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This study introduces a novel one-step microwave-assisted (MW-AT) synthesis strategy for a TpTTA COF
and demonstrates the fabrication of a MoOs_,-TpTTA COF-based nanocomposite (NC) for the first time.
This method significantly reduces synthesis time (~1 h) while achieving a high yield at a moderate temperature
(120 °Q). In contrast, traditional solution-based COF synthesis methods may take several days with continuous
heating at higher temperatures (<200 °C). The as-synthesized MoOs_,-COF-based NC was shown to serve as
an affordable and straightforward substrate for surface-enhanced Raman scattering (SERS) detection of an
organic dye, such as methylene blue (MB), achieving a maximum enhancement factor (EF) of 7.76 x 10%. The
incorporation of MoOs_, into the COF provides several advantages, including plasmonic enhancement by
nonstoichiometric transition metal oxide (TMO) without requiring the addition of noble nanocrystals (e.g., Ag,
Au, etc), improved stability of the SERS substrate, comparable SERS sensitivity, and reduced costs.
Furthermore, the as-synthesized MoO=_,-TpTTA COF-based SERS substrate demonstrated exceptional detec-
tion capabilities with high reproducibility, achieving a limit of detection (LOD) as low as 12.5 ppm for
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Mancozeb (Mz), a common commercially used dithiocarbamate insecticide used on various vegetables, fruits,
nuts, and field crops. Notably, Mz is classified as a category lll carcinogen by the International Agency for
Research on Cancer. This highlights the potential for developing TMO-COF-based NCs for next-generation

rsc.li/nanoscale SERS-based applications in environmental and food safety monitoring.

interiors, and high surface areas of COFs can also effectively
enrich the adsorption of target molecules and lower the detec-

1. Introduction

Covalent organic frameworks (COFs) are crystalline, porous,
periodic structures that are specially composed of organic
monomers bearing light elements (C, B, N, O, and H) and con-
nected by strong covalent bonds." COFs are an emerging class
of materials that demonstrate high chemical stability, high
surface area, tunable pore size, and functional tunability."?
Eventually, several solution- and solid state-based COF syn-
thesis procedures are available,* and they have shown prom-
ising applications in catalysis, sensing, adsorption, and
optoelectronics.*” Based on their specific framework struc-
ture, COFs have been proven to be suitable scaffolds for stabi-
lizing plasmonic metal nanoparticles (NPs), and hence work
as efficient SERS substrates with more SERS-active “hot

spots”.® Furthermore, the uniform pores, functionalizable pore

“Physical and Materials Chemistry Division, CSIR-National Chemical Laboratory,
Dr Homi Bhabha Road, Pune, 411008, India. E-mail: sp.mukherjee.ncl@csir.res.in
bAcademy of Scientific and Innovative Research (AcSIR), Ghaziabad-201002, India

This journal is © The Royal Society of Chemistry 2026

tion limit in SERS studies.®® Hence, new explorations are in
great demand to develop novel COF-based SERS substrates for
highly sensitive and reproducible SERS analysis.®™°

The nitrogen-rich triazine-containing TpTTA COF synthesized
from Tp (2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde) and TTA
[4,4',4"(1,3,5-triazine-2,4,6-triyl trianiline] is a very promising
organic material that is generally synthesized over several days
using relatively high-temperature solution-based methods, e.g.,
sealed tube,"" solvothermal,”>™ hydrothermal,***" organic
reflux,”* > interfacial polymerization,***” self-standing film/
membrane,””° seed-mediated strategy,* etc. The as-synthesized
pristine TpTTA COF has shown applications in adsorption,* size-
selective NP separation,®®* solvent filtration,*® removal of
environmental pollutants, gas separation,"* heterogeneous
catalysis,">">** fuel cells,>** Li-ion batteries,'® etc., whereas the
metal or metal NP/TpTTA composite materials show applications
in photocatalytic H, generation,"”” "' photocatalytic CO,
reduction,?**°?* fuel cells,? etc.

13,27
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However, in this study, for the first time, we report the syn-
thesis of the TpTTA COF using a rapid one-step MW-AT synthesis
procedure with significantly less time and high yield at a relatively
low temperature. The as-synthesized TpTTA COF exhibits a 2D
layered structure with high crystallinity, stability, and BET surface
area, as confirmed through various characterization techniques.
Since the TpTTA COF bears a large number of N,0-chelating sites,
we could successfully anchor MoO;_, NPs into the channels of
this COF, and a modified COF composite, namely, the MoO;_,-
TpTTA COF nanocomposite (NC), was also obtained by the rapid
one-step MW-AT synthesis method.

Although there are several reports of plasmonic noble metal
NP-COF composites for sensitive SERS detection of target
molecules, including organic dyes,® pesticides,” DNA bases,*?
polyaromatic hydrocarbons,'® SARS-CoV-2 spike protein,* etc.,
to the best of our knowledge, this is the first report where a
nonstoichiometric transition metal oxide-COF NC (Mo0O;_,-
TpTTA) is used as the SERS substrate for the sensitive detec-
tion studies of organic molecules. As previously reported by
our group, in the case of nonstoichiometric metal oxide nano-
materials (NMs),**? including their SERS properties,*®>° this
synthesis strategy is entirely different and has several advan-
tages. Herein, it is a one-step, rapid, novel microwave-based
synthesis method and requires no surfactant, stabilizing or
reducing agent, inert atmosphere or external pressure.

In addition, to demonstrate the efficacy of the nonstoichio-
metric metal oxide-COF nanocomposite SERS substrate, we
employed the as-synthesized MoO;_,-TpTTA COF NC for sensi-
tive detection of methylene blue (MB), an organic dye. Herein,
the nanocomposite exhibited SERS activity with a maximum
EF of up to 7.76 x 10%, a detection limit as low as 1.0 x 10~7 M
and an RSD of 6.10% for SERS reproducibility. Moreover, the
NC was further employed to detect trace amounts of Mancozeb
(Mz), a common commercially used dithiocarbamate insecti-
cide*® widely applied in the cultivation of crops such as rice
and grapes, which has been classified as a category III carcino-
gen by the International Agency for Research on Cancer.*’
Although Mz effectively protects crops from fungal infections,
its excessive application poses severe risks to human health
due to residue accumulation.®’ Therefore, it ought to be of
great significance to develop a fast, sensitive, accurate, and
effective method to analyze and detect low concentrations of
Mz as a model analyte to evaluate the SERS activity and extend
the practical applications of the as-synthesized MoO;_,-COF
NC-based system. To the best of our knowledge, this is the first
report to showcase an ultralow detection capability of a non-
stoichiometric TMO-COF nanocomposite, i.e., an MoO;_,-
TpTTA-based SERS substrate, with high reproducibility and an
LOD of 12.5 ppm for Mz.

2. Experimental section
2.1 Materials

Ammonium heptamolybdate tetrahydrate [AHM, (NH,);M0,0,,-
4H,0, Loba Chemie, 99.3%, AR/ACS], 2,4,6-trihydroxybenzene-
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1,3,5-tricarbaldehyde [Tp, Hygeia Laboratories, >97.0%], 4,4',4"-
(1,3,5-triazine-2,4,6-triyl )trianiline [TTA, BLD Pharmatech, 95%],
glacial acetic acid [Loba Chemie, 99.7%, AR], 1,4-dioxane [SRL,
99.5% extra pure AR], tetrahydrofuran [THF, SRL, 99.5%, extra
pure AR/ACS], mesitylene [Hyma Synthesis, formerly Avra
Synthesis, 98%], ethyl alcohol [absolute EtOH, Northman
Specialty Chemicals, 99.9%, AR], isopropyl alcohol [IPA, Finar
Chemicals, 99.0%, extra pure], MB (Sigma-Aldrich, >95%), and
fungicide [All Care, Alert Crop Sciences Pvt. Ltd, Mancozeb 63%
WP+ Carbendazim 12% WP] were used as received. Mesitylene,
THF and IPA were used as the solvents.

2.2 Material preparation

2.2.1 Synthesis of the TpTTA COF. The synthesis of the
TpTTA COF was initiated by dispersing 159 mg (0.45 mmol) of
TTA in a G30 glass vial of an Anton Paar Monowave 300 micro-
wave reactor, followed by the addition of 0.5 mL of 3 M acetic
acid to ensure complete ionization of the amine groups. Next,
64 mg (0.3 mmol) of Tp was added, and the mixture was hom-
ogenized by introducing 5 mL of a 1:1 solvent blend of 1,4-
dioxane and mesitylene, followed by brief stirring with a mag-
netic rod. The remaining 10 mL of solvent was added, and the
vial was sealed before being subjected to microwave heating at
120 °C for 1 hour in an Anton Paar Monowave 300 reactor. The
reactor initially operated at a maximum power of approximately
240-250 W to reach the target reaction temperature of 120 °C.
Once this temperature was achieved, the power stabilized at
around 20-30 W to maintain the set temperature. The maximum
internal pressure recorded during the reaction ranged from
approximately 3 to 4 bar. The TpTTA COF was then purified
through sequential washes with mesitylene, THF, and IPA using
sonication and centrifugation at 10 000 rpm, followed by drying
in a vacuum oven at 80 °C for 12 hours to yield highly crystalline
frameworks suitable for advanced applications.

2.2.2 Synthesis of the MoO;_,-TpTTA COF NC. For the syn-
thesis of the MoO;_,-TpTTA COF NC, 100 mg of AHM, dis-
solved in 2.5 mL of water, was added to the reaction mixture
after the Tp component, maintaining identical reaction con-
ditions as the TpTTA COF. The resulting MoO;_,-TpTTA COF
NC was purified in the same manner, with sequential washes
in mesitylene, THF and IPA, sonication and centrifugation at
10 000 rpm, followed by drying at 80 °C in a vacuum oven for
12 hours, yielding a highly crystalline framework.

2.3 Material characterization

The wide-angle X-ray diffraction (WAXD) analysis was recorded
on a Rigaku MicroMax 007HF equipped with a high-intensity
microfocus rotating anode X-ray generator. The data were col-
lected with the help of Control Win software. A Rigaku R-axis
IV++ detector was used for the wide-angle experiments using
Cu K-alpha (1.54 A) radiation outfitted with a Ni filter, and an
aluminium holder was used as the sample holder. The micro-
scopic morphologies of the as-synthesized products were
obtained using a field emission scanning electron microscope
(FEI NOVA NANOSEM 450) at an acceleration voltage of 0.5-30
kv. High resolution transmission electron microscopy (JEOL,
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JEM F200 with an accelerating voltage of 200 keV) equipped
with energy dispersive spectroscopy (EDS), high-angle annular
dark-field scanning transmission electron microscopy and
selected area electron diffraction (SAED) was used. The optical
properties of the samples were characterized by UV-vis spectra
over 300-1000 nm, taken on a Shimadzu UV-3600 Plus spectro-
meter using BaSO, as the reference. Fourier transform infrared
(FT-IR) spectra were recorded using a PerkinElmer Spectrum 3
(attenuated total reflection) accessory in the 600-4000 cm™*
region. The valence state and elemental composition of the
products were analyzed by X-ray photoelectron spectroscopy
(Thermo Scientific Kat) equipped with a monochromatic Al
Ka X-ray (50 eV) source. All XPS spectra were calibrated with
charge correction, referenced to the C 1s peak at 284.8 eV.
Thermogravimetric analysis (TGA) of the samples was carried
out in a PerkinElmer STA 600 analyzer under an N, atmo-
sphere by maintaining a temperature ramp between room
temperature and 900 °C with a heating rate of 10 °C min. A
Brunauer-Emmett-Teller (BET) adsorption experiment (up to
1 bar) of COF samples was performed on a Quantachrome
Autosorb-iQ2 gas sorption analyzer. Before surface area ana-
lysis, the samples were activated at 120 °C for 8 hours. The
porosity of samples was measured by N, adsorption of an acti-
vated sample at 77 K. The average pore diameter of the
samples was calculated by nonlocal density functional theory
(NLDFT). The BET surface area of the samples was determined
by Multipoint BET analysis. The electron paramagnetic reso-
nance (EPR) spectra were recorded on an EMX plus spectro-
meter at X-band (9.5 GHz) frequency. The solid-state NMR **C
spectrum was recorded on a Bruker AV Neo 500 with a 14 kHz
spinning frequency. The Raman measurement was performed
on a Technos IndiRAM CTR-500 Micro Raman Spectrometer
using a 532 nm diode laser. The inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis was per-
formed on the Spectro Acros FHS1 instrument, calibrated at
Mo 10 ppm using Sigma Aldrich ICP multielement standard II.

2.4 SERS measurements

2.4.1. SERS measurements for analyte MB. MB was used as
the target molecule to examine the Raman enhancement effect
of the MoO;_,-TpTTA COF NC. Ethanol solutions of MB
ranging from 107" to 1077 M were prepared. 2 mg of the
MoO;_,-TpTTA COF NC substrate was added to 10 mL of MB
solutions of different concentrations, and the mixture was
allowed to equilibrate for 8 h with constant stirring at 450 rpm
in the dark. The MoO;_,-TpTTA COF NC substrates loaded
with MB were collected by centrifugation, followed by over-
night drying in a vacuum desiccator. The SERS measurements
were carried out using an IndiRAM CTR-500 Raman spectro-
meter with a 532 nm laser excitation source operating at 1 mW
power, focused through 50x and 100x objectives to produce
spot diameters of 1.5 pm and 0.5 pm, respectively. Each
sample was analyzed with an integration time of 5-8 seconds,
and triplicate measurements were performed to ensure statisti-
cal reliability. The SERS EFs were calculated using the stan-
dard equation as previously reported by our group.*®*°

This journal is © The Royal Society of Chemistry 2026
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To address the potential impact of COF decomposition on
SERS signal stability under laser heating, the temperature
increase during laser irradiation was measured using an IR
thermometer with the same laser exposure parameters applied
during SERS analysis. It was found that the temperature of the
SERS substrate did not exceed room temperature (approxi-
mately 22-24 °C), as the SERS analysis was carried out with a
laser power of 1 mW and an integration time of 5-8 seconds.
The SERS substrate remained thermally stable throughout the
Raman measurements, and no adverse effects were observed
in the SERS analysis.

2.4.2. SERS measurements for the commercial fungicide.
The fungicide Mz was dissolved in ethanol to prepare a series
of standard solutions with concentrations ranging from
2000 ppm to 12.5 ppm. For sample preparation, precisely 2 mg
of the synthesized COF composite or COF substrate was dis-
persed in 10 mL of each fungicide solution in a 25 mL beaker,
and the mixtures were equilibrated under dark conditions
with continuous stirring for 8 hours to ensure maximal
adsorption. Post-equilibration, the fungicide-loaded COF com-
posite and COF substrates were isolated by centrifugation and
dried under vacuum overnight. Raman spectra were acquired
using an IndiRAM CTR-500 Raman spectrometer under
similar conditions used for MB detection. Control experiments
were conducted to compare the performance of only the
TpTTA COF and MoOj;_,-TpTTA COF NC substrates.

2.4.3. SERS reproducibility measurements. A 1 x 107" M
MB solution was used to verify the uniformity of the SERS
signal obtained from the MoO;_,-TpTTA COF NC substrate. A
total of 10 measuring points were randomly selected from the
SERS substrate to record the SERS enhancement, and the rela-
tive standard deviation (RSD) was calculated for the character-
istic MB peak at 1624 cm™*.*°

2.4.4. Long-term storage stability and reusability of the
SERS substrate. The sample was prepared by following the
guidelines in section 2.4.2 and was used to examine SERS
detection of 500 ppm Mz over a four-week period, with assess-
ments conducted every two weeks. The sample was stored in a
vacuum desiccator throughout the study.

3. Results and discussion
3.1 Synthesis of the TpTTA COF and MoO;_,-TpTTA COF NC

COFs are highly versatile materials with tunable structures,
achieved by modifying their organic monomers; however,
attaining high crystallinity and porosity remains a formidable
challenge. Strategies to enhance these properties include
improving interlayer interactions through hydrogen bonding,
reinforcing n-n stacking to stabilize the framework, and opti-
mizing synthesis methodologies.”> Among these, MW-AT syn-
thesis has emerged as a transformative approach, promoting
cleaner and more sustainable synthesis pathways for COF fab-
rication, offering rapid reaction times, higher reaction rates,
uniform heating, enhanced product yields, and energy
efficiency.”® However, limited studies have explored this
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method; for example, Wei et al. demonstrated two-dimensional
enamine-linked COF synthesis using an MW-AT solvothermal
method at 100 °C within 1 h under a nitrogen atmosphere,**
while triazine-based COFs, known for their exceptional stabi-
lity and extended =-conjugation, have been primarily syn-
thesized via relatively slower methods, such as refluxing anhy-
drous solvent at 150 °C for 12 h under an inert atmosphere, as
reported by Gomes et al.*> To bridge the synthesis gap, we
have developed a rapid and efficient MW-AT synthesis strategy
for the enamine-linked nitrogen-rich triazine-containing COF
synthesized with Tp and TTA, named the TpTTA COF, achiev-
ing highly crystalline and porous frameworks within
60 minutes, as shown in Fig. 1. Following the same reaction
protocol, by addition of an ammonium heptamolybdate
(AHM)/water mixture to the Tp and TTA mixture, the nonstoi-
chiometric metal oxide-COF i.e. the MoO;_,-TpTTA NC has
been synthesised via the MW-AT synthesis strategy (Fig. 1).

The powder X-ray diffraction (PXRD) measurements
confirm the formation of a crystalline framework of the TpTTA
COF (Fig. 2a). The PXRD patterns of the TpTTA COF are con-
sistent with the previous report, exhibiting well-defined diffrac-
tion peaks at 26 values of 5.96°, 9.92°, 15.34°, and 26.69°,
corresponding to the (100), (110), (210), and (001) crystallo-
graphic planes, respectively, indicative of a highly ordered and
crystalline framework.'>*® Similarly, the MoO;_,-TpTTA COF
displayed characteristic peaks at 20 values of 5.59°, 9.89°,
15.13°, and 26.53° assigned to the same reflection planes,
albeit with slight shifts attributable to the incorporation of
MoO;_, species in the COF nanocomposite (Fig. 2a). However,
no regular diffraction peaks associated with crystalline MoO;_,
were observed, which may be due to the low concentration of
MoO;_, inside the COF nanocomposite or MoO;_, species are
homogeneously embedded within the COF matrix.'®

The TpTTA COF and the MoO;_,-TpTTA COF NC samples
were investigated by UV-Vis absorption spectroscopy, as shown
in Fig. 2b. The TpTTA COF showed UV-Vis absorption around
316, 380, and 579 nm, whereas a significant increase in the
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Fig. 2 (a) PXRD pattern, (b) UV-Vis spectrum, (c) FT-IR spectrum of the
TpTTA COF and MoOs_,-TpTTA COF NC, and (d) the EPR spectrum of
the MoOs_,-TpTTA COF NC.

absorption band spanning the 380-520 nm region was
observed in the absorption spectra of the MoO;_,-TpTTA COF
NC, along with the peaks obtained for the TpTTA COF.
Generally, MoO;_, showed a strong absorption peak centered
around 700 nm, mostly associated with localized surface
plasmon resonance (LSPR) due to the presence of a significant
amount of free carriers related to oxygen vacancies.*® However,
due to overlap with the absorption spectra in the UV region of
the TpTTA COF, the presence of the absorption peak associ-
ated with the LSPR properties of MoO;_, in the MoO;_,-TpTTA
COF NC cannot be concluded.

The Fourier-transform infrared (FTIR) spectra of the TpTTA
COF and MoO;_,-TpTTA COF NC are depicted in Fig. 2c. The
disappearance of the C=O stretching bands of Tp and N-H

and
Drying

& 55 .

MoO,,-TpTTA COF
Nanocomposite

Fig. 1 Schematic illustration of one-step MW-AT synthesis of the TpTTA COF and MoOs_,-TpTTA NC.
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stretching bands of TTA provided direct evidence for TpTTA
COF formation.""® The TpTTA COF exhibited distinct absorp-
tion bands at 1580, 1285 and 810 ¢cm™' resulting from the
C=C stretching, C-N stretching, =C-H in-plane bending, and
triazine group, which are characteristic of an enamine-linked
framework formed via a Schiff-base condensation reaction.'**°
In addition, the dominant peak at 1580 cm™" resulting from
the C=C stretching and the lack of O-H and -NH stretching
demonstrate that the TpTTA COF existed in the keto form. The
FTIR spectra of the MoO;_,-TpTTA COF NC reveal the reten-
tion of characteristic vibrational features, albeit with minor
shifts (Fig. 2c). Notably, the emergence of a broad absorption
band at 3446 cm™, attributed to O-H stretching vibrations,
provides compelling evidence that the TpTTA COF exists in its
enol tautomeric form when integrated with MoOs;_, in the
nanocomposite. This phenomenon is particularly remarkable,
as it is hardly observed in studies involving COFs and COF-
based nanocomposites.

The electron paramagnetic resonance (EPR) analysis of the
MoO;_,-TpTTA COF NC revealed significant insights, as illus-
trated in Fig. 2d. A distinct isotropic signal with g =~ 2.04,
characteristic of Mo>" centers. The observed narrow peak-to-
peak separation indicates the presence of well-defined, stable
radical species. The absence of hyperfine splitting suggests
that the unpaired electron is delocalized across the molecular
framework rather than localized on a single atom. This finding
compellingly underscores the existence of oxygen vacancies
and highlights the nonstoichiometric characteristics of molyb-
denum oxide within the MoO;_,-TpTTA COF NC sample.*®

The chemical composition and elemental chemical states
of the TpTTA COF and MoO;_,-TpTTA COF NC samples were
analyzed through X-ray photoelectron spectroscopy (XPS). The
XPS survey spectra of the TpTTA COF and MoO;_,-TpTTA COF
NC are represented in Fig. S1a and b, respectively (see the SI).
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Three prominent binding energy peaks at 284.58 eV (C 1s),
398.58 eV (N 1s), and 531.58 eV (O 1s) were observed for the
TPTTA COF,'**! and four prominent binding energy peaks at
232.41 eV (Mo 3d), 284.41 €V (C 1s), 398.41 eV (N 1s), and
531.41 eV (O 1s) were observed for the MoO;_,-TpTTA COF
NC."*?® For the as-synthesized TpTTA COF, the high-resolution
deconvolution of the C 1s spectrum revealed distinct peaks
located at 283.88, 285.48, and 289.08 eV were assigned to
C=C, C=N-C, and C=0O0, respectively, affirming the integrity
of the conjugated structure (Fig. 3a)."® The N 1s spectrum dis-
played well-resolved peaks corresponding to C=N-C at 397.78
eV, C=N at 399.28 eV, and chemisorbed N-H at 402.38 eV,
indicating the electronic environment of nitrogen from the tri-
azine center within the enamine-linked COF network
(Fig. 3b)."® Similarly, the O 1s spectra indicated C=0 at 530.28
eV, -OH at 532.28 eV, and chemisorbed H,O at 534.78 eV, con-
firming the presence of oxygen functionalities integral to the
COF architecture (Fig. 3c).*° On the other hand, for the
MoO;_,-TpTTA COF NC, the Mo 3d XPS spectrum showed two
peaks that can be fitted by two pairs of doublets, which corres-
pond to a mixed-valence state of molybdenum oxide nano-
structures (Fig. 3d). The characteristic peaks located at 236.41
and 233.41 eV were assigned to Mo®", and those at 235.41 and
232.41 eV correspond to Mo®>* for the MoO;_,-TpTTA COF NC
sample (Fig. 3d).>*®**” In comparison with the graphics present
in Fig. 3d, Table S1 (see the SI) provides the calculated percen-
tages of Mo®" and Mo®" in the MoO;_,-TpTTA COF NC sample
using CasaXPS software. The analysis revealed that the percen-
tages of Mo®" and Mo®" were 80.92% and 19.07%, respectively.
The presence of low-valent Mo®" in the lattice is attributed to
the formation of oxygen vacancies, which help to balance the
overall charge. This finding further confirms the nonstoichio-
metric characteristics of the molybdenum oxide within the
MoO;_,-TpTTA COF NC sample. In addition, the high-resolu-

(b)  c=nc

Counts (cps)
Counts (cps)

N1s (C) c=0 O1s

OH

Counts (cps)

292 288 284 280 408 404
Binding Energy (eV)

Binding Energy (eV)

400 396 540 536 532 528

Binding Energy (eV)

(d) Mo3d (e) Cis

6+
Mo 3ds,

Counts (cps)
Counts (cps)

(f) N1s (9) O1s

Cc=0

Counts (cps)
Counts (cps)

240 236 232 228 292 288 284 280
Binding Energy (eV) Binding Energy (eV)

404 400 396 392 536 532 528 524
Binding Energy (eV) Binding Energy (eV)

Fig. 3 XPS spectra of the TpTTA COF: (a) C 1s, (b) N 1s, (c) O 1s and the MoOs_,-TpTTA COF NC: (d) Mo 3d, (e) C 1s, (f) N 1s, and (g) O 1s.
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tion C 1s spectra exhibit characteristic peaks corresponding to
C=C at 283.81 eV, C=N-C at 285.41 eV, and C=O at 288.01
eV (Fig. 3e).'® The N 1s spectrum displays distinct peaks attrib-
uted to C=N-C at 397.81 eV, C=N at 399.21 eV, and chemi-
sorbed N-H at 400.91 eV (Fig. 3f),'® and the O 1s spectrum
indicated C=0 at 530.11 eV, -OH at 531.51 eV, chemisorbed
H,O at 533.11 eV, and Mo-O at 535.21 eV (Fig. 3g).>° These
results were in good agreement with the EPR analysis, proving
the presence of free electrons, which can localize to form Mo®*
centres and suggest the existence of oxygen-deficient MoO;_,
within the COF moiety for the MoO;_,-TpTTA COF NC
sample.*®

The N, adsorption-desorption isotherm of the MoO;_,-
TpTTA COF NC exhibited a decrease in the Brunauer-Emmett—
Teller (BET) surface area for the MoO;_,~TpTTA COF NC
(110.3 m* g') compared to the pristine COF (122.8 m* g™%).
This reduction can be attributed to the encapsulation of the
MoO;_, moiety within the porous structure of the TpTTA COF
(Fig. S2, SI)."®*® The DFT pore size distribution analysis indi-
cated that the average pore size for both the pristine TpTTA
COF and the MoO;_,~TpTTA COF NC remained in the range of
~1.5 nm, suggesting that there was no significant change in
pore size distribution upon the incorporation of the MoO;_,
moiety into the TpTTA COF matrix (Fig. S3a and b, SI).*® Both
the COF and COF nanocomposite showed a type-IV isotherm
with a hysteresis loop, which is fully consistent with the
reported literature.'®*®

Thermogravimetric analysis (TGA) elucidates the thermal
stability and decomposition behavior of the TpTTA COF and
the MoO;_,-TpTTA COF NC, revealing distinct degradation
pathways influenced by the incorporation of MoO;_,, as shown
in Fig. S4 (see the SI). The pristine TpTTA COF exhibits excel-
lent thermal stability, with an initial weight loss around
150 °C, attributed to the removal of the trapped solvents in the
MoO;_,-TpTTA COF NC. The framework remains structurally
intact up to 450 °C, experiencing only a 21% weight loss,
indicative of the strong covalent enamine linkages within the
COF backbone. Beyond this threshold, gradual decomposition
occurs, followed by the formation of thermally resilient car-
bonaceous residues, with 63% of the initial mass retained at
800 °C, suggesting partial graphitization.'> Conversely, the
MoO;_,-TpTTA COF NC undergoes a continuous, progressive
weight loss (~11%) up to 370 °C, followed by a sharp decompo-
sition at 390 °C, indicative of framework destabilization, cul-
minating in a major 78% weight loss at 470 °C, signifying the
collapse of the organic backbone.>* This accelerated decompo-
sition is attributed to the incorporation of MoO;_,, which
introduces localized charge delocalization and free-electron
density, thereby weakening the imine linkages and facilitating
premature thermal degradation. The material undergoes near-
total decomposition by 800 °C, highlighting the catalytic influ-
ence of MoO;_, on thermal breakdown mechanisms.*® The
ICP-OES analysis was performed to determine the Mo loading
percentage in the COF matrix, which was found to be 0.5 wt%.
This experiment suggested a low Mo loading in the MoO;_,-
TpTTA COF NC.
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The solid-state ">*C NMR analysis of the TpTTA COF and
MoO;_,-TpTTA COF NC reveals distinct changes in the elec-
tronic environment of the framework due to the incorporation
of the MoO;_, moiety. For the TpTTA COF, the characteristic
peaks of C=0O, C=N and C=C appear at 184.96 ppm,
169.35 ppm and 107.67 ppm, respectively (Fig. S5a, SI), while
for the MoO;_,-TpTTA COF NC, minor shifts were observed at
184.19 ppm, 168.61 ppm and 107.50 ppm, respectively
(Fig. S5b, SI).>*?® These chemical shifts are further attributed
to the successful integration of MoO;_,, which alters the elec-
tronic properties of the TpTTA COF in the MoO;_,-TpTTA COF
NC due to its paramagnetic nature as confirmed by EPR and
XPS analyses.>”

The morphological characterization of the TpTTA COF and
MoO;_,-TpTTA COF NC was performed through FESEM and
HRTEM analyses. The FESEM images showed that the syn-
thesized TpTTA COF exhibited a fibrous morphology (Fig. Sé6a,
SI) and maintained the same morphology after incorporating
the MoO;_, moiety into the COF (Fig. 4a). As displayed in the
HRTEM images, the TpTTA COF shows lamellar stacking struc-
tures (Fig. S6b, SI), whereas encapsulated MoO;_, NPs of size
~7-9 nm were observed in the HRTEM image of the MoO;_,-
TpTTA COF NC sample, as shown in Fig. 4c. The majority of
the NPs are spherical in shape. The particle size distribution
histogram was created based on the NPs observed in the
HRTEM images and is presented in the inset of Fig. 4(c).
However, due to the low molybdenum loading (0.5 ppm) in the
MoO;_,-TpTTA COF NC, the number of NPs in the COF matrix
is too low to accurately calculate the mean particle size and its
standard deviation. The d-spacing value observed for MoOj;
NPs was 0.17 nm.”' This indicated that the MoO;_, NPs are
homogeneously integrated within the COF at the nanoscale,
ensuring consistent and stable loading. This integration pre-
serves the intrinsic crystallinity of the COF, ensuring both its
structural integrity and uniform functionalization.'®'® The
EDS elemental analysis (Fig. 4b and inset table), the high-

Element | At %
CK | 70.68
NK 153
OK | 21.46

MoL 6.33

Fig. 4 (a) FESEM, (b) EDS, and (c) HRTEM images; the inset shows
fringes and the particle size distribution histogram of MoOs_, NPs; (d)
HAADF-STEM image, (e)—(h) elemental mapping and (i) line mapping of
the MoOs_,-TpTTA COF NC.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5nr02849c

Published on 06 November 2025. Downloaded on 14.04.26 16:47:10.

Nanoscale

angle annular electron microscopy (HAADF-STEM) image
(Fig. 4d), elemental mappings (Fig. 4e-h) and the line
mapping profile (Fig. 4i) of the MoO;_,TpTTA COF NC
revealed the presence of Mo, C, N, and O, supporting the
encapsulation and uniform distribution of MoO;_, inside the
TpTTA COF nanocomposite.'® In comparison, the EDS analysis
and elemental mapping of the TpTTA COF confirmed the pres-
ence of only C, N, and O (Fig. Séc and the inset table and
Fig. S6d-g, SI)."® These findings unequivocally demonstrate
the successful incorporation of MoO;_, NPs into the COF,
achieving a uniform nanoscale dispersion that preserves the
structural integrity of the COF and ensures the effective inte-
gration of active sites for enhanced performance in advanced
applications.*®*?

To evaluate the efficiency of our proposed one-step MW-AT
synthesis strategy for the fabrication of the MoO;_,-TpTTA
COF-based NC, a two-step MW-AT synthesis of the nano-
composite material was conducted. In this process, AHM was
added after the formation of the TpTTA COF. In this two-step
synthesis, the COF and the aqueous medium formed two dis-
tinct layers, as shown in Fig. S7b (see the SI). This separation
was absent in the one-step microwave-assisted synthesis, as
illustrated in Fig. S7a (see the SI). Moreover, the colours of the
products differ significantly between the two methods, as
depicted in Fig. S7a and b (see the SI). The introduction of
AHM after COF formation led to the production of large and
irregularly sized molybdenum oxide nano/microrods, as con-
firmed by the TEM analysis of the as-synthesized product
shown in Fig. S7c (see the SI).

Based on the above results, the schematic illustration of the
structure formation in the case of the TpTTA COF and MoO;_,-
TpTTA COF NC is shown in Fig. 5. Thus, the synthesis of the
TpTTA COF is based on the Schiff base condensation reaction,
wherein imine (-C=N-) linkages are formed through the reac-
tion between Tp and TTA."”° The reaction proceeds via a
keto-enol tautomerization pathway, ultimately stabilizing in
the thermodynamically favourable keto form of the TpTTA
COF upon completion of the reaction.'>*° In addition, the syn-
thesis of the MoO;_,-TpTTA COF NC follows a similar strategy
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Fig. 5 Schematic illustration of the structure formation of the TpTTA
COF and MoOs3_,-TpTTA COF NC.
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to that of the TpTTA COF, with a slight modification. Under
irradiation, the ammonium heptamolybdate
decomposes into molybdenum oxide and under a reducing
atmosphere, it transforms into MoO;_,,*® anchors onto the
COF, and stabilizes the TpTTA COF structure in its enol form,
an otherwise challenging state to achieve under standard con-
ditions. In addition, the porous nature of the TpTTA COF effec-
tively restricts the uncontrolled growth of MoO;_,, preventing
aggregation and ensuring uniform dispersion. The organic
COF plays a crucial role in regulating MoO;_, deposition,
leading to a well-integrated MoO;_,-TpTTA COF, which was
well-matched with the results obtained from the FTIR, solid-
state NMR, EPR, XPS, and HRTEM analyses. !> 30:38:46-51

microwave

3.2 SERS performance of the MoO;_,-TpTTA COF NC

3.2.1. SERS detection of MB. Even though noble metal
NMs have been extensively used as SERS-active substrates,®°
recently, TMOs, including nonstoichiometric TMOs, also
played an essential role in the development of novel SERS-
based sensors.*®3%5%33 Therefore, the nonstoichiometric
characteristics of molybdenum oxide within the MoO;_,-
TpTTA COF NC enabled us to investigate the possible appli-
cation of the MoO;_,~TpTTA COF as a SERS substrate for ultra-
sensitive detection of methylene blue (MB). Fig. 6a demon-
strates the typical diagram for the SERS measurements.
Additionally, Fig. 6b represents the Raman spectrum of 10™* M
pure MB solution, with the most prominent characteristic
vibrational peak of MB as 1624 cm™", which was used for the
SERS EF calculation.?®?° (see experimental section and SI for
details). Different concentrations ranging from 1 x 10" to 1 x
1077 M MB solutions were prepared and verified to estimate
the sensitivity of the SERS active MoO;_,-TpTTA COF NC, as
shown in Fig. 6¢. The real images of variable concentrations of
MB analyte solutions are also displayed in Fig. 6(i-vii). The fin-
gerprint Raman band of MB (1624 cm ™) was still noticeable at
a low concentration of 1 x 10”7 M (Fig. 6¢). The dependence of
Raman peak intensity (1624 cm™') on MB concentration is
illustrated in Fig. 6d. The error bars in Fig. 6d specify the stan-
dard deviation of the mean values obtained from measure-
ments across nine to ten different areas. The peak intensity at
1624 cm™" exhibited a nearly linear correlation with the MB
concentration within the range of 1 x 107" to 1 x 10~ M, with
a linear correlation coefficient of 0.79 (Fig. 6e). During the
SERS analysis, it was observed that the laser-induced photo-
luminescence (PL) from the COF nanocomposite partially
masked the Raman signals. As the concentration of the target
analyte decreased, the substrate displayed stronger PL emis-
sions. This increase in fluorescence background obscured the
weak SERS signals and distorted their apparent intensity,
resulting in a reduced statistical correlation between the
analyte concentration and the observed Raman intensity.>*
Consequently, this led to a slightly lower correlation coefficient
of 0.79. However, the MoO;_,-TpTTA COF NC has demon-
strated SERS activity with the maximum EF up to 7.76 x 10*
(Fig. 6f). The detailed EF calculations are provided in the SI
(Table S2).
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Fig. 6 (a) Schematic diagram of the MoOs_,-TpTTA COF NC as the substrate for SERS detection. (b) Raman spectra of pure MB (10~ M). (c) SERS
spectra of MB adsorbed on the surface of the MoOs_,-TpTTA COF NC substrate, with different concentrations in the range of 1 x 107 to 1 x 1077 M;
(i-vii) images of varying concentrations of MB solutions (1 x 10~ to 1 x 10~7 M). (d) Dependence of Raman peak intensity (1624 cm™) on MB con-
centration. The error bars show the standard deviation of the mean values of measurements over different areas. (e) A linear relationship between
log ! by selecting the characteristic peak (1624 cm™) and log C based on the SERS data of the MB solutions. (f) Average Raman EF estimated by the
characteristic peak (1624 cm™) of MB with 1 x 107 to 1 x 10~ M concentrations.

3.2.2. SERS reproducibility of the MoO;_,-TpTTA COF NC.
The reproducibility of the SERS signal is an additional critical
indicator for the practical application of a SERS substrate. The
MB solution of 1 x 10™* M concentration was studied to verify
the uniformity of the SERS signal obtained from the MoO;_,-
TpTTA COF NC substrate, as displayed in Fig. S8a (see the SI).
A total of 10 random measuring points were selected from the
MoO;_,-TpTTA COF NC SERS substrate, and the results
showed that the obtained SERS signals were mostly depend-

able. For a characteristic peak at 1624 cm™"

, the Raman
spectra recorded from 10 points were used to calculate their
RSD, as presented in Fig. S8b (see the SI). The calculated RSD
was 6.10%, which verified that the measured values deter-
mined from a new type of MoO;_,-TpTTA COF NC SERS sub-
strate were well reproducible.**

3.2.3. SERS detection of Mancozeb (Mz). The as-syn-
thesized MoO;_,-TpTTA COF NC was used as a SERS active
substrate to investigate and detect Mz, a common commer-
cially used dithiocarbamate insecticide, which is commonly
used on many vegetables, fruits, nuts, and field crops. A sys-
tematic and contact commercial fungicide, All Care (Alert Crop
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Science Pvt. Ltd), containing a combination of Mz (63% WP)
and Carbendazim (12% WP) was used herein as the model
analyte to study the effectiveness of the as-synthesized
MoO;_,-TpTTA COF NC SERS substrate in probable real life
applications. The commercial fungicide used in the study con-
tains a high concentration of Mz (~ 63% WP) and has a rec-
ommended application limit of 2000 ppm (2 g L") for
effective use on crops.’® In order to examine Mz, the standard
Raman spectra of Mz at 2000 ppm were collected, as shown in
Fig. 7a. The most prominent vibrational peaks of Mz were
observed at 1525, 1449 and 1338 cm™" caused by the (C=N)
stretching coupled with the deformation (NH) and (CH,)
vibrations and N-H and C-C stretching vibrations.”’®
Another vibration peak at 1140 cm™" was attributed to the
coupling of CH; rotational vibration and C-N vibrations.?”®
The peaks at 840 and 950 cm™" were attributed to the bending
vibration of N-H and stretching vibration of C=S, respectively,
and the peaks at 680 and 592 cm™" were observed for inter-
action between Zn, Mn and the C-S-S group.’”®

In order to quantitatively analyze Mz, a series of standard
solutions with different concentrations from 2000 ppm to

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (a) Raman spectra of Mancozeb (2000 ppm): the inset shows the real image of the commercial packet used in the study. (b) SERS signals of
Mancozeb adsorbed on the surface of the MoOs_,-TpTTA COF NC substrate, with different concentrations in the range of 2000 ppm to 12.5 ppm.
(c) Linear relationship between log ! by selecting the characteristic peak (1140 cm™) and log C based on the SERS data of the Mancozeb solutions.
(d) Raman spectra of Mancozeb adsorbed on the surface of the TpTTA COF substrate, with different concentrations in the range of 2000 ppm to
100 ppm. (e) SERS spectra of 500 ppm Mancozeb on the MoOs_,-TpTTA COF NC collected from 10 randomly chosen sites on the substrate. (f) The
intensity distribution of the 1140 cm™ peak of 500 ppm Mancozeb on the MoOs_,-TpTTA COF NC.

12.5 ppm were investigated to evaluate the sensitivity of the
MoO;_,-TpTTA COF NC SERS substrate (Fig. 7b). However, to
avoid any ambiguity arising from large wavenumber bands of
Mz that partially overlap with the D and G bands of the carbon
content in the COF in the MoO;_,-TpTTA COF NC within the
range of 1400-1600 cm™’, the characteristic peak of Mz at
1140 cm™" was selected for SERS detection. The fingerprint
Raman band at 1140 cm ™" was still noticeable at a low concen-
tration of 12.5 ppm (Fig. 7b). It was observed that the intensity
of SERS increases with the increase of Mz concentration. As
revealed in Fig. 7c, the standard curve showed linearity in the
range from 12.5 to 2000 ppm, with a linear correlation coeffi-
cient R* of 0.84. These results specify that the MoO;_,-TpTTA
COF NC materials as SERS active substrates can fulfil the
requirements of quantitative detection. Additionally, the
MoO;_,-TpTTA COF NC has demonstrated a prominent SERS
response for the detection of a commercial fungicide, with a
remarkable detection limit (LOD) of 12.5 ppm. Furthermore,
to evaluate the role of nonstoichiometric MoO;_, in MoO;_,-
TpTTA COF NC materials for SERS enhancement, the Raman
signals of Mz on the only TpTTA COF were recorded, which
show a higher LOD of 100 ppm, mostly because of the effective
adsorption of the analyte in the COF moiety (Fig. 7d). This
effectively confirmed the critical role of MoO;_, in enhancing
SERS performance in MoO;_,-TpTTA COF NC materials.

The reproducibility of the SERS signal of Mz was further
studied for demonstrating the practical application of the as-

This journal is © The Royal Society of Chemistry 2026

synthesized SERS substrate. The Mz solution of 500 ppm con-
centration was studied to verify the uniformity of the SERS
signal obtained from the MoO;_,-TpTTA COF NC substrate. A
total of 10 random measuring points were selected from the
MoO;_,-TpTTA COF NC SERS substrate, and the results
showed that the obtained SERS signals were highly dependable
(Fig. 7e). For the characteristic peak at 1140 cm™", the Raman
spectra recorded from 10 points were used to calculate the
RSD, as presented in Fig. 7f. The RSD obtained from the calcu-
lation was 9.35%, indicating excellent uniformity and measure-
ment reproducibility of the MoO;_,-TpTTA COF NC SERS
substrate.>>*° Thus, in our study, we achieved a detection limit
for Mz of 12.5 ppm, which is significantly below the toxicologi-
cally relevant levels (~75 ppm) reported by the FAO/WHO.>’

3.2.4. Long-term storage stability and reusability of the
SERS substrate. The SERS detection capabilities of 500 ppm
Mancozeb over a four-week period were examined to verify the
long-term storage stability of the MoO;_,-TpTTA COF NC SERS
substrate, as shown in Fig. S9a (SI). The SERS signal measuring
points were randomly selected from the substrate, and the results
indicated that the SERS signals were mostly consistent. For a
typical characteristic peak at 1140 cm ™", we calculated the relative
standard deviation (RSD) from the SERS spectra obtained from
the MoO;_,-TpTTA COF NC substrate, as illustrated in Fig. S9b
(SI). The RSD was found to be 6.38%, demonstrating the long-
term stability, reproducibility, and reliability of the MoO;_,-
TpTTA COF NC SERS substrate for pesticide detection.
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These results visibly demonstrated that the strong SERS
effect was promoted by the oxygen vacancies along with the
surface defects, as reported earlier.*®**® This displays that
the high sensitivity of detection of analytes, including pesti-
cides, could be achieved via oxygen vacancy defects created in
the case of MoO;_, in the MoO;_,-TpTTA COF NC via a simple
and rapid one-step MW-AT synthesis strategy for the first time,
which can be further applied for the fabrication of other COF
nanocomposite systems. The ultralow detection capability of
the MoO;_,-TpTTA COF NC as the SERS substrate with high
reproducibility with an LOD as low as 12.5 ppm for Mz, a
common commercially used dithiocarbamate insecticide, out-
performs other available SERS substrates, even when using
noble metals to prepare the COF composite-based SERS sub-
strates. This features as the first report of a nonstoichiometric
TMO (MoO;_,)-based COF composite used as a SERS substrate
(Table S3, SI). This breakthrough paves the way for innovative
and scalable solutions to address pressing environmental and
public health challenges posed by hazardous agrochemicals.

4. Conclusion

In summary, we have successfully synthesized a TpTTA COF
and a nonstoichiometric molybdenum trioxide-TpTTA COF
(MoOj;_,-TpTTA) nanocomposite using a facile one-step micro-
wave-assisted synthesis method for the first time. This process
takes approximately one hour and achieves a high yield at a
moderate temperature of 120 °C, in contrast to traditional
solution-based COF synthesis methods. The synthesized pro-
ducts were characterized by XRD, IR, UV-vis, XPS, Raman, EPR,
NMR, TGA, BET, FESEM, HRTEM, HAADF, and EDS analyses,
and the formation mechanism was also proposed.
Furthermore, the as-synthesized MoO;_,-COF-based nano-
composite was employed as an affordable and straightforward
surface-enhanced Raman scattering (SERS) substrate to detect
trace amounts of MB. The nanocomposite exhibited SERS
activity with an RSD of 6.10% for SERS reproducibility. The
maximum EF reached was up to 7.76 x 10" with a detection
limit as low as 1.0 x 10~7 M. The incorporation of MoO;_, into
the COF offered several advantages, including SERS enhance-
ment by nonstoichiometric transition metal oxides via oxygen
vacancy defects, without the need for noble nanocrystals (e.g.,
Ag, Au, etc.), SERS enhancement repeatability, SERS substrate
stability, comparative SERS sensitivity, and cost-effectiveness.
To the best of our knowledge, this is the first report showcas-
ing efficient, highly stable, and reproducible SERS substrates
based on the nonstoichiometric TMO-COF nanocomposite
(i.e., M0O;_,-TpTTA) synthesized through a simple inorganic
protocol, without any noble metal incorporation, graphene
composite, polymer encapsulation, or molecularly imprinted
polymer strategies. This is achieved through strategic design
and practical synthesis by grafting MoO;_, on the COF to form
the MoO;_,-TpTTA COF nanocomposite. Moreover, this study
presents the first instance of an ultralow detection capability
of the nonstoichiometric TMO-COF nanocomposite-based
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SERS substrate (MoO;_,-TpTTA), demonstrating high reprodu-
cibility, with a limit of detection (LOD) as low as 12.5 ppm.
This detection level is significantly below the toxicologically
relevant levels reported by the FAO/WHO for Mancozeb, a
common, commercially used dithiocarbamate insecticide used
on various vegetables, fruits, nuts, and field crops, classified
as a category III carcinogen by the International Agency for
Research on Cancer. Hence, our methodology opens up
numerous possibilities for selecting metal oxide, microwave-
based rapid synthesis strategies, and nanocrystal growth
environments for the creation of nanocomposite materials.
This can lead to the development of stable and efficient non-
stoichiometric TMO-based SERS substrates for the quantitative
detection of hazardous organic pollutants including pesticide
residues in agriculture, food, and environmental contexts.
This work also paves the way for designing nonstoichiometric
TMO-based SERS substrates for next-generation applications
in SERS-based environmental and agricultural/food safety
monitoring, representing a strong alternative to conventional
noble metal-based SERS techniques in advanced sensing
technologies.
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