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Effect of glyphosate on X-ray diffraction of copper
films prepared by electrochemical depositionf
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In the process of electrochemical deposition of metals, the additives can directly affect the final morphology of
the metal. Using glyphosate as the additive, copper thin films were prepared by the electrochemical deposition
method from a CuSO,4 aqueous solution under a specific voltage. The copper thin films were grown on the
surface of the indium tin oxide (ITO) film, which was used as the working electrode in a classical three-
electrode cell. Glyphosate combined with the copper ion to form a complex, and hindered further
reduction and crystallization of the copper ions. The results indicated that the peak intensities of the X-ray
diffraction peaks decreased with the increase in the glyphosate concentrations, which can be used as
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1. Introduction

Glyphosate is regarded as one of the most effective non-
electroactive organophosphorus herbicides in agricultural produc-
tion and landscape maintenance because of its ability to control
weeds effectively."” However, the unlimited usage of the glyphosate
has detrimental impacts on animals, aquatic plants, microbial
compositions and potential indirect effects on human health.**
Therefore, a sensitive detection of glyphosate is highly demanded.
Until now, the reliable detection methods for glyphosate are the
chromatographic methods including gas chromatography tandem
mass spectrometry (GC-MS),*® liquid chromatography tandem
mass spectrometry (LC-MS)”® and chemical sensing methods.'**>
Despite high sensitivity and promising stability, the chromato-
graphic methods require complicated sample pre-treatment and
chemical derivatization processes to facilitate the detection or the
separation of the analytes.” Meanwhile, the complicated fabrica-
tion process of the highly sensitive glyphosate chemical sensor
hindered its wide applications. Currently, a simple and convenient
operation is regarded as the design principle for the glyphosate
sensing. Thus, the development of a novel detection method for
glyphosate with a highly sensitive and facile operation remains
challenging. To overcome the disadvantages of the traditional
chromatography and the chemical sensing methods, we attempted
to establish a highly sensitive and facile glyphosate detection
approach via alternative technologies.
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a basis for quantitative detection. The method is simple and highly sensitive.

Electrochemical deposition is one of the most extensively
used approaches to prepare metals, metal oxides and metal
based functional materials,* including coatings in the elec-
tronics industry, functional nanomaterials and the multi-
composite electrode materials.”®>° The electrochemical depo-
sition has the advantages of utilizing simple equipments and
operation, mild conditions, high controllability, requiring no
separation and high stability. The morphology control can be
achieved by the application of the additives during the deposi-
tion process.”’** For instance, branched polyethyleneimine
(BPEI) was reported to affect the morphology and the electro-
deposition kinetics of zinc in ZnSO, solution. The presence of
BPEI could alter the morphology of the electrodeposited layer
from laminated hexagonal large crystals to an amorphous
compact layer.> Organic additives including cresol, resorcinol
and synthetic alcohol affected the deposition process of Bi**
ions in acidic perchlorate solution, and produced dense and
uniform coatings.” The influence of the electrolyte additives on
the shape and the morphology of nanocrystals in the electro-
deposited copper films has been investigated.*® These organic
additives were adsorbed on the active sites on the surface of the
electrode and combined with the metal ions to form complexes
that changed the nucleation and growth of the crystals.””>® The
microstructure and the morphology of the deposited metal
change, and the X-ray diffraction pattern changes accordingly.
Differences in the concentration or the type of the additives
resulted in the different changes in the X-ray diffraction pattern.
X-ray diffraction measurement is one of the necessary steps in
the characterization of these electrodeposited materials due to
the successful elucidation of the crystal structures from the
diffraction patterns.** The technique can provide complete
crystalline structural information including cell parameters,
grain size, microscopic stress, lattice constant, and preferred
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crystal orientation.*** It shows the advantages of negligible
sample damage, non-pollution, short detection time and high
accuracy.®

Inspired by this additive resulted crystal and morphology
change phenomenon, we attempted to establish a novel
glyphosate detection method based on the combination of the
electrochemical deposition and the X-ray diffraction technolo-
gies. The negatively charged phosphate group from glyphosate
allowed the formation of the complex with the positively
charged metal ions. This reaction provided a basis for the
crystal and the morphological changes of the metal electro-
deposited films. We chose copper as the depositing metal as it
was reported that glyphosate had a strong interaction with Cu®*
ions.** Compared to the precious metals like platinum, gold and
their alloys, the transition metal copper is inexpensive and
cannot be easily oxidized. Copper can be electrochemically
deposited directly at a constant potential. The different
concentrations of glyphosate were added as additives into the
CuSO0, electrolyte solution. Due to the change in the electrolyte
composition, Cu®>" combined with glyphosate. This process led
to the change in the microstructure and the deposition
morphology of the copper films. Accordingly, the intensity of
diffraction peaks exhibited significant changes. In summary,
this method extended the range of the traditional quantitative
X-ray diffraction measurements and has a wide application
prospect in the detection of the non-electroactive pesticide
glyphosate.

2. Experiment section

2.1. Reagents and materials

Glyphosate (N-(phosphonomethyl)glycine), copper sulfate pen-
tahydrate, and sulfuric acid were purchased from Sinopharm
Chemical Reagent Co. Ltd. Indium tin oxide (ITO) glass slides
were purchased from Zhuhai Kaivo Electronic Components Co.
The platinum electrode and a saturated calomel electrode were
purchased from Nanjing Cole equipment Co. Ltd. All reagents
were of analytical reagent grade. The water used was purified
through a Millipore system.

2.2. Electrochemical deposition

In this experiment, a classical three-electrode system composed
of the conductive Indium tin oxide (ITO), a platinum electrode
and a saturated calomel electrode (SCE) was adopted for the
electrochemical deposition reaction. Before deposition, the ITO
substrates were cleaned in acetone, ethanol and deionized (DI)
water for 5 min each in an ultrasonic bath. The working elec-
trode (WE) was the cleaned ITO substrate with a working area of
1.0 cm x 3.0 cm. The conductive layer on the surface of the ITO
substrate was indium tin oxide. The thickness of the ITO and its
film were 1.1 mm and 185 nm, respectively. The saturated
calomel electrode (SCE) was used as the reference electrode (RE)
and a platinum electrode worked as the counter electrode (CE).
The electrolyte solutions were prepared from 0.010 mol L™
CuSO, and 0.10 mol L™" H,SO, solutions. Copper films were
deposited on the ITO substrate surface from the electrolyte with
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the temperature maintained at 25 °C. In the subsequent
experiments, the copper concentration was kept at
0.010 mol L™ ". The glyphosate solution was added to the CusSO,
aqueous solution as the additive in different concentrations
between 1.0 x 10> mol L™ and 1.0 x 10 '® mol L™". The
electrodeposition was performed at a constant applied potential
(—0.80 V) and the deposition time was 20 minutes. The pH of
the electrolyte was kept at 3.50. After the copper films fully
covered the ITO substrate surface, the samples were rinsed with
deionized water to remove residual sulfates from the surface of
the copper films, and then dried at room temperature.

2.3. Apparatus

The electrochemical deposition was carried out on an electro-
chemical workstation (CHI 660) (Shanghai Chenhua Instru-
ment Co., China). X-ray diffraction was performed on a D8
Advance polycrystalline X-ray diffractometer (Bruker-AXS, Ger-
many) using Cu K, radiation. The X-ray diffraction spectra ob-
tained in the experiment were all separated by K,; and K,,. The
morphologies of the copper films were characterized by scan-
ning electron microscopy (SEM, Hitachi S-4800, Japan) at an
accelerating voltage of 30 kV. Energy dispersive X-ray spectros-
copy (EDX) analyses were carried out with an EDAX instrument
(Genesis XM2, USA). Transmission electron microscopy (TEM)
was performed on an FEI Tecnai F30 TEM transmission electron
microscope operating at an accelerating voltage of 300 kV. The
valences of copper ion were calculated by X-ray photoelectron
spectroscopy (XPS, VG 2000) using Al K, monochromated
radiation as the exciting source.

3. Results and discussions

3.1. Structural and morphological characterizations of
copper films

The surface SEM studies were conducted to understand the
difference in the surface morphologies and the effect of glyph-
osate on the deposited copper films. The results are displayed in
Fig. 1. It can be seen from the SEM images that the deposited
pure copper films (Fig. 1a) could form typical three-dimensional
dendritic structures on the ITO surface. With the addition of
glyphosate in the electrolyte (Fig. 1b), the dendritic structures
increased significantly compared with that of pure copper films,
indicating a small crystallite size.* This showed that the addi-
tion of glyphosate could refine the deposited copper films,
change the morphologies of the deposited coatings, and affect
the growth of the copper crystals. From the TEM images, it was
more evident that the crystallite size of the deposited copper
films with the existence of glyphosate (Fig. 2b) was smaller than
that of the pure copper films (Fig. 2a).

In order to provide detailed data for the influence on the
copper crystallite growth in the presence of glyphosate, we
conducted the X-ray diffraction measurements of the copper
film synthesized with and without the addition of glyphosate. As
shown in Fig. 3a, without the addition of glyphosate, the copper
film showed three (% k [) peaks with 26 values of 43.34°, 50.23°,
and 73.90°, which could be assigned to the (111), (220) and (200)
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Fig. 1 SEM images of the copper films on the ITO substrate surface electrodeposited without (a) and with glyphosate additives (b). The
concentration of glyphosate was 1.0 x 10> mol L%, and the copper concentration was 0.010 mol L™1.

facets of copper, respectively. Among them, the peak with the 26
value of 43.34° showed the strongest intensity and it was
consistent with the standard diffraction card (PDF 65-7743),
indicating that the deposited copper films have the face
centered cubic structure. We also concluded from the X-ray
diffraction pattern that the electro-crystallization of the
copper was in a lateral growth manner, which indicated a tightly
packed atomic plane with the c-axis oriented parallel to the
substrate surface. The rest of the peaks with low intensity
observed in the X-ray diffraction pattern could be assigned to
indium tin oxide (In,Sn;0;,) and silicon dioxide (SiO,) from the
supporting ITO glass slide. As shown in Fig. 3b, upon the
addition of glyphosate during the process of electrochemical
deposition, the intensities of the (111), (220) and (200) peaks
decreased in contrast to the peak intensities of pure copper
films electro-deposited without glyphosate. This intensity
reduction was also seen when the intensity of ITO glass was
used as the reference. The reason for the peak intensity reduc-
tion was proposed to be the addition of the glyphosate signifi-
cantly affecting the electrochemical deposition of the copper,
which was probably due to the complexation of Cu®*" with
glyphosate in the electrolyte, resulting in a decrease in the
copper electro-crystallization during the normal electro-
chemical deposition.

y

———— 100 nm

Subsequently, X-ray diffraction measurements of copper
films with the addition of varied concentrations of glyphosate
were conducted to investigate the influence of the additive
concentrations on the copper crystallite growth. The effect of
different concentrations of glyphosate on X-ray diffraction
patterns is presented in Fig. 4. It could be observed that the
increase in the concentration of glyphosate in the electrolyte
reduced the (111)-preferred orientations and the intensities of
the diffraction peaks. Therefore, it was reasonable to deduce
that the concentration of glyphosate was closely related to the
preferred orientation of the deposited copper films and the
intensities of X-ray diffraction peaks. The texture coefficient
(TC) of each lattice plane was estimated to characterize the
preferred orientation using the equation presented below:

Loy / Tograay

n

> Ty [ Toguay
P

TCh = x 100%

where Iy, was the intensity of the diffraction peak measured in
the deposited sample, Ini was the diffraction peak intensity of
a standard Cu powder. TCy; was the texture coefficient and n
was the number of diffraction peaks. The larger the TC value of
a lattice plane, the higher the preferred orientation of the lattice
plane and the greater the intensity of the diffraction peak. The

Fig. 2 TEM images of the copper films on the ITO substrate surface electrodeposited without (a) and with glyphosate additives (b). The
concentration of glyphosate was 1.0 x 107> mol L%, and the copper concentration was 0.010 mol L.
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Fig. 3 X-ray diffraction patterns of the pure copper films (a) and the changes of the relative intensities of the copper films (b) electrodeposited

without (1) and with the glyphosate additives (2).
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Fig. 4 X-ray diffraction patterns of the electrodeposited copper films
with the addition of glyphosate in different concentrations. The
concentrations of the glyphosate were (a) 1.0 x 1071° mol L%, (b) 1.0
x 1072 mol L™, () 1.0 x 1078 mol L% (d) 1.0 x 10" mol L™, (e) 1.0 x
107® mol L% () 1.0 x 107> mol L™1. The copper concentration was
kept at 0.010 mol L%

results of the TC values are presented in Table 1. It can be seen
from the Table 1 that all the electrodeposited copper films
showed the high (111)-preferred orientation under the influ-
ence of different concentrations of glyphosate. Therefore, the
effect of glyphosate on the intensities of the electrodeposited
copper films was the most pronounced based on the high (111)-
preferred orientations. In this work, the effect of glyphosate on

the intensities of X-ray diffraction peaks was studied on the
basis of the changes of the (111) lattice plane intensities.

Fig. 4 shows the changes in peak intensities of (111) lattice
planes in the X-ray diffraction pattern of the deposited copper
films after adding different concentrations of glyphosate. The
addition of the glyphosate with evaluated concentrations
resulted in the gradual reduction of the copper diffraction peak
intensity using ITO diffraction intensity as the reference.
Compared with other samples, the diffraction peak intensity of
the deposited copper films without glyphosate was the
maximum and the peak intensities of the (111) lattice planes
gradually decreased with the increase in the glyphosate
concentrations. Hence, it was plausible to infer that the addi-
tion of glyphosate significantly affected the electrochemical
deposition of copper, which was probably due to the complex-
ation of Cu®" with glyphosate in the electrolyte, resulting in
a decrease in the copper electro-crystallization during normal
electrochemical deposition. Distinctly, the variations in the X-
ray diffraction peak intensities could not only reflect the pres-
ence of glyphosate, but also be utilized for the quantitative
detection of glyphosate in the sample.

Rietveld refinement was employed by TOPAS software for the
unit cell parameter analysis of the deposited copper films. In
the Rietveld refinement process, R, indicated the radiation
work permit and was used to evaluate the fitting results.
Generally, when Ry, was less than 15, the result could be
considered as reliable. It can be seen from the results in Table 2
that the calculated R, values were all less than 15. The

Table 1 Effect of different concentrations of glyphosate on the TC value of deposited copper films (n = 3)*

Concentrations of

TC (111) texture

TC (200) texture TC (220) texture

Number of samples glyphosate (mol L) coefficient coefficient coefficient

1 0 44.30 £ 0.52 37.32 £ 0.63 18.38 £ 0.11
2 1.0 x 107 45.33 4+ 0.45 36.07 = 0.79 18.60 £+ 0.15
3 1.0 x 107° 47.63 £+ 0.30 33.89 + 0.46 18.48 £ 0.16
4 1.0 x 10°# 49.01 + 0.47 34.75 £ 0.56 16.24 £ 0.19
5 1.0 x 1077 47.68 £+ 0.53 36.09 £ 0.65 16.23 £ 0.13
6 1.0 x 107° 45.94 &+ 0.37 38.38 & 0.42 15.68 £ 0.20
7 1.0 x 107° 46.01 + 0.44 37.45 £ 0.74 15.54 £ 0.15

“ n is the repetitive measurements number.

This journal is © The Royal Society of Chemistry 2019
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Table 2 R, values of the deposited copper samples containing

different concentrations of the glyphosate (n = 3)*

Concentrations of

Number of samples glyphosate (M) Ryp

1 0 6.94 + 0.40
2 1.0 x 10 5.75 4+ 0.25
3 1.0 x 107° 6.25 + 0.67
4 1.0 x 1078 7.03 £+ 0.94
5 1.0 x 1077 9.16 + 0.95
6 1.0 x 10°° 6.86 + 0.99
7 1.0 x 107° 7.49 4+ 0.73

“ n is the repetitive measurements number.

calculated R, results indicated that the experimental raw data
and the fitting data had less fitting error.

The effect of different concentrations of glyphosate on the
unit cell parameters has been presented in Fig. 5. According to
the unit cell parameters presented in Fig. 5, the result of unit
cell parameters indicated that the crystallite size, cell volume

View Article Online
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and the lattice constant (a) decreased with the increasing
concentration of the glyphosate in deposited copper films. A
small increase in these unit cell parameters could be possible
due to the glyphosate incorporation in the copper structure/
film. This outcome was in agreement with the previously ob-
tained results of the SEM and TEM images.

3.2. Chemical characterization

Energy Dispersive X-ray Spectrometry EDX-Mapping technique
was used to analyze the distribution characteristics of the
elements in the electrodeposited copper films in the presence of
glyphosate. The copper films containing glyphosate was scraped
from the surface of the ITO and dispersed ultrasonically in an
ethanol solution. The crystal containing dendritic structure and
amorphous structure was taken from the electrodeposited
copper films for EDX energy spectrum analysis. Fig. 6a shows
the TEM topography, which could be divided into two groups
according to the structural features in the figure. The dendritic
structure indicates area 1 and the amorphous structure
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Effect of the glyphosate concentration on the unit cell parameters of the deposited copper films.
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EDX spectrum of the electrodeposited copper films with glyphosate additives for area 1 and area 2.
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indicates area 2. According to the recorded peak values, the
copper peaks could be distinguished from the EDX spectrum of
area 1 (Fig. 6b). Moreover, apart from copper peaks, the peak of
phosphorus was also recognized in the spectrum of area 2
(Fig. 6¢). The results directly provided evidence that phosphorus
was incorporated into the crystal structure of copper. Specifi-
cally, the Cu®>" ions in the electrolyte were reduced to pure
copper metal at the cathode, while a fraction of Cu®" ions
complexed with the phosphorus ions, after which the products
were deposited on the ITO substrate surface.

According to the results displayed in Fig. 7, the yellow part of
Fig. 7b is the distribution of Cu elements in the sample, and the
red part of Fig. 7c shows the distribution of phosphorus
elements. The result demonstrated that the phosphorus mainly
accumulated on the amorphous structure of the electro-
crystallized copper rather than the dendritic structure.
Combined with the EDX spectrum, it could be inferred that the
complex product of Cu>" ions and phosphorus was more likely
to form an amorphous structure than the dendritic structure on
the substrate surface.

In order to investigate the mechanism of the effect of
glyphosate on the intensities of X-ray diffraction peaks, the
valence states of copper after the addition of glyphosate was
studied by X-ray photoelectron spectroscopy (XPS). In this
experiment, the peak of carbon atom at 231 eV was used as the
reference to calibrate the binding energy (BE). During the
measurement, the adventitious carbon could not be completely
removed, and the residual amounts affected the results of our
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Fig. 9 The corresponding calibration curve for the glyphosate
determination. The copper concentration was 0.01 mol Lt

XPS measurements. As shown in Fig. 8a, P, C, N, O and Cu
elements were detected in the XPS spectra of the electro-
deposited copper film formed in the presence of glyphosate.
Fig. 8b shows the XPS spectrum of the Cu-2p core region. After
the complexation of Cu®" ion with glyphosate, the XPS spectrum
of the Cu-2p region split into two absorption peaks at 935.0 eV
and 932.3 eV. The peak at 935.0 eV corresponded to the Cu-2p3),
core level of Cu®" ions, which was physically adsorbed on the
ITO substrate surface. The binding energy of 932.3 eV

Fig. 7 Mapping images of the elemental distributions of the deposited copper films added with glyphosate.
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Fig. 8 XPS spectra corresponding to the (a) deposited copper films with the addition of glyphosate, (b) Cu-2p core level regions of copper films

supported on the ITO substrate.
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Table 3 Recovery measurements of glyphosate in milk (n = 3)“
Recovery GC-MS (pumol
Target object Added (pmol L) Found (pmol L) (%) RSD (%) LY
Glyphosate 0.10 0.095 £ 0.003 95.0 3.2 0.12
0.50 0.517 £ 0.007 103.4 1.8 0.48
1.00 0.962 £ 0.005 96.2 1.9 0.97

% n is the repetitive measurements number.

represented the Cu®” ions that coordinated with glyphosate

adsorbed on the surface of ITO because P=—O bond in the
glyphosate structure had strong affinity towards the Cu®* ions.**
The d° electronic configuration of Cu®*, in which one electron
could be easily excited to the 4p orbital to form a dsp* hybrid
orbital, facilitated the formation of the complex between
ligands by accepting lone pair of electrons. The reduction of
binding energy from 935.0 eV to 932.3 eV indicated that there
was an electron density change for Cu®" ions during complex-
ation. The complex formed subsequently deposited on the
surface of the ITO and hindered the normal nucleation and the
growth of the neighboring copper crystals. Consequently, the
content of pure copper metal in the electrodeposited copper
films decreased, and the intensities of diffraction peaks effec-
tively reduced.

3.3. Quantitative determination of glyphosate

Based on the above evidences, we conducted a preliminary
study for the quantitative determination of glyphosate.
Different concentrations of glyphosate were added to the same
concentration of CuSO, electrolyte solution as additives in the
same electrodeposition conditions. Due to the strong interac-
tion between glyphosate and Cu®' ions, the intensities of
diffraction peaks of the deposited copper films on the ITO
substrate surface decreased with the increase in the glyphosate
concentration (Fig. 4). In this experiment, the quantitative
detection of glyphosate was achieved by using the response of
diffraction peak intensities and the glyphosate concentration
based on the (111) lattice planes in the X-ray diffraction pattern
of the deposited copper films mostly affected by glyphosate.
Until now, there was no report on the quantitative detection of
glyphosate by X-ray diffraction and electrochemical deposition.
As can be seen from Fig. 9, the diffraction peak intensities of
(111) lattice planes showed a good linear relationship with the
logarithm value of glyphosate concentrations in the range from
1.0 x 107" mol L' to 1.0 x 107> mol L' (R* = 0.9958) with
a detection limit of 2.5 x 10~ mol L. This method achieved
a lower LOD value in comparison with those of the previous
researches listed in Table S1.T These results demonstrated that
this method based on the combination of electrochemical
deposition and X-ray diffraction provided a simple and effective
method for the detection of glyphosate.

To demonstrate the selectivity of the method for glyphosate,
we investigated the influence of possible interferences on the X-
ray diffraction peaks. The interferences, such as acetochlor
(Ace), carbendazim (Car), NO;, SO,  and Cl ™, were detected

14022 | RSC Adv., 2019, 9, 14016-14023

(see Fig. S1t). The concentration of glyphosate was 1.0 X
1077 mol L™ " and that of others was 1.0 x 10~> mol L™ . The
experimental results indicated that the above-mentioned
interferences had no significant effects on the peak intensities
of the X-ray diffraction patterns. The glyphosate molecule,
containing P=0, C=0 and N-H chelating groups, has
a stronger affinity towards Cu®>* ions than other common
pesticides.

In order to prove the method feasibility in real sample
analysis, recovery tests were employed by adding different
amounts of glyphosate into milk samples. The results are
shown in Table 3. The concentration of glyphosate was calcu-
lated according to the calibration curve. The average recovery
range of glyphosate was from 95.0% to 103.4% (n = 3). The
results indicated that this method has potential application in
the detection of glyphosate in milk samples.

4. Conclusions

In conclusion, the characterization of the electrodeposited
copper film, added with glyphosate, showed that different
concentrations of glyphosate had a significant effect on the
morphology of the copper films. We conducted preliminary
experiments on the application of this method for glyphosate
detection. And using the target analyte as the additive makes
the method expected for future applications. It can probe non-
electroactive substances that cannot be detected by classical
electrochemical methods and broadens the scope of application
of conventional X-ray diffraction measurements. The chelating
reaction between the glyphosate and Cu®" ions inhibited the
reduction and growth of copper crystals. The microstructure
and the morphology of the electrodeposited copper films were
transformed, and the relative intensities of diffraction peaks
decreased. This method can be used by any portable electro-
chemical workstation and X-ray diffractometer in the future,
and can realize real-time field detection with good application
prospects.
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