
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

2:
22

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A novel electroc
aSchool of Materials Science and Engineerin

100081, China. E-mail: chaicp@bit.edu.cn
bBeijing Key Laboratory of Radiation Advanc

Radiation Application Co.,Ltd., Beijing 1000

Cite this: RSC Adv., 2022, 12, 5164

Received 3rd November 2021
Accepted 1st February 2022

DOI: 10.1039/d1ra08064d

rsc.li/rsc-advances

5164 | RSC Adv., 2022, 12, 5164–5172
hemical sensor for glyphosate
detection based on Ti3C2Tx/Cu-BTC
nanocomposite

Shan Wang,a Yanqing Yao,a Jia Zhao,a Xuhui Han,a Chunpeng Chai *a and Pei Dai*b

The copper benzene-1,3,5-tricarboxylate (Cu-BTC) with outstanding chemical and physical properties, is

a novel and promising material in the field of electrochemical sensing. However, it has significant

limitations for direct application in electrochemical sensing due to the relatively weak conductivity of

Cu-BTC. Here, the conductivity of Cu-BTC was improved by loading Cu-BTC onto two-dimensional

Ti3C2Tx nanosheets with high conductivity. Thanks to the synergistic effect produced by the high

conductivity of Ti3C2Tx and the unique catalytic activity of Cu-BTC, the Ti3C2Tx/Cu-BTC nanocomposite

exhibits excellent sensing performance for glyphosate, with a low limit of detection (LOD) of 2.6 �
10�14 M and wider linear sensing range of 1.0 � 10�13 to 1.0 � 10�6 M. Moreover, the electrochemical

sensor based on Ti3C2Tx/Cu-BTC also shows excellent selectivity, good reproducibility and stability.
1. Introduction

Glyphosate (N-(phosphonomethyl)glycine) is a broad-spectrum,
non-selective organophosphorus herbicide, which is widely
used in the eld of weed and vegetation control in agriculture,
industry and household use.1–5 With the advancement of
productivity, industry and agriculture have generally achieved
automation, the use of glyphosate and other pesticides has also
increased day by day, and the potential harm of glyphosate has
also attracted more and more attention.6,7 Although there are
still controversies about whether glyphosate is carcinogenic, the
long-term and large-scale use of glyphosate has caused harm to
humans, animals, plants, and the environment. Therefore, it is
necessary to develop a simple, efficient, and highly selective
method for detecting glyphosate.

Compared with liquid chromatography, gas chromatography
and other analytical sensing methods for glyphosate, electro-
chemical sensing has the advantages of low cost, simple oper-
ation, easy to carry, high sensitivity, and less sample
consumption.8–10 Although glyphosate is a non-electroactive
compound and cannot be measured at an accessible poten-
tial, there have been reports of electrochemical sensing of
glyphosate by modifying the electrode and processing the
sample.11–13 Prasad et al.14 constructed an electrochemical
sensor based on a graphite electrode modied by a dual-
template imprinted polymer nanomembrane and used it to
detect glyphosate in soil. The linear response range and the
g, Beijing Institute of Technology, Beijing

ed Materials, Beijing Research Center for

15, China. E-mail: daipei008@126.com
limit of detection of the sensor to glyphosate are 3.98–176.23 ng
ml�1 and 0.35 ng ml�1, respectively. Kheni et al.15 developed
an electrochemical sensing platform based on NiAl-LDH layered
double hydroxide (LDH) by co-depositing NiAl-LDH on the
surface of the Pt electrode and applied it to glyphosate sensing.
The detection mechanism is the electrocatalytic oxidation of
Ni3+ in NiAl-LDH to the amine group in glyphosate. The LOD
and linear response ranges of the sensor to glyphosate are 1 �
10�6 M and 1� 10�5 to 9� 10�4 M, respectively. Although these
methods provide new ideas for the electrochemical detection of
glyphosate, there are still some problems such as complex
preparation processes, high limit of detection, wide detection
range and poor anti-interference and stability. Therefore, it is of
great value to develop an electrochemical sensor for glyphosate
detection with excellent comprehensive performance such as
simple process, high detection efficiency, excellent anti-
interference.

Metal–organic frameworks (MOFs) materials have a wide
range of applications. Due to their large specic surface area,
high porosity, controllable structure and abundant active metal
sites,16–18 MOFs materials are widely used in the elds of
adsorption–separation, gas storage and catalysis.19–21 And it is
worth noting that in recent years, MOFs have been usedmore as
electrochemical sensing platforms to detect certain substances,
such as hydrogen peroxide,22,23 dopamine,24,25 hydrazine26,27 and
ascorbic acid.28,29 Cu-BTC is a kind of MOFs material formed by
self-assembly of metal Cu2+ and organic ligand trimesic
acid.30–32 Ji et al.33 rst applied it to the electrochemical sensing
of sunset yellow and lemon yellow. Cao et al.34 creatively applied
Cu-BTC to the electrochemical sensing of glyphosate. The
sensing mechanism is based on the fact that the phosphate
groups, amine groups and carboxyl groups in glyphosate easily
© 2022 The Author(s). Published by the Royal Society of Chemistry
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combine with Cu2+ in Cu-BTC to form a glyphosate–Cu2+

complex, thereby inhibiting the current response. However, due
to the poor conductivity of Cu-BTC, its direct application in
electrochemical sensing still has a lot of limitations. Therefore,
combining Cu-BTC with other conductive materials to amplify
the sensing signal and improve the electrochemical sensing
performance is a promising method.35,36 As a new type of two-
dimensional nanomaterial, MXenes not only has the charac-
teristics of large specic surface area, outstanding hydrophi-
licity and abundant surface functional groups, but more
importantly, it has ultra-high conductivity.37–41 Its combination
with Cu-BTC compounding can give full play to the synergistic
effect of the two, which is of great signicance in the electro-
chemical sensing of glyphosate.

In this article, two-dimensional material Ti3C2Tx was rst
prepared by chemical etching, then Cu-BTC was grown by in situ
growth method using Ti3C2Tx nanosheets as a template, and
nally, the prepared Ti3C2Tx/Cu-BTC nanocomposite was
passed through the adsorption method to be modied on
a glassy carbon electrode (GCE), constructing an electro-
chemical sensor for glyphosate detection to achieve high-
efficiency sensing of glyphosate.

2. Experimental section
2.1. Materials

Ti3AlC2 powder (400 mesh) was obtained from 11 Technology
Co., Ltd (JiLin, China). Co(NO3)2$6H2O, 2-methylimidazole,
glyphosate, NaOH, KCl and NaCl were purchased from Beijing
Chemical Works (China). Lithium uoride (LiF, 98.5%),
hydrochloric acid (HCl, 37%) were bought from Sigma Aldrich.
All chemicals were of analytical grade and used as received
without further purication.

2.2. Preparation of Ti3C2Tx

Add 1 g of lithium uoride to a polypropylene plastic bottle
containing 20 ml of 9 M hydrochloric acid, and continue stir-
ring for 0.5 h to ensure that the lithium uoride is completely
dissolved. Slowly add 1 g Ti3AlC2 to the hydrochloric acid
solution in which lithium uoride is dissolved, and then stir the
reaction at 35 �C for 48 h, and wash the etching product with
deionized water until the supernatant pH $ 6 to obtain multi-
layer Ti3C2Tx. Under the conditions of ice-water bath and argon
protection, the multilayer Ti3C2Tx solution was sonicated for
1 h, and then centrifuged at a speed of 3500 rpm to obtain
a monolayer/small-layer Ti3C2Tx dispersion. The obtained
single-layer/small-layer Ti3C2Tx dispersion was freeze-dried for
48 h to obtain Ti3C2Tx nanosheets.

2.3. Preparation of Cu-BTC

The synthesis of pure Cu-BTC followed that described in the
literature.31 1,3,5-Trimesic acid (0.875 g) and copper nitrate
trihydrate (1.82 g) were respectively dissolved in 50ml methanol
solvent to prepare mixed solutions A and B, and stir for 0.5 h
respectively. Then addmixed solution B tomixed solution A, stir
vigorously for 5 min, and then stand at room temperature for
© 2022 The Author(s). Published by the Royal Society of Chemistry
24 h. Finally, the product obtained aer standing was centri-
fuged and washed withmethanol, and the Cu-BTC was obtained
by freeze-drying for 24 h.
2.4. Preparation of Ti3C2Tx/Cu-BTC composite

Solutions A and B were prepared in “2.3. Preparation of Cu-
BTC”. Measure 10 ml Ti3C2Tx aqueous solution (5 mg ml�1),
and slowly add it to the mixed solution B, and continue to stir
for 0.5 h. Aer the stirring, add mixed solution A, stir vigorously
for 5 min, and then stand at room temperature for 24 h. Finally,
the product obtained aer standing was centrifuged and
washed with methanol, and the Ti3C2Tx/Cu-BTC composite was
obtained by freeze-drying for 24 h.
2.5. Preparation of Ti3C2Tx/Cu-BTC/GCE

Grind and polish the glassy carbon electrode (GCE) to a mirror-
like surface with 0.05 mm and 0.3 mm alumina powder, respec-
tively. Weigh 10 mg of Ti3C2Tx/Cu-BTC composite and ultra-
sonically disperse it in 5 ml of ethanol, then use a pipette to
pipette 10 mL of the dispersion onto the surface of GCE, and dry
it in a vacuum oven for 10 min (room temperature) to get
Ti3C2Tx/Cu-BTC/GCE.
2.6. Instrumentation and measurements

The morphologies of the samples were observed by scanning
electron microscopy (SEM, SU8020). X-ray powder diffraction
(XRD) spectra analyses the crystal structure of samples were
carried out by the Bruker D8 with a Cu Ka radiation at a scan
speed of 5� min�1 and a step size of 0.02�. X-ray photoelectron
spectroscopy (XPS) analyses of the Ti3C2Tx/Cu-BTC nano-
composite were carried out by the Thermo ESCLAB 250 Xi
(ThermoFisher Scientic, USA). The automatic specic surface
and porosity analyzer model (ASAP 2020) was used to charac-
terize the specic surface area of samples. All electrochemical
properties were recorded by the IviumStat Electrochemical
Workstation with a three electrodes system. In this system, the
glassy carbon electrode (GCE) was used as the working elec-
trode, and Ag/AgCl and platinum at were employed as the
reference and counter electrode, respectively.
3. Results and discussion
3.1. Formation of Ti3C2Tx/Cu-BTC nanocomposite

The preparation process of Ti3C2Tx/Cu-BTC composite is shown
in Fig. 1 clearly. Ti3C2Tx–MXene nanosheets are obtained by
etching and stripping the MAX phase Ti3AlC2 in the beginning.
Then using Ti3C2Tx nanosheets as a template to grow Cu-BTC in
situ to obtain Ti3C2Tx/Cu–BTC complex. During the in situ
growth of Cu-BTC, Cu2+ is adsorbed on the surface by the
electrostatic effect. In the end, the O atoms of trimesic acid and
Cu2+ rapidly nucleate through coordination reaction on the
surface of Ti3C2Tx nanosheets, and grow into Cu-BTC to obtain
Ti3C2Tx/Cu-BTC composites.
RSC Adv., 2022, 12, 5164–5172 | 5165
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Fig. 1 The preparation of Ti3C2Tx/Cu-BTC composite.
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3.2. Morphology of Ti3C2Tx/Cu-BTC nanocomposite

Fig. 2(a) is SEM image of the precursor MAX phase Ti3AlC2. It
exhibited that Ti3AlC2 has a tightly stacked three-dimensional
layered structure. When the Al layer in Ti3AlC2 is etched and
eliminated, a multilayer Ti3C2Tx with an accordion-like struc-
ture formed by weak van der Waals forces or hydrogen bonds is
obtained, as shown in Fig. 2(b). Fig. 2(c) is the TEM image of the
single-layer/small-layer Ti3C2Tx nanosheets obtained aer
ultrasonic peeling of multilayer Ti3C2Tx. It can be seen that the
multilayer Ti3C2Tx is ultrasonically peeled to obtain a thin to
transparent single layer or stack of single layers. Fig. 2(d) is the
SEM image of the Cu-BTC sample. It can be seen that the Cu-
BTC cubic crystal is a typical octahedral geometry, and its size
is about 2 mm. Fig. 2(e) and (f) are the SEM images of T3C2Tx/Cu-
BTC composites under different magnications. It can be seen
that Ti3C2Tx does not affect the growth of Cu-BTC crystals, but it
is different from Ti3C2Tx/ZIF-8 and Ti3C2Tx/ZIF-67. The differ-
ence is because the size of Cu-BTC is equal to or larger than
Ti3C2Tx nanosheets, the Ti3C2Tx/Cu-BTC nanocomposite is
nally presented in the form of Ti3C2Tx nanosheets inter-
spersed between Cu-BTC.
Fig. 2 SEM images of (a) Ti3AlC2, (b) multilayer Ti3C2Tx, (d) Cu-BTC, (e) an
nanosheets.

5166 | RSC Adv., 2022, 12, 5164–5172
EDS element mapping analysis on the Ti3C2Tx/Cu-BTC
nanocomposite was carried out to explore its element compo-
sition and distribution. Fig. 3(a) is the SEM image of Ti3C2Tx/
Cu-BTC composite material. To perform EDS element mapping
analysis in this area, and the EDS element mapping spectrum
containing the elements Ti, Cu, C and O was obtained. Fig. 3(c–
f) are EDS element maps of independent elements (Ti, Cu, C
and O). Ti element belongs to Ti3C2Tx, Cu element is the char-
acteristic element of Cu-BTC, and C and O elements are at the
same time existing in Ti3C2Tx and Cu-BTC, which further
indicates the successful preparation of Ti3C2Tx/Cu-BTC
composites.
3.3. Crystal structure of Ti3C2Tx/Cu-BTC nanocomposite

Fig. 4 shows the X-ray diffraction spectrum of Ti3AlC2, Ti3C2Tx,
Cu-BTC and Ti3C2Tx/Cu-BTC nanocomposites. The X-ray
diffraction spectrum of MAX phase Ti3AlC2 shows all the char-
acteristic peaks, among which the diffraction peaks at 9.58�,
19.2� and 39.04� correspond to the (002), (004) and (104) char-
acteristic peaks of crystal Ti3AlC2, respectively. The X-ray
diffraction pattern of Ti3C2Tx showed that the characteristic
d (f) Ti3C2Tx/Cu-BTC; (c) TEM images of monolayer/small-layer Ti3C2Tx

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM image (a) and EDS element map (b–e) of Ti3C2Tx/Cu-BTC nanocomposite.

Fig. 4 X-ray diffraction patterns of Ti3AlC2, Ti3C2Tx, Cu-BTC and
Ti3C2Tx/Cu-BTC.

Fig. 5 XPS full spectrum of Ti3C2Tx/Cu-BTC composite.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

2:
22

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
peaks (004 and 104) of Ti3AlC2 disappeared, and the diffraction
peak (002) shied to a smaller angle, proving that Ti3AlC2 was
successfully etched into Ti3C2Tx. The characteristic peaks of X-
ray diffraction of Cu-BTC and the characteristic peaks of Cu-
BTC reported can match well, which proves the successful
preparation of Cu-BTC. The X-ray diffraction pattern of Ti3C2Tx/
Cu-BTC can well identify the diffraction characteristic peaks of
Cu-BTC and Ti3C2Tx, which indicates that the presence of
Ti3C2Tx will not affect the growth of Cu-BTC crystals, which
further indicates successful preparation of Ti3C2Tx/Cu-BTC
composite material.

The surface properties of the Ti3C2Tx/Cu-BTC composite
were further studied by XPS. Fig. 5 shows the XPS full spectrum
of the Ti3C2Tx/Cu-BTC composite. It can be seen from the gure
that the six peaks of Ti3C2Tx/Cu-BTC at 298 eV, 475 eV, 545 eV,
685 eV and 965 eV correspond to the elements C 1s, Ti 2p, O 1s,
F 1s and Cu 2p, respectively. Cu 2p is a characteristic element of
Cu-BTC and Ti 2p was derived from Ti3C2Tx, which was similar
with the XPS spectra of Ti3C2Tx (ref. 41–43) and Cu-BTC.30,44,45

The characterization result further indicated the successful
preparation of Ti3C2Tx/Cu-BTC composites.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.4. Surface area and porosity of Ti3C2Tx/Cu-BTC
nanocomposite

In order to further analyze the pore structure of Cu-BTC and
Ti3C2Tx/Cu-BTC composites, the surface area and pore size
distribution of Cu-BTC and Ti3C2Tx/Cu-BTC were tested. The
results are shown in Table 1 and Fig. 6. Fig. 6(a) and (c) are the
N2 adsorption–desorption isotherms of Cu-BTC and Ti3C2Tx/
Cu-BTC, respectively. It can be seen that both Cu-BTC and
Ti3C2Tx/Cu-BTC are typical I-type adsorption isotherms. The
curve shows that Cu-BTC and Ti3C2Tx/Cu-BTC are both micro-
porous structures. At the same time, Fig. 6(b) and (d) are the
pore size distribution curves of Cu-BTC and Ti3C2Tx/Cu-BTC,
respectively. It can be seen that the pore size distribution is
mainly concentrated around 1.5 nm, which is consistent with
the corresponding adsorption–desorption isotherms.

It can be seen from Table 1 that the average pore diameter of
Cu-BTC and Ti3C2Tx/Cu-BTC composite materials are both
about 1.5 nm, which shows that the addition of Ti3C2Tx nano-
sheets does not affect the formation of Cu-BTC crystals. In
addition, the specic surface areas of Cu-BTC and Ti3C2Tx/Cu-
BTC are 1511 m2 g�1 and 874 m2 g�1, respectively. The
RSC Adv., 2022, 12, 5164–5172 | 5167
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Table 1 Surface area and average pore diameter of Cu-BTC and
Ti3C2Tx/Cu-BTC composite

Sample name
Surface area
(m2 g�1)

Average pore
size (nm)

Cu-BTC 1511 1.525
Ti3C2Tx/Cu-BTC 874 1.593
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specic surface area of Ti3C2Tx/Cu-BTC is smaller than that of
Cu-BTC because Ti3C2Tx nanosheets with a dense lm structure
do not contribute much to the specic surface area during the
specic surface area test, and the decrease in the proportion of
Cu-BTC in the unit mass results in that specic surface area of
Ti3C2Tx/Cu-BTC is lower than pure Cu-BTC.
3.5. Electrochemical impedance analysis of Ti3C2Tx/Cu-BTC/
GCE

As shown in Fig. 7, the conductivity of GCE modied with
different materials was analyzed by electrochemical impedance
spectroscopy (EIS). It can be seen from the gure that bare GCE
shows a large semicircular area at high frequency, and Cu-BTC/
GCE shows a larger semicircular area, and its semicircular
diameter further increases, which proves the inherent insu-
lation properties of Cu-BTC. Compared with GCE and Cu-BTC/
Fig. 6 (a) Cu-BTC and (c) Ti3C2Tx/Cu-BTC N2 adsorption–desorption
curves.

5168 | RSC Adv., 2022, 12, 5164–5172
GCE, the EIS spectrum of Ti3C2Tx/GCE has no obvious semi-
circular area, even close to linearity, which further shows that
Ti3C2Tx has ultra-high electrical conductivity. For Ti3C2Tx/Cu-
BTC/GCE, the semicircle diameter is between that of Ti3C2Tx/
GCE and GCE, which shows that Ti3C2Tx can effectively improve
the low conductivity characteristics of Cu-BTC. The combina-
tion of Ti3C2Tx and Cu-BTC exhibited excellent synergy. On one
hand, Cu-BTC as the matrix could x and disperse the Ti3C2Tx

to prohibit Ti3C2Tx aggregation. On the other hand, Ti3C2Tx

loading on the Cu-BTC is helpful to enhance the conductivity
and electrocatalytic activity. So a fast electronic channel in
Ti3C2Tx/Cu-BTC is formed between the electrode and the elec-
trolyte, which is expected to become a good platform for sensing
applications.
3.6. Electrochemical behaviors of Ti3C2Tx/Cu-BTC/GCE

The electrochemical behaviors of Ti3C2Tx/Cu-BTC nano-
composite between different modied electrodes and glyph-
osate in 0.1 M phosphate-buffered saline (PBS) were measured
by cyclic voltammetry to analyze the applicability for electro-
chemical sensing of glyphosate. Fig. 8 shows the cyclic vol-
tammetry curves of GCE, Cu-BTC/GCE and Ti3C2Tx/Cu-BTC/
GCE with and without glyphosate added to 0.1 M PBS electro-
lyte. It can be seen from the gure that the graph of bare GCE is
a smooth curve without obvious redox peaks. Compared with
isotherms; (b) Cu-BTC and (d) Ti3C2Tx/Cu-BTC pore size distribution

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EIS Nyquist plots of GCE, Ti3C2Tx/GCE, Cu-BTC/GCE and
Ti3C2Tx/Cu-BTC/GCE.

Fig. 8 (a) The cyclic voltammetry graph of bare/GCE, Cu-BTC/GCE,
Ti3C2Tx/Cu-BTC/GCE in 0.1 M phosphate-buffered saline (PBS) with
and without glyphosate.

Fig. 9 (a) DPV curve of Ti3C2Tx/Cu-BTC/GCE with different concentrati
10�10; 1.0 � 10�9; 1.0 � 10�8; 1.0 � 10�7; 1.0 � 10�6) (b) the logarithmic
the glyphosate concentration.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bare GCE, the graph of Cu-BTC/GCE has a pair of obvious redox
peaks, which are formed by the mutual conversion of Cu(II) and
Cu(I). In addition, compared with Cu-BTC/GCE, the graph of
Ti3C2Tx/Cu-BTC/GCE also has similar redox peaks, and its
response peak current is much larger than Cu-BTC/GCE, which
can be attributed to the high conductivity of Ti3C2Tx nanosheets
greatly improving the inherent weak conductivity of Cu-BTC,
and therefore Ti3C2Tx/Cu-BTC/GCE has a higher electron
transfer rate.

When glyphosate is added to the PBS electrolyte, the oxida-
tion peak currents of Cu-BTC/GCE and Ti3C2Tx/Cu-BTC/GCE are
reduced. This is due to the coordination of Cu-BTC and glyph-
osate, which inhibits the mutual conversion of Cu(II) and Cu(I)
in Cu-BTC, leading to a decrease in response current. It is worth
noting that, compared with Cu-BTC/GCE, the peak response
current of Ti3C2Tx/Cu-BTC/GCE is signicantly reduced.
Because the glyphosate electrochemical sensor realizes the
electrochemical detection of glyphosate through the difference
in response current shown by the blank sample and the sample
with glyphosate added. Therefore, compared with Cu-BTC,
Ti3C2Tx/Cu-BTC/GCE has a larger response peak current and
a more obvious response current difference, which has advan-
tages in the electrochemical sensing of glyphosate.
3.7. Quantitative sensing of glyphosate by Ti3C2Tx/Cu-BTC/
GCE

Differential pulse voltammetry (DPV) is of great signicance in
the sensory analysis of ultra-low concentration analytes.
Ti3C2Tx/Cu-BTC/GCE showed excellent sensing performance in
the cyclic voltammetry test of glyphosate. The analyte glyph-
osate was further analyzed quantitatively by DPV method, and
the results are shown in Fig. 9. When the concentration of
glyphosate is 0, it shows a higher response peak current. As the
concentration of glyphosate increases from 0 to 1 � 10�13 M,
the response peak current gradually decreases. This is because
as the concentration of glyphosate increases, the more glyph-
osate–Cu2+ complex will be formed. Fig. 9(b) shows the rela-
tionship between the current peak value change (DI) and the
glyphosate concentration. It can be seen that the current peak
ons of glyphosate, (a–i) (0; 1.0 � 10�13; 1.0 � 10�12; 1.0 � 10�11; 1.0 �
relationship between the response current peak change value (DI) and
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Fig. 10 Comparison of detection range and detection limit of Ti3C2Tx/
Cu-BTC and other glyphosate sensors.46–49

Fig. 12 The relationship between the DI of Ti3C2Tx/Cu-BTC/GCE for
different detection substances and the logarithm of concentration.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

2:
22

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
change value (DI) is linearly related to the glyphosate concen-
tration, and the linear range is 1.0 � 10�1 to 1.0 � 10�6 M, the
linear regression equation is DI ¼ 2.3081 lg c + 33.212. In
addition, the limit of detection based on Ti3C2Tx/Cu-BTC/GCE
calculated by the glyphosate sensor is 2.6 � 10�14 M. This
indicates that the glyphosate electrochemical sensor based on
Ti3C2Tx/Cu-BTC composite material has a wide linear response
range and a low detection limit. The excellent detection
performance of the sensor is attributed to the excellent
conductivity of Ti3C2Tx and the unique interaction between Cu-
BTC and glyphosate.

Fig. 10 shows the comparison of the detection range and
detection limit of Ti3C2Tx/Cu-BTC and other glyphosate testing
equipment.46–49 It can be seen that Ti3C2Tx/Cu-BTC has the
lowest LOD (2.6 � 10�14 M) while ensuring a wide detection
range (1.0 � 10�13 to 1.0 � 10�6 M). It is worth noting that the
limit of detection based on Ti3C2Tx/Cu-BTC is even lower than
that of the C3N4/Cu-BTC sensor (1.3 � 10�13 M)49 with the same
modication of Cu-BTC. The good detection performance of
Ti3C2Tx/Cu-BTC is contributed by the high conductivity of
Ti3C2Tx and the strong interaction of Cu-BTC and glyphosate.
All the above shows that Ti3C2Tx/Cu-BTC has obvious
Fig. 11 Ti3C2Tx/Cu-BTC/GCE detection mechanism of glyphosate.

5170 | RSC Adv., 2022, 12, 5164–5172
advantages as a sensor for detecting glyphosate. It means that
Ti3C2Tx/Cu-BTC is an effective electrode material and has great
potential in glyphosate detection.
3.8. Sensing mechanism of glyphosate by Ti3C2Tx/Cu-BTC/
GCE

As shown in Fig. 11, Ti3C2Tx/Cu-BTC/GCE showed excellent
electrochemical sensing performance for glyphosate. The
Ti3C2Tx/Cu-BTC nanocomposite material was modied on the
surface of the glass carbon electrode (GCE) by the drop-casting
method to obtain Ti3C2Tx/Cu-BTC/GCE. In the electrochemical
sensing process of glyphosate, the synergistic effect of the
Ti3C2Tx/Cu-BTC nanocomposite material greatly promotes the
electrochemical sensing effect of glyphosate. In this process, the
oxidation–reduction reaction of Cu-BTC (the mutual conversion
of Cu(II) and Cu(I)) generates a response current. When glyph-
osate is added or the concentration of glyphosate increases, the
phosphate groups, secondary amino groups and carboxyl
groups in glyphosate have a strong affinity for Cu2+ in Cu-BTC,
and glyphosate is easily adsorbed on the metal structure center
of Cu-BTC to form a glyphosate–Cu2+ complex, which hinders
the transfer of electrons and reduces the response current. The
response current reduction value is proportional to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Ti3C2Tx/Cu-BTC/GCE reproducibility (a) and stability (b).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

2:
22

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
glyphosate concentration, and the glyphosate concentration is
evaluated based on the change in the response current before
and aer the reaction.

It is worth mentioning that due to the inherent insulation of
Cu-BTC, the electrochemical detection of glyphosate using Cu-
BTC alone has problems such as low response current and
small current change. Introduction of 2D nanosheet into basic
material could supply good sensitivity since 2D nanomaterials
are used as the channel material to fabricate sensor.50 Therefore
by combining Ti3C2Tx with high conductivity and Cu-BTC, the
conductivity of Cu-BTC can be greatly improved, the response
current and current change value can be increased, and the
sensing signal can be signicantly amplied.
3.9. Anti-interference, reproducibility and stability of
Ti3C2Tx/Cu-BTC/GCE

Anti-interference is an important performance of electro-
chemical sensors in practical applications. The differential pulse
voltammetry (DPV) was employed to investigate the interference
substances that may exist in practical applications of glyphosate
electrochemical sensors based on Ti3C2Tx/Cu-BTC. Evaluation of
anti-jamming performance. To research the selectivity of
Ti3C2Tx/Cu-BTC to glyphosate, ve common pesticides including
parathion, metron, Dipterex, deltamethrin and acetochlor were
selected as interference substances. In the anti-interference
performance test, except that glyphosate was replaced with the
same concentration of interfering substances, the other test
conditions remained relatively consistent. Fig. 12 shows the
relationship of current peak change value (DI) and correspond-
ing sensor concentration (logarithm) of Ti3C2Tx/Cu-BTC to
glyphosate, parathion, metron, Dipterex, deltamethrin and ace-
tochlor. It can be seen from Fig. 12 that as the concentration of
the detection substance increases, only the DI corresponding to
glyphosate increases and shows a relatively linear relationship,
while the DI of other detection substances is very small and
almost remains unchanged. Therefore, the prepared Ti3C2Tx/Cu-
BTC/GCE sensor has excellent anti-interference ability in the
electrochemical detection of glyphosate.

The reproducibility of the sensor was explored by continu-
ously testing 6 Ti3C2Tx/Cu-BTC/GCE of the same batch under
the same conditions. As shown in Fig. 13(a), the relative
© 2022 The Author(s). Published by the Royal Society of Chemistry
standard deviation of the obtained response current is 2.3%,
which indicates that the sensor has good reproducibility. In
order to further study the stability of the prepared sensor, the
prepared Ti3C2Tx/Cu-BTC/GCE was stored in the same storage
environment for 5 hours, 1 day, 3 days and 1 week, according to
the activity change of the sensor aer different storage time to
evaluate the stability of the sensor. As shown in Fig. 13(b), the
sensor still retains 88.6% of its activity aer 1 week of storage,
indicating that the sensor has excellent stability.

4. Conclusions

In conclusion, this paper reported the preparation of an elec-
trochemical sensor based on Ti3C2Tx/Cu-BTC for the electro-
chemical sensing of glyphosate using a facile method for the
rst time. The electrochemical sensor based on Ti3C2Tx/Cu-BTC
combines the advantages of high electric conductivity and
unique electrocatalytic activity, thus having high sensing
performance for glyphosate, including a low limit of detection
(2.6 � 10�14 M) and wide linear response range (1.0 � 10�13 to
1.0 � 10�6 M). In addition, experimental results show that it
also has good stability and anti-interference. This work
demonstrates that the combination of the electrocatalytic
activity of MOF and 2D Ti3C2Tx with ultra-high conductivity is
a promising method for the development of high-performance
electrochemical sensors.
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