 170 mV, Fig. 5b) was very significant.

I, vs. concentrations of Cat and Hq were plotted and
correlation equations for Cat and Hq were derived from the data
as shown in eqn (5) and (6). High regression values of both Cat
(R* = 0.9909) and Hq (R* = 0.9896) showed the effective
response of catalyst GCECo@SnO,-PANI in selectivity and
detection of Cat and Hq in real water sample. E},, values for Hq

Reaction scheme of hydroquinone and catechol

OH o

(a) 2H" +2¢
— W
HO lo)

hydroquinone(Hq) p-quinone
(o}
(b) OH o)
2H' +2¢

—_—
~

OH
catechol(Cat)

O-quinone

3Z?:.27mV .

0 200 400 600 800
E/mV vs Ag/AgCI

1000

Scheme 1 Reaction scheme of oxidation/reduction of Hq (a), Cat (b) and (c) DPV plot at the surface of GCE@Co@SnO,—-PANI in the presence of

2 x 107! uM mixture of Hg and Cat.
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and Cat were 275.87 and 373.27 mV, a significant value of AEp,
(97.83 mV) as shown in Scheme 1c is reflecting efficient catalysis
at the surface of GCECo@SnO,-PANI.

Lyafcag = 4.7997[Cat] + 0.1422; R* = 0.9909 (5)
Ipapg) = 3.6294[Hq] + 12.173; R* = 0.9896 (6)

From regression eqn (5) and (6) it can be predicted the
diffusion be predicted that oxidation and reduction of Hq and
Cat was involved in transfer of two electrons as shown in
Scheme 1(a) and (b).

Simultaneous estimation of Hq and Cat using DPV, CV and
chronoamperometry

A more sensitive technique DPV was used to analyze the
oxidation peak currents under the situation. Hq and Cat (5 mM)
were mixed with 5 mM Cat solution in equal volumes. In three-
electrode assembly Co@SnO,-PANI (WE), Ag/AgCl (RE) and Pt
wire as CE were used. Three electrode cells were charged with
25 mL of 0.1 M PBS/1.0 M KCl. 100 pL of [Hq + Cat] was injected
into the cell assembly to obtain each scan plot. E,, steadily
moved to the right with each rise in analyte concentration, and
two instances show that the presence of one analyte has no
appreciable impact on the oxidation current (I,,) and oxidation
potential (Ep,) of another. According to the previous two
experiments, the concentrations of Hq and Cat were simulta-
neously increased from 2 x 10> to 2 x 10" uM for simulta-
neous determination. The oxidation maxima of Hq and Cat
appeared at 275.87 mV and 373.27 mV, respectively, and their
oxidation currents increased proportionally with the concen-
trations. Peak currents and Hq and Cat concentrations are
related using linear regression, respectively. Least detection
limit and LOQ values were calculated from the scan data by
using 3.3 x S/N (signal-to-noise ratio) method as shown below.

Ioapg = 3.6294[Hq] + 12.173; R* = 0.9896 ?)
Lyacay = 4.7997[Cat] + 0.1422; R* = 0.9909 (8)

LOD = 4.94 nM (Hq), and LOD for Cat 1.5786 nM.

Table 1 Comparative study of LOD estimation with published literature
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LOQ (Hq) = 14.96 uM and LOQ for Cat 14.78 pM.

Sensitivity for Hq is 9.68 pA cm ™2 and for Cat 12.80 pA cm 2.

By using the relation of signal-to-noise ratio (S/N), LOD = 3.3
x SD/slope and LOQ = 10 x SD/slope were calculated from
calibration data. GCE@Co@SnO,-PANI at pH 8.5 was able to
detect Hq and Cat simultaneously without interfering with each
other, as demonstrated by this data. GCE@Co@SnO,-PANI not
only detected Cat and Hq in a mild alkaline environment but
also has a broader linear detection range when compared to
other electrode materials (Table 1). Table 1 offers a comparison
from the literature.

X. Li*® research work although shown competitive results for
Cat and Hq detection but Co@SnO,-PANI used in this study has
shown more sensitivity for both isomers.

Simultaneous detection by chronoamperometry

The sensor's validity was checked by wusing the chro-
noamperometry technique for the simultaneous detection of
Hq and Cat. After every 100 seconds, 100 pL of the 5 mM (2 x
10~? uM) Hq and Cat solutions were individually injected into
25 mL of 0.1 M PBS/1.0 M KCI buffer. Fig. 5c illustrates the
significant increases in I, against both target analytes. The
increase in current against [Hq] was greater than that against
[Cat], and it is consistent with observations made using the DPV
and CV approaches, as illustrated in the plots in Fig. 5a and b.
500 pL of HQ and 400 pL of Cat were injected. A typical current
increase against a 900 uL analyte was 225.0 pA.

Selectivity, stability, and interference of the GCE@Co@SnO,-
PANI biosensor in the real water sample

Chronoamperometry was repeated to establish selectivity,
stability and interference study of the proposed sensor
GCE@Co@Sn0,-PANI. 5 mM solutions of Hq and Cat were
prepared in physiological water (4.0% NacCl) and one solution
of interfering species (NaCl, KCl, KBr, KI, oxalic acid, Na,SOy,,
(NH,4),S04, C3H3NaO;, CA, and NH,NOj;, uric acid, nitro-
phenol, benzoic acid, gallic acid) of 25 mM. 25 mL of 0.1 M
PBS/1.0 M KCl mixture was charged in Bob cell, GCE
Co@SnO,-PANI (WE), Pt (CE) and an Ag/AgCl reference elec-
trodes were fitted at a maximum limit of 5 V and 3 mA, Gamry

LOD

Sensor material Technique Hq Cat Reference
Cu-THHP (copper tetra kis(4-carboxyphenyl)porphayrine) DPV 34 x107°uM 2.3 x 107 uM 28
UiO-bpydc-Cu (2,2-bypyridine-5,5-dicarboxylic acid) DPV 0.361 uM 0.245 uM 29
NCAcnt/Ni (nickel@N-doped carbon core-shell nanoclusters in carbon aerogels) DPV 0.36 uM 0.41 uM 30
NiCoFe-LDH/NF's (lactate dehydrogenase/nickel foam) DPV 0.15 uM 0.12 uM 31
Fe-L-Zif-8 (zeolite imidazolate framework-8) DPV 0.17 uM 0.50 uM 32
ITO/APTES (indium tin oxide/3-amino-propyltriethoxysilane) DPV 0.82 uM 1.95 uM 33
TiO,-ZnO-rGO DPV 0.03 M 0.05 pM 34
Reduced graphene oxide-carboxylated carbon nanotubes/gold nanoparticles DPV 0.119 pM 0.083 pM 35
composite

Co@SnO,-PANI DPV 4.94 x 10> uM  1.5786 x 10> uM This work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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potentiostat framework window. A chronoamperometry scan
was run for 1100 seconds in a continuous mode without stir-
ring; up to 600 seconds, 100 pL of Hq and Cat were alterna-
tively injected every 50 seconds. The current rises linearly with
every addition of 100 pL of Hq and Cat. After 600 seconds, 100
uL of interfering species solution was injected instead of Hq
and Cat at the same rate for 500 s (600 to 1100 s) as depicted in
Fig. 5d there was a kinky plot with declining gradient as shown
in Fig. 5d.

Nitrophenol, iodide, chloride and bromide ions had no
discernible effect on detecting Hq and Cat (signal deviation less
than 3%). This demonstrates that the portable Hq and Cat
detection capability of the GCE@Co@SnO,-PANI biosensor was
designed for use with actual water samples. Remarkable short-
term repeated stability was shown by the relative standard
deviations (RSD) for Hq and Cat, which were 1.98 percent and
4.2 percent, respectively. As shown in Fig. 5d, the sensitivity of
Hq and Cat remained greater than 96.4% and 98.8% of the
initial value after GCE@Co@SnO,-PANI was stored at 4 °C for 5
weeks. The results demonstrate the sensors exhibit high
repeatability and consistency.

Practical real water sample determination

Using the conventional addition method, calibration samples
were investigated in seawater to evaluate the performance of
GCE@Co@Sn0,-PANI in real-world applications. The recovery
range for Hq in real water was 92.0 to 96.4 percent, whereas the
recovery range for Cat was 95.0 to 98.8 percent. This whole
activity was longed for five weeks. In addition, the RSD oscil-
lated between 1.8% and 1.7%. All of the aforementioned

Table 2 An intra-day recovery of Hg and Cat at the surface of
GCE@Co@SnO,—PANI

Recovery%,
[Hq] uM [Cat] uM (n=5)
Day Added Found Added Found Hq Cat
1 100.0 99.5 100.0 99.8 99.5 99.8
2 100.0 99.2 100.0 99.6 99.2 99.6
3 100.0 99.1 100.0 99.3 99.1 99.3
4 100.0 98.7 100.0 98.8 98.7 98.8
5 100.0 98.2 100.0 98.3 98.2 98.3
Table 3 Inter-day recovery of Co@SnO,—PANI determination of Hq

and Cat in a real water sample by GCE@Co@SnO,-PANI

Recovery%,
[Hq] M [Cat] uM (n=5)
Sample Added Found Added Found Hq Cat
1 1.0 0.92 1.0 0.955 92.0 95.0
2 3.0 2.91 3.0 2.87 97.0 95.6
3 6.0 5.78 6.0 5.93 96.3 98.8
4 8.0 7.39 8.0 7.64 92.4 95.5
5 10.0 9.64 10.0 9.88 96.4 98.8
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results indicated that the novel biosensor might be used to
assess Cat and Hq in marine environments. As seawater nor-
mally contain between 3% and 4% NaCl and organic
compounds in the ppm range, the salt content is between 3%
and 4%. Table 3 shows the GCE@Co@SnO,-PANI recovery
data collected over a five week period for both analytes. An
intra-day recovery procedure was also followed for five
consecutive days in the first week. As 100 pL of 2 x 107> M
samples of Hq and Cat were charged to get a CV scan every day
the results of RSD are represented in Table 2.

For Hq and Cat, the average intra-day recovery was 98.94%
and 99.14%, respectively. After one week, five weeks were used
for the inter-day research to collect data on recovery.

Conclusion

An efficient electrochemical sensor based on a Co@SnO,-PANI
modified glassy carbon electrode for simultaneous detection of
Hq and Cat based has been developed. The sensor material was
synthesized using a straightforward and practical process. The
manufactured electrode GCE@Co@SnO,-PANI demonstrated
outstanding sensitivity, selectivity, and catalytic character in
determining Hq and Cat at a mildly alkaline pH of 8.5. The
sensor's low detection limits for both isomeric compounds are
convincing, such as 4.94 nM for Hq and 1.5786 nM for Cat. PANI
has enhanced the catalytic activity of Co@SnO, particles. The
encouraging inter-day and intra-day recovery percentages (1.8% to
1.7%) in both analytes, 92.0 to 97.0 in Hq and 95.0 to 98.8% in Cat
respectively, make the employment of composite in the effective
detection of Hq and Cat in saline fluids alluring. The proposed
catalyst has created a wide gap (AE,,) in the oxidation peak
potentials of both isomers (AE,, = 97.83 mV), which favors its
usage in detecting Hq and Cat in tap water or saline ocean water.
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