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Abstract

In this work silver nanoparticles (AgNPs) were in-situ synthesized on surface of graphene
oxide (GO) and Ti3C2Tx MXene at room temperature and without any reducing agent. The
prepared GO_AgNPs and MX AgNPs nanomaterials were deposited on electrodes and applied
for voltammetric sensing of pesticide metazachlor. The chosen analyte underwent
electrochemical reduction readable as faradaic current and identified as the electrochemical
reductive dechlorination. It was found that GO AgNP (electrochemically reduced to
ErGO_AgNP before measurements) was more efficient catalyst of the observed dechlorination
than MX AgNP, even though it contained approximately 10-fold lower amount of silver. The
smaller size of AgNP achieved with GO was the most probable reason. When the metazachlor
sensing properties of the nanohybrid-modified electrodes were investigated, the linear range
and the limit of detection of 37 — 1123 uM and 27 uM, respectively, were observed for
ErGO_AgNP while only 37 — 375 uM and 40 uM for MX_AgNP. The ErGO_AgNP
nanohybrid was more convenient also for metazachlor detection in alkali leachate of real soil
samples, probably as the result of antifouling effect of ErGO. Although there are conventional
instrumental analysis methods for sensing orders of magnitude lower concentrations of
metazachlor, in this work it is for the first time shown that the AgNP-based nanohybrid
efficiently catalyse the electrochemical dechlorination applicable for detection of this
frequently used pesticide.

Introduction

Intensive agriculture is inevitably connected to application of herbicides which are
often compounds raising concerns about their adverse health effect and impact on environment.
It makes pressure on analytical methods for determination of pesticides with typical analytical
tools including chromatographic methods (liquid chromatography, gas chromatography) mass
spectroscopy and so on 1. They are mostly recognized as “high-performance” but the higher
the performance, the higher the instrument price. Furthermore, these methods typically require
trained operators and cannot be performed outdoor. These drawbacks are overcome by methods



of electrochemical analysis, which employs versatile, easy-to-operate, sensitive and
compact/portable devices at low prices. The sufficiency of electrochemical methods for
determination of pesticides can be proved for example by a number of studies listed in both
older and recent reviews covering different aspects of electrochemical sensing and biosensing
of pesticides 2.

Metazachlor (2-chloro-N-(pyrazol-1-ylmethyl)acet-2’,6"-xylidide) is a recently widely
used chloroacetanilide herbicide applied mainly on rapeseed and ornamental trees °. It is
considered low to moderately persistent but its transformation products — metazachlor ESA
(ehtylsulfonic acid) or metazachlor OA (oxalic acid) exhibit higher persistency and may be
found in different environment compartments 1% 11, even several months after their application
12 Since it exhibits moderate toxicity to some aqueous organisms *2 and due to other potential
health risks °, it is desirable to have handy analytical tool for metazachlor determination. Many
data suggested that electrochemical oxidative ** or reductive cleavage of C-Cl bond in
chloroacetanilide structures is possible at feasible potentials in non-aqueous ** or aqueous °*7
environment with different catalysts including silver electrodes promoting this reaction 820
due to the strong affinity of Cl to silver (see also a current review 2! and references therein).
Such process was employed also for electrochemical sensing of alachlor using dropping
mercury electrode ?2. Ajermoun et al. reported the enhanced electrochemical reduction of
imidacloprid (CI- containing neonicotinamide pesticide) when silver was integrated with a
metallic electrode. They concluded that silver decreased an activation energy, allowing for
better electrochemical behavior of imidaclopride over electrodes without the integrated silver
23 but the authors have not claimed that the dechlorination has occurred. To complete the list,
it should be noted that the oxidation of chloroacetanilide herbicides on boron-doped diamond
electrode was also the identified mechanism employed for their electrochemical determination
2425 Sjlver nanoparticles synthesized on Ni foam and their efficient employment in a bulk
electrochemical dechlorination of the chloracetoanilide alachlor were reported 2% 26-28 put
without its electrochemical detection. Similarly, silver nanoparticles were synthesized on
glassy carbon electrodes and employed for reductive electrodechlorination of chloroacetic
acids (CA) in a few studies 2> °, some of them also investigated dependence of a cathodic
(dechlorination) peak height on CA concentration (0 — 20 mM) and found it to be linear .
These studies have in common two features. First, the described electrodes with silver
nanoparticles were employed only for bulk dechlorination, not for concentration determination.
The other is a conclusion that the proposed dechlorination mechanism rely on H atoms released
from water and their deposition on the active electrode surface 2° *°, what advocates for
employment of nanostructures with a large active surface area. From the facts given in this
paragraph it could be assumed that i) silver nanoparticles introduced on an electrode surface
should increase a rate of electrocatalytic dechlorination of metazachlor and ii) it could be
employable in electrochemical detection of metazachlor.

“MXene” is a general name for layered, 2D carbides, nitrides or carbonitrides of
transition metals 3226, In 2011, there appeared the first report on their preparation by etching
of Al atoms from otherwise 3D “MAX” phase where “M” denotes transition metal (Ti, W,
Mo...), “X” is C or N element and “A” is the Al content which has been removed by HF 3.
MXenes’ inherent electrochemical activity imposed by transition metal atoms together with



their nanostructure (that is, large active surface area), allows for their application in sensing
and biosensig 3%, including detection of benzimidazol fungicides ****°. Besides the
unmodified MXene, there are also examples of metal nanoparticles synthesized in-situ on the
MXene surface. Zero-valent Ti atoms in the MXene structure can be oxidized at a redox
potential above 400 mV (vs. Ag/AgCI electrode) “6 while the reduction of different oxidized
metal species (M™) can occur at significantly lower potentials 4’. Difference between those
values is the driving mechanism for the spontaneous deposition of reduced metal M(0) atoms
on MXenes. The latter is, at the same time, oxidized to MXene with TixOv structures. Using
this mechanism MXene grafted with Au, Pd and Pt-containing %% 4°, silver *° or platinum 46 5!
nanoparticles were prepared. These nanomaterials promote the electrocatalytic properties
which can be employed for energy-related reactions (hydrogen evolution reaction, oxygen
reduction...) 513, detection of small molecules ¢ and also for biosensing of organophosphate
pesticides “, but recently there are not any reports on metal nanoparticles/MXene hybrids
employed for direct electrochemical sensing of pesticides.

Another popular 2D nanomaterial with a great potential in pesticide (bio)sensing is
graphene and its derivatives “°. While the former exhibit excellent electron conductivity, very
high flexibility and strength but also hydrophobicity, the latter, including graphene oxide (GO)
is hydrophilic (i.e. easily handled in aqueous dispersions), non-conductive and bears oxygen
moieties (carboxyls, carbonyls, hydroxyls...) which are readily available for chemical
modifications. They can also attach positively charged metal ions, which is known to promote
the rate of in-situ metal nanoparticle synthesis. In fact, graphene oxide has been also
determined as the possible agent for reduction of metal ions, as investigated in our previous
study °* and elsewhere. Therefore, similarly to MXene-metal nanoparticles nanohybrides,
graphene oxide has been also employed for synthesis of GO-metal nanoparticles hybrid
nanomaterials which exhibited good electrocatalytic properties. Examples include Au
nanoparticles decorated GO employed for determination of chloramphenicol (no
dechlorination, but reduction of nitro- group observed) *°, Pd/GO/Ti nanohybrid employed for
electrodegradation of 2,4-dichlorophenol > or GO-Ag nanoparticles for detection of hydrogen
peroxide ®'. Furthermore, in our previous study it was found that silver nanoparticles deposited
on the surface of electrochemically reduced graphene oxide can provide electrochemical signal
related to metazachlor dechlorination, but without a focus on its quantitative determination .

In this work, electrochemical behavior of widely used herbicide metazachlor was
investigated using silver nanoparticles synthesized by facile “self-reduction” methods on two
types of 2D nanomaterial supports, i.e. graphene oxide and TisCoTx MXene. Both
nanomaterials were capable to promote metazachlor dechlorination only in presence of
integrated silver nanoparticles and the observed voltammetric response could be quantitatively
correlated to the metazachlor concentration establishing the base for fabricating
electrochemical metazachlor sensor.

Experimental

Reagents

Graphene oxide (GO; aqueous dispersion 4 mg mL!, Graphene Laboratories Inc.,



USA); silver nitrate (Lachema, Czech republic); metazachlor (MZCh) (Chemos, Czech
republic); sodium hydroxide (Penta, Czech Republic); TioAIC powder (Kanthal, Sweden); TiC
(Sigma-Aldrich, nanopowder, < 200 nm); hydrofluoric acid (Sigma-Aldrich). All aqueous
solutions were prepared using deionized water (DW).

MXene preparation

MXene preparation consisted of two steps. 1) Synthesis of TizAlC, (MAX phase) was
performed according to *? by mixing commercial Ti2AIC with TiC in a 1:1 molar ratio followed
by ball milling for 18 h and heating at 5 °C min™!, under flowing argon (Ar) in a tube furnace
for 2 h at 1350 °C. 2) Next step was performed according to protocol published in **: the
prepared MAX phase powder was immersed in 50% aqueous HF solution (1 g for 10 mL of
HF solution) for 2 hours with magnetic stirring. The suspension was then diluted with deionized
water and centrifuged and washed repeatedly until the pH of supernatant was neutral. The
produced powder was dried at 35°C at low vacuum over 24 hours. It was followed by
delamination performed by stirring in DMSO solution and 4 h sonication *® followed by drying.

Synthesis of MX AgNP and GO_AgNP

For MX_AgNP synthesis the protocol published in 3° was employed. 100 mg of the
prepared Ti3C;Tx MXene was mixed with 80 ml of deionized water (DW) and treated in
ultrasonic bath for 30 min to obtain homogeneous dispersion. After that, 20 mL of 14.7 mM
aqueous solution of AgNOs; was slowly added into the stirred MXene dispersion and the
intensive stirring continued for the whole incubation time. Three incubation times were tested,
that is, 10 min, 2 h and 24 h. When incubation was finished, centrifugation (30 min, 11500
RPM) was employed to separate solid and liquid phase. The precipitate was than centrifuged
with absolute ethanol two times. The final product was left to dry out at 55°C. It was labelled
as MX AgNP and, if necessary, incubation times are distinguished by using labels
MX_ AgNP10, MX AgNP2 and MX AgNP24 for incubation time 10 min, 2 h and 24 h,
respectively.

GO_AgNP was prepared as follows: 200 uL of GO dispersion was mixed with 15.5 mL
of DW and 10 mL of ImM AgNOs was slowly added during intensive stirring. The mixture
was stirred and incubated for 2 hours, followed by solid phase separation from the liquid by
centrifugation (30 min, 11500 RPM) and decantation of the supernatant. The precipitate was
resuspended in DW and the centrifuge separation was repeated. Total number of these washing
cycles was 3 and final product (precipitate left after the final centrifugation) was resuspended
in 200 pL of GO and this dispersion was denoted to as GO_AgNP.

Electrode modification

GCE electrodes (0.0707 cm? BASi, USA) were first precleaned by mechanical
polishing on wetted polishing pad (Microcloth, Buehler, USA) to remove any visually
detectable remnants and after intensive rinse in DW they were mechanically polished using
alumina polishing paste (MicroPolish Alumina 0.3um, Buehler, USA) for 3 min. It was
followed by rinse with DW and 1 min cleaning in DW using ultrasound bath and again rinse
with DW. After a fast drying by a nitrogen or air stream, the electrodes were ready for



modification. It was performed by pipetting of 10 uL of the GO_AgNP dispersion and letting
to dry out at a nitrogen stream. These electrodes were consequently reduced using cyclic
voltammetry (-1.5 to 0 V, 25 scans, 100 mV s™! scan rate) in 20 mM NaOH and they were
labelled as ErGO AgNP. Similarly, MX_ AgNP powders were dispersed in DW (1 mg mL™")
and dispersed in the ultrasonic bath for 30 min. 10 uL of the prepared dispersion was applied
on GCE surface and let to dry out under nitrogen stream. These electrodes were labelled as
GCEMX AgNP. If necessary, incubation time was indicated in the text using labels
GCEMX AgNP10, GCEMX AgNP2 and GCEMX AgNP24 to distinguish electrodes
modified by dispersions prepared by 10 min, 2 h and 24 h incubation, respectively.

Material characterization

X-ray diffraction (XRD) spectra were collected using Philips X'PertPRO (Malvern
PANanalytical, Netherland) device with Cu Kla primary X-ray source with wavelength
0.15406 nm, in a “Gonio” mode, angle range 5 — 60°, step size 0.0263°. The measured samples
were MX_ AgNP dispersions casted on a glass slide in the same manner as on the GCE surfaces.

UV-VIS measurements were performed with diluted aqueous dispersions
(concentration not determined) of the prepared nanoparticles using UNICAM UV500
(Thermo-Fisher, USA), X-ray fluorescence (XRF) spectra were obtained from powder samples
directly loaded into sample chamber of ElvaX device (Elvatech, Ukraine).

Atomic absorption spectrometry (AAS) was applied to solutions obtained after
overnight leaching of MX AgNP or GO_AgNP dispersions with 25 mL of 5% HNOs3 and the
consequent filtration. Calibration solutions for these determinations were prepared by mixing
known amount of pristine MXene dispersion with the respective amount of AgNO3 to achieve
different silver concentrations, volume of the mixture was then adjusted to 25 mL by 5% HNO:s.
Consequent incubation and filtration steps were identical to the one took with MX AgNP
samples. AAS spectra were measured using ContrAA 800 D device (Analytik Jena AG,
Germany).

Samples for atomic force microscopy (AFM) was prepared by dropping diluted
dispersions of the investigated samples on glass slides, drying it out under normal pressure,
room temperature. Such modified glasses were fixed in the sample holder of the NTEGRA-
PRIMA atomic force microscope (NT-MDT Spectrum Instruments, Russia) equipped with
silicon nitride probe NSGo1 with a typical resonant frequency about 150 kHz and a spring
constant of 5.1 N m™! (NT-MDT). Scanning was performed under room temperature, normal
atmospheric pressure, in semicontact mode. Gwyddion 2.55 software was used for data
evaluation. Samples for X-ray photoelectron spectroscopy (XPS) were prepared in the same
way, only with more concentrated dispersions. XPS signals were recorded using a Thermo
Scientific K-Alpha compact XPS system (Thermo Fisher Scientific, UK) equipped with a
micro-focused, monochromatic Al Ka. X-ray source (1486.68 eV). The spectra were acquired
in the constant analyzer energy mode with the pass energy of 200 eV for the survey. Narrow
regions were collected with the pass energy of 50 eV. Charge compensation was achieved with
the system Ar flood gun. Thermo Scientific Avantage software, version 5.9921 (Thermo Fisher
Scientific), was used for digital acquisition and data processing. Spectral calibration was
determined using the automated calibration routine and the internal Au, Ag and Cu standards
supplied with the K-Alpha system. The surface compositions (in atomic %) were determined



by considering the integrated peak areas of detected atoms and the respective sensitivity factor.
To achieve scanning electron microscopy (SEM) images, sample dispersions were drop-casted
on SEM sample grid, dried under the normal air at room temperature. The data were acquired
by Nova NanoSEM 450 (FEI, USA).

HPLC measurements were performed with model 1260, Agilent Infinity Prime LC
(Agilent, United States) equipped with a column RRHD extend C-18, 3.0x100 mm, 1.8 um,
1200 bar (Agilent, United States)

Electrochemical measurements and real samples preparation

All measurements were performed in glass electrochemical cell under room
temperature using platinum foil auxiliary electrode (Metrohm, Switzerland), Ag/AgCl1/3M KCl
reference electrode (Metrohm, Switzerland), and modified glassy carbon (GCE) electrodes as
the working ones. The electrodes were connected to potentiostat/galvanostat Autolab
PGSTAT204 (Metrohm, Switzerland) connected to PC equipped with controlling software
NOVA 2.1. Other measurement parameters (i.e. electrolyte composition, potential range and
other details of measurement methods) are provided at respective places in the text.

To investigate the behavior of the sensors in real environment, soil samples were taken
from public park (city of Zlin, Czech republic) and from forest near the same location. They
were dried at free atmosphere, room temperature, sieved through 10 mesh sieve and mixed
with metazachlor. Such samples were, alongside with the blank soil samples without
metazachlor as the negative control, mixed with 100 mL of 20 mM NaOH and shaken for 24
hours with a speed of 120 min!. After this step, mixtures were centrifuged (20 min, 10 000
RPM), precipitates were discarded and the supernatants were, after 1:1 dilution with 20 mM
NaOH, assessed by electrochemical method mentioned further in the text. These samples are
labeled as “real”. The theoretical concentrations of metazachlor in leachate from park soil
(samples labeled as P) was 83 mg L™ and in forest soil leachate (labeled as F) it was 71.4 mg
L!. Furthermore, portions of blank leachates were additionally mixed with metazachlor
(samples labeled as “added”) to reveal the influence of soil matrix during the leaching step.
The theoretical concentrations of MZCh “added” samples were 50 mg L™! for both forest and
park soil leachates.

Results and Discussion

Characterization of MX AgNP

In the first step elementary composition of the prepared MX AgNP was examined using
XRF. The spectra of all samples revealed significant fluorescence peak at 4.5 keV which has
been attributed to Ti. Furthermore, peaks at 22.1 and 24.9 keV appeared in XRF spectra of all
MX_ AgNP samples assigned to Ko and KB lines of Ag (figure S1). The spectra were
processed by the Elvatech software to obtain the percentage content of the selected elements,
i.e. Ti, Ag and Mo (the last one appeared in all spectra probably as an impurity). The results
have revealed 1.80, 4.72 and 8.35 % of Ag in MX AgNP samples prepared by 10 min, 2 h and
24 h incubation, respectively. These values cannot be treated as a bulk amount of silver in the
prepared samples because i) XRF is a surface-analysis method and ii) measurements do not
include light elements (i.e. C). They have only confirmed the fact that the silver amount



increased with the increased incubation time. AAS of the acidic leachate from the MX AgNP
samples has confirmed absence of Ag in pristine MXene sample and its presence in all
MX AgNP samples with increasing concentration from 1.25 (MX AgNP10) and 3.40 %
(MX_AgNP2) up to 11.93 % w/w (MX_AgNP24). While the ratio between Ag content of
MX AgNP10 and MX AgNP2 is quite similar for XRF (2.6) and AAS (2.7), 24 h incubation
obviously led to substantially higher Ag content determined by bulk AAS method (9.5-fold
higher Ag content compared to MX AgNP10) than by the surface XRF (4.6-fold higher Ag
content compared to MX AgNP10). This fact may suggest thatthe prolonged incubation leads
to the integration of silver also into the inner structure of MXene particles/agglomerates. It
should be noted that the same method revealed only about 0.2 % (w/w) of silver in GO_AgNP
material >,

Information on redox state of Ti and Ag in MX_ AgNP samples were acquired by XPS.
Figure S1C-E shows XPS doublet peaks in Ag3d with the Ag3d5/2 components centered
around 367.6 eV, except for the MX AgNP2 where the peak emerged at 373.98 eV and
Ag3d3/2 component separated by 6 eV. According to the literature this can be attributed to
silver in prevalently reduced form % %6, GO _AgNP exhibited the same XPS features, but
FWHM parameter of the main peak was higher than 0.9 (about 1.12) which is typical for more
oxidized form of silver ®!. Ti2p region scanning for MX_ AgNP samples revealed peaks at
458.19,458.28 and 458.43 eV for MX AgNP10, MX AgNP2 and MX AgNP24, respectively.
In addition to this, also peaks at about 464.5 eV were observed for all samples which can be
attributed to highly oxidized Ti in TiO». It should be also noted that small peak at about 453 eV
which can be attributed to Ti with low or zero valency was observed at MX_ AgNP10 sample.
All these results confirm the theory that the reduction of silver ions is accompanied by the
complimentary oxidation of Ti atoms in MXene. It can be also seen from XPS spectra in figure
S1 C-H that even after 10 s bombardment of the samples by Ar ions in order to reach below-
the-surface layers for analysis, the measured peak patterns have not changed significantly. It
can be concluded that redox states of Ag and Ti are stable and invulnerable to further redox
transformations.

UV-vis spectroscopy revealed the absorption peak at about 290 nm (figure 1A) which
could be ascribed to oxidized moieties in MXene after incubation with oxidizing Ag*ions® >
63 This was supported also by a fact that the intensity of this absorption band is lowest for the
untreated MXene sample while with increasing incubation time the absorbance band increases.
Furthermore, broad adsorption band at about 400 nm wavelength was observed at sample
MX_ AgNP2h which may be correlated to a presence of silver nanoparticles providing surface
plasmon signals. The broadness of the band most probably indicated quite broad size
distribution of the synthesized Ag nanoparticles. The main results from UV-vis characterization
of GO_AgNP samples (data not shown) were that 1) GO retained its oxidized form even after
the reduction of Ag" and ii) that the absorption pattern typical for silver nanoparticles was not
observed, most probably due to a lower pH and the small size of the synthesized nanoparticles.
This is in accordance with other authors who observed that the typical surface plasmon signal
is conditioned by alkali solution %* % while Evanoff and Chumanov % reported on correlation
between low size of nanoparticles and their decreased absorbance.

To achieve more information about (Er)GO_AgNP, FTIR analysis was performed on
ErGO and ErGO_AgNP film peeled off from GCE electrodes. The obtained data were



normalized according to the peak at 1630 cm™ ascribed to vibration of conjugated bonds in
non-oxidized graphene allowing for semiquantitative evaluation of the obtained spectra. It was
observed (see figure S2) that both reduced samples exhibited a broad absorption band at about
3400 cm™ attributed to hydroxyls from adsorbed water molecules. This band was, however,
much lower than bands in the samples measured before the reduction which can be explained
in terms of decreased hydrophilicity — a phenomenon typical for the reduced GO 7. Another
interesting result is the emergence of absorption bands at about 1080 cm™ (C-O in alkoxy group
68-70) observed in GO_AgNP and ErGO_AgNP samples with much higher intensity than in GO
and ErGO sample (in the latter one, this band diminished entirely). It may sound in the
contradiction with previous findings ** where incubation of GO with Ag* was accompanied by

decrease of 1080 cm™ band. However, it should be noted that the samples here were
measured on films pealed-off from the carbon electrode surfaces, not only deposited on
aluminium foil. Such arrangement and interactions of GO(_ AgNP) sheets may be responsible
for observed increase of alkoxy/epoxy moieties. However equivocal are these results, there is
the unambiguous and more intriguing fact that the discussed epoxy groups have been retained
after the electrochemical reduction, together with the edge and “bulk” -OH moieties
represented by bands 1450 and 1375 cm’!, respectively '!. Without silver, all the discussed
groups have almost entirely diminished after the reduction, or, at least, drop significantly. It
may indicate that Ag" ions attached to GO serve as protection to C-O moieties. More probable
explanation of this observation is that the oxidized silver atoms indicated by XPS served as the
electron acceptors during the reduction process, rather than oxygen moieties. As a result, the
partially oxidized structure of the original GO is, at certain rate, protected by the adsorbed Ag,
which may play very significant role in antifouling or repulsion of potentially interfering
compounds (see the section “Electrochemical detection of metazachlor™).

XRD spectroscopy revealed that all MXene-basded samples, excluding pristine MXene,
exhibited diffraction peaks at Bragg’s angle of about 38° (see figure 1B) attributed to (111)
plane of face-centered cubic Ag crystalline phase " %2, From Bragg's formula, the lattice
constant was calculated to be 0.24 nm for all samples, from which it can be concluded that the
chemistry of AgNP synthesis is the same regardless of the incubation time. Similar results have
been reported, for example, by Zou et al. who observed zero change in “Ag peak™ position at
MXene/AgNPs prepared with different precursor concentrations >°. From XRD peaks an
approximate crystallite sizes were also calculating using Scherrer’s formula. Sizes of 32.7, 30.8
and 23.8 nm were obtained for MX AgNP10, MX AgNP2 and MX AgNP24, respectively,
suggesting that the longer time of incubation lead to a certain decrease in particle size. The
calculated size also corresponds well with those reported by Zou et al. >°. Interestingly, the
typical XRD peaks were not detected in any GO _AgNP sample (data not shown), most
probably as a result of their small size >*.

Here figure 1

AFM analysis (see figure S3) revealed that the pristine TizC,Tx MXene was partly
exfoliated down to single-layer particles up to stacked multi-layered particles. Lateral size of
the former was from several nm up to um range and their thickness was about 2 nm, what is in
agreement with other observations 72, The latter type of particles tended to stack into even



larger (um range in all aspects) aggregates with the observable layered patterns typical for
MXenes. MX AgNP2 samples exhibited similar behavior, but with some small and regular
features which may be attributed to silver nanoparticles. These objects exhibited significantly
different probe phase shift detected during the AFM scanning alongside the sample topography
what strongly supports the presumption that their composition differs from the rest of the
scanned material. The height of those features was estimated by evaluation of curves obtained
by topography profiling of AFM scans and a value of 10.8+0.7 nm was observed. These
features were observed also on MX AgNP24 sample, but their size was smaller, only 5.4+1.4
nm. It is important to note that the discussed sizes implied only to the smallest observed objects,
but besides them, also a number of bigger or clustered particles was observed. Their size
distribution was obviously broader for MX AgNP2 than for MX AgNP24 sample. On the
other side, these large Ag clusters were generally not observed in the GO AgNP sample, where
only small nanoparticles decorating the GO sheets were found (see figure S4)

The selected nanohybrids (MX AgNP2 and GO_AgNP) were also investigated by
SEM (figure 2), which confirmed the above-discussed AFM results. Specifically, large features
were observed on surface of MX AgNP2, irregular in shape and with apparently broad size
distribution, while they were only scarcely seen on GO _AgNP. Under the given conditions, the
smallest AgNPs could not be detected by the SEM. The SEM device was equipped by EDX
(Energy dispersive X-Ray) module for determination of elementary composition of the
measured samples. This technique revealed that both GO _AgNP and MX AgNP2 exhibited
the EDX signal typical for silver what confirmed the presence of silver nanoparticles on
GO_AgNP and MX AgNP2 surfaces (figure 2).

Here figure 2
Electrochemical characterization

Electrochemistry without metazachlor

Voltammetric measurements were performed with GCE electrodes covered with the
synthesized nanomaterial MX AgNP. Cyclic voltammetry (CV) scans in a higher potential
range (see figure 3) revealed a pair of redox peaks attributed to oxidation and reduction ”* of
silver and the formed silver oxide, respectively *°. Without the AgNP, MXene samples
exhibited only an anodic wave attributed to oxidation of MXene's Ti to titanium oxide *°. This
oxidation occurred at about 150 mV vs. Ag/AgCl reference electrode, which seems to disagree
with data in a literature placing this peak to 430 mV ** 46, but owing to difference in the used
electrolyte pH (pH 7 in the cited studies vs. pH above 12 in our measurements), such shift
would be expected. The above-mentioned Ti oxidation was not observed at MX_ AgNP samples
most probably because Ti atoms have been already oxidized during reduction of Ag” ions.
Contrary to GCEMX_AgNPs, electrodes modified by ErGO_AgNP nanomaterial revealed
very low electrochemical response of the adsorbed silver (figure 3 B), most probably because
of the approximately 10-fold lower concentration of Ag in the ErGO_AgNP nanomaterial.

Here figure 3



Response to metazachlor

Voltammetric response to metazachlor (1.12 mM in 20 mM NaOH) of the electrodes
modified by the prepared nanomaterials was investigated using CV. First, higher potential
range (-0.2 to +0.6 V vs. Ag/AgCl reference electrode) was chosen to examine a possibility of
MZCh to be oxidized '**?*. Results in figure 4 where the illustrative cyclic voltammograms of
GCE celectrodes modified with MX AgNP24, MX, ErGO AgNP and ErGO are shown
suggested the probability of some response to metazachlor at GCEMX_ AgNP. It is observed
as an emerged CV peak at about 0.45 V. Further CV scanning, however, revealed that, after 3
successive CV scans, the peak has completely disappeared which makes this type of
measurement unsuitable for MZCh sensing. CVs of GCE electrodes modified by MXene
without silver nanoparticle have revealed also some oxidation process at about 0.5 V, which
was retained after repeated scanning. Nevertheless, the response is quite small what is not
suitable for high-performance MZCh sensing too. The oxidation pattern and the oxidation
currents achieved with GCE|MX were similar to the one observed at GCE electrodes coated
with ErGO, (figure 4 D). The current response was not observed on GCEs modified by
ErGO_AgNP nanomaterial (figure 4 C) and thus the oxidative potential range was recognized
as inappropriate for the electrochemical MZCh detection.

In the next series of experiments CVs were performed in reducing potential window (-
1.5to 0 V vs. Ag/AgCl reference electrode). From background-corrected cathodic parts of CVs
an emergence of cathodic current wave in the presence of metazachlor (1.15 mM) can be seen
for both GCEMX AgNP and GCE|ErGO_ AgNP (figure 5 A and B, respectively) and
presumably points to the dechlorination process, as suggested from results published elsewhere
15.20.26.29.30 T confirm that, measurements were performed with the MZCh metabolite (MZCh
OA) where the chlorine moiety is replaced, therefore dechlorination cannot occur. Absence of
the clear reduction current in this case, as illustrated in the figure S5, is the experimental
support for the claim that the observed reduction wave results from dechlorination process.
Equally important result here is that the observed reduction current is much higher when Ag
nanoparticles are integrated with ErGO and MXene compared to response obtained with
pristine nanomaterials. MX AgNP exhibited also a significant shift of reduction current onset
(from approx. -1040 to -600 mV vs. Ag/AgCl reference electrode in case of MX and MX Ag,
respectively).

The above-mentioned results clearly indicated the positive influence of the silver
moieties to electrocatalysis of reductive dechlorination of MZCh as well as the suitability of
negative potential window for further measurements.

Here figure 4
Here figure 5

It has been reported that electrochemical dechlorination of chloroacetanilide pesticide
is efficient in alkali environment 22, as well as in Na,SO4 (ref '¢). Therefore, the influence of
the electrolyte composition (20, 100, 500 mM NaOH and 100 mM Na;SOs) was investigated.
In figure S6 voltammograms obtained in presence of 0.75 mM MZCh dissolved in different
solutions are shown. From these results it is clear that the highest reduction currents were
achieved in a low concentration (20 mM) NaOH (approx. 6.3 and 6.1 pA at -1290 and -850



mV for MX- and ErGO- based nanomaterials, respectively) while higher concentrations (i.e.
100 and 500 mM NaOH) slightly decreased the measured voltammetric response. For both
MX AgNP and ErGO_AgNP the response obtained in 500 mM NaOH was close to the
response obtained in 20 mM NaOH while the lowest responses were observed in 100 mM
NaOH. In summary, the results confirmed that 20 mM NaOH is enough concentration for
efficient electroreductive dechlorination. In case of a neutral solution Na>SO4 no voltammetric
response was observed when unmodified GCE and the GCE modified by MX AgNP were used.
Approximately 3 pA response was recorded for GCE modified by ErGO AgNP what is
significantly lower than the maximum response obtained in 20 mM NaOH. The results
indicates the unsuitability of Na;SO4 as the supporting electrolyte, but also indicated the
ErGO AgNP is more efficient electrocatalyst even in non-optimal conditions, compared to
MX_ AgNP. It has been proposed that efficiency of reductive dechlorination is conditioned by
formation of adsorbed hydrogen (Hads) and determined by the rate at which these species are
consumed by either hydrogen evolution reaction (HER) or dechlorinatin . pH was found to
play a role in this equilibrium in a way that acidic environment promote HER, mainly by
supplying H" ions for forming Haas ("* and references therein) which could explain higher
response at alkali conditions over the neutral solution. Apart from the pH value, effect of
electrolyte concentration should be accounted since it was shown that it can also shift potential
of the dechlorination reaction ’*. In the case of MX_AgNP, similar effect could be observed,
i.e. shift of the onset of the reaction to approximately -1000 mV at 500 mM NaOH, compared
to -600 mV recorded at 10-fold lower concentration of the electrolyte (see figure S6). This
shift was not observed at 100 mM NaOH, where the above-mentioned “lack of H™ effect may
play role.

Another parameter was the incubation time during a synthesis of MX AgNP. Its
influence was investigated employing CV obtained at 20 mM NaOH containing 0.38 mM
MZCh. Results can be found in figure S7. It is not a surprise that MX_ AgNP incubated for 10
minutes provided lowest response (average response of -2.8 pA at -1.35 V) while 2 hours
incubation increased the maximum response to -4.45 pA achieved at -1.15 V. MX_AgNP24
returned a higher response (-5.99 pAat -1.1 V) suggesting that the increase of a total Ag amount
discussed in the ‘“Characterization” section had some, but not significant effect on the
electrocatalytic response gain. Therefore, 2-hour incubation was considered sufficient due to
the significant time savings during preparation outweighing the response increase.

The reproducibility of the preparation protocol was tested by comparison of current
responses read from background-corrected CVs at -1.18 V of ErGO_AgNP- and MX AgNP-
modified electrodes, in presence of 1.15 mM MZCh. GCEMX_AgNP and GCE|ErGO_AgNP
electrodes exhibited relative standard deviations of 4.58% and 7.22%, respectively (for n=3).
Although the sensors prepared using MX AgNP nanomaterial provided less scattered data,
their analytical signal was lower (see the next section).

Electrochemical detection of metazachlor

In the next step, CV measurements in different concentrations of MZCh (figure 6) were
performed to create the calibration curves. The measurements were evaluated as follows:
background CVs obtained in blank solution (20 mM NaOH) were subtracted from the cathodic
parts of CVs acquired in MZCh solutions, and the current value at -1.18 V (maximum response)



was the analytical signal. All measurements were made at least triplicate. Obtained calibration
curve (figure 6) was linear only up to MZCh concentration of 104 mg L' (375 uM). In this
region the calibration equation was I [pA] = 0.0504(£0.0037) x cmzch[mg L] + 0.4(£0.2).
From these values limit of detection (LOD) of 11.2 mg L' (40 uM) can be calculated when 3
times standard deviation of interpolated values for zero concentration is divided by the
calibration line slope. The whole calibration curve can be also fitted using cubic function / [uA]
= 0.23(£0.14) + 0.065(x0.006) X cmzch - 0.00014(£0.00005) x emzen? + 1.31(x1.10) x 107 x
emzen’. From obtained R-square values (0.979 and 0.998 for linear and cubic fitting,
respectively) it can be seen that the cubing fitting is more precise. The calibration curve
obtained with GCE|ErGO AgNP electrode provided linearity in the whole tested range of
MZCh concentrations (37 — 1123 uM) and a calibration equation of / [uA] = 0.075(x£0.001) x
emzen[mg L] - 0.24(£0.18) with correlation coefficient of R? = 0.998 and a detection limit of
7.43 mg L' (27 umol). Obviously, ErGO_AgNP modification of electrodes enhanced the redox
processes that are behind the electrochemical detection of MZCh. This fact can be attributed
probably to higher electron conductivity of ErGO AgNP compared to MX AgNP as well as
to the lower size of AgNP deposited on GO during the synthesis.

The achieved results cannot be directly compared with other metazachlor
electrochemical sensors simply because none has been reported so far. In our previous work >*
only the response of ErGO_AgNP electrode was observed in presence of metazachlor, but
without further investigation of sensing performance. On the other hand, the herein described
devices can be seen as higher-concentration sensors, compared to the only electrochemical
sensor towards chloracetanilide herbicide based on its reductive electrodechlorination
described to day (DC polarography, linear response between 0.1 and 10 umol of alachlor ?2).
Although some other electrochemical methods for acetanilide detection have been reported, for
example impedance molecular-imprinted polymer sensor detecting trace concentrations of
alachlor 7, their comparison in terms of performance may be somehow misleading since they
do not share the functional fundamentals. It is also obvious that the achieved limits of detection
cannot compete with conventional (liquid chromatography) methods, but they represent the
important step towards more sensitive sensors since the operational properties can be further
improved by, for example, changing the detection system from a batch into a flow-through one
or by further optimizations. In addition, the proposed sensor could be employed in applications
where a continuous detection of higher concentrations is required, like monitoring of pesticide
releasing from particles or pesticide degradations !7-3% 76,

Here figure 6

To investigate operational features of the sensors in real sample matrix, cyclic voltammograms
were performed with both GCEMX_ AgNP and GCE[MX_ AgNP in 1:1 diluted leachate from
park and forest soils (see the section Electrochemical measurements and sample preparation).
Data were evaluated in the same way as for the calibration measurements described above. The
results, expressed as the percentage of the expected theoretical concentrations, are summarized
in the table 1. The values of only 17.4+5.5 and 30.2+7.1 % of expected responses for the
“added” sample (MZCh added after the leaching step) suggest that MX AgNP is much more
prone to a signal interference caused by soil leachate content (mainly humic and fulvic acids



’7). Differences in response corresponded also with the appearance of leachates — the forest soil
leachate had less intensive color what indicates lower content of the dissolved organic matter
compared to the park soil. The value of the response itself indicated that the GCE[MX AgNP
sensor is incapable to detect all metazachlor present in the solution. The electrode modified
with ErGO AgNP provided the precise information about the concentration of metazachlor
added into leachates as indicated by 108+14 and 110+7 % response achieved. It can be claimed
that this type of sensor is much more convenient for real sample measurements.

Interestingly, the 24 h incubation of soil+metazachlor in 20 mM NaOH (samples “real”)
significantly increased the voltammetric response, approximately 2.5-fold, compared to the
expected value, in case of ErGO AgNP-modified electrodes. MX AgNP sensors exhibited
approximately two-fold increase of the percentage of the expected value (from 30.2+7.1 to
60.9+11.3 %) in the park soil. However, the increase was much lower (from 17.445.5 to
23.4+8.8 %) in the “poorer” forest soil. There are two possible explanations for such increased
voltametric response. During the 24 h incubation, metazachlor underwent some reaction which
enhanced the accessibility of chlorine atom to the electroactive sites of electrodes. It is known,
for example, that metazachlor can be coagulated by interaction with humic acids ’®. Another
explanation would be that the metazachlor concentration in the calibration solutions was lower
than expected, probably because of low solubility. To assess this possibility, MTZCh
concentration in the calibration solution was checked using HPLC. It was found that the
estimated concentration of the metazachlor (0.51 pg L', prepared from the MZCh stock
solution in 20 mM NaOH — the same that was used for the sensors calibration) was very close
to the obtained value (0.5£0.01 pg L). These results confirmed no systemic error in the
calibration measurements. In the real samples, humic acid might increase metazachlor
solubility ” and thus also the voltammetric response. Such effect was observed only after 24 h
incubation, not after the immediate mixing of metazachlor solution with the leachates, and
should be addressed in some more extended study, beyond the scope of this work.

Here table 1

Conclusions

In this work the electrochemical behavior of metazachlor, a frequently used
chloroacetanilide herbicide, was investigated in order to establish a way for its electrochemical
detection. To achieve this, silver nanoparticles synthesized on graphene oxide (GO_AgNP with
consequent reduction to electrochemically reduced ErGO AgNP) and TisC:Tx MXene
(MX_AgNP) were prepared simply by stirring of GO or MXene with solution of AgNO3. It
was found that electrodes modified by these nanomaterials could record some reduction
process in alkali solution containing metazachlor while no significant oxidation processes have
been observed under the same conditions. The observed reduction started at about — 600 mV
vs. Ag/AgCl/3M KCl reference electrode and the faradaic currents related to this process were
significantly higher in presence of silver nanoparticles in comparison with bare ErGO and
MXene. The presence of silver nanoparticles caused a significant shift (by approximately 400
mV towards less negative potential) of the potential where metazachlor reduction starts which
points to enhanced electrocatalytic activity of silver nanoparticles towards the observed process.
Assumption has been made that metazachlor undergoes electrochemical reductive



dechlorination — a process that has been described before and which is catalysed by silver,
either in “macro-" or nano- form.

The performed experiments also led to a conclusion that ErGO AgNP is more efficient
in terms of electrocatalysis of the metazachlor dechlorination which is displayed as larger
faradaic currents, even though the total amount of silver in ErGO AgNP was found to be
approximately ten-fold lower. The conclusion was that the size of AgNP is a key factor here —
very small (units of nm) AgNPs synthesized on GO performed obviously much better than
approximately 10 nm (and larger) nanoparticles formed on MX AgNP.

In accordance with previous experiments, the electrochemical MZCh sensor employing
ErGO AgNP performed much better than its MX AgNP counterpart. While the former
exhibited linear range 37 — 1123 uM and detection limit of 27 uM, the latter exhibited linear
correlation and detection limit only 37 — 375 uM and 40 uM, respectively. Determination of
metazachlor was performed in alkali leachates of park and forest soil, as well. It was found that
ErGO_AgNP modification is more convenient because it exhibited resiliency towards
interferences caused by humic acids. But the long-term incubation of metazachlor with soil
leachates led to an unexpected increase of the voltammetric response for both electrodes.
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Figure 1: A - UV-VIS spectra of aqueous dispersions of MXene (black dashed), MX AgNP10 (black),

MX_ AgNP2 (blue) and MX_ AgNP24 (red). B— XRD data obtained from dry-deposited delaminated

MXene (blue) and MX_ AgNP10 (black), MX AgNP2 (cyan) and MX AgNP24 (red). Peaks related to Ag
nanoparticles are marked in the yellow oval.



Figure 2: SEM images of GO_AgNP (left) and MX_AgNP (right) nanohybrids with scale bars of 5 um
length indicated in the figures. Respective images bellow the SEM are results of the color mapping of

areas marked by red rectangles. Red color designates EDAX signal of silver, green color is for titanium.
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Figure 3: A - Cyclic voltammograms of GCE coated with MXene (black) and MX_AgNP (blue). First
(thick solid) and second (thin dashed) CV scans are shown. Note that CVs for MXene are 10 fold zoomed
to highlight the difference. B — cyclic voltammograms of GCE coated with ErGO (black curves) and
ErGO_AgNP (blue curves). First (thick solid) and second (thin dashed) CV scans are shown.
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Figure 4: CV voltammograms of GCEs modified by MX_ AgNP24 (A) MXene (B) in 20 mM NaOH
alone (black curves) and with 1.12 mM MZCh (blue curves). For the former case first (solid line) and third
scans (dashed lines) are shown. Inset in panel B — enlarged part of CVs voltammograms. Bottom graphs —
CV voltammograms of GCEs modified by ErGO_AgNP (C) and ErGO (D) in 20 mM NaOH alone (black

curves) and with 1.12 mM MZCh (red curves).
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Figure 5: A) Cathodic parts of background-corrected voltammograms achieved by GCEs modified by
MX (black) and MX_AgNP (blue) in a quiescent 50 mM NaOH solution containing 320 mg.L™! (1.15 mM)

metazachlor. A) Cathodic parts of background-corrected voltammograms achieved by an unmodified GCE
(blue), GCEs modified by ErGO (black), and ErGO_AgNP (red) in a quiescent 50 mM NaOH solution
containing 320 mg.L! (1.15 mM) metazachlor. All scan rates are 50 mV s



GCE|ErGO_AgNP
R GCE|MX_AgNP

-20 0-1.12mM MZCh

1 (uA)

-404

0-1.12 mM MZCh
-60 4

15 -1.0 05 0.0 -1.0 05 0.0
E(V)

25 B

20

A1 (uA)
Al (uA)

0 100 200 300 0 100 200 300

Chizen (MG LY Cyzcn (MY L")

Figure 6: A — CVs achieved with GCEs modified with ErGO_AgNP and MX_ AgNP
(indicated in the figure) in presence of 0 — 1.12 mM MZCh. B, C — calibration curves obtained
with electrodes GCE|[ErGO_AgNP (B) and GCEMX_ AgNP (C) using linear (red line in B and black line

in C) or cubic (red curve in C) fitting of the obtained values (black points).



Tables:

Table 1: the measured concentrations in leachates of the soil with added metazachlor (lines “real”) and in the
leachates with metazachlor added after the leaching procedure (net concentration of 50 mg L™ in the measured
solution), lines “added”. All values are expressed as percentage of the expected values, that is, c./c;x100 (%)
where ¢, is the measured concentration and ¢, is the theoretical concentration calculated from the known

concentrations and the measured calibration curves.

% of the expected concentrations
Sample GCEMX_AgNP | GCEIErGO_AgNP
F real 23.4+8.8 241+10
added | 17.4£5.5 108+14
p real 60.9+11.3 248+52
added | 30.2+7.1 110£7




