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ABSTRACT: One method for reliable on-site detection of water (FT) No,

pollutants is to use highly sensitive and specific nonenzymatic g

electrochemical sensors containing agglomeration-free detecting (CHIT) (DHBA) o ‘.g

agents specific to the water pollutants. We describe a facile and 5 0—5~ \,JO - [
- . . . . /s 0 0O 5

highly effective method to fabricate electrocatalytic electrodes with o N/—Q-O o

ZrO,, MnO,, and MgO that are well dispersed within the ink used "o}

to print these electrodes. The inorganic metal oxides serve as

detecting agents with specific affinity toward fenitrothion (FT, an !
organophosphate), lead (Pb**, a heavy-metal ion), and nitrite
(NO,7, a nutrient), respectively. Our bioinspired method utilizes a
catechol molecule, 3,4-dihydroxybenzaldehyde (DHBA), and film-
forming polymer chitosan (CHIT). Redox-active DHBA strongly adsorbs the metal oxide through bidentate bonding, and CHIT-
linked DHBA assists in stable film formation. This metal oxide surface modification through the DHBA-CHIT chemistry enhances
the electronic, film-forming, and nanoparticle dispersing properties of the electrode modifying ink. The ink is drop-cast on nitrogen—
sulfur co-doped activated carbon-coated carbon nanotubes (NS-AC-MWCNT) on a modified glassy carbon electrode (GCE). The
resulting sensor consists of metal oxide as a detecting agent and NS-AC-MWCNT as a supportive electrode. The technique
enhances the total surface area of the X-DHBA-CHIT/NS-AC-MWCNT/GCE electrode (where X denotes ZrO,, MnO,, or MgO)
and its electrocatalytic properties. The ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE sensor has an excellent detection limit of 1.69
nM for 0.01—40 yM FT, which exceeds that of enzyme-based sensing. It is reliable for lake water with a detection limit of 11.3 nM
FT, attributed to its excellent antifouling ability, and has negligible interference from commonly found chemicals in drinking water.
Similarly, the MnO,-DHBA-CHIT/NS-AC-MWCNT/GCE and MgO-DHBA-CHIT/NS-AC-MWCNT/GCE sensors show
excellent Pb*" and NO,™ electrochemical detection compared to unmodified electrodes. This simple, effective, non-hazardous
methodology can be extended to modify the surfaces of other metal or metal oxide detecting agents.
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1. INTRODUCTION

Population growth and urbanization have degraded water
quality’ by increasing the consumption and secretion of
industrial chemicals,” such as organophosphorus compounds,
heavy metals, and nutrients, that are major water pollutants of
concern.”~* Organophosphorus compounds, which accrue
from agricultural pesticides, impact human health and can
lead to mental disorders, coma, and death.>* Heavy metals like
lead, cadmium, and zinc are non-biodegradable and toxic,
where even tiny amounts harm multiple organs and cause
neurological diseases like Alzheimer’s.”® While inorganic
nutrients such as nitrites and nitrates are widely used in the
chemical and food industries, being carcinogens, their
bioaccumulation or uptake can lead to poisoning and even
cancer with prolonged exposure.”® Water quality issues are
estimated to cost $210 billion yearly in USA alone.* Hence, the
accurate determination of water pollutants is necessary to
control their environmental footprints.
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Analytical detection of water pollutants is typically
conducted through mass spectrometry,”'® gas/liquid chroma-
tography,' ' spectroscopy,”'” or optical colorimetry."® These
techniques require skilled professionals, significant labor for
complex sample preparation, and expensive instruments.'*
Electrochemical techniques are cost-effective and respond
quickly on-site with high sensitivity.”'® Enzyme-based electro-
chemical sensors are common since they are sensitive and
specific toward pollutants'®™"® but are prone to denatura-
tion.”"” Nonenzymatic electrochemical sensors can overcome
this limitation.
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The working electrode of an electrochemical sensor, which
provides the electrode—electrolyte interface required for redox
reactions, benefits from faster electrode kinetics and a higher
electrode surface area.'””” Electrode modification with nano-
materials includes use of carbon nanotubes, graphene, and
metal nanoparticles.”’ An example is the synthesis of a highly
conductive and porous nanomaterial containing nitrogen—
sulfur codoped activated carbon-coated carbon nanotubes
(NS-AC-MWCNT) for organophosphorus compound detec-
tion."” Since the performance of an enzymatic sensor is
typically superior to that of an electrocatalytic sensor,””*> we
hypothesize that a detecting agent to enhance the analyte
concentration near the electrode—electrolyte interface would
also enhance sensing performance. As per this hypothesis,
incorporating analyte-capturing detecting agents is a missing
key for improving the sensitivity and specificity of non-
enzymatic electrochemical sensors.

Inorganic metal oxides have affinity toward several water
pollutants. For instance, ZrO,, MnO,, and MgO have str0n§
affinity toward concerned phosphorus compounds,”** lead,”
and nitrite,”® respectively. Since metal oxides are readily
functionalized”’ and electrocatalytic,”® electrodes modified
with these materials are employed for electrochemical
detection.”® However, metal oxides tend to agglomerate in
suspension due to van der Waals forces, producing large
aggregates in an ink suspension that result in poor film
formation during deposition on an electrode.”” This reduces
the electrode surface area and subsequent electrocatalytic
ability. While ZrO,-based electrochemical sensors are
employed for specific organophosphorus pesticide detec-
tion,””* ZrO, suffers from agglomeration, lower electrical
conductivity, and surface area. The incorporation of ZrO, into
conductive composites has not achieved the performance of a
similar enzymatic sensor.””** Likewise, MnO,-based electro-
chemical sensors do not approach the performance of
enzymatic sensors for heavy-metal detection.”’ In addition,
the utilization of MgO for affinity-based electrochemical
detection of nitrite has not yet been explored. A modified
electrode should also be stable during washing and
voltammetry scanning for reliable and repeatable current
response. Hence, electrode modification for improving sensing
performance with a metal oxide is challenging.

Our goal is to overcome these challenges using an approach
where the inorganic metal oxides (1) have a well-dispersed
nanoparticle distribution that enhances the electrode surface
area and analyte capture, (2) form a stable film on the
electrode for reliable faradic current response, and (3)
participate in charge transfer, thus working with conductive
elements in enhancing the overall electrochemical response.
We address these challenges based on a bioinspired method to
produce a material with film-forming, redox-active, and strong
metal oxide adhesion properties.

Catechol-containing molecules are widely used to modify
metal oxide surfaces.””** They adsorb metal oxides when the
catechol moiety forms a strong bidentate-type bond with metal
atoms.” The bonding mechanism is inspired by the firm
adherence of a mussel to surfaces in aqueous conditions.”* 3,4-
Dihydroxybenzaldehyde (DHBA) is a catechol molecule that
adsorbs and disperses TiO, molecules that have enhanced
electronic properties” where the redox-active DHBA forms a
charge transfer complex with the adsorbed TiO,.*® However,
DHBA-modified TiO, has poor film-forming properties.35 This
catecholate molecule has terminating —COH groups, which

serve as linkers. Chitosan is an organic polymer with excellent
film-forming properties and can be linked to DHBA using the
Schiff base reaction® as a result of imine bond formation
between the amine and aldehyde groups of chitosan (CHIT)
and DHBA, respectively. Hence, CHIT-linked DHBA
chemistry can produce well-dispersed and stable inorganic
metal oxide-based electrode films.*

We also hypothesize that with DHBA-CHIT modification,
ZrO,, MnO,, and MgO metal oxides with an affinity toward
specific water pollutants produce uniformly coated stable
electrode films that enhance the overall electrochemical
performances. To assess the hypothesis, we add metal oxide
powder to DHBA-CHIT solution and drop-cast on an NS-AC-
MWCNT-modified glassy carbon electrode (GCE). The
catechol-modified metal oxides are expected to work synergisti-
cally with the NS-AC-MWCNT nanomaterial to produce
electrocatalytic electrodes with an enhanced surface area and
electrode kinetics.

We employ scanning electron microscopy (SEM) to
investigate morphology changes and Fourier transfer infrared
spectroscopy (FTIR) to characterize the chemical structure
during the steps of metal oxide surface modification.
Electrochemical characterizations, including electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), and
square-wave voltammetry (SWV), are used to systematically
evaluate electrode electrochemical performance. SWV is also
used to optimize the faradic current response for fenitrothion
(FT, an organophosphate) detection. Finally, we investigate
heavy-metal (Pb**) and nutrient (NO,”) detection with
MnO,-DHBA-CHIT/NS-AC-MWCNT and MgO-DHBA-
CHIT/NS-AC-MWCNT composite electrodes. These novel
composites could be integrated into a single sensor to detect
organophosphates, heavy-metal ions, and nutrients in water.
This simple, effective, non-hazardous metal oxide surface
modification method produces a new class of specific and
sensitive sensors based on metal or metal oxides.

2. MATERIALS AND METHODS

2.1. Chemicals and Instruments. Chitosan (degree of
deacetylation of 85%), 3,4-dihydroxybenzaldehyde, acetate buffer
solution (ABS), fenitrothion, lead iodide, sodium nitrite, acetic acid,
zirconium oxide nanopowder, and magnesium oxide nanopowder
were obtained from Sigma-Aldrich, Canada. Manganese dioxide was
purchased from Fisher Scientific. Multiwalled carbon nanotubes were
purchased from Bayer Inc.,, Germany. Lake water was sourced from
Bayfront Park (Hamilton, Ontario). All reagents and deionized water
(DI) were utilized as-received. The stock solution of FT was prepared
in ethanol and refrigerated at 4 °C until use. The stock solution of
Pb** was prepared in dimethylformamide, while DI water was used for
the NO,~ stock solution.

An electrochemical potentiostat (PARSTAT 2273, Princeton
Applied Research) was used for cyclic voltammetry, square-wave
voltammetry, and electrochemical impedance spectroscopy. A three-
electrode setup, including a glassy carbon electrode (working
electrode), platinum electrode (counter electrode), and Ag/AgCl
electrode (reference electrode), was used to establish the electro-
chemical sensor. Material characterization was conducted with a
JEOL 6610LV scanning electron microscope, where a silicon wafer
was used for the substrate on which the synthesized material was
deposited, and Fourier transform infrared spectroscopy (FTIR) was
performed for powdered materials using a Bruker Vertex 70
instrument.

2.1.1. ZrO, MnO, and MgO Surface Modification. Surface
modification of ZrO,, MnO,, and MgO was conducted using aqueous
suspensions. For ZrO, nanoparticles, aqueous suspensions of bare
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Scheme 1. (A) Scheme of Metal Atom Surface Modification with (i) DHBA, (ii) CHIT, and (iii) DHBA-CHIT; (B) Scheme of
Step-by-Step Electrode Fabrication for Electrochemical Detection of the Water Pollutant
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Figure 1. (A) FTIR spectra for (I) as-received CHIT; (II) as-received DHBA; (III) DHBA-modified CHIT; DHBA-CHIT modification of (IV)
ZrO,, (V) MnO,, and (VI) MgO. (B) SEM images of (I) as-received ZrO, and ZrO, modified with (II) CHIT, (III) DHBA, and (IV) DHBA-

CHIT.

710,, ZrO,-CHIT, ZrO, DHBA, and ZrO,-DHBA-CHIT were
prepared. For MnO,, surface modification was accomplished with
aqueous suspensions of bare MnO, and MnO,-DHBA-CHIT. A
similar procedure was employed for MgO surface modification. A
CHIT solution of 3 g L™* concentration was synthesized by dissolving
CHIT using 1% acetic acid in DI water. A DHBA solution of 8 g L™!
was synthesized by adding DHBA to DI water. For the DHBA-CHIT
solution, the CHIT solution was added to the DHBA solution with a
CHIT: DHBA mass ratio of 1:2. Subsequently, surface modification of
ZrO,, MnO,, and MgO was performed by adding these materials to
the aqueous suspensions discussed above.

2.1.2. NS-AC-MWCNT Ink Synthesis. NS-AC-MWCNT is prepared
with KOH activation and carbonization of polypyrrole-coated
multiwalled carbon nanotubes (PPy-MWCNT).”” The PPy-

MWCNT is synthesized by chemical polymerization of pyrrole
using ammonium persulfate as an oxidant and eriochrome cyanine
that acts as a multifunctional dopant for Py and dispersing agent for
carbon nanotubes.**” The detailed synthesis procedure of PPy-
MWCNT and NS-AC-MWCNT inks is discussed in our previous
work."

2.1.3. Sensor Fabrication. Fabrication of the electrochemical
sensor is described in Scheme 1. A bare GCE is polished with 0.05 ym
alumina powder and washed with DI water by ultrasonication. The
NS-AC-MWCNT ink is drop-cast on the cleaned GCE and
subsequently air-dried. Next, the X-DHBA-CHIT (where X denotes
ZrO,, MnO,, or MgO) ink is printed and air-dried to produce a layer-
on-layer X-DHBA-CHIT/NS-AC-MWCNT/GCE electrode. The
fabricated electrodes are electrochemically pretreated by performing
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Figure 2. Fabricated electrode characterization with (A) EIS on GCE, NS-AC-MWCNT/GCE, ZrO,/NS-AC-MWCNT/GCE, and ZrO,-DHBA-
CHIT/NS-AC-MWCNT/GCE electrodes in 0.5 mM Fe(CN)*~/Fe(CN)¢*~ and 0.1 M KCl in 107" to 10° Hz (5§ mV). (B) Peak current vs square
root of scan rate plots for electroactive surface area evaluation of GCE, NS-AC-MWCNT/GCE, ZrO,/NS-AC-MWCNT/GCE, and ZrO,-DHBA-
CHIT/NS-AC-MWCNT/GCE electrodes for scan rates 0.04—0.2 V s™* for 20 uM FT in pH § buffer solution. (C) CV and (D) SWV study of
GCE (FT—deprived), GCE, NS-AC-MWCNT, ZrO,/NS-AC-MWCNT/GCE, ZrO,-CHIT/NS-AC-MWCNT/GCE, ZrO,-DHBA/NS-AC-
MWCNT/GCE, and ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE in 20 uM FT (pH 5, 0.05 V s™! scan rate).

CV from 0.1 to 1.2 V in ABS that has a pH = 5 at 0.1 V s\,
Electrochemical sensing is performed with CV and SWV. The CVs are
conducted in 0.2 M pH = 5 ABS from —0.8 to 0.2 V for FT, —1.0 to
—0.4V for Pb**, and 0—1.1 V vs Ag/AgCl for NO,™ at 0.05 Vs~ scan
rate. Electroactive surface area characterization of the electrodes is
also performed with CV in 0.5 mM Fe(CN)¢>"/Fe(CN)4*"/0.1 M
KCl at scan rates ranging from 0.04 to 0.2 V s™". The fabricated sensor
is optimized for FT detection with SWV. The limit of detection
(LOD) of the ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE sensor
for FT is calculated through the relationship 36/m, where ¢ denotes
the standard deviation of the SWV response for blank samples and m
denotes the slope of the calibration curve for FT-containing samples.
Specificity of the ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE sensor
toward FT is examined using a 20-fold excess concentration of several
frequently found chemical interferents. A recovery study in ABS (0.2
M, pH $) is performed with lake water (filtered with 8 ym pore size
filter paper) and tap water.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. We use Fourier transform
infrared spectroscopy (FTIR) to investigate the modification
of bare ZrO,, MnO,, and MgO surfaces with DHBA-modified
CHIT. DHBA modification with CHIT is studied first,
followed by immobilization of inorganic oxides. As seen in
Figure 1A, as-received CHIT powder exhibits characteristic
absorptions at ~1550, 1062, and 1024 cm™}, indicating the
presence of amide II, primary —OH, and C—O—C groups.*”*!
The 1062 cm™" absorption peak is found shifted to 1077 cm™
in ZrO,-CHIT spectra (Figure S1), revealing potential
interaction between ZrO, and the hydroxyl group of CHIT.
Synthesis of DHBA-modified CHIT is confirmed by the C=N

bond formed between the aldehyde group of DHBA and the
amino group of CHIT via the Schiff base reaction.’”*
Corresponding absorptions of the C=N bond are found in
DHBA-CHIT (~1642 cm™), ZrO, DHBA-CHIT (~1650
cm™"), MnO,-DHBA-CHIT (~1635 cm™"), and MgO-DHBA-
CHIT (~1649 cm™") spectra implying Schiff base formation.
The ZrO,-DHBA-CHIT spectra showed stretching vibrations
at ~748 and 485 cm™! for Zr—0 in ZrO,"*** and a sharp peak
at 450 cm™' for Zr—O—Zr linkage."> Another sharp peak at
~1384 cm™ indicative of the —OH group of DHBA"' does
not appear for ZrO,-DHBA-CHIT but does for DHBA-CHIT
and DHBA, possibly due to bidentate bonding of DHBA to
surface ZrO, nanoparticles (as shown in Scheme S1). This
confirms the surface modification of ZrO, nanoparticles with
DHBA-modified CHIT. Similarly, the ~1384 cm™ peak does
not appear in the MnO,-DHBA-CHIT and MgO-DHBA-
CHIT spectra, confirming the surface modification of both
MnO, and MgO with DHBA-CHIT. Finally, the MnO,-
DHBA-CHIT spectra reveal a broad peak at 460 cm™
attributed to Mn—O vibration*® and MgO-DHBA-CHIT
spectra absorptions at 643 and ~550 cm™ ascribed to Mg—
O vibrations.*’

ZrO, surface modification by CHIT, DHBA, and DHBA-
CHIT is investigated with SEM. Unmodified ZrO, nano-
particles reveal heavy agglomeration (Figure 1B(I)) since they
do not bond strongly to the substrate. CHIT modification of
the nanoparticles promotes this agglomeration (Figure 1B-
B(II)). In contrast, DHBA-modified ZrO, nanoparticles
(Figure 1B(III)) produce more surface coverage and fewer
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agglomerates on a silicon substrate, behavior that is enhanced
by DHBA-CHIT modification of ZrO, nanoparticles (Figure
1B(IV)). Moreover, SEM images of DHBA-CHIT-modified
MnO, and MgO (Figure S2) reveal uniform surface coverage
with even films. The more even and uniform surface coverage
of the substrates is attributed to the strong DHBA-assisted
immobilization of nanoparticles on the surface and the film-
forming properties of CHIT.

Electrochemical impedance spectroscopy (EIS) is employed
to investigate the influence of surface modification of ZrO,
nanoparticles with DHBA-CHIT by comparing the charge
transfer resistance of modified ZrO, against unmodified ZrO,
nanoparticles and different electrode fabricating materials
(Figure 2A). A Randles equivalent circuit is used to model
and fit the impedance data and generate Nyquist plots.* The
charge transfer resistance of the electrode (R,) represents the
ease of electron transfer at the electrode—electrolyte interface.

As expected, Figure 2A shows that modification of GCE with
NS-AC-MWCNT decreases the charge transfer resistance of an
electrode from R, (GCE) = 53.7 Q to R, (NS-AC-MWCNT/
GCE) = 7.7 Q. This is attributed to the superior electrical
conductivity and electroactive surface area of NS-AC-
MWCNT over bare GCE." Deposition of unmodified ZrO,
nanoparticles on NS-AC-MWCNT/GCE increases R, to 14
€, which is likely due to nanoparticle agglomeration on the
electrode surface, which reduces the available electroactive
surface area of the working electrode. Immobilization of the
modified ZrO, nanoparticles with DHBA-CHIT on NS-AC-
MWCNT/GCE shows a significant decrease in R to 8.3 € as
compared to the value for ZrO,/NS-AC-MWCNT/GCE,
indicating considerable enhancement of ZrO, nanoparticle

immobilization through stronger bonding between nano-
particles and the electrode surface. The reduction in
nanoparticle agglomeration enhances the surface area of the
electrode available for electrochemistry. R, for the modified
ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE is higher than
that for NS-AC-MWCNT/GCE, likely due to the lower
electrical conductivity of CHIT.

CV is used to collect the electrochemical response of
different electrodes, and the Randles—Sevcik equation™ is
employed to calculate the electroactive surface area. Graphs of
the anodic peak current (I,) vs square root of the scan rate
(v'/?) are plotted (Figure 2B), and their slopes are used to
determine the surface area.

I, =269 x 10%2%/2ACD"/ %' /?

, where n represents the number of participating electrons, A is
the electroactive surface area of the electrode, and C and D are
the concentration and diffusion coefficient of Fe(CN)¢~/
Fe(CN)4*", respectively. The scan rate is varied from 0.04 to
0.2 V s7%. The surface areas thus determined are 0.028, 0.109,
0.055, and 0.126 cm? for GCE, NS-AS-MWCNT/GCE, ZrO,/
NS-AC-MWCNT/GCE, and ZrO,-DHBA-CHIT/NS-AC-
MWCNT/GCE, respectively. NS-AS-MWCNT modification
of GCE increases the surface area almost 4-fold. Modification
of NS-AC-MWCNT/GCE with unmodified ZrO, nano-
particles reduces the surface area compared with NS-AC-
MWCNT/GCE, indicating formation of nanoparticles agglom-
erates. Conversely, deposition of ZrO, modified with DHBA-
CHIT on NS-AC-MWCNT/GCE provides the highest
electroactive surface area, a 4.5-fold increase relative to GCE.
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Figure 4. (A) Sensor performance of ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE for FT concentrations in 0.01—50 M range (pH $); inset
represents the calibration plot of peak current vs FT concentration. Number of replicates, n = 3. (B, C) Interference study of the ZrO,-DHBA-
CHIT/NS-AC-MWCNT/GCE sensor with 20-fold concentrations of commonly found chemical interferents in consuming water in 20 uM FT

(pH 9).

We suggest that CHIT enhances film formation of the
composite and DHBA supports nanoparticle distribution by
reducing agglomeration, thus enhancing the available surface
area for the working electrode.

Further electrochemical characterization of the fabricated
electrodes is performed with their CV and SWYV responses for
FT detection (Figure 2C,D). The redox-active nitro group of
FT produces an irreversible reduction, quasi-reversible
oxidation, and reduction peaks during forward and reverse
CV scans.'”*” Similar characteristic peaks are observed for FT
detection with all of the working electrodes (Figure 2C,D). CV
and SWV profiles of the electrodes are compared with their
faradic current response. The NS-AC-MWCNT-modified
GCE electrode considerably improves the faradic current
response as compared to GCE due to its superior electro-
catalytic properties. Deposition of unmodified ZrO, nano-
particles as the FT-detecting agent on the NS-AC-MWCNT/
GCE shows a decrease in current in CV and SWYV response.
This result is supported by EIS and electrochemical surface
area studies. However, deposition of CHIT-modified ZrO, on
NS-AC-MWCNT/GCE reveals an increase in the current
response compared to that on NS-AC-MWCNT/GCE. This
occurs due to interaction between CHIT and ZrO,, as
observed through the FTIR study, thereby facilitating the
charge transfer between FT and the electrode. An even better
current response is noted with DHBA-modified ZrO,/NS-AC-
MWCNT/GCE, mainly due to the addition of the redox
activity of DHBA®"”” in the composite and improved

nanoparticle dispersion. DHBA-CHIT-linked ZrO, on NS-
AC-MWCNT/GCE has the highest faradic current response
among all electrodes due to the synergetic effect of well-
dispersed ZrO, nanoparticles and NS-AC-MWCNT. Thus, for
this case, synergetic enhancement of electrochemical surface
area, the electrical conductivity of the electrode, and the strong
affinity for the phosphoric group (of FT) considerably improve
the current response for FT detection.

3.2. Sensor Optimization. The optimal concentration of
ZrO, for the DHBA-modified CHIT is evaluated through the
electrode SWV response for FT detection. The concentration
of Zr0, is varied from 0.5x to Sx (with x = 33.3 g L™"), with
concentrations of DHBA and CHIT held constant. The
current response increases with increasing ZrO, concentration
up to 2x (Figure 3A) because of the greater availability of
nanoparticles in the DHBA-CHIT matrix. Further increase in
ZrO, concentration results in a decrement in current response
since enough DHBA-CHIT ligands are no longer available to
link ZrO, nanoparticles. This encourages nanoparticle
agglomeration and reduces the electrocatalytic properties of
the electrode. Thus, 2x is an optimal concentration for ZrO, in
DHBA-modified CHIT. Next, the optimal ZrO,-DHBA-CHIT
ink deposition on NS-AC-MWCNT/GCE is evaluated. As
seen in Figure 3B, the current response increases from 1 to 4
4L but does not increase thereafter with further increase in ink
deposition after the electrode surface coverage has been
maximized. Hence, 4 uL is chosen as the optimal deposition
volume for the ZrO,-DHBA-CHIT ink.
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Table 1. Comparison of Modified Electrodes for Electrochemical Detection of FT

electrode mechanism
ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE nonenzymatic
1T-WS,/GA/AChE-BSA/GCE enzymatic
Tyr/poly(2-hydroxybenzamide)/GE enzymatic

NS-AC-MWCNT/GCE nonenzymatic
Zr0,/rGO/MoS,-Au/GCE nonenzymatic
AuNPs@GNIP-GR-IL/GCE nonenzymatic
MWCNT/GCE nonenzymatic

technique linear range (M) LOD (nM) refs
Swv 0.010—-50.0 1.69 this work
chronoamperometry 0.001-1.0 2.86 23
amperometry 0.018-3.60 4.7 53
Swv 0.050—40.0 491 19
Swv 0.018-21.6 7.94 24
DPV“ 0.010-5.0 8.0 54
SWvV 0.20—60.0 80.0 SS

“AChE, acetylcholinesterase; Tyr, tyrosinase; DPV, differential pulse voltammetry.

The pH of the acetate buffer solution is similarly varied from
3 to 6 to assess electrode performance for FT detection. The
current response increases with pH increases from 3 to §,
followed by a decrease with further increases in pH (Figure
3C). This is attributed to the increased proton concentration
due to reduction of the FT NO group. The proton
concentration decreases with increasing pH, which limits NO
reduction and thus current response. Therefore, pH = § is
selected for the acetate buffer solution as being optimal. Next,
we consider the adsorption-controlled FT detection facilitated
by the affinity of ZrO, for the phosphoric group and effects of
accumulation potential (a,) and time (a,) on current response.
We vary a, from —0.8 to —0.5 V (vs Ag/AgCl) for a, = 25 s
with magnetic stirring. The peak current increases with
decreasing a, until —0.6 V (Figure S3A), but a further
decrease in a, now decreases the peak current. Subsequently,
we hold a, = —0.6 V and vary a, between 25 and 150 s. The
highest current response occurs at 100 s and saturates with
further increases in a, (Figure S3B). Consequently, ap of —0.6
V potential for 100 s is selected as optimal for SWV detection
of FT.

Sensor optimization is also performed by examining the
SWV parameters, such as frequency, step potential, and
amplitude, which are varied to obtain the optimal peak current
shape and highest current response for FT detection. The
frequency is analyzed by varying it from S to 25 Hz with
constant step potential and amplitude of 5 and 50 mV,
respectively. The peak current increases to 10 Hz, followed by
a decrease (Figure S4A) based on which a 10 Hz frequency is
selected. Next, the step potential is varied from 3 to 20 mV at
10 Hz (Figure S4B), where 10 mV is selected as optimal
considering the peak shape and current response. Finally, the
amplitude is examined by varying it between 40 and 180 mV.
As shown in Figure S4C, the highest current response occurs at
140 mV, which is selected as optimal at a 10 Hz frequency and
10 mV step potential for SWV detection of FT.

3.3. Sensor Performance. An analytical determination of
sensitivity is performed for the ZrO,-DHBA-CHIT/NS-AC-
MWCNT/GCE sensor for different FT concentrations under
the optimized conditions. The current response for different
concentrations ranging from 50 to 0.01 uM is used to plot the
calibration curve (Figure 4A), which provides the linear
relation I, (uA) = 7.91C (uM) + 26.38 with R* = 0.99. The
limit of detection is 1.69 nM, which is calculated from the
relation 36/m, where ¢ denotes the standard deviation of the
SWYV response for blank samples and m denotes the slope of
the calibration curve with three replicates per FT concen-
tration.

The sensor performance exceeds that for enzymatic-based
sensors (Table 1) for FT detection. This is because ZrO,
nanoparticles are better dispersed through DHBA-CHIT

chemistry, increasing the electrode electroactive surface area
and enhancing FT capture. The improved redox activity from
DHBA in the composite increases charge transfer through the
modified electrode. In addition, NS-AC-MWCNT as the
supporting electrode improves electrocatalysis due to its higher
electrical conductance and surface area.” Thus, the synergistic
effect of ZrO, nanoparticles and NS-AC-MWCNT enhances
the overall signal response during FT detection.

The specificity of a sensor is a critical characteristic since it
must be agnostic to chemical interfering agents contained in
environmental samples. Since ZrO, has affinity toward
phosphate,” we attribute the specificity of the ZrO,-DHBA-
CHIT/NS-AC-MWCNT/GCE electrode toward FT to
covalent bonding between Zr and the phosphate group of
FT, as illustrated in Scheme S2. We spike drinking water with
interferent agents in 20-fold excess concentrations (320 M)
relative to FT (16 uM). All interferents, apart from phosphate,
chlorpyrifos, and dichlorvos, have a negligible influence on FT
detection (Figure 4B,C) by the ZrO,-DHBA-CHIT/NS-AC-
MWCNT/GCE sensor due to the behavior of ZrO, as a
detecting agent for the analyte, i.e., FT. The minor influence of
phosphate occurs because of the ZrO, affinity toward
phosphate. The relative lack of response to the chlorpyrifos
and dichlorvos interferents for this sensor is better than that for
the one fabricated with NS-AC-MWCNT/GCE'" due to the
ZrO,-DHBA-CHIT coating on NS-AC-MWCNT/GCE, which
reduces 7—x interactions of the sensor with chlorpyrifos.
Therefore, incorporating ZrO, as the detecting agent in the
NS-AC-MWCNT/GCE composite improves selectivity toward
FT.

Sensor utilization in lake and tap water, its stability at room
temperature and 4 °C, and repeatability are also examined. Tap
water and filtered lake water are spiked with 16, 8, and 4 uM
FT concentrations determined with the generated calibration
curve. Table 2 shows that the sensor recovers spiked FT
concentrations in the range 91.9—97.5% with RSD 4.6—5.5%
in lake water and 93.8—98.8% with RSD 3.8—5.5% in tap
water. The recovery performance in lake water is slightly lower

Table 2. FT Recovery in Lake and Tap Water for 16, 8, and
4 puM Concentrations (pH 5) with Three Replicates Per
Concentration

spiked FT (uM) found FT (uM)

water sample recovery (%)

lake water 16 15.61 + 0.84 97.5 + 54
8 7.74 + 0.36 96.7 + 4.6

4 3.67 £ 0.2 919 £ 5.5

tap water 16 15.79 + 0.59 98.6 + 3.7
8 7.9 + 0.38 98.8 + 4.8

375 £ 02 93.8 £ 5.5
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Figure 5. (A, B) CV and SWV detection of 20 uM Pb** at GCE (absence of Pb**), GCE, NS-AC-MWCNT/GCE, MnO,/NS-AC-MWCNT/
GCE, and MnO,-DHBA-CHIT/NS-AC-MWCNT/GCE in ABS (pH S). (C, D) CV and SWV response for 20 uM NO,~ at GCE (absence of
NO,”), GCE, NS-AC-MWCNT/GCE, MgO/NS-AC-MWCNT/GCE, and MgO-DHBA-CHIT/NS-AC-MWCNT/CGE in ABS (pH S). The

scan rate of CV is 0.05 V s7L

due to the passivation of the electrode surface with more waste,
or contamination, in lake water. The antifouling ability of the
fabricated sensor tested in the lake water is markedly superior
compared to the NS-AC-MWCNT/GCE sensor. The LOD
measurements are performed for both the sensors with several
FT concentrations, ranging from 20 to 2 uM in lake water
(Figure SS). For the ZrO,-DHBA-CHIT/NS-AC-MWCNT/
GCE sensor, LOD = 11.3 nM compared to 19.8 nM for NS-
AC-MWCNT/GCE. The improvement in the antifouling
ability of the ZrO,-DHBA-CHIT/NS-AC-MWCNT/GCE
sensor is attributed to the enhancement in target species
capture with ZrO,. A uniform DHBA-CHIT-assisted coating
blocks interferent access to the surface of the conductive
electrode. The sensor is stable at both room temperature and
under refrigeration for at least 4 weeks. Storage of the sensor at
room temperature and 4 °C for 4 weeks has virtually no
influence on FT detection (for the 16 uM sample), where the
sensor recovers 94.3 and 96.6% current responses as compared
to the initial response, respectively (Figure S6). The RSD for
all FT concentrations is lower than 4.9%, demonstrating
excellent repeatability.

Other water pollutants can also be detected using the same
DHBA-CHIT method for immobilized inorganic oxides with
affinity toward the analyte. We modified the MnO, surface
with DHBA-CHIT and deposited it on NS-AC-MWCNT/
GCE to detect Pb*" ions in an aqueous solution. MnO, has
affinity toward Pb%* jons due to electrostatic interactions,™
leading to involvement of potential electrostatic interactions
between negatively charged MnO, and Pb** ions. We suggest
that these interactions impart the specificity and enhance

charge transfer capabilities of the MnO,-DHBA-CHIT/NS-
AC-MWCNT/GCE electrode. CV and SWV were employed
to analyze electrode electrochemical performances to detect 20
UM Pb*" in pH S ABS. The CV reveals anodic and cathodic
peaks at ~—0.53 and ~—0.72 V vs Ag/AgCl, respectively, in
the —1 to —0.4 V potential range vs Ag/AgCl (Figure 5A).%°
The SWV reveals a characteristic peak at ~—0.62 V vs Ag/
AgCl (Figure SB). Both CV and SWV studies indicate faradic
current responses in increasing order as follows for the
electrodes: GCE < MnO,/NS-AC-MWCNT/GCE < NS-AC-
MWCNT/GCE < MnO,-DHBA-CHIT/NS-AC-MWCNT/
GCE. The highest current response to detect Pb*" is for
MnO,-DHBA-CHIT/NS-AC-MWCNT/GCE. The detecting
agent MnO, enhances the surface area of the electrode and
significantly enhances Pb** adsorption on the electrode,
providing an example of the application of DHBA-CHIT to
fabricate a MnO,-surface-modified NS-AC-MWCNT/GCE
sensor that detects heavy-metal ions.

Since MgO nanoparticles have affinity toward nitrite
(NO,™) ions due to electron transfer and acid—base-like
interactions,”® we suggest that these interactions facilitate the
specific and sensitive electrochemical responses of the MgO-
DHBA-CHIT/NS-AC-MWCNT/GCE electrochemical sensor
for NO,~ detection. CV and SWV are performed for this
sensor with 20 4uM NO,™ in pH 5 ABS in the potential range
from 0 to 1.1 V vs Ag/AgCl. As shown in Figure SC,D, the CV
reveals an oxidation peak at ~0.75 V (vs Ag/AgCl), and the
SWV has a characteristic oxidation peak at ~0.65 V (vs Ag/
AgCl) for all electrodes except GCE.”” The broad oxidation
peak for NO,™ with GCE at a higher potential occurs due to
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slower reaction kinetics and limited analyte diffusion across the
bare electrode. The MgO-DHBA-CHIT/NS-AC-MWCNT/
GCE electrode shows the highest current response toward
NO,™ ions. As discussed, incorporation of the inorganic oxide
into the NS-AC-MWCNT/GCE composite with the DHBA-
CHIT method enhances the available surface area, analyte
capture, and charge transfer of the electrode. For optimal
performance from MgO-DHBA-CHIT/NS-AC-MWCNT/
GCE and MnO,-DHBA-CHIT/NS-AC-MWCNT/GCE, each
sensor’s parameter must be optimized. Besides, the preliminary
results of the methodology indicate that this platform can be
used to modify other metal oxides or metals for fabricating
highly sensitive sensors.

4. CONCLUSIONS

Uniformly coated, stable, and highly electrocatalytic electrodes
are fabricated as ultrasensitive nonenzymatic electrochemical
sensors for specific detection of water pollutants. A detecting
agent with high affinity for the analyte is incorporated into the
electrode modifying ink using the catechol molecule 3,4-
dihydroxybenzaldehyde (DHBA) and polymer chitosan
(CHIT). A simple and effective method immobilizes metal
oxides through strong adsorption by DHBA and film formation
with CHIT. The detecting agents ZrO,, MnO,, and MgO have
specific affinities to fenitrothion (FT, an organophosphate),
lead (Pb**, a heavy-metal ion), and nitrite (NO,”, a nutrient),
respectively. Surface modification with these metal oxides
enhances electronic and film-forming properties of electrodes
that increase the total surface area. We drop-cast X-DHBA-
CHIT (X: ZrO,, MnO,, or MgO) ink on the glassy carbon
electrode (GCE) modified with nitrogen—sulfur codoped
activated carbon-coated carbon nanotubes (NS-AC-
MWCNT). The X-DHBA-CHIT and NS-AC-MWCNT work
synergistically to enhance the electrocatalytic properties of the
electrode. As a result, the ZrO,-DHBA-CHIT/NS-AC-
MWCNT/GCE sensor produces an excellent current response
for FT detection. With a 1.69 nM detection limit, the sensor
reliably detects FT in lake and tap water due to its excellent
antifouling properties. The sensor is stable for 4 weeks at room
temperature and when stored at 4 °C and experiences
negligible influence from chemical interferents. The current
responses of MnO,-DHBA-CHIT/NS-AC-MWCNT/GCE
and MgO-DHBA-CHIT/NS-AC-MWCNT/GCE electrodes
have excellent detection capabilities for Pb** and NO,”,
respectively. For the optimal performance from MnO,- and
MgO-modified electrodes, each electrochemical parameter
must be optimized.
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