
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 1
2:

49
:0

2 
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 La3+-doped TiO
Department of Chemical Engineering and Bio

Technology, Taipei 10608, Taiwan. E-ma

gmail.com

† Electronic supplementary informa
10.1039/d0na00260g

Cite this: Nanoscale Adv., 2020, 2,
3033

Received 3rd April 2020
Accepted 18th May 2020

DOI: 10.1039/d0na00260g

rsc.li/nanoscale-advances

This journal is © The Royal Society o
2 nanoparticle decorated
functionalized-MWCNT catalyst: novel
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The development of novel chemical sensors for pesticide detection has found particular application in the

area of environmental monitoring. However, designing primary sensors as weapons to destroy

contaminants (e.g., paraoxon-ethyl) in water and soil remains a challenge. Herein, we show different

strategies, such as modification of TiO2 NPs through La3+ doping and decoration of f-MWCNTs, which

can provide possibilities for notable developments in electrocatalytic performance. Using this approach,

we introduce an active La3+ doped TiO2 NP decorated f-MWCNT electrocatalyst for pollutant monitoring

applications. Thereby, our findings move towards an outstanding LOD (0.0019 mM) performance, high

selectivity, and exceptional sensitivity (7.6690 mA mM�1 cm�2) on an as-presented catalytic platform for

a PE sensor. Interestingly, the practical applicability of the suggested catalyst shows a rich sensing

platform for PE-contaminated environmental samples.
1. Introduction

Organophosphate pesticides (OPs) are considered to be
a premier type of pesticide owing to their extraordinary
accomplishments in pest control but have caused prodigious
pollution in the environment, and in food and water. Paraoxon-
ethyl (PE) is an organophosphate pesticide, and is broadly used
to control pests/insects and increase the yields of a large
number of agricultural crops.1 OP pesticides are mainly
employed for the cultivation of fruits, wheat, rice, garlic, beans,
and cotton via a spraying technique.2 The long-term persistence
of pesticides and insecticides are complexities in the ecological
system; usage of a large quantity of PE causes a signicant issue
in groundwater contamination. However, PE can easily pene-
trate pure groundwater and can migrate through the food chain
in day-to-day consumption. Meanwhile the level of intake of PE-
contaminated foods is increasing, which in turn causes severe
health risks, including diarrhea, vomiting, poor vision, head-
aches, and critical neurotoxic effects.3–5 Therefore, the U.S
Environment Protection Agency (EPA) stated that PE is an
extremely toxic substance for both animals and human beings.6

Environmentally friendly and efficient technologies for the
detection of pesticides are highly desired. Nowadays, there are
many possible conventional techniques for the detection of
technology, National Taipei University of
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f Chemistry 2020
pesticides in contaminated water, such as high-performance
liquid chromatography (HPLC) and HPLC-MS/MS,7–9 gas chro-
matography and ultra-violet spectrophotometry,10,11 and high-
performance capillary zone electrophoresis.12 Among these
methods, those based on electrochemical sensors have been
extensively used and have shown satisfactory results for OP
analysis due to their uncomplicated operation, fast response,
on-site detection, low-cost impact, extraordinary sensitivity, and
selectivity.6

Over past decades, various metal oxides have been investi-
gated to enhance the electrochemical catalytic activity towards
features needed for pesticide monitoring in the eld of elec-
trochemistry.13 To date, there has been interest in exploring the
chemical and bio-sensing of several semiconducting metal
oxides due to their tunable redox and conducting characteris-
tics, affordability, high level of sensitivity, fast response time,
and ability to classify the species of analytes. Many n-type and p-
type semiconducting metal oxides have been studied, including
ZnO, SnO2, TiO2, Fe3O4, NiO, and many others. Among the
others, titania (TiO2) has been used to construct a variety of
novel materials in the elds of electrochemical sensors,14 and
catalytic reduction.15–20 TiO2 is a typical semiconductor and
a versatile catalyst, which shows high stability, low cost, and
non-toxicity for practical applications. Because of these
considerations, TiO2 NPs are a prominent key factor for
studying catalytic behavior towards pollutant monitoring, while
TiO2 NPs are of great interest for their industrial importance.
However, systematic efforts are still needed to develop a supe-
rior electrocatalyst towards the electrochemical sensing of
Nanoscale Adv., 2020, 2, 3033–3049 | 3033
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pollutants due to the electron–hole pair recombination of TiO2

NPs. To overcome these issues, the doping phenomenon is
a powerful strategy to improve the catalytic performance of TiO2

NPs in an electrochemical sensor platform, which can be
accomplished by different approaches, such as doping with
non-metals, transition metals, or rare-earth metals.21–23 Herein,
the utilization of rare-earth elements is a signicant idea to
enhance catalytic activity towards pesticide detection; the rare-
earth dopants act as an electron sink on the surface of the
semiconductors, which reduces electron–hole pair recombina-
tion.24 Notably, when doping La3+ into TiO2 NPs, an increase in
the concentration of oxygen vacancies in the unit cell of the
doped TiO2 structure is expected. This feature promotes the
migration of oxygen ions through the lattice oxide and provides
the material with high oxygen ion conductivity. Besides, it is
expected that the La3+ doped TiO2 NPs will increase chemical
adsorption on the semiconductor surfaces, which will help to
enhance the sensing performance in pollutant determination
using chemical sensors. Carbonmaterials have noteworthy high
electrical conductivity, good mechanical strength, a high
specic surface area, and catalytic properties. Among carbon
nanotubes (CNTs) both single-walled and multi-walled carbon
nanotubes (MWCNTs) have become attractive electrode mate-
rials in recent decades for the detection of pesticide pollutants.
The f-MWCNTs with La3+ doped TiO2 NPs will be excellent
candidates for use as substrates, and might have a notable
impact on the electrochemical sensing platform due to their
synergetic effect.25

In this study, we propose the decoration of f-MWCNTs with
La3+ doped TiO2 nanoparticles (NPs) by an ultrasound sonica-
tion process. Using this composite, we analyzed the electro-
catalytic sensing behavior for organophosphate pesticide (PE),
according to the electrochemical schematic illustration shown
in Scheme 1. The results showed that we had achieved
remarkable sensing behavior towards the detection of PE with
excellent selectivity and selectivity. Furthermore, the functions
Scheme 1 Schematic illustration for the development of novel chemic

3034 | Nanoscale Adv., 2020, 2, 3033–3049
of the modied electrode materials show long-term stability
and real-time applicability, which will help to accomplish the
challenge of nding a catalyst for the detection of PE-
contaminated groundwater samples.
2. Experimental
2.1. Chemicals and reagents

Pure-MWCNTs, titanium(IV) isopropoxide (97%), lanthanum
nitrate hexahydrate, La(NO3)3$6H2O (99.999%), isopropyl
alcohol (IPA), and paraoxon-ethyl (O2NC6H4OP(O)(OC2H5)2)
(analytical standard) were purchased from Sigma-Aldrich; all
the reagents were employed without additional purication.
The phosphate buffer (PB) (0.05 M) electrolyte was prepared
using Na2HPO4 (dibasic, anhydrous), and NaH2PO4 (mono-
basic, anhydrous). All the electrolytes were prepared in de-
ionized (DI) water to carry out the electrochemical
investigations.
2.2 Synthesis of functionalized multiwall carbon nanotubes
(f-MWCNTs)

The MWCNTs were functionalized according to a previously
reported procedure.26 Typically, the pristine-MWCNTs (1 g) were
dispersed into 50 mL of a 1 : 1 (v/v) ratio of HNO3 (67%) and
H2SO4 (97%) and kept at 60 �C for 30 min under constant
magnetic stirring. Aerwards, the well-dispersed solution was
ultra-sonicated for 6 h (37 kHz), and then it was kept at room
temperature. Subsequently, the f-MWCNT residue was washed
with DI water to remove acid by centrifugation. The black
residue of f-MWCNTs was allowed to dry at room temperature.
2.3 Synthesis of La3+ doped TiO2 NPs

The mixed-phase TiO2 (anatase/rutile) with La3+ doped NPs
was synthesized via the sol–gel method by polycondensation
and hydrolysis of titanium tetra-isopropoxide (TTIP) and
al sensors for pesticide detection.

This journal is © The Royal Society of Chemistry 2020
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a lanthanum precursor (lanthanum nitrate hexahydrate
(99.999% purity)) in the presence of isopropanol. Typically,
TTIP (13 mL) was dissolved in 65 mL of isopropanol in
a beaker and then the solutions were mixed well and contin-
uously until a homogeneous solution of the suspension was
obtained. Subsequently, a separate mixture of a 1 : 1 (v/v) ratio
of isopropyl alcohol (45 mL) and water (45 mL) was added into
the homogenous suspension drop-by-drop and mixed
completely for up to 30 min. Then the lanthanum precursor
(10%) was slowly added into the reaction mixture solution
with continuous stirring. Aerward, 1 mL of concentrated
(68%) nitric acid was added dropwise into the reaction
compounds followed by vigorous stirring for thorough
dispersion. Subsequently, the reaction compounds were kept
under continuous stirring (2 h), which was followed by aging
at room temperature for 24 h. The reaction mixture of La3+

doped TiO2 NPs was centrifuged and drenched with iso-
propanol and water and then washed many times and dried at
343 K for 12 h. Finally, the obtained La3+ doped TiO2 NPs
underwent an annealing process which was carried out with
a 2 �C min�1 ramp rate at 773 K under an air atmosphere. The
TiO2 nanomaterial was prepared by an identical procedure
with a tiny modication (without the presence of a dopant). An
illustration of the synthesis procedure for La3+ doped TiO2

NPs is shown in Scheme 2.
Fig. 1 (a) The crystal structure of TiO2 (anatase and rutile), (b) X-ray pow
TiO2, La

3+ doped TiO2 NP decorated f-MWCNTs.

This journal is © The Royal Society of Chemistry 2020
2.4 Synthesis of La3+ doped TiO2 NP decorated f-MWCNTs

The La3+ doped TiO2 NP decorated f-MWCNTs were sono-
chemically synthesized with three different ratios of f-MWCNTs
and TiO2 (1 : 1, 2 : 1, and 3 : 1). In a typical composition, the f-
MWCNTs were dispersed in 100 mL of DI water and then ultra-
sonicated for 30 min. Then as-prepared La3+ doped TiO2 was
added to the suspension of f-MWCNT solution. The attained
solution mixture was ultra-sonicated for 1 h (at 37 kHz). Aer
completing the sonication process, the suspension settled down
at room temperature. Subsequently, the collected product was
centrifuged with DI water and ethanol several times. The nal
residue was dried at room temperature, and then it was desig-
nated as La3+-doped TiO2 NP decorated f-MWCNTs.
2.5 Characterization

Powder X-ray diffraction (XRD) was performed using a Bruker
D8 Advance X-ray diffractometer. Fourier transform infrared
spectroscopy (FTIR) used a CHI 10000 C FT/IR-6600 instru-
ment. Transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDS) elemental analysis were
recorded using a TEM-JEM-2100F (HR) instrument. XPS
measurements were analyzed with a Kratos Axis Ultra spec-
trometer, using focused monochromatized Al Ka radiation
(hn) of 1486.6 eV. The specic surface area and the pore size
der diffraction patterns, and (c) FTIR spectra of pure-TiO2, La
3+ doped

Nanoscale Adv., 2020, 2, 3033–3049 | 3035
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Scheme 2 Schematic illustration of the synthesis procedure for La3+

doped TiO2 NPs.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 1
2:

49
:0

2 
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
distribution were analyzed by using the Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) methods. The
electrochemical characterizations and analytical techniques
were implemented by two different voltammetry techniques
(CV & DPV) using CHI instruments (1205 C and CHI 900,
USA).

2.6. Fabrication of La3+ doped TiO2 NP decorated f-MWCNT
modied electrode

The La3+ doped TiO2 NP decorated f-MWCNTs were fabricated
onto the GCE surface via the drop-casting method. Before the
GCE surface modication, the GCE was well-polished with
alumina slurry and then washed with DI water to remove the
alumina slurry. Typically, 1 mg of La3+ doped TiO2 NP decorated
f-MWCNT catalyst was dispersed in 1.0 mL of DI water and then
ultra-sonicated for 15 min to obtain a uniform mixture.
Subsequently, the obtained catalyst (optimized concentration 6
mL) was drop cast on the well-polished GCE surfaces and then
allowed to dry at room temperature. The GCE modied with
La3+ doped TiO2 NP decorated f-MWCNTs was employed for
further electrochemical measurements.

3. Results and discussions
3.1 Physicochemical characterizations

First, the La3+ doped TiO2 on f-MWCNTs were synthesized via
the sonochemical method, and the detailed synthesis can found
in the Experimental section. The structure and purity of TiO2

NPs were analyzed before doping without La3+ ions using
powder X-ray diffraction (PXRD).

The observed PXRD pattern was correctly correlated with
a tetragonal crystal structure with I41/amd symmetry. The crystal
structure of anatase and rutile are given in Fig. 1(a). From the
XRD pattern, the unit cell parameters can be estimated as a ¼
3.7842 Å, b ¼ 3.7842 Å, c ¼ 9.5146 Å, and a ¼ b ¼ g ¼ 90�. The
characteristic diffraction peaks of the anatase TiO2 phase were
found at 25.6�, 37.9�, 48.1�, 54.5�, 56.0�, 63.5�, 68.2�, 69.7�, and
76.5�, corresponding to the Bragg reections from the (101),
(004), (200), (105), (211), (204), (116), (220), and (215) planes,
respectively. Moreover, the specic rutile phase TiO2 NP peak
responses were located at 27.5�, and 36.3�, corresponding to the
phase responses of (110), and (101), as shown by the orange line
in Fig. 1(b). Thus, the observed peak responses of the mixed-
phase of TiO2 NPs are in good agreement with the authorized
research report (JCPDS: 73-1764). Furthermore, we analyzed the
PXRD of La3+ doped TiO2, as shown in Fig. 1(b) (blue line),
which clearly shows that there is no evidence for the separate
3036 | Nanoscale Adv., 2020, 2, 3033–3049
phase formation of La2O3. This suggests that La
3+ ions diffused

on the surface of the TiO2 matrix as small clusters.27 The ionic
radius of La3+ (1.15 Å) is bigger than the ionic radius of Ti4+

(0.68 Å), and La3+ ions cannot enter into the lattice of TiO2;
however, Ti4+ ions may enter into the lattice of La2O3, leading to
a change in the electronic eld of La3+ and an increase in the
electron density and a decrease in the binding energy of La3+.
So, it can be concluded that the lattice parameters of the TiO2

NPs remain unchanged aer doping with La3+ ions due to the
ionic radius factor and percentage of La3+ as a monoatomic
layer on the TiO2 surfaces, which are not detected by XRD.28,29

Moreover, the substitution of Ti4+ ions by La3+ ions means
that no distortion will take place on the crystal structure of TiO2.
The 3D schematic unit cell representation of the undoped TiO2

and La3+ doped TiO2 crystal structures can be seen in Scheme
3(a). Scheme 3(b) shows that the substitution of Ti4+ ions by
La3+ ions takes place via doping on the Ti position (La3+Ti ), which
generates interstitial Ti3+ ions and oxygen vacancies, as shown
by eqn (1).

La3+ + Ti4+ + O2� /

(La3+Ti + Ti4+ + O2�) + Ti3+ interstitial + O2 (1)

The addition of a rare earth cationic dopant (La3+) in semi-
conductors of TiO2 crystals modies their catalytic behavior due
to the bandgap energy (Fig. S1(a)–(c)†), which is related to the
movement of electrons. The dopant ion creates an intermediate
mid-gap state between the valance band and the conduction
band, which causes electron hopping. A 2D schematic illustra-
tion of the movement of electrons in the TiO2 crystal matrix
aer doping with La3+ can be seen in Scheme 3(c). Furthermore,
we analyzed the PXRD of f-MWCNTs and La3+ doped TiO2 NP
decorated f-MWCNTs. Fig. S1(a)† shows the PXRD of f-
MWCNTs, which reveals that the formation of CNTs and high
peak intensity vary aer the functionalization due to the
conguration or extension of a functional group on the
boundary edge of the carbon nanotubes.30 In Fig. S2a,† the
peaks located at 25.9� and 42.9� show the characteristic
diffraction of (002) and (100) f-MWCNTs, which are in good
agreement with an earlier report.31

A study of the interplay between f-MWCNTS, TiO2 NPs, La
3+

doped TiO2 NPs, and La3+ doped TiO2 NP decorated f-MWCNTs
was carried out using Fourier-transform infrared spectroscopy
(FT-IR). The acid-treated oxidized multi-walled carbon nano-
tubes (Fig. S2b†) show noticeable peaks around 1715 cm�1 and
1056 cm�1, contributed by the presence of C]O and C–O
stretching vibrations of the carboxylic groups (–COOH).32

Moreover, the relative intensity of the –OH bands at 3445 and
1635 cm�1 shows f-MWCNT associated water molecules and
stretching of the carbon nanotube.33,34 The peak at 2919 cm�1 is
attributed to the C–H stretching mode of H–C]O in the
carbonyl group, which shows the presence of a long-chain alkyl
molecule.35 The peak at 1715 cm�1 representing the presence of
C]O and C–O stretching vibrations, reveals that the acid
treatments introduce carboxylic groups (–COOH) on the surface
of the carbon nanotubes. Also, the FTIR spectra of pure TiO2
This journal is © The Royal Society of Chemistry 2020
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(red curve), La3+ doped TiO2 (blue curve), and La3+ doped TiO2

decorated f-MWCNTs (green curve) have been observed in the
range between 400 and 4000 cm�1, as shown in Fig. 1(c). This
conrms a denite band at 452 cm�1, which has been attributed
to Ti–O–Ti that was found in an earlier report.36 Hence, the
metal–oxygen vibration of Ti–O was conrmed, which revealed
that the TiO2 nanoparticles were successfully formed in the sol–
gel synthesis medium. The absorption bands at 3422 and
1386 cm�1 indicate the characteristic vibrations of –O–H
stretching and bending vibrations, according to the standard
spectra.

In order to investigate the structural features of f-MWCNTS,
TiO2 NPs, TiO2 NP decorated f-MWCNTS, La

3+ doped TiO2 NPs
and La3+ doped TiO2 NP decorated f-MWCNTs, transmission
electron microscopy (TEM) measurements were carried out on
all the samples and the results are shown in Fig. 2. A schematic
representation of the formation of La3+ doped TiO2 NP deco-
rated f-MWCNTs is shown in Fig. 2(a). The TiO2 NPs can be
observed in Fig. 2(b), which shows an average particle size of
z50–60 nm. Furthermore, the results for undoped TiO2 NPs
obtained by high-resolution transmission electron microscopy
(HRTEM) are given in Fig. S3(a).† The corresponding d-spacing
of the undoped TiO2 NPs was estimated to be 0.381 nm, in good
agreement with the line prole patterns of Fig. S3(c).†
Fig. S3(b)† shows the lattice SAED patterns of the TiO2
Fig. 2 (a) Schematic illustration of La3+ doped TiO2 NP decorated f-MW
La3+ doped TiO2 NPs, (f) f-MWCNTs, (g) f-MWCNTs/TiO2 NPs, (h) La

3+ do
NPs and La3+ doped TiO2 NP decorated f-MWCNTs.

This journal is © The Royal Society of Chemistry 2020
crystalline (101) plane, in which the observed patterns show
a good relationship with the PXRD results for TiO2 NPs. In
addition, La3+ doped TiO2 NPs were analyzed by TEM
measurements at high and low magnication, as shown in
Fig. 2(c) and (d). Herein, the La3+ doped TiO2 sol–gel mixed
(anatase/rutile) phase NPs consist of densely aggregated crys-
talline nature, which was roughly estimated to bez 15 nm. The
highly crystalline nature was observed from the SAED pattern of
La3+ doped TiO2 NPs, as shown in Fig. 2(e). Compared to SAED
patterns of pure undoped TiO2 NPs, the La3+ doped TiO2 NPs
show dislocations due to electric stress, which may due to the
La3+ ions originating in the TiO2 NPs. From the TEM observa-
tion, the particle size of the La3+ doped TiO2 NPs has decreased
appreciably compared to undoped TiO2 NPs, which reveals that
the rare earth element (La3+) preserved the growth of TiO2 NPs,
and so reduced particle sizes with higher agglomeration are
observed. Furthermore, the TEM nding was systematically
observed for f-MWCNTs, f-MWCNTs with undoped TiO2, and
La3+ doped TiO2 NP decorated f-MWCNTs, as shown in Fig. 2(f)–
(h). Herein, the introduction of f-MWCNTs into the undoped
TiO2 NPs and La3+ doped TiO2 NPs favors less extended crys-
tallized domains on f-MWCNTs surfaces, preventing agglom-
eration and helping more electrolyte ion adsorption and
electron transport during electrochemical reactions. Fig. 2(h)
shows clear evidence for La3+ doped TiO2 NPs favoring less
CNTs, TEM image of (b) TiO2 NPs, (c and d) low and high magnification
ped TiO2 NP decorated f-MWCNTs, (e and i) SAED for La3+ doped TiO2

Nanoscale Adv., 2020, 2, 3033–3049 | 3037
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extended crystallized domains on f-MWCNT surfaces while
a comparison with undoped TiO2 reveals that the La3+ doped
TiO2 NPs decorated the f-MWCNT active edge surface of the
carboxyl group well without any agglomeration. Fig. 2(i) shows
the SAED pattern of f-MWCNTs decorated with La3+ doped TiO2

NPs, which shows a ring of polycrystalline nature due to the
presence of f-MWCNTs.

Transmission electron microscopy (TEM) images were used
to further investigate new insights into La3+ doped TiO2 NP
decorated f-MWCNTs. Noticeably, the HR-TEM image shows the
rare-earth cation (La3+) doped on the semiconductors of TiO2

crystals, as shown in Fig. 3(a). The high-resolution TEM image
of La3+ doped TiO2 NP decorated f-MWCNTs was analyzed, as
displayed in Fig. 3(b). Herein, the La3+ doped TiO2 NPs were
decorated on the surface of the f-MWCNTs, as can be seen from
Fig. 3(b). The interplanar distance of 0.322 nm corresponds to f-
MWCNTs, while the 0.317 and 0.268 nm distances are attrib-
uted to the mixed-phase of TiO2 NPs doped with La3+ ions. The
prominent interaction between the La3+ doped TiO2 NPs and f-
MWCNTs promotes catalytic activity towards an electro-
chemical sensor.
Fig. 3 (a) TEM, (b) HRTEM, (c–h) EDS mapping images, and (i) EDX spec

3038 | Nanoscale Adv., 2020, 2, 3033–3049
Moreover, to investigate the elemental distribution of
lanthanum (La), titanium (Ti), oxygen (O), and carbon (C) in the
La3+ doped TiO2 NP decorated f-MWCNTs, energy dispersive X-
ray (EDX) spectroscopy-elemental mapping was carried out, as
shown in Fig. 3(c)–(h). These elemental maps exhibit the
uniform distribution of the identical elements over the La3+

doped TiO2 NP decorated f-MWCNTs. The EDX spectrum of La3+

doped TiO2 NP decorated f-MWCNTs shows the presence of
atomic percentages of lanthanum (La), titanium (Ti), oxygen (O)
and carbon (C) without any conrmation of additional impu-
rities, as shown in Fig. 3(i). N2 adsorption–desorption isotherm
analysis was carried out to understand the porous characteris-
tics of f-MWCNTS, TiO2 NPs, La3+ doped TiO2 NPs, and La3+

doped TiO2 NP decorated f-MWCNTs, as shown in Fig. 4(a)–(d).
The specic surface area and pore width were calculated based
on the N2 adsorption–desorption isotherms using the Bru-
nauer–Emmett–Teller (BET) method and the Barrett–Joyner–
Halenda (BJH) method; the estimated surface area of f-
MWCNTs, TiO2 NPs, La3+ doped TiO2 NPs, and La3+ doped
TiO2 NP decorated f-MWCNTs were calculated to be 124.7675,
141.0792, 167.0390, and 165.1778 m2 g�1, respectively. These
trum of the as-prepared La3+ doped TiO2 NP decorated f-MWCNTs.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The N2 adsorption–desorption isotherms and inset of pore volume of (a) f-MWCNTs, (b) pure-TiO2 NPs, (c) La3+ doped TiO2 NPs, (d) La
3+

doped TiO2 NP decorated f-MWCNTs.
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results indicated that La3+ doped TiO2 NPs show a high surface
area, and a while aer the decoration of f-MWCNTs slight
changes were noted, which revealed that the La3+ doped TiO2

NPs attached well on the surface of f-MWCNTs. Moreover, this
outcome was effective in making contact with the analyte while
electrochemically responding to the electrolyte solution.

X-ray photoelectron spectroscopic (XPS) analysis further
conrms the chemical composition and atomic valence states
of f-MWCNTS, TiO2 NPs, La

3+ doped TiO2 NPs, and La3+ doped
TiO2 NP decorated f-MWCNTs, as shown in Fig. 4. The X-ray
photoelectron survey spectra of f-MWCNTS, La

3+ doped TiO2,
and La3+ doped TiO2 NP decorated f-MWCNTs, as shown in
Fig. 5(a), reveal that the signals originated from C, La, Ti, and O.
The high-resolution XPS Ti 2p spectrum of TiO2 NPs can be seen
in Fig. 5(b), showing peaks at 459.2 and 464.8 eV for Ti 2p3/2 and
Ti 2p1/2, respectively. Fig. 5(c) shows the high-resolution XPS
spectrum of Ti 2p for La3+ doped TiO2 NPs. The XPS spectra in
the core level elements of La3+ and Ti4+ consist of chemical
states, which reveals that the interstitials of Ti3+ were observed
at 458.1 eV.37 The shi in the binding energy suggests that La3+

may capture electrons from Ti4+ states, provoking the reduction
of titanium to a low-valence state.38 The two peaks at 460.2 and
465.4 eV are ascribed to Ti 2p3/2 and Ti 2p1/2, respectively, with
a slight shi in binding energy, indicating the presence of Ti4+

species rather than Ti3+ species on the TiO2 surface of La3+

doped TiO2 NPs, which species the strong interaction of the
La–O–Ti bond between La3+ and the TiO2 matrix.
This journal is © The Royal Society of Chemistry 2020
Moreover, the high-resolution XPS O 1s spectrum of La3+

doped TiO2 NPs (Fig. 5d) depicts the spectra at 529.3, 531.4, and
534.3 eV, related to there being La–O, Ti–O, and O–H/OH�

bonds on the surface of TiO2.39 These pieces of evidence conrm
the strong interaction in La–O–Ti bond formation. Further-
more, the high-resolution XPS spectra of f-MWCNTs have peaks
at 285.1, 286.1, 287.2, 289.7, and 292.7 eV for graphitic (pure
nanotubes), –OH, C]O, O]C–H, and C–C, as shown in
Fig. 5(e).40–42 Herein, the strong intensity peak at 285.1 eV
showed the presence of graphitic carbon and an additional
weakened bond, indicating more active groups with a COOH
structure. In the high-resolution XPS Ti 2p spectra of La3+ doped
TiO2 NP decorated f-MWCNTs, shown in Fig. 5(f), the peaks at
459.3 and 465.7 eV are ascribed to Ti 2p3/2 and Ti 2p1/2,
respectively. Herein, the notable peaks appearing at 464.3 eV of
Ti–C, and the interstitials of Ti3+ disappeared, revealing that the
composite of La3+ doped TiO2 NPs was well decorated on the
active functional sites (–COOH) of f-MWCNTs. In the high-
resolution f-MWCNT decorated La3+ doped TiO2 XPS spectrum
of La 3d, shown in Fig. 5(g), the two peaks at 832.7 and 855.1 eV
are assigned to two spin orbits of La 3d5/2 and La 3d3/2,
respectively. Moreover, the other two peaks at 837.8 and
859.8 eV are La 3d satellite peaks. As we know, there is a general
agreement in the literature that the split-spin orbit reects
states with congurations [3d9]hole 4f0 L and [3d9]hole 4f1 [L]hole,
where L indicates the oxygen ligand.43 The XPS spectra of La 3d
show the satellite peaks at higher energy sides, which caused by
Nanoscale Adv., 2020, 2, 3033–3049 | 3039
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Fig. 5 (a) X-ray photoelectron survey spectrum of f-MWCNTS, La
3+ doped TiO2 NPs and La3+ doped TiO2 NP decorated f-MWCNTs, (b and c)

high-resolution XPS spectrum of Ti 2p of TiO2 NPs and La3+ doped TiO2 NPs, (d) XPS O 1s spectrum of La3+ doped TiO2 NPs, (e) C 1s spectrum of
f-MWCNTS, (f–i) high-resolution XPS spectrum of (f) Ti 2p (g) La 3d, (h) O 1s, (i) C 1s for La3+ doped TiO2 NP decorated f-MWCNTs.
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the f0 domination at lower binding energy and reected to be f1

of La, indicating the presence of La into the TiO2 matrix. In the
high-resolution XPS spectrum of O 1s, shown in Fig. 5(h), the
two O 1s peaks centered at 530.3 and 533.3 eV are assigned to
Ti–O–Ti, and C]O, and associated with oxygen defects in the
TiO2 matrix caused by oxygen vacancies. From the chemical
state of the C 1s spectrum (Fig. 5(i)) arise the peaks at 284.1,
285.0, 286.1 and 288.3 eV, which implies the presence of Ti–C,
C–C & C]C, C–O, and O–C]O, respectively.44 These results
indicate that the La3+ doped TiO2 NPs were successfully deco-
rated on the f-MWCNTs.

3.2. Electrochemical characterizations

3.2.1. Electrocatalysis of modied electrodes. The rst task
was to analyze and estimate the electrocatalytic response of the
individual modied sensors, which were systematically inves-
tigated with a 0.1 M KCl; 5 mM [Fe(CN)6]

3�/4� redox probe
electrolyte. The electrochemical performances of bare GCE,
TiO2NPs/GCE, f-MWCNTs/GCE, f-MWCNT decorated TiO2/GCE,
La3+ doped TiO2/GCE, and La3+ doped TiO2 NP decorated f-
3040 | Nanoscale Adv., 2020, 2, 3033–3049
MWCNTs/GCE can be seen in Fig. 6(a). From observation of
Fig. 6(a), the La3+ doped TiO2 NP decorated f-MWCNTs/GCE
shows a well-dened redox peak current and high electron
transfer capability, which are systematically compared with
other modied electrodes: f-MWCNT decorated TiO2/GCE, f-
MWCNTs/GCE, La3+ doped TiO2 NPs/GCE, TiO2NPs/GCE, and
bare GCE. Thus, La3+ doped TiO2 NP decorated f-MWCNTs/GCE
modied electrochemical sensors act as efficient electron
mediators owing to their excellent electrical conductivity and
high specic surface area on the modied GCE surface. The
peak-to-peak potential (DEp) separations of bare GCE, f-
MWCNTs/GCE, TiO2NPs/GCE, f-MWCNT decorated TiO2/GCE,
La3+ doped TiO2 NPs/GCE and La3+ doped TiO2 NP decorated f-
MWCNTs/GCE are 122.8, 108.5, 81.9, 82, 112.9 and 80.9 mV,
respectively. The redox peak current of La3+ doped TiO2 NP
decorated f-MWCNTs/GCE is signicantly lower than that of
bare GCE, f-MWCNTs/GCE, TiO2 NPs/GCE, f-MWCNT decorated
TiO2/GCE, or La3+ doped TiO2 NPs/GCE, and shows a well-
dened peak current with a noticeable negative peak shi
compared to other modied GCE electrodes. Moreover, the La3+
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Cyclic voltammetry of 0.1 M-KCl; 5 mM [Fe(CN)6]
3�/4� redox probe at bare GCE, f-MWCNTs/GCE, TiO2 NPs/GCE, f-MWCNT

decorated TiO2/GCE, La3+ doped TiO2/GCE and La3+ doped TiO2 NP decorated f-MWCNTs/GCE, (b) CV responses of different ratios (1 : 1, 1 : 2,
and 2 : 1) of La3+ doped TiO2 NP decorated f-MWCNTs/GCE nanocomposite in the presence of 0.1 M KCl; 5 mM [Fe(CN)6]

3�/4� redox probe, (c)
CVs obtained for La3+ doped TiO2 NP decorated f-MWCNTs/GCE nanocomposite with different scan rates (20–300 mV s�1), (d) corresponding
calibration plots for current vs. n1/2 (mV s�1)1/2.
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doped TiO2 NP decorated f-MWCNTs/GCE exhibits an Ipa/Ipc
value of 1.03, which implies that the [Fe(CN)6]

3�/4� redox probe
was quasi-reversible. The La3+ doped TiO2 NP decorated f-
MWCNTs/GCE obtained denite peak current responses
compared to other modied sensors, such as TiO2 NPs/GCE,
La3+ doped TiO2 NPs/GCE, or bare GCE, which demonstrates
that La3+ doped TiO2 NPs are very attracted to the surface of f-
MWCNTs. These factors must be strongly inuenced by the
current enhancement with fast electron transfer in the elec-
trode–electrolyte system. These results demonstrate that the
La3+ doped TiO2 NP decorated f-MWCNTs/GCE exhibits active
electron transfer ability, excellent electrical conductivity, and
high surface area on the GCE electrode surfaces. Fig. 6(b) shows
the different ratios (1 : 1, 1 : 2, and 2 : 1) of La3+ doped TiO2 NP
decorated f-MWCNTs modied GCE that were used to analyze
the electrode surface catalytic activity in the presence of
a [Fe(CN)6]

3�/4� redox probe at 50 mV s�1. The La3+ doped TiO2

NP decorated f-MWCNT modied GCE (1 : 2 ratio) shows much
more electron transfer capability compared to other ratios. Due
to this factor, we preferred a (1 : 2) ratio for the modied elec-
trode in the electrocatalytic analysis. Furthermore, the electro-
chemically active surface area of the modied electrode was
calculated from the Randles–Sevcik equation, as can be seen in
eqn (2):45

ip ¼ 2.69 � 105n3/2AD1/2Cn1/2 (2)
This journal is © The Royal Society of Chemistry 2020
where ip is the peak current (A), A is the electrochemically active
area (cm2), n is the number of electrons transferred, C is the
concentration of electroactive species (mol cm�3), D is the
diffusion coefficient (cm2 s�1), and n1/2 is the scan rate (V s�1).
Thereby, the redox properties of La3+ doped TiO2 NP decorated
f-MWCNT modied GCE were observed in the presence of
a redox probe ([Fe(CN)6]3�/4�) at various scan rates ranging
from 20 to 300 mV s�1, as shown in Fig. 6(c). Fig. 6(d) shows the
corresponding calibration plot for current vs. n1/2 (mV s�1)1/2.
From the calculation, the electrochemically active surface area
of the GCE modied electrode was calculated to be 1469.0 cm2.

The electrochemical sensor has a vital role in monitoring the
type and level of pollution. Notably, the sensing performance of
a chemically modied electrode depends upon its electrode–
electrolyte activity in the presence and absence of the analyte.
Herein, we use paraoxon-ethyl (PE) for the electrocatalytic
analysis of the sensing performance of the modied electrode,
in order to monitor the pollutant in an environmental eco-
system. Fig. 7(a) and (b) show the CV electrocatalytic behavior
of bare GCE, TiO2 NPs/GCE, f-MWCNTs/GCE, f-MWCNT deco-
rated TiO2 NPs/GCE, La

3+ doped TiO2 NPs/GCE and La3+ doped
TiO2 NP decorated f-MWCNTs/GCE in the absence and presence
of PE (50 mM), evaluated with 0.05 M phosphate buffer (PB)
solution at a scan rate of 50 mV s�1. Fig. 7(a) displays the CVs of
unmodied and modied GCE electrodes (1 mg mL�1; 6 mL),
wherein the modied electrodes of f-MWCNTs/GCE, f-MWCNT
decorated TiO2 NPs/GCE, and La3+ doped TiO2 NP decorated f-
Nanoscale Adv., 2020, 2, 3033–3049 | 3041

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00260g


Fig. 7 (a and b) CVs of bare GCE, TiO2 NPs, f-MWCNTs/GCE, f-MWCNT decorated TiO2 NPs/GCE, La3+ doped TiO2 NPs/GCE and La3+ doped
TiO2 NP decorated f-MWCNTs/GCE in the absence and presence of PE (50 mM), (c) CVs of the reduction of PE (50 mM) at f-MWCNT decorated
TiO2 NPs/GCE at various pH values ranging from 3.0 to 11.0, and (d) the corresponding PE reduction peak current and potential responses vs.
different pH values.
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MWCNTs/GCE show a high background capacitance. It can be
seen from Fig. 7(a) that the modied electrodes of TiO2 NPs/
GCE and La3+ doped TiO2 NPs/GCE show very low
Scheme 3 (a) 3D schematic unit cell representation of undoped TiO2 an
La3+ ions in the TiO2 matrix, (c) 2D schematic representation of the mov

3042 | Nanoscale Adv., 2020, 2, 3033–3049
capacitance, which suggests that there is not that much corre-
sponding increase in capacitance when La3+ is introduced into
the TiO2 NPs at a scan rate of 50 mV s�1. In particular, the
d La3+ doped TiO2 crystal structures, (b) the substitution of Ti4+ ions by
ement of electrons in the TiO2 matrix after La3+ doping.

This journal is © The Royal Society of Chemistry 2020
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carbon materials are much attracted, resulting in a greater
surface area, and the capacitance of f-MWCNTs/GCE showed
a similar response to f-MWCNT decorated TiO2 NPs/GCE and
La3+ doped TiO2 NP decorated f-MWCNTs/GCE electrode. Thus,
these indicate the synergetic effect generated on the f-MWCNT
decorated TiO2 and La3+ doped TiO2 NP modied GCE elec-
trode. Notably, the La3+ doped TiO2 NP decorated f-MWCNT
modied GCE electrode exposes a highly active surface to the
electrolyte, and the intermediate layer of f-MWCNTs ensures
super electrical conductivity towards the electrode–electrolyte
system. The layered structures of f-MWCNTs facilitate fast
electron transportation and ion diffusion within the modied
electrode, which is helpful for the use of the electroactive
materials, improving their capacitive performance and
enhancing their catalytic activity.

Furthermore, for the unmodied and modied GCE elec-
trodes evaluated with PE (50 mM), the electrocatalysis of PE
recorded with 0.05 M PB solution at a scan rate of 50 mV s�1,
and the CVs are shown in Fig. 7(b). The rate of electro-reduction
behavior of PE was used to further evaluate the unmodied and
modied electrodes with onset reduction potentials (Eonset). The
onset reduction potentials were �0.5084 V for bare GCE,
�0.4011 V for f-MWCNTs/GCE, �0.4988 V for TiO2 NPs/GCE,
�0.4045 V for f-MWCNT decorated TiO2/GCE, �0.504 V for
La3+ doped TiO2/GCE, and �0.4097 V for La3+ doped TiO2 NP
decorated f-MWCNTs/GCE. The electrocatalytic activity for PE
Scheme 4 A plausible mechanism for the electrochemical reduction of

This journal is © The Royal Society of Chemistry 2020
validation was considered in terms of activation potential (Ep �
Eonset). The bare GCE, f-MWCNTs/GCE, TiO2 NPs/GCE, f-
MWCNT decorated TiO2/GCE, La

3+ doped TiO2/GCE, and La3+

doped TiO2 NP decorated f-MWCNTs/GCE show reductions in
peak potential of 113.5, 62.8, 105.6, 58.6, 96.9 and 53.4 mV from
the onset potential. Thus, these observations revealed that La3+

doped TiO2 NP decorated f-MWCNTs/GCE gives the most
satisfying electrocatalytic performance for PE in terms of
reduction potential.

3.2.2. Mechanism of PE reduction. The mechanism of PE
reduction was recently demonstrated by Raj Karthik et al. by
analysis of the electrochemical sensor.6 Fig. 7(b) shows the
experimental CV results of PE reduction and redox reaction at
the La3+ doped TiO2 NP decorated f-MWCNT modied GCE
recorded at a scan rate of 50 mV s�1, which is summarized as
a detailed mechanistic overview in Scheme 4. In detail, the
electrochemical behavior of PE at the GCE modied electrode
shows the reduction peak current (R1) at �0.4707 V. This
observed peak initially related to the (irreversible) direct (4 e�;
4H+) electron transfer process, which converts the paraoxon-
ethyl (PE) to diethyl(4-hydroxyamino) phenyl phosphate
(system I). The clear evidence of Fig. 7(b) shows that no
oxidation peak was observed corresponding to the reduction
peak of R1 (system I), which revealed that R1 is a direct (irre-
versible) electron transfer process. Moreover, the redox
couples at 0.0083 V (Q1) and 0.0049 V (Q2) are related to the
PE.

Nanoscale Adv., 2020, 2, 3033–3049 | 3043
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Fig. 8 (a) CVs of PE at the La3+ doped TiO2 NP decorated f-MWCNT modified GCE for different concentrations from 0 to 200 mM, and (b) the
corresponding different cathodic peak current vs. concentration (Ag/AgCl), (c) CVs of the La3+ doped TiO2 NP decorated f-MWCNT modified
GCE in 0.05 M PB (pH 7) containing PE (50 mM) for different scan rates (20 to 200mV s�1), (d) corresponding cathodic peak current responses vs.
scan rate (e) peak current (Q1 andQ2) vs. square root of scan rate, (f) log of peak current (Ipa; Q1) plotted vs. the natural logarithmof scan rate (ln n).
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two electron (e�) and two proton (H+) transfer process at the
hydroxylamine group (systems II and III). Notably, Fig. 7(b)
shows the reversible peaks of diethyl (4-nitrosophenyl) phos-
phate from diethyl (4-(hydroxyamino)phenyl) phosphate,
respectively. Furthermore, the obtained cathodic peak (R1)
response of PE is crucial compared with Q2, which is related to
the direct and fast electron transfer process. For the choice of
an La3+ doped TiO2 NP decorated f-MWCNT modied GCE
being favorable to detect PE, it has a lower potential (�0.4707
V) compared to the value from R. Karthik et al. (�0.62)6

previously reported in the literature.
3.2.3. Effect of electrolyte, concentration, and kinetics.

One of the essential determinants of electrolytes is a prominent
factor for the catalytic activity of PE in the oxidation and
reduction processes at different pH values, which are respon-
sible for the catalytic behavior of La3+ doped TiO2 NP decorated
f-MWCNT modied GCE at 50 mV s�1. The CV proles of elec-
trocatalytic behavior for the La3+ doped TiO2 NP decorated f-
MWCNT modied GCE in different aqueous electrolytes (with
different pH values) were recorded, and are depicted in Fig. 7(c).
This signied that with an increase in pH, the reduction peak
potentials shied towards the positive direction, which
suggests that protons were involved in the electrode process. As
displayed in Fig. 7(c), the peak current occurred for La3+ doped
TiO2 NP decorated f-MWCNT modied GCE at 50 mM (PE) at
50 mV s�1, while a shi in the peak was observed towards the
negative direction between the potentials of 0.2 and �0.7 V. To
verify the cathodic peak current responses of 50 mM (PE) at the
3044 | Nanoscale Adv., 2020, 2, 3033–3049
La3+ doped TiO2 NP decorated f-MWCNT modied GCE at
different pH (pH values ¼ 3.0, 4.0, 7.0, 9.0, and 11.0), the peak
current (Ipc) was plotted against pH, as shown in Fig. 7(d). The
cathodic peak current responses of PE show that the neutral
medium of PB (pH 7) shows the highest peak current responses
compared with others under optimal conditions. Therefore, pH
7 was chosen for all the analytical electrochemical studies.
Subsequently, a linear plot of pH vs. Epc was constructed, and
the peak potential was found to be linear with pH, obeying the
Nernst equation (�0.0392 V/pH; R2 ¼ 0.9956), as displayed in
Fig. 7(d).

Ep ¼ E0 � (m/n)0.059pH (3)

where E0 is the standard potential, andm and n are the numbers
of protons and electrons. From the linear plot of Epc (V) vs. pH,
the numbers of electrons and protons are equally involved on
La3+ doped TiO2 NP decorated f-MWCNT modied GCE for the
detection of PE.

The dependence of peak current of PE was analyzed via
different concentrations in 0.05 M PB (pH 7) using cyclic vol-
tammetry (CV). To ascertain the effect of PE at the La3+ doped
TiO2 NP decorated f-MWCNT modied GCE, the PE concen-
tration was increased to 200 mM, as shown in Fig. 8(a). As dis-
played in Fig. 8(a), the peak current responses of PE increased
gradually when the concentration of PE was increased. Thus,
these results suggested that the concentration of PE was directly
proportional to the concentration of the analyte (PE). The
This journal is © The Royal Society of Chemistry 2020
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corresponding peak current responses (with the linear correla-
tion coefficient R2 ¼ 0.9902) are shown in the inset of Fig. 8(a).

The electrochemical kinetics of PE were analyzed via
different scan rates (20 to 200mV s�1) at the La3+ doped TiO2 NP
decorated f-MWCNT modied GCE, as displayed in Fig. 8(b).
Initially, the reduction peak (R1) of PE at 0.4456 V was observed
on the modied electrode at an initial scan rate of 20 mV s�1,
then with a continuous scan rate the peak potential moved
slightly towards the negative side, because of the internal
resistance of the adsorbed products. Thus, these irreversible
reduction processes were associated with the transfer of 4e�;
4H+, as addressed earlier. Noticeably, the cathodic peak current
(R1) of PE increased linearly with an increase in the scan rate;
see the corresponding linear calibration plot shown in Fig. 8(c).
This linear plot relates to the linear regression equation, shown
in eqn (4). Furthermore, aer the reduction in PE (peak R1), no
corresponding oxidation peak is observed, suggesting that the
direct electron transfer (4e�; 4H+) on the La3+ doped TiO2 NP
decorated f-MWCNT modied GCE at different scan rates.

Ipc ¼ �0.2767(PE) � 5.9547 (R2 ¼ 0.9934) (4)

Fig. 7(b) shows the active redox peaks (Q1/Q2) of diethyl (4-
nitrosophenyl)phosphate from diethyl (4-(hydroxyamino)
phenyl)phosphate; thereby this was related to the c 2e�; 2H+

transfer process. Fig. 8(d) show the peaks of Q1 and Q2 of
potential (Ep) plotted against the natural logarithm of scan rate
Fig. 9 (a) DPV responses of the La3+ doped TiO2 NP decorated f-MWC
responses vs. concentration of PE, (c) DPV response at the La3+ doped TiO
and 200 mM concentrations of interfering species such as Mg2+, Ca2+, Z
addition of 100 mM of biological substances of uric acid (UA), glucose (G
and hydroquinone (HQ), (e) 30 mM excess of nitro-aromatic and pesticid
NP), nitrobenzene (NB), diuron (DRN), and methyl parathion (MP), (f) the

This journal is © The Royal Society of Chemistry 2020
(ln n). Moreover, Fig. 8(e) shows the resultant peak current (Q1

and Q2) plotted against the square root of the scan rate with the
linear correlation coefficient (Ipc; R

2 ¼ 0.9857 and Ipa; R
2 ¼

0.9846) followed by the linear regression equation. The results
indicate that the electrochemical redox behavior of Q1 and Q2

(systems II and III) at the La3+ doped TiO2 NP decorated f-
MWCNT modied GCE electrode was a reversible adsorption-
controlled process,46 which is favorable for quantitative appli-
cations. Furthermore, the peak potential (Epa: Q1) plotted vs. the
natural logarithm of scan rate (ln n) shows a slope of 1.05 (R2 ¼
0.9906) for the anodic peak (Q1) of PE, as shown in Fig. 8(f).
According to the kinetic theory of the electrode reaction (eqn
(5)),47 the slope values of log Ipa vs. log(mV s�1) should be 0.5 V
and 1 V for pure diffusion and adsorption-controlled processes.

Ipa ¼ Anx (5)

where Ipa is the oxidation peak current (A), n is the scan rate (mV
s�1), and x corresponds to �0.5, and 1, respectively. Moreover,
the electron-transfer kinetic parameters, such as electron-
transfer coefficient (a) and apparent charge-transfer rate
constant (Ks) for the reversible processes of Q1 and Q2, calcu-
lated from the Laviron equation (eqn (6)–(10)), gave values of
0.8201 and 1.1038 s�1, respectively.

Epa ¼ E0 + A ln n (6)
NT modified GCE for PE detection, (b) corresponding linear current

2 NP decorated f-MWCNTmodified GCEwith the addition of 10 mMPE
n2+, Fe2+, Co2+, Ni2+, Cu2+, Na+, I�, Br�, and Cl�, (d) the continuous
lu), ascorbic acid (AA), dopamine (DA), caffeic acid (CA), catechol (CC),
es containing compounds of diphenylamine (DPA), 4-nitrophenol (4-
calibration plot of Ipc vs. interfering compounds.

Nanoscale Adv., 2020, 2, 3033–3049 | 3045
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Table 1 Comparison of the electrocatalytic performance of the La3+ doped TiO2 NP decorated f-MWCNT modified GCE electrode towards PE
detection with previously reported sensors

Modied electrodes/methods Morphology
Sensitivity
(mA mM�1 cm�2) Linear range (mM) LOD (mM) Ref.

CP/OPH (amperometric) — 0.0014 4.6–46.0 0.9 50
CLEC-OPH (amperometric) — 0.025 0.50–2.0 0.314 51
CNT/OPH (amperometric) — 0.025 0.25–4.0 0.15 52

BSA@Cu-SWCNT (SWV) — 0.05–35 0.0128 53

Gr@NiFeSP/GCE (SWV) — 0.012–10 0.0037 54

GCE/YbM/f-CNFs (amperometric) 2.87 0.01–12 & 14–406 0.002 6

PdNPs/BNHJ/GCE (LSV) 2.23 0.01–210 0.003 49

f-MWCNTs/La3+–TiO2/GCE (DPV) 7.6690
0.06–11.66 &
11.66–307.66

0.0019 This work
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Epc ¼ E0 � B ln n (7)

A ¼ RT/(1 � a)nF; B ¼ RT/anF

Epa ¼ E0 + (RT|(1 � a)nF)ln n (8)

Epc ¼ E0 �
�
RT

anF

�
ln v (9)

log Ks ¼ a logð1� aÞ þ ð1� aÞlog a� log
RT

nFv

� að1� aÞnFDEp

2:303RT
(10)

where E0 is the formal redox potential, n is the number of
transferred electrons, n is the scan rate, DEp is the peak-to-peak
potential separation, and the other symbols have their usual
signicance.

3.2.4. Analytical performance. The differential pulse vol-
tammetry (DPV) response of the La3+ doped TiO2 NP decorated
f-MWCNT modied GCE electrode was recorded to determine
the PE sensing performance by successive additions of PE
concentrations (Fig. 9(a)); where the strength of PE increased
3046 | Nanoscale Adv., 2020, 2, 3033–3049
from 0.06 to 947.66 mM in the presence of 0.05 M PB (pH 7) in
a xed potential window (0.3 to �0.7). Under the selected
conditions, the initial concentration of PE (up to 11.66 mM)
shows that the cathodic peak (R1) current increases linearly with
a linear correlation coefficient of 0.9937, as shown in the inset
of Fig. 9(b). For the continuous addition, we observed the
reduction peak current with satisfactory linearity from 11.66 to
307.66 mMwith a linear correlation coefficient of R2¼ 0.9814, as
shown in Fig. 9(b). Conversely, the cathodic peak current of PE
(Q2) decreased when a higher concentration was reached; this
implies that there are no more active sites, which means that
due to saturation of PE, the kinetic limitation has been reached
on the modied electrode. Furthermore, to estimate the PE
performance of the designed electrochemical sensor, it was
utilized to consider the sensitivity of the La3+ doped TiO2 NP
decorated f-MWCNT modied GCE electrode in terms of the
limit of detection (LOD) and limit of quantication (LOQ) for PE
detection. DPV is a pulse voltammetry technique that supports
an essential function during electrochemical sensing while
analyzing traditional sweep systems. The LOD and LOQ of the
This journal is © The Royal Society of Chemistry 2020
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PE were calculated from the slope value of the calibration plot
according to eqn (11) and (12).48

LOD ¼ 3 � SD/B (11)

LOQ ¼ 10 � SD/B (12)

where SD is the standard deviation of the blank, B is the cali-
bration sensitivity that is the slope of the linear plot of
concentration vs. current. Accordingly, LOD and LOQ were
found to be 0.0019 mM and 0.0065 mM. It is worth noting that
the sensitivity to PE at the La3+ doped TiO2 NP decorated f-
MWCNT modied GCE electrode was found to be 7.6690 mA
mM�1 cm�1; which is comparable with values lately reported in
the literature, such as YbM/f-CNFs/GCE (2.87 mA mM�1 cm�1)6

and Pd NPs/BNHJ/GCE (2.33 mA mM�1 cm�1).49 These compar-
ison data further indicate that the La3+ doped TiO2 NP deco-
rated f-MWCNT modied GCE electrode shows remarkable
electrocatalytic action towards the reduction of PE, and these
results are highly comparable with a previously reported PE
sensor (Table 1).6,50–54 These observed data further indicate that
the La3+ doped TiO2 NP decorated f-MWCNT modied GCE
electrode shows very remarkable electrocatalytic action towards
PE detection.

3.2.5. The selectivity of the La3+ doped TiO2 NP decorated f-
MWCNT modied GCE for PE sensing. Selectivity is known to
be another attribute of a proposed sensor; therefore, the DPV of
the La3+ doped TiO2 NP decorated f-MWCNT modied GCE
electrode was examined for PE (10 mM) with some non-specic
cations including Mg2+, Ca2+, Zn2+, Fe2+, Co2+, Ni2+, Cu2+ and so
on. Herein, aer the successive addition (200 mM) of interfering
substances, there was no reasonable current augmentation
caused by adding the species of metal ions, as displayed in
Fig. 9(c). This shows that the introduction of unusual species of
metal ions does not inuence the sensing performance during
PE sensing. Subsequently, the continuous addition of an 100
mM excess of biological substances of uric acid (UA), glucose
(Glu), ascorbic acid (AA), dopamine (DA), caffeic acid (CA),
catechol (CC), and hydroquinone (HQ) was introduced; the
interfering compounds of biological substances give corre-
sponding peak responses to their original potential of indi-
vidual species during the interference study, although no
reasonable interaction was observed during PE sensing, as
shown in Fig. 9(d). Ultimately, with the consecutive addition of
Table 2 Real-time determination of PE in practical samples using the
La3+ doped TiO2 NP decorated f-MWCNT developed GCE sensor

Sample
Added
(mM) Found (mM) Recovery (%)

Water samplea 0 NDb —
5 5.03 100.6
10 9.95 99.5

Soil samplea 0 NDb —
5 4.79 95.8
10 9.76 97.6

a Standard addition method. b Not detected.

This journal is © The Royal Society of Chemistry 2020
nitro-aromatics, and pesticides containing species (30 mM) of
diphenylamine (DPA), 4-nitrophenol (4-NP), nitrobenzene (NB),
diuron (DRN) and methyl parathion (MP) in the presence of PE,
we observed less than �5% error during the interference study,
as shown in Fig. 9(e). The calibration plot of Ipc vs. interfering
compounds of metal ions, biological substance, nitro-
aromatics, and pesticide compounds is presented in Fig. 9(f).
Thus, this result exhibited that the extensive addition of inter-
fering species will not affect the real-time detection of PE at the
front of the La3+ doped TiO2 NP decorated f-MWCNT modied
GCE electrode. Accordingly, sensing of paraoxon-ethyl (PE) is
most effective for the employed potential window of 0.3 to
�0.7 V, and in particular sensing onto the La3+ doped TiO2 NP
decorated f-MWCNT GCE electrode results in an exceptional
development in electrochemical sensing performance for PE.

3.2.6. Reproducibility and stability study. The accurate
detection of pesticide (PE) is necessary to investigate the reli-
ability of the proposed sensor. Therefore, the reproducibility of
the GCE electrode was analyzed with different modied elec-
trodes using La3+ doped TiO2 NP decorated f-MWCNTs under
similar experimental conditions by adding 50 mM of PE within
the potential window of 0.3 to �0.7 V; which are explored by CV
techniques (Fig. S4†). The current responses were measured
with the relative standard deviation (RSD) of the proposed
sensing performance for the individual current response being
estimated at 2.39%, revealing that it gives reliable sensing
activity with good reproducibility. Moreover, the proposed
sensor was analyzed for stability; the reduction peak current
responses of PE (50 mM) were recorded at 50 mV s�1 by the CV
technique. Herein, the stability measurement was carried out
three times within 30 days; meanwhile, the fabricated GCE
electrode was kept in PBS (pH 7) atz4 �C. The proposed sensor
was observed to hold 87.4% of its initial current responses; the
suggested sensor gives an outstanding stability response
towards PE sensing with an La3+ doped TiO2 NP decorated f-
MWCNT developed GCE platform.

3.2.7. Real sample analysis. The functional applicability of
the recommended sensor was analyzed using soil and water
samples. However, because these two samples were collected
from New Taipei City, Taiwan, where there is no PE contami-
nant for practical investigation, a standard addition method
was applied. So, a known concentration was introduced into the
as-taken working sample by the standard addition method.
Aer collecting the PE contaminated sample, we analyzed the
practical response of PE by DPV. The obtained recoveries were
in the range of 95.8–100.6% (Table 2), indicating that the
modied sensor shows satisfactory results.

4. Conclusion

In summary, the electrochemical sensing performance and
mechanisms are reported for a PE sensor with an La3+ doped
TiO2 NP decorated f-MWCNT modied GCE platform. The rec-
ommended sensor abilities were greatly enhanced by the
conformal doping of La3+ ions into the TiO2 NPs as well as the
inclusion of f-MWCNT decorations. The proposed sensor shows
an outstanding LOD (0.0019 mM) performance and exceptional
Nanoscale Adv., 2020, 2, 3033–3049 | 3047
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sensitivity (7.6690 mA mM�1 cm�2) on an as-presented catalytic
platform of an La3+ doped TiO2 NP decorated f-MWCNT modi-
ed GCE for a PE sensor. The recommended sensor also showed
outstanding performance in terms of reproducibility, stability,
and selectivity toward PE detection. We believe that our present
approaches to electrochemical PE sensors solve prevailing
difficulties and ensure ways to achieve the purpose of low-cost
and high-performance pollutant monitoring sensors. Taking
advantage of this approach, the good analytical performances of
the La3+ doped TiO2 NP decorated f-MWCNT modied GCE
electrode promotes it as a viable sensor platform for the
determination of PE in the environmental sector.
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