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1. Introduction

Graphitic carbon nitride nanosheet supported silica
nanochannel film for enhanced
electrochemiluminescence sensing of 2,4,6-
trichlorophenol and prochlorazt

Jungi Feng,1? Yanyan Zheng,° Tao Luo,? Fengna Xi © *° and Hao Lai*?

The development of simple, rapid, and sensitive methods for detecting pesticide in environmental and food
samples holds significant importance. Electrochemiluminescence (ECL) sensing platforms with high
resistance to interference and contamination, and reduced consumption of ECL emitters, are highly
desirable for such applications. In this work, we present an ECL sensing platform based on a graphitic
carbon nitride nanosheets (CNNS) supported vertically ordered mesoporous silica film (VMSF) modified
glassy carbon electrode (GCE) for the highly sensitive detection of the environmental pollutant 2,4,6-
trichlorophenol (TCP) and the broad-spectrum insecticide prochloraz. Two-dimensional (2D) CNNS
were synthesized by exfoliating bulk graphitic carbon nitride (g-CzN4) using concentrated sulfuric acid,
serving as a novel conductive and adhesive layer for the growth of a stable VMSF on GCE via an
electrochemical assistance self-assembly (EASA) method to prepare VMSF/CNNS/GCE. The electrostatic
enrichment capability of VMSF nanochannels for the positively charged ECL emitter tris(2,2’-bipyridyl)
ruthenium(i) (Ru(bpy)s>*) realized stable and significantly enhanced ECL signals at a low concentration of
Ru(bpy)s>* (10 pM). Based on the quenching effect of TCP on the ECL signal of Ru(bpy)s?*, highly
sensitive ECL detection of TCP was achieved by the VMSF/CNNS/GCE with a linear range from 10 nM to
0.7 mM and a low detection limit (DL) of 2.2 nM. As the metabolic end product of prochloraz is TCP,
indirect ECL detection of prochloraz was also accomplished by measuring the produced TCP. Combined
with anti-fouling and anti-interference abilities, as well as signal amplification of VMSF, the developed
VMSF/CNNS/GCE sensor enabled the sensitive ECL detection of TCP in pond water and prochloraz in
orange peel extract.

of mammals. Additionally, the metabolic degradation product
of prochloraz is 2,4,6-trichlorophenol (TCP), which possesses

Widespread pesticide use has led to an increasingly severe issue
of pesticide residue contamination in food and the environ-
ment. Prochloraz (N-propyl-N-[2-(2,4,6-trichlorophenoxy)ethyl]-
1H-imidazole-1-carboxamide) is an efficient imidazole-type
broad-spectrum fungicide that inhibits the synthesis of ergos-
terol, disrupts fungal cell membranes, and achieves fungicidal
effects.”” Currently, prochloraz is widely employed in agricul-
ture, such as in the treatment and eradication of crop diseases
caused by pathogens like Fusarium and Phytophthora.**
However, prochloraz exhibits strong biological toxicity, causing
skin irritation and significant disruption to the endocrine levels
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notable pathological and toxicological effects, along with
potential carcinogenicity.>® Thus, developing simple, rapid, and
sensitive method for detecting prochloraz and TCP in environ-
mental and food samples holds significant importance. Tradi-
tionally, high-performance liquid chromatography (HPLC) and
gas chromatography coupled with mass spectrometry (GC-MS)
have been employed for trace detection of TCP.” Although
these methods offer high reproducibility and low detection
limits, they require substantial extraction of environmental
water with complex purification steps. Additionally, the equip-
ment is expensive, and the procedures are cumbersome,
demanding skilled operators, which poses challenges to the
detection process. Therefore, it is crucial to develop a simple,
fast, and sensitive analytical method to detect TCP in environ-
mental samples for human health and environmental
protection.

Electrochemiluminescence (ECL) is a chemical lumines-
cence induced and controlled by electrochemical reaction.®™*°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Typically, substances on the electrode surface generate excited
states through high-energy electron transfer, and the transition
of the excited state back to the ground state produces lumi-
nescence. ECL encompasses both electrochemical reactions
occurring on the electrode surface and chemiluminescent
reactions among electroactive species.'*** Thus, ECL combines
the advantages of traditional chemiluminescence, such as high
sensitivity and a wide linear range, with the benefits of elec-
trochemical analysis equipment, convenient operation, rapid
analysis, and strong controllability.**"** However, when detect-
ing complex environmental samples, matrix effect may cause
significant interference with experimental results, thereby
reducing the sensitivity and accuracy of ECL detection.
Furthermore, in the process of ECL analysis, a significant
amount of emitters is consumed. Common ECL emitter, such as
complex of ruthenium bipyridine, is relatively costly. Although
there have been studies proposing the immobilization of ECL
reagents on the electrode surface, this approach may compro-
mise detection sensitivity and stability. Therefore, enhancing
the electrode's resistance to interference and contamination,
along with reducing the consumption of ECL emitter, is crucial
for ECL detection of complex samples.

Using porous materials to modify electrodes is an effective
strategy to enhance electrode performance." Porous mate-
rials exhibit various unique advantages, including high surface
area, well-defined pore structures, and controllable pore size
and volume, making them highly advantageous in fields such as
adsorption, catalysis, and sensing.”>** Over the past few
decades, mesoporous silica materials have been one of the most
significant porous materials. In comparison to mesoporous
nanoparticles, vertically ordered mesoporous silica film (VMSF)
represents a class of highly ordered porous membrane mate-
rials with nanochannels perpendicular to the electrode
substrate.>® On one hand, the ultra-small nanochannels (typi-
cally 2-3 nm) exhibit size exclusion effects, allowing VMSF
nanochannels to resist the entry of large molecules such as
cells, proteins, and DNA.*”*® Combining this with the insulating
structure of silica, VMSF-modified electrodes can effectively
exclude interference from large molecules or particles in
complex sample matrices. On the other hand, VMSF nano-
channels provide charge-selective permeability.* As silanol
groups on VMSF have low pK, (around 2-3), they can be
deprotonated at commonly medium, leading to a negatively
charged surface.*® Consequently, VMSF can exclude negatively
charged small molecules while adsorbing positively charged
ones.*'** For instance, VMSF exhibits significant electrostatic
adsorption towards the positively charged ECL emitters,
tris(2,2/-bipyridyl)ruthenium(u) (Ru(bpy);>*), leading to signifi-
cant enhancement of the ECL signal.*® This signal amplification
effect allows for highly sensitive ECL detection at low concen-
trations of Ru(bpy),>", effectively reducing the consumption of
ECL reagents and lowering the analytical cost. Additionally,
common electrochemical small molecules in biological and
environmental samples, such as uric acid (UA) and ascorbic
acid (AA), are charge-excluded by VMSF nanochannels.”
Therefore, VMSF-modified electrodes hold enormous potential
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for complex sample detection and can significantly reduce the
usage of ECL emitters.

In current research based on VMSF, commonly used sup-
porting electrodes include indium tin oxide electrodes
(ITO),**** glassy carbon electrodes (GCE),"** and gold elec-
trodes (AuE).**** VMSF is stably modified on the surface of ITO
through O-Si-O covalent bonds, but the ECL activity of
Ru(bpy);>* on ITO is very low. For carbon-based electrodes or
metal electrodes, sufficient adhesion layer or pre-treatment is
required to increase the surface oxygen-containing functional
groups of the electrode, allowing VMSF to adhere persistently to
the electrode substrate. Researchers have employed organo-
silane modification on the electrode as an adhesive to improve
the stability of VMSF on the electrode.” However, this non-
conductive adhesive layer can passivate the electrochemical
activity of the electrode, reducing detection sensitivity. Our
research group employed reduced graphene oxide (rGO) as the
adhesive layer, successfully growing VMSF on carbon
electrode,”*” and achieving highly sensitive detection of drug
molecules and biomarkers. We also found that electrochemical
polarization pretreatment of GCE (p-GCE) can generate abun-
dant oxygen-containing functional groups on the electrode
surface. Without the need for any adhesive, VMSF can be
directly integrated on p-GCE while maintaining excellent
adhesion and chemical stability.**** However, the oxygen-
containing functional groups in rGO or p-GCE, such as
phenolic hydroxyl groups, can oxidize to quinone-like
substances during electrode scanning.*® This oxidation leads
to significant resonance energy transfer between quinone-like
substances and Ru(bpy),>*, thereby reducing the ECL signal
and lowering detection sensitivity.”* Therefore, the develop-
ment of novel adhesive layers holds great potential for
expanding the application of VMSF in ECL analysis.

In this work, graphitic carbon nitride nanosheet (CNNS) was
utilized for the first time as both the adhesive and electroactive
layer, successfully achieving stable modification of VMSF on
glassy carbon electrode. As a 2D material with large surface area
and excellent biocompatibility, CNNS is characterized by the sp*
hybridization of C and N elements, forming chemical bonds
and creating a highly delocalized m-conjugated system resem-
bling a benzene ring.”>** Consequently, CNNS exhibits good
conductivity, and its two-dimensional structure facilitates the
formation of a smooth electrode modification layer. On the
other hand, after acid treatment, CNNS surface generates
oxygen-containing functional groups, such as hydroxyl groups.
This not only contributes to the stable binding of VMSF but also
does not lead to a significant quenching effect on the ECL signal
of Ru(bpy);>" as these functional groups have weak electro-
chemical activity. After modifying CNNS on the GCE surface
(CNNS/GCE), VMSF was rapidly and stably grown using an
electrochemical-assisted self-assembly method (EASA) to form
VMSF/CNNS/GCE. Combining the electrostatic adsorption
capacity of VMSF nanochannels for Ru(bpy);**, the ECL signal
on VMSF/CNNS/GCE was significantly enhanced. Taking into
account the quenching effect of TCP on the ECL signal of
Ru(bpy);>*, VMSF/CNNS/GCE achieved direct and highly sensi-
tive detection of TCP. As TCP is the metabolic degradation
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product of prochloraz, indirect ECL detection of prochloraz in
fruits was achieved.

2. Experimental
2.1 Materials and reagents

Hexadecyltrimethylammonium bromide (CTAB, 99%), tetraethyl
orthosilicate (TEOS, 98%), potassium hexacyanoferrate(ur)
(K3[Fe(CN)g], 99.5%), potassium hexacyanoferrate(u) trihydrate
(K4[Fe(CN)]-3H,0,  99.5%),  tris(2,2'-bipyridyl) dichloror-
uthenium(n) hexahydrate (Ru(bpy)s;Cl,-6H,0), triethylamine
(Et3N), 1,3,6-trichlorobenzene (TCP), and prochloraz were
purchased from Aladdin Technology Co., Ltd. (Shanghai, China).
Acetone, anhydrous ethanol, and concentrated sulfuric acid
(H,SO,) were obtained from Gaojing Fine Chemical Co., Ltd.
(Hangzhou, China), while hydrochloric acid (HCI) was acquired
from Shuanglin Chemical Reagent Co., Ltd. (Hangzhou, China).
Melamine was obtained from Yonghua Fine Chemical Co., Ltd.
(Nanjing, China). Phosphate buffer solution was prepared by
mixing Na,HPO, and NaH,PO, in certain proportions. Oranges
were purchased from a local supermarket (Hangzhou, China),
and pond water was collected from the pond at Zhejiang Sci-Tech
University (Hangzhou, China). All reagents used were of analyt-
ical grade and were not further processed. Ultra-pure water (18.0
MQ cm) was used throughout the experimental procedures.

2.2 Characterizations and instrumentations

Morphology of VMSF was characterized using transmission
electron microscopy (TEM, HT7700, Hitachi, Japan) operated at
an accelerating voltage of 100 kV. To prepare TEM sample,
VMSF was scraped from GCE surface using a knife, which was
dispersed in ethanol by ultrasonication. The resulting disper-
sion was dropped onto a copper grid, dried under an infrared
lamp, and then observed by TEM. Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) tests were con-
ducted on an Autolab (PGSTAT302N) electrochemical worksta-
tion (Metrohm, Switzerland). Electrochemiluminescence (ECL)
measurement was carried out using an MPI-E II instrument
(Xi'an Ruimai Analytical Instrument Co., Ltd.). Both electro-
chemical and ECL tests were performed in a conventional three-
electrode system at room temperature. Specifically, Ag/AgCl
served as the reference electrode, platinum wire electrode act
as the counter electrode, bare or modified GCE was as the
working electrode. Fourier-transform infrared spectroscopy
(FTIR) characterization was conducted with a potassium
bromide pellet (Nicolet Avatar 370, Thermo, USA).

2.3 Preparation of CNNS

Bulk graphitic carbon nitride (g-C;N,) was obtained by thermal
condensation of melamine.*® Briefly, 5 g of melamine was
placed in a crucible and heated in an air atmosphere at a rate of
6 °C per minute to 520 °C, and then calcined at this temperature
for 4 hours. The resulting yellow solid powder was ground. To
prepare CNNS, 2 g of g-C;N, was mixed with 40 mL of concen-
trated sulfuric acid (98 wt%) and stirred at room temperature
for 10 hours.>® The mixture was poured into ultrapure water and
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sonicated for 8 hours. The obtained precipitate was repeatedly
washed with ultrapure water at 12 000 rpm to obtain a stable
CNNS colloid solution. Finally, the CNNS powder was obtained
by freeze-drying treatment.

2.4 Fabrication of VMSF/CNNS/GCE

Glassy carbon electrode (GCE, with a diameter of 3 mm) was
polished successively with 0.3 pyM and 0.05 pM aluminium
oxide (Al,Os) slurry. After rinsed with ultrapure water, it was
sonicated in ultrapure water for 60 s to remove surface residues
and dried with nitrogen. The polished GCE exhibited a glossy
mirror-like surface under natural light. Then, 10 pL of CNNS
colloid was dropped onto the polished GCE electrode and dried
at 60 °C, leading to CNNS/GCE electrode. Then, VMSF was
grown using the EASA method.”® Specifically, the precursor
solution for VMSF growth was prepared by stirring 1.585 g CTAB
and 2.833 g TEOS in a mixture of 20 mL ethanol and 20 mL
NaNO; (0.1 M, pH 2.6) for 2.5 h. Then, the three-electrode
system was used with CNNS/GCE as the working electrode. A
constant voltage of —2.2 V was applied on CNNS/GCE for elec-
trodeposition for 5 s. After the deposition, the electrode was
quickly removed, rinsed with a large amount of ultrapure water
and aged at 80 °C overnight. In the resultant electrode, surfac-
tant micelles (SM) were initially present in the nanochannels,
denoted as SM@VMSF/CNNS/GCE. Subsequently, the SM was
eliminated by immersing the SM@VMSF/CNNS/GCE in an HCl
solution (0.1 M in ethanol) for 5 minutes. The resulting elec-
trode was then labelled as VMSF/CNNS/GCE.

2.5 ECL detection of TCP and prochloraz

PBS (0.01 M, pH 7) containing Ru(bpy);>" (10 pM) and Et;N (15
mM) was used as the electrolyte for detecting prochloraz and
TCP. To detect TCP, ECL signals were recorded on VMSF/CNNS/
GCE in the presence of varying concentrations of TCP. Pro-
chloraz was indirectly detected after undergoing hydrolysis with
hydrochloric pyridine salt to produce TCP. For real sample
analysis, pond water was initially filtered using a 0.22 um nylon
filter film and then diluted by a factor of 50 using the electrolyte.
Orange peel was prepared using a diagonal cutting method, and
a quartering technique was employed for sampling. The
samples were then pretreated following the procedure outlined
in NY/T 1456-2007 (China). Finally, prochloraz and hydrochloric
acid pyridine salt were added to the extract. Two millilitres of
the extract were mixed with 5 g of pyridine hydrochloride for
prochloraz hydrolysis. After the pyridine hydrochloride salt
dissolved to hydrolyse prochloraz. The temperature was raised
to 210-240 °C after the pyridine hydrochloride salt dissolved,
and the mixture was refluxed for 1 h to obtain the TCP hydro-
lysis solution.

3. Results and discussion

3.1 Stable modification of GCE by VMSF using CNNS as the
binding and electroactive layer

As illustrated in Fig. 1, CNNS was applied for the first time as
the binding layer and electroactive layer, leading to the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03623a

Open Access Article. Published on 12 September 2024. Downloaded on 1/22/2026 2:52:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

VMSF Growth
A—
by EASA

GCE SM@VMSF/CNNS/GCE

SM Removal
—

)

O S 2

Yy
o

© € €y e

VMSF/CNNS/GCE s,

Fig. 1 Illustration for the preparation of VMSF/CNNS/GCE and the
improved ECL signals through electrostatic attraction of Ru(bpy)s>*
through VMSF nanochannels.

successful and stable modification of GCE by VMSF. CNNS, a 2D
nanomaterial with numerous advantages, combines the excep-
tional properties of graphene and nitrogen-doped carbon,
showing unique physical and chemical characteristics. For
instance, the C and N elements in its structure form chemical
bonds in a sp® hybridized manner, alternating to create a highly
delocalized m-conjugated system resembling a benzene ring
structure. Consequently, CNNS exhibits excellent conductivity.
Furthermore, CNNS displays outstanding mechanical strength
and flexibility, and its 2D sheet structure facilitates the forma-
tion of a modification layer on the GCE surface through -7
interactions. CNNS can be obtained by exfoliating bulk
graphitic carbon nitride (g-C;N,) in an acidic solution. The
obtained CNNS surface generates oxygen-containing functional
groups such as hydroxyl groups, which contribute to stable
binding with VMSF. Simultaneously, the weak electrochemical
activity of hydroxyl groups, which ensures no interference with
the ECL signal of Ru(bpy);>*. Therefore, serving as the binding
layer and electroactive layer, CNNS successfully achieves stable
modification of GCE by VMSF.

Subsequently, VMSF was grown on CNNS/GCE using the
electrochemical assistance self-assembly method (EASA). EASA
is a technique for rapidly growing VMSF at room temperature.
In this method, a suitable negative potential or negative current
is applied to the electrode immersed in an acidic precursor
solution containing siloxane reagent and a cationic surfactant
(cetyltrimethylammonium bromide, CTAB). The electrode
surface undergoes a cathodic reduction of H,O, generating
a large amount of OH™ and a local increase in pH. This triggers
the assembly of cationic surfactants on the electrode surface
and the sol-gel reaction of siloxanes, ultimately resulting in
VMSF containing the CTAB template (SM@VMSF/CNNS/GCE).
After removing the micelles, an electrode with an array of
open nanochannels is obtained (VMSF/CNNS/GCE).

The ultrasmall nanochannel and abundant silanol groups of
VMSF impart it with charge-selective permeability. As silanol
group has the pK, of approximately 2-3, it ionizes in commonly
used media, generating a negatively charged surface that facil-
itates the transport of positively charged substances. Conse-
quently, the negatively charged nanochannels exhibit
a pronounced electrostatic attraction to positively charged

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ru(bpy);>* (1.2 nm), resulting in the formation of high
concentration of Ru(bpy);>" on the electrode surface. Thus,
VMSF/CNNS/GCE electrode can enhance the ECL signal of
Ru(bpy),>* while significantly reduce the amount of Ru(bpy),>*
required, thereby lowering the cost of ECL detection.

3.2 Characterization of CNNS

The changes in surface groups of bulk g-C;N, and CNNS before
and after acid exfoliation were characterized by FT-IR technology,
as shown in Fig. 2. The characteristic peaks in the range of 1200-
1600 cm " and 810 cm ™" correspond to the stretching vibrations
of CN heterocycles and the triazine ring, respectively. As shown,
the spectra before and after acid exfoliation show no significant
differences, indicating that the exfoliation process does not affect
the skeleton of CN heterocycles. The absorption in the range of
3000-3500 cm ™' corresponds to the stretching vibrations of -NH,
and -OH. It can be observed that the absorption peak of -OH
stretching vibration in CNNS is significantly enhanced compared
to that in bulk g-C3;N,, indicating the introduction of a large
number of OH groups during the acid treatment process. As is
well known, GCE are primarily composed of sp® hybridized
carbon. Thus, CNNS can be modified on the surface of GCE
through - interactions. Simultaneously, the oxygen-containing
groups in CNNS can form stable bonds with the silanol groups on
VMSF through O-Si-O bonding, achieving a stable combination
with VMSF. Fig. S1 (ESI)T shows the powder X-ray diffraction
(XRD) characterization of g-C3N, and CNNS. The two prominent
diffractions at 13.0° and 27.4° correspond to the in-plane (100)
and interlayer (002) diffractions of the graphite-like structure of
carbon nitride, respectively.*® CNNS exhibits a weak and broad
interlayer (002) peak, attributed to its few-layer structure.”® Addi-
tionally, the intensity of the peak at 13.0° becomes less
pronounced, which may mainly result from the reduced stacking
of carbon nitride layers and the partial disruption of in-plane
repeating triazine units due to the sulfuric acid protonation
process, potentially leading to more defects being embedded into
the CNNS plane.* Scanning electron microscope (SEM) image
also illustrate the layered structure of CNNS (Fig. S2, ESIt).

3.3 Characterization of VMSF/CNNS/GCE

The morphology and structure of VMSF were characterized by TEM.
Fig. 3A presents a top-down view of VMSF in TEM. The image
clearly shows the defect-free nanochannel membrane with uniform
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Fig. 2 FTIR spectra of bulk g-C3N4 and CNNS.
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Fig. 3 (A) Top-view TEM or HRTEM (inset) image of VMSF. (B) TEM
image of cross-section of VMSF. CV (C) and EIS (D) plots of bare GCE,
VMSF/CNNS/GCE and SM@VMSF/CNNS/GCE in 0.1 M KCl solution
containing 2.5 MM Fe(CN)¢>~"4~. The inset in is the magnified EIS plots
of bare GCE and VMSF/CNNS/GCE (D).

distribution. The inset of the high-resolution TEM (HRTEM)
demonstrates a hexagonal arrangement of nanochannels, each
with a diameter ranging from 2 to 3 nm. Fig. 3B displays a cross-
sectional TEM image of VMSF, revealing the parallel nano-
channel structure.

To further investigate the integrity of VMSF and the charge-
selective permeability of the nanochannels, the electrochemical
behaviour of Fe(CN)s*>~/*~ was studied using cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) on
different electrodes. As shown in Fig. 3C, almost no Faraday
signal was observed on SM@VMSF/CNNS/GCE, only showing
a charging current. This is attributed to the good integrity of the
VMSF film, and the nanochannels being sealed by the micelles.
After removing the micelles and obtaining open nanochannels,
the signal of Fe(CN),>"*~ on VMSF/CNNS/GCE was suppressed
compared to the bare GCE. This is due to the charge selectivity
of VMSF nanochannels, which electrostatically repels
Fe(CN)s>~'*~, thereby reducing the peak current. This result is
further validated by EIS, as shown in Fig. 3D. The inset in Fig.
3D shows that bare GCE has minimal electron transfer resis-
tance (R.;) due to its excellent electron transfer properties.
When the nanochannels are sealed by micelles, the Fe(CN)g>~/
*~ probe cannot reach the electrode surface, resulting in
a significantly increased R, for the SM@VMSF/CNNS/GCE
electrode containing micelles. After removing the micelles
and opening the channels, the negative charge of the channels,
due to the ionization of silanol groups, repels the negatively
charged Fe(CN)s>*~ probe, resulting in a slightly higher
resistance for VMSF/CNNS/GCE compared to bare GCE. These
results confirm the integrity of the VMSF film and the charge-
selective permeability of the nanochannels.

3.4 Enhanced ECL on VMSF/CNNS/GCE

Using GCE as the supporting electrode, CNNS, amino-modified
siloxane (APTES), and electrochemically reduced graphene
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oxide (ErGO) were employed as modifying layers, or GCE was
subjected to electrochemical polarization (p-GCE) to prepare
the VMSF-modified electrodes. The ECL signals were compared
among bare GCE, VMSF/CNNS/GCE, and VMSF/APTES/GCE in
the Ru(bpy);>*/Et;N system. As shown in Fig. 44, all electrodes
exhibited oxidation starting at ~1.0 V and a pronounced ECL
signal at ~1.2 V in the Ru(bpy);>*/Et;N solution. As shown in
Fig. S3 (ESI), during the anodic scan, Ru(bpy);>" is electro-
chemically oxidized into Ru(bpy);**, while Et;N is oxidized to
form the short-lived Et;N radical cationic (EtzN'"), which
further loses a proton to form the strongly reducing interme-
diate Et;N°. This radical can then reduce Ru(bpy);®>" to
Ru(bpy);>**, which returns to the ground state, emitting light
(ECL signal). Compared to bare GCE, both VMSF/CNNS/GCE
and VMSF/APTES/GCE showed significantly enhanced ECL
signals. This is attributed to the electrostatic adsorption of
negatively charged nanochannels on Ru(bpy);**, resulting in
a substantial increase in the ECL signal. As a result, the
concentration used is 10 uM, which is significantly lower than
that is typically applied in common ECL sensing (more than 0.1
mM). The low concentration of ECL emitter reduced the cost of
the proposed analysis.

However, the ECL signal value obtained on VMSF/APTES/
GCE was only 55% of that on VMSF/CNNS/GCE. This is
because APTES is a non-conductive organic adhesive layer that.
Although APTES layer can achieve stable binding with VMSF but
reduce the electroactive surface of GCE. The signals of VMSF/
ErGO/GCE and VMSF/p-GCE also decreased compared to bare
GCE, attributed to ErGO and the polarized GCE containing
abundant phenolic hydroxyl groups. These groups are oxidized
to form quinones during the positive potential scan, thereby
quenching the ECL signal of Ru(bpy),**. Thus, the ECL signal of
the VMSF-modified electrode obtained with CNNS as the
adhesive and electrochemical layer was the highest. The
stability of the prepared VMSF/CNNS/GCE electrode was
examined by recording the ECL signal during continuous CV
scans, as shown in Fig. 4B. The ECL intensity remained rela-
tively stable during continuous scanning, indicating good
stability.

3.5 Optimization of ECL detection conditions

As known, coreactant of Et;N can significantly improve the ECL
efficiency of the emitter Ru(bpy);>*. At the same time, pH of the
detection medium also affects the adsorption performance of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanochannels on Ru(bpy);*" and the deprotonation process of
Et;N. Thus, the effects of the co-reactant concentration and the
pH of the electrolyte on the ECL signal were investigated. As
shown in Fig. 5A, the ECL signal increased with the concen-
tration of Et;N and stabilized when the Et;N concentration was
15 mM. Thus, 15 mM Et;N was chosen for further experiments.
The influence of pH values of the electrolyte on the ECL signal
of the electrode was examined. As shown in Fig. 5B, the ECL
intensity of Ru(bpy);>" significantly increases with increasing
pH from 4 to 7, reaching a maximum at pH = 8. This is
attributed to the increase in pH, leading to greater ionization of
silanol groups as well as the increase in the negative charge
density of the nanochannels, enhancing the electrostatic
adsorption towards Ru(bpy);>* and further promoting the
increase in ECL intensity. Meanwhile, with increasing pH,
Et;N'" is more easily deprotonated to generate Et;N°, which
reacts with Ru(bpy);*" to produce more Ru(bpy);***, contrib-
uting to signal amplification. However, when the pH increased
from 8 to 9, the ECL signal decreased. This may be due to the
reduced stability of the VMSF under alkaline conditions, which
has a silica structure. Therefore, subsequent experiments were
conducted using a solution with pH = 7.

3.6 ECL detection of TCP

Previous studies have indicated that phenolic compounds can
quench the ECL signal of Ru(bpy);>*. The possible mechanisms
involve the intermediate radicals generated in the Ru(bpy);>*/
Et;N reaction reacting with reducing molecules or resonance
energy transfer occurring between quinone-like substances
generated by the oxidation of phenols during anodic scanning
and Ru(bpy);>**. Thus, a sensing system can be constructed to
achieve the ECL detection of TCP based on the quenching effect
of the ECL signal of Ru(bpy);>". Fig. 6A shows the ECL signals
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Fig. 6 (A) ECL signal obtained on VMSF/CNNS/GCE in presence of

various concentrations of TCP. (B) The corresponding calibration
curve.
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obtained in the Ru(bpy);>*/Et;N solution at different concen-
trations of TCP. As observed, the ECL intensity decreases with
increasing TCP concentration, indicating the quenching effect
of TCP on the ECL signal of Ru(bpy);>". As shown in Fig. 6B,
there is a good linear relationship between the ECL signal (Igcy,)
and TCP concentration (Crcp) in the range of 10 nM to 0.7 mM
(Igc, = —39740Ccp + 26 994, R* = 0.993). The detection limit
(DL) calculated based on a signal-to-noise ratio of three (S/N =
3) is 2.2 nM. Thus, the fabricated VMSF/CNNS/GCE exhibits
high sensitivity and a low LOD for TCP detection, attributed to
the significant electrostatic adsorption of the nanochannels on

Ru(bpy)f*.

3.7 Anti-fouling and anti-interference abilities of VMSF/
CNNS/GCE

The anti-fouling and anti-interference abilities of VMSF/CNNS/
GCE sensor were examined. Possible interferent (50 pM) was
separately added to the Ru(bpy);**/Et;N solution, including
common pesticides such as diazinon, nitrobenzene, and car-
bendazim, or large molecule at a concentration of 50 pg mL ™",
including bovine serum albumin (BSA), dodecyl sodium sulfate
(SDS), starch and lignin. The effect of analog of TCP, 2,4-
dichlorophenol (DCP), has also been investigated. The ECL
signals were measured in the presence of the above single
interferent, or TCP (0.5 pM) (Fig. 7A). Even with significantly
higher concentrations of the above substances compared to
TCP, tested pesticides and large molecule showed no significant
change. Due to its similar phenolic structure, DCP can quench
ECL signals. However, the signal caused by DCP is significantly
lower than that of TCP. This is because TCP has three chlorine
atoms in its molecular structure, exhibiting a stronger electron-
withdrawing effect and higher quenching the ECL signal of
Ru(bpy);>". Since the detection mechanism relies on the
quenching of the ECL of Ru(bpy);>" by phenolic substances, the
presence of other phenolic contaminants might affect the
detection. This issue can be addressed in two ways. Firstly,
separation techniques such as chromatography or capillary
electrophoresis can be employed to remove other phenolic
interferents. Secondly, the linear extrapolation of the standard
addition method can be used to determine the TCP concen-
tration in real samples, eliminating the interference from
phenolic contaminants in the matrix.
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Fig. 7 (A) ECL signal of Ru(bpy)s>*/EtsN system measured on VMSF/
CNNS/GCE sensor in presence of single substance or all substances
simultaneously. (B) Linear relationship between ECL signal and TCP
concentration in orange peel extract.
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Table 1 Determination of TCP in pond water using the standard
addition method

Sample Added (M) Found“ (uM) RSD (%) Recovery (%, n = 3)
Pond water” 0.05 0.049 1.0 98.0

0.10 0.11 3.3 110.0

0.50 0.53 3.0 106.0

“ The concentration was obtained after serum dilution.  The sample
was diluted by a factor of 50.

3.8 ECL determination of TCP in real sample

To assess the capability of VMSF/CNNS/GCE in detecting TCP in
real samples, the standard addition method was employed to
determine the TCP content in pond water. Pond water, diluted
50 times with PBS, was used as the analytical sample, and the
accuracy and precision of the method were validated. The
results are presented in Table 1. As indicated, satisfactory
recovery rates (98.0-110.0%) and small relative standard devi-
ation (RSD) values (1.0-3.3%) were obtained. These findings
suggest that the prepared sensor demonstrates good reliability
and accuracy for TCP detection in real samples.

3.9 ECL detection of prochloraz in orange peel

Typically, the strategy for prochloraz detection involves adding
pyridine hydrochloride salt to a mixture containing the target
compound. Prochloraz and its metabolic intermediates are
converted to TCP, and the prochloraz content is indirectly
determined by measuring the TCP content. The metabolic
process of Prochloraz is illustrated in Fig. S4 (ESI).t Initially, the
imidazole ring of PCZ is cleaved, producing N-formyl-N-propyl-
N-[2-(2,4,6-trichlorophenoxy)ethylurea (PCZ-FU) and N-propyl-
N-[2-(2,4,6-trichlorophenoxy)ethylJurea (PCZ-U). Subsequently,
these two compounds further degrade into TCP.

Based on this mechanism, the developed sensor was also
applied to detect prochloraz in orange peel extract as the matrix.
As prochloraz was not detected in the sample, a standard
solution of prochloraz at a concentration of 1.90 mg mL ™" was
added to the orange peel extract. The conversion to TCP through
heating and refluxing with pyridine hydrochloride salt was
employed, and the original prochloraz content in the solution
was determined through the extrapolation using the standard
addition method (Fig. 7B). The concentration of prochloraz
measured in the orange peel extract was 1.82 mg mL ™", which is
closely matched the added concentration, indicating the reli-
ability in detecting prochloraz in real samples.

4. Conclusions

In this work, a method for the stable growth of VMSF on a GCE
for the first time was introduced, utilizing conductive CNNS as
a binding layer. The O-Si-O bond formed between CNNS and
the nanochannels effectively stabilizes the growth of VMSF on
the CNNS/GCE electrode. Compared to non-conductive molec-
ular adhesives that passivate the electrode, CNNS exhibits good

28982 | RSC Adv, 2024, 14, 28976-28983
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conductivity. Additionally, compared to ErGO, which contains
abundant phenolic hydroxyl groups and quenches the ECL
signal of Ru(bpy);>*, CNNS does not significantly quench the
ECL signal of Ru(bpy);>*. Based on the electrostatic enrichment
ability of VMSF for Ru(bpy);>", the fabricated VMSF/CNNS/GCE
significantly enhances the ECL signal of Ru(bpy);>". Leveraging
the quenching effect of phenols on the Ru(bpy);>*/Et;N system,
VMSF/CNNS/GCE achieves sensitive detection of the environ-
mental pollutant TCP. As the metabolic end product of pro-
chloraz is TCP, prochloraz can be indirectly detected by
measuring the TCP content. The constructed VMSF/CNNS/GCE
demonstrates good sensitivity and low detection limit for ECL
detection of TCP. Coupled with VMSF's resistance to fouling
and interference, the fabricated VMSF-based sensor holds
significant potential for direct and highly sensitive ECL detec-
tion in real samples.
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