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An Electrochemically Synthesized Nanoporous Copper
Microsensor for Highly Sensitive and Selective

Determination of Glyphosate

Matias Regiart,” Abhishek Kumar,*® ¥ Josué M. Goncalves,” Gilberto J. Silva Junior,”
Jorge César Masini,” Lucio Angnes,” and Mauro Bertotti*®

A nanoporous copper (NPC) film was electrodeposited on a
copper microelectrode, and the generated platform was
investigated for electrochemical sensing of glyphosate (Glyp).
The as-deposited NPC film was highly pure and crystalline
according to results of energy dispersive spectroscopy and X-
ray diffraction experiments, respectively. Scanning electron
microscopy images confirm the NPC films possess a highly
porous morphology containing dendrite fractals, and the
electrodeposition parameters, particularly potential (E;) and
time (ty), exert a remarkable influence on the structure of the
films. Such changes in the NPC morphology with E, and t, were
also correlated with the electrochemical behavior investigated
by cyclic voltammetry. In the presence of Glyp, the anodic

1. Introduction

N-(phosphonomethyl)glycine, also known as glyphosate (Glyp),
is currently the most widely used herbicide in controlling weeds
in agricultural activities. Glyphosate is a non-selective, post-
emergent, and systemic herbicide that is absorbed by the
foliage of plants and translocated throughout within it. Its
phytotoxic activity is based on the inhibition of a specific plant
enzyme (enolpyruvyl shikimate-3-phosphate synthase) during
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oxidation is facilitated because copper ions diffuse easily
through the pores of the NPC film and form a complex with the
analyte at the electrode interface. On the other hand, as the
amount of copper oxides decreases due to the formation of
soluble Cu(ll) complex with Glyp, less current is obtained during
the reverse scan, allowing a relationship between the decrease
in the cathodic current and the Glyp concentration to be
established. The optimized NPC-modified Cu microelectrode
showed very high sensitivity (14 nAnmol™" L), low detection
limit (4 nmolL™"), excellent reproducibility, and selective re-
sponse for Glyp. The applicability of the sensor was demon-
strated by detecting Glyp in river water samples.

the flavonoids synthesis, which is fundamental to the formation
of crucial aromatic amino acids necessary for the growth of
plants. However, the indiscriminate and large scale use of
Glyp has resulted in its accumulation in the soil, which
adversely affects soil microbial communities and nutrients.? It
can also enter into the biological food chain, affecting the lives
of humans and animals.®* Moreover, because of the highly
polar nature of the molecule, it is highly soluble in water and
can contaminate water resources and thus poses a grave
concern to the aquatic life! A recent report of the World
Health Organization has classified this herbicide as potentially
carcinogenic to humans if exposed for a long term,® and this is
also supported by several case studies.”® Based on the health
hazards and environmental risks, environmental protection and
health care agencies have set the maximum acceptable level of
the compound in drinking water as 0.70 mg L™ in the USA®
and only 0.1 ug L™ in the EU." Therefore, it is essential to
continuously monitor Glyp levels in different water resources in
order to implement those guidelines strictly and to mitigate
health risks.

Different analytical methods previously employed to deter-
mine Glyp were comprehensively reviewed in the literature,"'™®
and most of them are based on chromatographic
techniques.*'” These techniques are highly sensitive and can
detect Glyp well below the defined guidelines in the targeted
samples. However, such methods are extensively complex
because liquid chromatography coupled with UV or fluorimetric
detectors requires a chromophore. Hence, the Glyp molecule
must be derivatized, and this often involves lengthy chemical
procedures. Besides chromatographic methods, analytical ap-
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proaches based on fluorescence™® and electrophoresis"® have
also been employed for sensitive and selective detection of
Glyp in river water and soil samples. Nevertheless, these
methods are highly expensive, require lengthy analysis time,
and depend on bulky instrumentation; thus, they are unsuitable
for field monitoring.

Electrochemical sensors are a suitable alternative possessing
the advantages of high sensitivity, selectivity, real-time monitor-
ing, low cost, and miniaturization. However, as Glyp is not an
electrochemically active compound within the accessible
potential range, approaches based on indirect electrochemical
sensing have been developed using different electrodes such as
gold, platinum, nickel, copper, and cobalt.”** In these previous
studies, non-noble metal electrodes, especially copper, were a
preferred choice because noble metals electrodes suffer from
surface fouling from strong irreversible adsorption of Glyp
amino and carboxylic moieties. Copper-based organometallic
compounds like copper phthalocyanine composited with car-
bon nanotubes were also used for direct voltammetric determi-
nation of Glyp,*” and the developed sensor showed very high
sensitivity and detection limit in the nmolL™" range, which is
below the mandated guidelines. In recent years, different types
of nanomaterials like layered double hydroxides™ electro-
generated copper nanoparticles,”® copper-based metal-organic
framework,””’ and copper nanowires®® have been used to
detect Glyp, and they have exhibited very high sensitivity and
selectivity towards such analyte. Besides nanomaterials based
on copper, cross-linked imprinted polymer modified carbon®”
and anti-glyphosate antibody-modified magnetic beads based
screen-printed electrodes®” have been also used in the
development of highly sensitive and selective electroanalytical
platforms for Glyp determination. However, such electrochem-
ical detection methods involve a complex and long electrode
processing step, either to synthesize polymers or to immobilize
enzymes.

Copper electrodes have been used to detect Glyp because
when polarized at potentials close to 0.0V, a film of hydrated
copper oxides is generated on the surface, and the solubility of
such film increases when compounds that form stable com-
plexes with Cu(ll) are present in the solution. Hence, in solutions
containing Glyp, the amount of copper oxides decreases, and
less current is obtained during the reverse scan towards more
negative potentials. Then, a relationship between the reduction
in the cathodic current and the concentration of Glyp in the
solution can be established.”®?? Taking into account the
complexation tendency of copper cations with Glyp, the use of
nanoporous copper (NPC) with very high surface area can be an
ideal sensing material for the development of an ultra-high
sensitivity method for this pesticide detection.

Such nanoporous materials have drawn tremendous atten-
tion in recent years in the field of electrochemical sensors, and
they are characterized by a bicontinuous network of intercon-
nected nanometric copper struts and multiple sized pores,
forming a 3-dimensional architecture like a metallic foam. NPC
materials have been mainly synthesized by electrochemical
methods such as dealloying of a copper-containing alloy®'*?
and template-assisted electrodeposition from a copper precur-
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sor solution.®**" The main advantage of such electrosynthesis
approaches is a fine-tuning of the nanoporous features like
struts and pores by modulating the electrodeposition exper-
imental parameters to produce a porous film desired for a
particular application. NPC materials were widely investigated
in the field of electrochemical sensors to detect glucose,®
nitrate,®® nitrite,®” oxygen,®® among others. Interestingly, NPC
materials have not been appropriately investigated to develop
a sensor for Glyp, and minimal information is available in the
previous literature.

Accordingly, herein we present a facile synthesis of an NPC
modified copper microelectrode by Dynamic Hydrogen Bubble
Template (DHBT) method® and the application of such a
platform for voltammetric determination of Glyp in water
samples. Our strategy is based on optimizing the electro-
deposition parameters, particularly deposition potential (Ey) and
deposition time (ty), in the electrosynthesis of NPC to achieve a
highly porous film (with large surface area) for the optimum
sensing of Glyp. The chemical purity and crystalline structure of
the obtained NPC films were ascertained by Energy Dispersive
X-ray Spectroscopy (EDS) and X-Ray Diffraction (XRD), respec-
tively. The morphology of different NPC films was characterized
by Scanning Electron Microscopy (SEM). The available informa-
tion on the film property and structure was correlated with the
applied electrodeposition parameters and further with the NPC
electrode electrochemical response in the presence of Glyp. The
electrochemical behavior of the optimized NPC modified
copper microelectrode was extensively characterized by cyclic
voltammetry (CV) to assess different electroanalytical parame-
ters for Glyp determination. Finally, any possible interference
from other species that usually coexist with Glyp in real samples
and the applicability of the sensor in detecting Glyp in river
water samples were also evaluated.

Experimental Section

Reagents and Solutions

All the reagents employed were of analytical grade, and they were
used without further purification. Glyphosate, simazine, propazine,
atrazine, aminomethylphosphonic acid (AMPA), and copper sulfate
pentahydrate (CuSO,-5H,0) were purchased from Sigma Aldrich
(St. Louis, USA). Phosphate Buffer Saline (PBS) tablets were obtained
from Merck (Darmstadt, Germany) and were adequately dissolved
in 200 mL of water to prepare 0.1 molL™' PBS buffer of pH 7.0. Milli-
Q ultrapure water (resistivity~18 MQcm) was used to prepare all
aqueous solutions.

Electrochemical Setup

All electrochemical measurements were performed on an Autolab
PGSTAT128N potentiostat interfaced with NOVA 1.11 software. The
experiments were carried out in a conventional three-electrode cell
using a copper disc microelectrode as the working electrode and a
Ag/AgCl (saturated KCl) and a platinum wire as reference and
counter electrodes respectively. The copper disc microelectrode
was fabricated by sealing a copper microfiber (Puratronic® - Alfa
Aesar) with a nominal radius of 12.5 um directly to a Pasteur pipette
using Araldite epoxy resin, according to a standard procedure
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previously described.”® The microelectrode was further polished
with sandpaper and alumina slurry (0.05 pm), followed by soni-
cation for 3 minutes in distilled water.

Electrodeposition of NPC

All NPC electrodepositions were carried out through the potentio-
static DHBT method by applying a fixed potential for a given time
in a 0.5 molL™" H,SO, stirred solution containing 5 mmolL™' CuSO,,
at open atmosphere and room temperature. Two sets of NPC films
were electrodeposited: a) at applied potentials of —1V, =2V, -3V,
and —4V for a fixed time of 150 s and (b) at applied potential of
—3V for different times: 255, 50s, 100 s, 150 s, and 200 s. Electro-
deposited NPC films were subsequently washed with water and
dried at room temperature. The stirring rate was maintained
constant to obtain reproducible results at each experimental
condition, and the working electrode was always placed at the
same distance from the rotating magnetic bead during the electro-
deposition step.

Structural and Morphological Characterization

NPC surface morphology was investigated using a JEOL JSM-FEG
7401F SEM equipment at an accelerating voltage of 2kV at
different magnifications. In-plane and cross-section SEM images
were recorded, which were further analyzed with ImageJ software.
EDS spectra of the NPC films were also recorded at the same
equipment to get information about the elemental composition.

NPC crystalline structure was evaluated by XRD performed in a
tabletop Bruker D2 Phaser X-ray diffractometer equipped with a Cu
Ko source (A=1.5418 A) in the 20 window of 40 to 80°, using a
scan step of 0.05°.

Electrochemical Experiments

NPC modified Cu microelectrodes were characterized by CV
recorded in 0.1 molL™" PBS buffer (pH 7.0) in a potential range from
—0.5V to 0.5 V at 25 or 50 mVs™" scan rate. CVs were also recorded
in the presence of Glyp varying the concentrations in the range
from 30 nmolL™' to 20 umolL". Interference studies were carried
out by recording CVs in a 45 nmolL™' Glyp solution in the presence
of simazine, propazine, atrazine, AMPA, Na®, K™, Ni**, Ca’" and
Mg®* at 10-fold higher concentration than that of the target
analyte.

For the determination of Glyp in river water, the sample was taken
in a pre-cleaned amber glass bottle (1000 mL), which was filled
completely such that there was no air space in the bottle. The
sample was then immediately placed in a cooler filled with ice and
transferred to the laboratory for refrigerated storage at 4°C until
analysis, which was done within one week after collection in all
instances. The sample was filtered through a 0.45 pm pore size
Millipore mixed cellulose ester membrane filters, and the pH was
adjusted to 7.0. The sample was then further diluted with PBS
buffer. Finally, any possible presence of Glyp was assessed by
standard addition method, in which the test sample was spiked
with a standard Glyp solution.

ChemElectroChem 2020, 7, 1558-1566  www.chemelectrochem.org

1560

2. Results and Discussion
2.1. Structure, Chemical Purity and Morphology of NPC

Since the electrodeposition of NPC was performed using a
CuSO, precursor solution, sulfate remains a potential contami-
nant as it is prone to get adsorbed or trapped in the growing
NPC film."*" Therefore, to ascertain the chemical purity of the
deposited NPC films, EDS spectra were recorded. Figure 1a
shows the obtained spectrum, which exhibits a characteristic
intense L, band at 0.93 keV and a weaker K, band at 8.04 keV
associated with x-ray emissions from L and K shells of copper,
respectively, thus confirming the growth of a pure copper film
during the electrodeposition step. Moreover, any possible
contamination from sulfate was also ruled out.

NPC crystallites microstructure and their orientations were
assessed by XRD performed on the as-prepared NPC films at
room temperature. Background corrected diffraction pattern of
NPC electrodeposited at E;j=—3V for 150s is shown in
Figure 1b, where three sharp diffraction peaks can be noticed at
43.4°, 50.5°, and 74.2° corresponding to (111), (200), and (220)
facets, respectively, of an fcc lattice of copper [JCPDS 04-
083617 Hence, the preparation of NPC produced highly pure
and polycrystalline copper films.

The surface morphology of the as-deposited NPC films on
the copper microelectrode was examined by SEM imaging in
which emphasis was given to understand the changes in the
NPC morphology induced by varying the electrodeposition
parameters (E4 and ty). Figure 2 shows the SEM micrographs of
NPCs electrodeposited in a range of E; from —1V to —4V and
for two different ty values (50 s and 150 s). The image of the
bare copper substrate is given in Figure 2i, and the surface
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Figure 1. EDS spectrum (a) and XRD pattern (b) of NPC deposited at
E;=-3Vand t;=150 s on a copper microelectrode.
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Figure 2. SEM images of NPC electrodeposited at —1 V for 50 s (a), —2 V for
50s (b), =3V for 50 s (c), —4 V for 50 s (d), —1 V for 150 s (e), —2 V for 150 s
(f), =3 Vfor 150 s (g), —4 V for 150 s (h) and uncoated substrate (i).

appears to be highly smooth. The morphology of NPCs is
characterized by micrometers long and highly branched copper
fractals whose dimension, porosity, and size change as a
function of E; and t,. At less negative potential value (E4=
—1V), the fractals correspond to under-grown but very long
dendrites, and this may be a consequence of the limited
number of nucleation centers available on the copper substrate.
This is in agreement with a growth mechanism following a
combination of ballistic™® and diffusion-limited aggregation™”
models, as also reported previously in our work on nanoporous
gold films"’ As E, becomes more negative, the dendrites
growth is more uniform, and their size becomes smaller and
increasingly 2-dimensional, evidenced by a 2-D and homoge-
neously grown smaller dendrite at E;=—4 V. Such transforma-
tions are attributed to the activation of nucleation centers on
the copper substrate at more negative potentials, which were
dormant at less negative E,.

The influence of increasing tq is also clearly evident on the
NPC morphology as dendrites get smaller and highly branched,
extending into 3-dimension, and the surface becomes more
porous. Such changes can be mainly attributed to two factors: i.
each depositing copper crystallite behaves like a new nuclea-
tion center for the incoming copper atoms, resulting in a
considerable enhancement in the number of nucleation centers
and ii. the diffusion regime changes from planer to spherical as
the surface becomes rougher.®® The shortening of the
dendrites size and the enhancement in the branching have a
profound implication on both surface area and porosity of the
NPC films, which can contribute to improving the electro-
chemical sensing performance.
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The high surface area and porosity of the NPC films were
further illustrated by a cross-section SEM image, as shown in
Figure 3. Highly branched and porous clusters of dendrites
extending up to 30 um in height can be noticed. A microporous
honeycomb morphology with micropores in a range of 5-
15 um can be observed at a less magnified SEM image
(Figure S1). In fact, such honeycomb morphology is a typical
feature of DHBT electrodeposited films.*”

2.2. Electrochemistry of the NPC Cu Microelectrode

2.2.1. The Influence of Glyp on the Electrochemical Behavior of
the NPC Cu Microelectrode

Although Glyp is electrochemically inactive, this compound
influences the electrochemical behavior of NPC materials
through a chemical reaction with Cu(ll) ions. Accordingly,
changes in the NPC electrochemistry can be used as a strategy
for indirect electrochemical sensing of Glyp. CVs of an NPC
modified Cu microelectrode in a potential range from —0.5V to
0.5V in 0.1 molL™" PBS in the absence and presence of
60 nmolL™" Glyp are shown in Figure 4. A broad anodic peak at
0.02 V, associated with the oxidation of copper into Cu?, and a

Figure 3. Cross-section view of the electrodeposited NPC film on a copper
substrate (E;=—3V, t;=1505).
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Figure 4. Voltammograms recorded with an NPC-modified Cu microelec-

trode (E;=—3 V and t;=150s) in 0.1 molL™" PBS (in black) and 0.1 molL™
PBS+60 nmol L' Glyp (in red) at a scan rate of 25 mVs™".
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sharp cathodic peak at —0.20 V, corresponding to the regener-
ation of copper from copper oxides and Cu** formed in the
forward scan, are clearly seen.

The high permeability of the oxide layer formed in
phosphate buffer makes possible the complexation of Cu(ll)
ions present in the porous outer layer with Glyp. Hence, an
enhancement in the copper oxidation current is noticed in the
presence of Glyp, promoting the electrochemical dissolution of
copper.®* |n fact, the Glyp molecule contains amino, carbox-
ylic, and phosphonate moieties, which can form a stable chelate
with Cu**. On the other hand, a decrease in the cathodic
current is observed as a consequence of the loss of copper
oxides during the forward scan in the presence of Glyp. Taking
into account that Cu(ll) ions formed during the Cu anodic
oxidation diffuse through the oxide layers and interact with
Glyp, the film porosity may influence the rate of the electrode
process.

A comparative study was performed with a bare Cu micro-
electrode to confirm the advantages of modifying the electrode
surface. Accordingly, Figure 5 shows CVs recorded in 0.1 molL™"
PBS in the absence and presence of 3 umolL™' Glyp. As
expected, a reduction in the cathodic current is observed upon
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= = (=1
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Figure 5. Voltammograms recorded with a bare Cu microelectrode in
0.1 molL™" PBS in the absence (black) and presence (red) of 3 umolL™" Glyp.
Scan rate: 25 mVs™.
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the addition of Glyp, but this is only noticed when the analyte
concentration is in the pmolL™" range. Hence, an NPC material
with a high surface area would be advantageous for the
enhancement of the sensor response, justifying studies regard-
ing the optimization of the electrodeposition parameters E, and
ty

2.2.2. Optimization of E, and t,

CVs of NPC Cu microelectrodes prepared at different E4 and for
varying ty were recorded to obtain the NPC film most suitable
for the development of a Glyp sensor. Figure 6a shows the
results of such a comparative study carried out in 0.1 molL™
PBS in a potential range of —0.5V to 0.5 V. The influence of E
on the anodic and cathodic processes associated with corrosion
and regeneration of copper at the electrode/electrolyte inter-
face is evident. Notably, the oxidation current resulting from
copper ion formation increases at more negative values,
especially at E;=—4V, a condition that provides a larger pool
of reactant for Glyp complexation. Such an enhancement in the
copper corrosion current can be correlated with the increase in
surface area and porosity of NPC as E; becomes more negative,
which is also evident from the SEM image shown in Figure 2h.
However, because the voltammetric response regarding NPC
modified Cu microelectrodes prepared at E;=—4V was not
reproducible, subsequent experiments were performed with Cu
microelectrodes modified at E;=—3 V. It must also be high-
lighted that copper anodic oxidation current increases more
than 300-fold for the NPC prepared at E;=—3V for 150 s in
comparison to that for the bare Cu microelectrode (CV in the
inset of Figure 6a).

The NPC films electrodeposited at —3 V were also optimized
for different ty (in a range of 25 to 200s) under similar
electrochemical experimental conditions, and a comparison of
voltammograms is shown in Figure 6b. The increase in
oxidation and reduction peaks with increasing t, is noticeable,
and this is a consequence of the shortening of the copper
dendrites as visualized in the SEM images, thereby enhancing

(b) : : : :
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41——3V_150s /

Current (nA)
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Potential vs Ag/AgCl (V)

Figure 6. Voltammograms of NPC Cu microelectrodes recorded in a 0.1 molL™' PBS+60 nmolL™' Glyp solution: Eg=—1V, =2V, =3V and —4 V for 150 s (a)
and E;=—3Vfor25s,505s,100s, 150 s and 200 s (b). The CV of the bare Cu microelectrode is shown in the inset of (a). (scan rate: 50 mVs™").
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the porosity and the surface area of NPC. Higher copper
corrosion current ensures a massive reservoir of cuprous ions to
be available for complexation with Glyp. However, saturation in
oxidation current was noticed after deposition for 150 s. There-
fore, an NPC film prepared at —3 V for 150 s is the best choice
for preparing a sensitive platform for Glyp detection.

2.2.3. pH Optimization

pH optimization is an important study for the Glyp sensor
development taking into account the compound has four
different pK, values, which correspond to protonation of amino
(pK, 10.6), phosphonate (pK, 2 and 5.6), and carboxylate (pK,
2.6) functionalities.”® Accordingly, the electrochemical behavior
of the NPC modified Cu microelectrode at different pH values
was investigated by CV in a potential window from —0.5 to
0.5V at a 25 mVs™' scan rate in PBS containing 65 nmolL™'
Glyp. CVs recorded in PBS of different pH values are depicted in
Figure 7a, and a strong dependence of the anodic and cathodic
peaks on pH is noticed. The reduction peak is sharper for CVs
recorded at pH close to neutral medium (pH=6.0, 7.0 and 8.0),
which is a characteristic of faster electron transfer process
associated with copper regeneration, while relatively broader
peaks appear in acidic and basic conditions owing to a slower
redox process involving the reduction of the copper oxide layer.
The dependence of the reduction current and peak potential
values on pH is shown in Figure 7b and it is clear from this plot
that PBS at pH 7.0 is the best electrolytic medium to get the
highest reduction current and the less negative overpotential.
At pH < 4.0, Glyp becomes partially protonated, which prevents
the complexation behavior, while at pH>10.0, the decrease in
the permeability of the amorphous layer of copper oxides
restrains the transport of copper ions from the electrode/
solution interface.”"
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2.3. Analytical Performance of the NPC-Modified Cu
Microelectrode for Glyp Detection

Based on the optimized electrodeposition parameters and pH,
an electroanalytical platform based on NPC for Glyp determi-
nation was developed, and different analytical parameters were
assessed. The sensor performance was investigated in a 0.03 to
13 umolL™" Glyp concentration range, and for higher concen-
trations the calibration plot is not linear (Figure S2). Similar
behavior has also been noticed by Cao etal.”” and could be
explained by the limiting amount of Cu(ll) generated over the
electrode surface. However, such linearity can be observed for
very low Glyp concentrations. For instance, CVs of the NPC
modified Cu microelectrode (E;=-3V and t;=1505s) in
0.1 molL™" PBS buffer of pH 7.0 with increasing concentration
of Glyp from 30 to 65 nmolL™" at a scan rate of 25 mVs™' are
shown in Figure 8a. As expected, an enhancement in the
oxidation current and a decrease in the reduction current are
observed with each successive addition of Glyp. The zoomed
image in the inset of Figure 8a depicts with more details such
cathodic current decrease, which is proportional to the
concentration of Glyp (Figure 8b).

The calibration plot depicting the cathodic current decrease
as a function of the Glyp concentration exhibits a linear
correlation described by Al (nA) =14xCg,, (nmol L™ )—122 (nA)
with a correlation coefficient of 0.998, where Al is the cathodic
current difference in the absence and presence of Glyp. The
slope of the correlation equation defines the sensitivity of the
sensor, which was estimated as 14 nALnmol™". Such a high
sensitivity was expected, as it was possible to measure the
signal experimentally for a 30 nmolL™' Glyp, a concentration
that is below the requirements of US-EPA guidelines, thus
highlighting the suitability of the sensor to monitor Glyp in real
samples. The limit of detection of the sensor was calculated
considering the signal to noise ratio as 3, which comes out to
be 3 nmolL™" or 0.51 ugL™', and such very low value further
strengthens our claim of the high sensitivity of the proposed
NPC modified Cu microelectrode for Glyp determination.
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Figure 7. a) Voltammograms recorded with the NPC modified Cu microelectrode (E;=—3 V and t;=150 s) in 0.1 molL™' PBS containing 60 nmolL™" Glyp at
different pH values. Scan rate: 25 mVs~'. b) Plot of peak current (A) and peak potential (.) values as a function of pH.
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b) Calibration plot corresponding to values of cathodic current decrease as a function of the Glyp concentration.

The selectivity of the response of the developed sensor was
evaluated by recording voltammograms of Glyp in the presence
of possible interfering species in concentration 10-fold higher
than that of the analyte. The interferant species chosen for this
study were those usually found in river waters together with
Glyp. Two kinds of interferants were analyzed: in one group,
other herbicides such as simazine, propazine, and atrazine,
which are commonly used with Glyp in the agriculture field,
and AMPA, which is the primary metabolite of Glyp. The other
group included cations (Na™, K*, Ni**, Ca**, Mg*"), which are
normally present in water samples, can be coordinated by Glyp
and interfere in the measurements. The influence of the
possible interferents on the cathodic peak current correspond-
ing to Glyp can be analyzed in the bar plot shown in Figure 9a.

(a) 40 ; ; ; ;

The presence of simazine, propazine, and atrazine exhibited no
significant interference (less than 2%), whereas the presence of
AMPA caused a more pronounced effect (at around 7 %). In the
case of the cations, only Ni** showed an increase in the
cathodic peak current, which can be attributed to the
competitive complexation of Glyp with Ni*"."? Hence, less Glyp
is available to form a complex with copper cations. Nonetheless,
the influence of these interferences presents in solution at a
much higher concentration than that of Glyp is not very
important and can be disregarded.

The reproducibility of the sensor response was evaluated by
preparing 5 different NPC modified Cu microelectrodes at
identical electrodeposition conditions (E;=—3 V and t;=150s),
followed by the recording of their CVs to varying concentrations
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Figure 9. a) Cathodic peak current values measured with the NPC modified Cu microelectrode (E;=—3 V and t;=150 s) in 0.1 molL™' PBS (pH 7.0) containing
45 nmol L™ Glyp in the absence and presence of different interfering compounds (450 nmolL™"). b) Cathodic peak current values measured with 5 different
NPC modified Cu microelectrodes (Eq=—3 V and t;=150s) in 0.1 molL™" PBS (pH 7.0) at different Glyp concentrations. Standard deviation values of the

measurements are shown above the bars.

ChemeElectroChem 2020, 7, 1558-1566 www.chemelectrochem.org

1564

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/celc.202000064

ChemElectroChem

Articles

doi.org/10.1002/celc.202000064

Chemistry

Europe

of Glyp. The reduction peak current obtained with these
different NPC modified Cu microelectrodes is plotted in Fig-
ure 9b and the relative standard deviation (RSD) was less than
5% for all the studied Glyp concentrations, which confirms the
high reproducibility in the preparation of the sensor.

The applicability of the proposed method was confirmed by
a spike-and-recovery experiment, where known amounts of
Glyp were added to river water samples, and the recovery
percentage was calculated. Results of % recovery, shown in
Table 1, indicate that the proposed method exhibits good
accuracy and shows no interference from the sample matrix.

The analytical performance of the NPC modified Cu micro-
electrode for Glyp detection was finally compared with
previously reported similar works, as shown in Table 2. It can be
noticed that different analytical parameters like LOD and linear
range of the present NPC sensor were comparable to those of
other sensors.

3. Conclusions

In the present work, a highly porous and high surface area NPC
film was electro-synthesized by the DHBT method, and an
electroanalytical platform based on it was successfully imple-
mented for highly sensitive and selective detection of Glyp. A
thorough optimization study of electrodeposition parameters
(E4 and ty) was performed, which revealed that NPC films
fabricated at E;=—3V and ty=150s were the best sensing
layer in terms of the magnitude of the measured signal. The
electrodeposition produced highly pure NPC films, which was

Table 1. Spike-and-recovery study of Glyp in spiked river water samples
(95% confidence interval; n=>5).

Base® Glyp added” Glyp found® Recovery™® [9%]
30 0 30.5+0.5 -

30 5 352+0.6 104.8

30 10 39.9+0.8 98.7

30 15 45.6+0.6 104.2

30 20 51+1 105.2

[a] (nmolL™). [b] [(found-base)/added] x 100.

also confirmed by EDS elemental characterization. XRD meas-
urements further revealed the presence of a highly crystalline
FCC lattice of copper in (111), (220), and (200) crystallographic
orientations. The morphology of the NPC films corresponds to a
highly porous film containing variable-sized dendrites, which
show a strong correlation with the electrodeposition conditions
E4 and ty. The fractal becomes smaller at more negative E4 and
porosity increases in films prepared with more extended t,.
Such variations in the NPC morphology exert a strong influence
on the electrochemical behavior of the NPC modified Cu
microelectrode because more copper ions are available to
diffuse through the oxide layers and interact with Glyp. There-
fore, an increase in sensitivity is expected. The optimized NPC
modified Cu microelectrode was tested for voltammetric
determination of Glyp, and very high sensitivity (14 nAL™" nmol)
was achieved, with a detection limit down to 4 nmolL™". The
fabricated sensor was found to be highly selective towards Glyp
in the presence of common interferants. Finally, the accuracy of
the NPC modified Cu microelectrode for the quantification of
Glyp in river water samples was demonstrated by spike-and-
recovery experiments. Hence, the electrochemical sensor devel-
oped in this study is highly promising for a simple, rapid, and
cost-effective monitoring of Glyp in different environmental
samples.
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Table 2. Comparison between electrochemical sensors for glyphosate determination.
Modification Electrode Technique LOD Linear range Reference
[ug/L] [umol L]

Copper phthalocyanine/MWCNTs® GCE™ DPVY 2.02 0.83-9.9 24
Ni—Al LDH Platinum Amperometry 169 10-900 231
Cuion GCE cv NA 5-50 1261
Cu-BTC MOF® ITO DPV 0.24 0.001-0.09 27
Porous copper nanowires Gold Amperometry 1.69 0.01-5 1281
TMB/HRP SPE (Q) Immunoassay/Amperometry 5 0.0002-0.032 @9
Double-template imprinted polymer-modified GNPs™" Carbon DPASVY 0.35 0.024-1.041 301

&

0.0032-0.024
Nanoporous Copper Cu pE cv 0.51 0.030-0.065 This work
[a] Multiwall carbon nanotubes. [b] Glassy carbon electrodes. [c] Differential pulse voltammetry. [d] Nickel-aluminum layered double hydroxide. [e] Copper
BTC metal-organic framework. [f] 3,3'5,5'-Tetramethylbenzidine/horseradish peroxidase. [g] Screen printed electrode (carbon). [h] Gold nanoparticles. [i]
Differential pulse anodic stripping voltammetry.
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