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1. Introduction

Photo-induced Raman amplification for detecting
and monitoring degradation of micro- and nano-
sized PVC plastics

Olugbenga Ayeni, ©2° Josiah N. Shondo, © ? Tim Tjardts, © € Sinan Sen, ©¢
Franz Faupel, © <" Salih Veziroglu, @ *<f Oral C. Aktas & *°© and Tayebeh Ameri ) *2

The increasing environmental and health concerns posed by micro- and nanoplastics (MNPs) in various
environmental matrices continue to call for urgent solutions. Given the inherent toxicity, persistence,
bioaccumulation, and ability to absorb other pollutants, the development of highly sensitive catalytic
materials and advanced analytical techniques for the detection and degradation of MNPs, particularly
polyvinyl chloride (PVC-MNPs), in water and those originating from medical devices (MDs), is now of
critical importance. Surface-enhanced Raman spectroscopy (SERS) shows potential for such detection;
however, fabricating SERS-active substrates with hot spots and high sensitivity for detecting PVC-MNPs
remains a challenge, necessitating advanced sensing approaches. In this study, we used a previously
developed ultra-sensitive flower-like Ag nanoflake (Ag NF)-decorated TiO, platform with a high contact
area alongside the photo-induced enhanced Raman spectroscopy (PIERS) technique under continuous
UV irradiation for PVC-MNPs detection and degradation monitoring. The fabricated Ag NF-TiO, platform
and PIERS approach facilitated the rapid detection of PVC particles down to 20 nm in water with
a sensitivity increase of ~2.6 x 10%-fold over conventional SERS. The synergistic interplay between
plasmonic effects and photo-induced charge transfer processes within the PIERS substrates significantly
amplified the Raman signals of PVC-MNPs under UV irradiation. Furthermore, the PVC-MNPs loaded
onto the Ag NF-decorated TiO, were photocatalytically degraded within 10 minutes of UV exposure. We
proposed that photocatalytic-assisted dehydrochlorination and chain scission of PVC particles are the
primary degradation mechanisms during the PIERS monitoring. The ultra-sensitive Ag NF-decorated TiO»
platform and our innovative PIERS approach demonstrate significant potential for detecting and
monitoring PVC-MNPs and can significantly advance the detection of MNPs in various environmental
contexts.

lifespan.* In addition to these properties, its flexibility,
biocompatibility, transparency, ease of sterilization, mechan-

Polyvinyl chloride (PVC) plastic has increasingly been used
industrially as a suitable material for construction and
plumbing due to its strength, chemical resistance, and long
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ical resistance, and low cost make it a suitable material for
medical devices (MDs) such as intravenous (IV) bags, blood
bags, catheters, infusion and dialysis tubes, feeding tubes, and
endotracheal tubes.” However, when PVC is exposed to elevated
temperature, UV light, gamma rays, or mechanical stress, it may
undergo slow degradation. This degradation can lead to the
fragmentation of PVC into small particles, such as microplastics
(<5 mm) and nanoplastics (<1 pm), which contaminate drinking
water from plumbing pipes and infused solutions from MDs.?
The size of these micro- and nanoplastics (MNPs) renders them
a severe threat to humans and patients.* Their size lets them
penetrate many biological barriers in humans, and they can
bioaccumulate, which can disrupt a cell's normal functioning.®
This bioaccumulation, along with the environmental concern of
PVC degradation, highlights the need for ongoing research to
develop effective strategies for detection, monitoring, and
degradation technologies, especially in processes like water

This journal is © The Royal Society of Chemistry 2025
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purification. As such, it is important to assess potable water and
infusion solutions of MDs post-disinfection for any trace-level
of PVC-MNPs.

PVC raises additional concerns due to the potential release
of harmful additives like phthalates, bisphenol A (BPA), lead
(Pb), cadmium (Cd), and organophosphates, and harmful
chemicals like hydrochloric acid (HCl), arylamines, and dioxins
throughout its lifecycle.*” These additives can migrate from the
matrix of PVC into drinking water or infused solutions of MDs,
which further highlights the importance of evaluating the
potential exposure risks of humans and patients to PVC-MNPs
and their associated degradation products. The presence of
PVC-based MNPs in drinking water sources can adversely affect
not only the water quality but also have severe consequences on
human health.®® In addition, due to the prevalence of PVC-
MNPs in MDs and their associated risks, there is a need to
develop analytical and spectroscopic techniques capable of
accurately detecting and quantifying PVC-rich MNPs as well as
monitoring their degradation products at very low concentra-
tions. However, achieving this level of sensitivity at low
concentrations remains an unresolved challenge due to the
sensitivity requirement for trace-level detection.’ A robust
analytical tool that is capable of accurately detecting and
quantifying PVC-rich MNPs as well as monitoring their degra-
dation products, is therefore needed. Such an analytical tool
should be sensitive and specific enough to detect PVC-MNPs at
very low concentrations.

Several analytical and spectroscopic techniques have been
used to detect and monitor MNP pollutants.™ Surface-enhanced
Raman spectroscopy (SERS) has emerged as one of the most
efficient and advanced analytical tools for monitoring environ-
mental pollutants and toxins,'™** screening drugs and explo-
sives,' forensic analysis of chemical and biochemical hazards,**
and biomedical applications due to its high sensitivity, multiple
detection capabilities, molecular specificity, portable instru-
mentation, and compactness. However, it still fails to meet the
sensitivity requirements needed for trace-level detection of PVC
NPs. This difficulty may be attributed to the intrinsic properties
of PVC, which is a polar polymer with an asymmetric molecular
structure.™ As a result, the vibrational modes of PVC-MNPs may
induce only minimal changes in molecular polarizability, which
leads to a lower Raman cross-section.'® Consequently, the SERS
enhancement for PVC is limited, which complicates its sensitive
detection.

While significant efforts are focused on improving SERS
substrates through various techniques, SERS may not be the
ultimate solution for PVC-MNPs detection. Hence, an alterna-
tive approach needs to be developed to detect PVC-MNPs and
monitor their degradation products more practically. Based on
previously reported studies, the photoactivation of SERS hybrid
substrates (Au-TiO, and Ag-TiO,), called photo-induced
enhanced Raman spectroscopy (PIERS), may appear prom-
ising in the detection and degradation monitoring of PVC-
MNPs." The PIERS approach is based on pre- or co-irradiation
of the hybrid substrate with UV light, which results in the
enhancement of Raman signals beyond that of a conventional
SERS substrate. PIERS approach has been typically used for the
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ultra-trace detection of explosives, pollutants, and biomole-
cules.*®" In this method, a PIERS substrate is pre-irradiated
with UV light for a period of time before the loading of the
analyte sample for Raman analysis, or it is irradiated after the
analyte sample is loaded. As PIERS relies solely on UV irradia-
tion, it streamlines the substrate preparation process and
eliminates the need for additional steps.* The improved
enhancement in Raman signals in PIERS is often attributed to
the formation of oxygen vacancies (Vo) at the interface of the
noble metal or metal-oxide semiconductor structure through
the influence of UV light.?* The formation of Vs at the interface
further enhances charge transfer between the photoexcited
semiconductor, plasmonic particles, and adsorbed molecules
and leads to a significant amplification of the Raman signal.*
The creation of this Vg on the semiconductor surface is the
widely accepted explanation of the PIERS effect.>**® Nonethe-
less, the synergetic effects of the hot electrons of plasmonic
nanoparticles, the Schottky barrier at the metal and semi-
conductor interface, and the stability of V, at this interface are
critical factors that also contribute to the high enhancement
factors (EFs) observed in PIERS.>**

In a previous study, we demonstrated the PIERS effect using
Rhodamine 6G (R6G ~ 10”7 M) to compare the performance of
PIERS and SERS on a 4N-in-1 hybrid substrate. The detection
limit of the substrate was shown to extend down to 10~ ** M.’ In
another study, we used the PIERS technique to investigate the
dynamics of defective TiO, structures under ambient condi-
tions, a feature that cannot be easily realized by vacuum-based
techniques like TEM.?® The study demonstrates how the PIERS
technique can be used to probe the photoinduced surface
oxygen vacancies and provide complementary insights into the
behavior of these structures, expanding the application of
PIERS beyond traditional uses. PIERS technology in combina-
tion with a coffee ring effect has also been reported capable of
detecting microplastics of polystyrene (PS) at a trace level of 25,
28, 35, and 60 ug mL ™" in contaminated tap water, lake water,
river water, and seawater, respectively.” While PIERS has been
used for qualitative detection and monitoring of MNPs, its
sensitivity and quantitative capabilities in detecting and
monitoring PVC-MNPs and their degraded products at trace
levels remain unexplored. The photo-induced charge transfer
processes within PIERS substrates may enhance the amplifica-
tion of Raman signals of PVC-MNPs, thereby offering an
improved sensitivity compared to the conventional SERS tech-
nique. Furthermore, the use of PIERS in detecting PVC-MNPs
can provide new insight into the safety of potable water for
humans as well as the safety of MDs before they come directly in
contact with patients. However, achieving enhanced sensitivity
with PIERS for detecting trace levels of PVC-MNPs may require
the development of highly sensitive catalytic materials and
optimization of the PIERS detection process.

Furthermore, aside from the detection of MNPs at trace
levels, there is also a growing interest in the scientific
community to integrate photocatalytic materials with advanced
tools to achieve both monitoring and degradation of MNPs,
simultaneously. Recent studies have made significant
advancements in the photocatalytic removal of MPs using TiO,-
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based or hybrid systems (TiO,/ZnO), which are usually within
suspended or slurry-phase reactors and under UV or solar
irradiation.>***> These investigations have elucidated general
pathways for reactive oxygen species (ROS)-mediated polymer
degradation and discussed reactor designs, kinetic degradation
profiles, and limitations of current technologies. Nonetheless,
these systems are generally not reusable, prone to material
agglomeration, and lack real-time monitoring of nanoscale
plastic degradation activity as well as direct spectra capture of
degradation intermediates, such as polyenes or dehydro-
chlorinated fragments. The lack of real-time monitoring is
particularly critical, as the degradation of MNPs has been
shown to be highly non-linear, often involving gradual struc-
tural transformation, which can lead to the formation and
release of toxic intermediates or smaller, more persistent NPs,
particularly under partial oxidation conditions.*® Moreover,
MNP degradation pathways can also change over time
depending on environmental factors, which in turn affect the
MNP release profiles at both molecular and microscopic
levels.** Furthermore, current photocatalytic systems and tech-
niques are limited by this unpredictability, as transient
processes that influence treatment outcomes and environ-
mental risk are frequently overlooked. In addition, studies have
shown the importance of monitoring the abrupt release of
harmful leachates, including phthalates, organochlorines, and
HCI, particularly in the degradation of PVC-MNPs.** Related
work has also revealed that the changing toxicity profiles of PVC
degradation products are directly linked to specific degradation
pathways that include backbone oxidation and dehydrochlori-
nation.*® All these findings reveal that post-degradation or
endpoint analysis alone is insufficient to capture the key
mechanistic and chemical transitions occurring during MNPs
degradation. To this end, in this study, we propose an approach
to address this gap using the PIERS technique under contin-
uous UV irradiation, not only for enhanced detection of PVC-
MNPs but also to monitor the in situ photocatalytic degrada-
tion of PVC-MNPs on a flower-like Ag nanoflake (Ag NF)-
decorated TiO, platform. This dual-functionality approach
provides both diagnostic and remediation capabilities, thereby
expanding the role of plasmonic-semiconductor hybrid
substrates in plastic pollution research.

In this study, by taking advantage of the enhanced sensitivity
and potential selectivity of PIERS, we have demonstrated the
applicability of an in situ diagnostic PIERS tool for detecting and
analysing PVC-MNPs in water. Our research involved using the
PIERS effect under continuous UV irradiation to detect and
monitor the degradation of PVC-MNPs on flower-like Ag NF-
TiO,, which we developed earlier for photocatalytic clean-up of
0il.*” We also investigated the potential degradation mecha-
nisms of these PVC particles during PIERS analysis. While
a comprehensive solution to the global MNPs challenge
remains elusive, our findings highlight that the ultra-sensitive
Ag NF-decorated TiO, platform and our innovative PIERS
approach demonstrate significant potential for detecting and
monitoring PVC particles down to 20 nm. This innovative
approach has the potential to significantly advance the moni-
toring of PVC-MNPs in various environmental matrices.
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2. Experimental
2.1 Preparation of TiO, thin film

A custom-built vacuum deposition system with a DC planar
magnetron source was used to deposit 500 nm thick TiO, thin
films from a titanium target (Ti-Goodfellow, 99.99%, 50 mm
diameter) on cleaned silicon (Si) and quartz substrates (10 mm x
10 mm) as previously reported.?”*® The Si and Quartz substrates
were transferred into the vacuum deposition chamber and
a turbo molecular pump (Pfeiffer Vacuum, HiPace 400) in
combination with ACP 15 roots pump (Pfeiffer Vacuum GmbH)
was used to adjust the pressure in the chamber to a base pressure
of 107" Pa. Argon (Ar) and oxygen (O,) gas mixture set at an sccm
ratio of 250: 10 was supplied into the deposition chamber. The
gas flow was controlled by mass flow controllers (MKS Multi-Gas
Controller 674C) connected to two separate MKS Gas Controllers
and the deposition was carried out at a magnetron power of
120 W. To ensure a homogenous thin film deposition, the Si and
Quartz substrates on an automated sample holder were sub-
jected to rotation. The TiO, thin films were deposited for 78 min.
After the deposition process, the prepared TiO, thin films were
annealed at 650 °C for 1 hour in an oven (Nabertherm LE 4/11/
R6) and quenched in air immediately after the heat treatment.
The heat treatment was carried out to induce nano-cracks in the
thin films, thereby increasing the surface area of the TiO,
structure. The Quartz substrates were used only to obtain the
Raman signals of TiO, and TiO, samples loaded with PVC-MNPs.
This was to minimize the influence of Si peaks.

2.2 Photocatalytic deposition of flower-like Ag on TiO, thin
films

The synthesis reaction for the flower-like Ag nanoflakes (NFs) is
shown in Scheme 1 (SI). Aqueous solution of silver nitrate
(AgNO3, Sigma-Aldrich, Germany) with a concentration of 3 mM
was first prepared, as previously detailed.’” A UV-transparent
quartz cuvette was filled with 6.5 mL of the AgNO; Then, 100
uL of trisodium citrate (Na;C¢HsO;-2H,0, Sigma-Aldrich, Ger-
many) solution with a concentration of 0.4 M and 50 pL of
Triton-X;o (Carl-Roth, Germany) were added to the solution.
Using a universal pH indicator paper (MACHEREY-NAGEL), the
pH of the solution was adjusted to 2 by adding tetra-
methylammonium hydroxide (TMAH) and nitric acid (HNO;,
Sigma-Aldrich, Germany). For each photocatalytic deposition of
Ag NFs, the freshly prepared TiO, thin film sample on Si
substrate was dipped into the quartz cuvette and irradiated for
10 min using a low-intensity UV light (UV LED StellarNet
EPP2000C-SR-50 with SL5-DH light source) operating at
a wavelength of 365 nm and a power of 4.5 mW cm 2. Ag NFs
structures were deposited on the prepared TiO, thin films by
photocatalytic reduction of Ag" ions. Afterward, samples were
rinsed with deionized water to remove excess solution and then
allowed to dry at room temperature.

2.3 Synthesis of micro- and nano-sized PVC plastics

The PVC powder used for synthesizing the micro- and nano-
sized PVC plastic in this study was purchased from Sigma-

This journal is © The Royal Society of Chemistry 2025
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Aldrich Company (Germany). The powder has an average
molecular weight of 90 000 g mol " and a density of 1.4 g mL™"
at 25 °C, with particle sizes ranging from 105-250 um (Fig. S1a,
SI). Scheme 2 (SI) illustrates the synthesis procedure for the
micro- and nano-sized PVC plastics, which is based on non-
solvent induced phase separation (NIPS).*> We used this
approach to reduce the particle sizes of PVC powder to sizes
below 5 pm. In a typical experiment, 44.4 mg of PVC powder was
dissolved in 100 mL of Tetrahydrofuran (THF) to make
a 0.05 wt% polymer solution and vigorously stirred for 60 min at
room temperature. Subsequently, a solution containing 100 pL
of potassium persulfate (K,S,0g), 100 pL of sodium bicarbonate
(NaHCO3), 700 pL of deionized water, and 50 pL of polyethylene
glycol (PEG) was prepared separately as an aqueous solution.
Afterwards, 50 pL was drawn from the 0.05 wt% polymer solu-
tion and added dropwise into the water-based solution to
induce precipitation of PVC particles. This was done under
continuous ultrasonication for 6 min to prevent PVC particle
agglomeration. The resulting precipitate was washed and
filtered through a series of filter membranes to obtain different
PVC particle sizes: 20 nm (Whatman™ Anotop™ 25 syringe
filter) and 200 nm, 450 nm (Whatman™ Puradisc™ 25 poly-
tetrafluoroethylene syringe filter), and 5 pm (Whatman™
Puradisc™ 13 polytetrafluoroethylene syringe filter). The mass
concentration of the PVC particles in the aqueous solution was
22.2 pg mL~" and was fixed throughout the experiment. As the
concentration of PVC particles in the aqueous solution was
fixed, the filtration step was used to separate PVC particles into
distinct size ranges for further detection on the Ag-TiO,
substrates using the SERS and PIERS approach. The synthesized
PVC is shown in Fig. S1b, SI.

2.4 Characterization of PVC, Ag-TiO, and PVC/Ag-TiO,

The surface morphology of synthesized PVC particles, prepared
Ag-TiO, substrates, and Ag-TiO, substrates loaded with PVC
particles (PVC/Ag-TiO,) was investigated using a scanning
electron microscope (SEM) from Zeiss (Supra55VP-Carl) oper-
ating under an acceleration voltage of 3 kV and a standard
aperture size of 30 pm. To investigate the chemical composition
of the Ag-TiO, and PVC/Ag-TiO, sample surface, X-ray photo-
electron spectroscopy (XPS, XPS UHV system from PREVAC Sp. z
0. 0., Al-anode, 300 W) was utilized. Survey scans were con-
ducted at 3 iterations and a pass energy of 200 eV, while high-
resolution scans were performed at 20 iterations and a pass
energy of 50 eV. CasaXPS software (version 2.3.23) was used for
the analysis of XPS spectra. The background of each spectrum
was quantified by applying the Shirley algorithm. The charge
correction was done by fitting the Ag 3d main peak and setting
the peak position of the fit to 368.1 eV while adjusting all
belonging spectra accordingly. In addition, the atomic
percentages (at%) of elements were extracted from the wide
scan data after carefully integrating the relevant elemental
peaks. Furthermore, the surface wetting properties of the Ag-
TiO, samples were investigated using a semiautomated contact
angle goniometer (OCA 30, Dataphysics). For static water
contact angle (WCA) measurements, water droplets with
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a volume of 10 puL were used. X-ray diffraction (XRD) measure-
ments were conducted on the prepared Ag-TiO, samples using
a Rigaku SmartLab system with a 9 kW rotating Cu anode X-ray
source (A = 1.54 A). The measurement was set up in a grazing
incidence XRD configuration with an omega () angle of 4°.
Scans were performed at a rate of 4° min~ " with a step size of
0.04°, and the instrument operated at 45 kV and 200 mA.

2.5 Raman measurement

Raman spectroscopy was performed using a confocal Raman
spectrometer (WITEC alpha300 RA, Ulm, Germany) equipped
with a Nd:YAG laser beam (A = 532 nm with 40 mW of power).
The Raman spectra of TiO, prepared on quartz substrate and that
of TiO, samples loaded with PVC-MNPs were acquired using an
%100 microscope objective lens with 0.90 numerical aperture
(NA), while Ag-TiO, samples prepared on Si substrates for SERS
and PIERS measurements were acquired using an x50 micro-
scope objective lens with a 0.55 NA. A diffraction grating density
of 600 g per mm BLZ was employed for all spectra acquisition.
Raman mapping was performed with 250 x 250 lines over a 50 x
50 pm area for the Ag-TiO, substrate. For all Raman, SERS, and
PIERS signal acquisition, a fixed volume of 10 pL of the PVC
analyte solution (ca. 22.2 pg mL ") was drop-cast on the surface of
prepared TiO, and flower-like Ag NF-TiO, substrates. The analyte
was allowed to dry naturally for 30 min at room temperature. The
integration time for the PVC analyte was set to 30 s. The final
spectrum was obtained after baseline correction. SERS
measurements were performed on non-irradiated substrates.
For all PIERS spectra acquisition, the prepared substrate was
first preirradiated with a UV source of 365 nm for 20 min, and
the PVC analyte solution was drop-cast on the preirradiated
samples and allowed to dry for 30 min at room temperature. For
the detection of PVC-MNPs, the Ag-TiO, substrate was irradi-
ated with UV after the drying process, and PIERS signals were
acquired afterwards. For each PIERS signal acquisition, the
laser dwelling time was 30 s. Furthermore, to monitor the
degradation of PVC-MNPs under UV light, PIERS signals were
acquired at cumulative time intervals of 10 min, 20 min, and
30 min. For each of these time durations of PIERS signal
acquisition, the laser dwelling time was fixed at only 30 s. The
acquired PIERS signals allowed for monitoring changes in the
PVC backbone over these periods. The diameter of the laser spot
on the sample surface was about 1 um. The UV light was posi-
tioned to irradiate the substrate from the side at a fixed distance
of 5 mm. Three batches of similarly prepared Ag-TiO,
substrates were used to ensure reproducibility in the degrada-
tion trends. As a reference, Raman measurement of the original
PVC powder was performed, and the corresponding peak posi-
tions are shown in Fig. S2. Furthermore, the Raman spectrum of
the TiO, and its corresponding bands are shown in Fig. S3.

3. Results and discussion
3.1 Substrate characterization

Fig. 1a and b show the surface morphology of the photo-
deposited Ag NFs with flower-like structures on a TiO, thin film.

J. Mater. Chem. A, 2025, 13, 40886-40897 | 40889
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Fig. 1 SEM image of Ag NFs on TiO, thin film at (a) low magnification
and (b) high magnification. (c) Raman map of Ag NFs with corre-
sponding normal Raman spectra of the Ag—TiO, hot spot region.

As we previously demonstrated, we hypothesize that the initial
photoexcited charge carriers generated by TiO, triggered the
photooxidation of citrate (CcHsO;) ions in the Na;CqHsO,
which was the reducing agent used in this study, leading to its
decarboxylation into organic radicals.®” These radicals are then
chemisorbed onto Ag" ions through electron transfer, ulti-
mately resulting in the reduction of Ag" ions to form stable
metallic Ag structures immobilized on the TiO, surface (Scheme
1, SI). The Raman map of the substrate reveals regions of hot
spots within the Ag NF structure. These hot spots are localized
between two Ag nanoplates, with the corresponding Raman
spectra shown in Fig. 1c. We expect these hot spots, which are
regions of high electromagnetic field within the Ag NFs struc-
ture, to play a key role in achieving much stronger Raman
signals, which will enable the effective detection of PVC-MNPs
through PIERS.* The observed intense peaks at 940 cm ',
1379 em™*, and 1385 cm ™! are due to the citrate ion chem-
isorbed vibrational modes on the Ag nanostructures’ surface
(Fig. 1c).™

The peak at 940 cm ™" is attributed to symmetric vibration
v4(C-C) in the citrate ion, while the peaks at 1379 cm " and
1385 cm ' are assigned to v,(COO ™) mode in the citrate ion.*
The broad defective peak at 1641 cm ™', which is less prominent
than the observed v(COO™) peak, is associated with asymmetric
vibration v,5(COO™) mode of the carboxylate group. In order to
remove the chemisorbed citrate molecules and avoid misinter-
pretation of Raman peaks during SERS and PIERS analysis, the
Ag-TiO, substrates were further annealed at 200 °C for 30 min,
as shown in the Raman spectrum of Fig. S4a. After the
annealing process, no structural difference in the XRD pattern
of annealed Ag-TiO, is observed (Fig. S4b). Additionally, the
surface wetting property of the Ag-TiO, substrate is shown in
Fig. S5. Before the pre-irradiation of the substrate with UV light,
it was observed to be hydrophobic with a WCA of 91° + 1.
However, post-UV irradiation made the surface hydrophilic
(WCA = 6° £ 1). The change in the wetting behavior of the
substrate is attributed to the surface energy difference.*
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3.2 PVC interaction with Ag NFs

The surface morphology and spatial distribution of PVC parti-
cles interacting with Ag NFs are shown in Fig. 2a and b. We
observed attachment and relatively large contact areas of PVC-
MNPs on the Ag NFs. This might be due to the flake-like
morphology facilitating this attachment. Some PVC particles
were seen attached to the tips of the Ag NFs, while others were
in between two Ag nanoplates. Fig. 2c presents a schematic of
potential interactions between PVC particles and Ag NFs
surfaces and tips. The schematic suggests local interaction,
likely governed by electrostatic or van der Waals forces.** Due to
this configuration, more contact might lead to an increase in
charge transfer, and we expect that this will enhance the
sensitivity and specificity of PIERS for detecting PVC particles.
Further interactions may be influenced by the roughness of the
Ag NFs, resulting in multiple sites for the adhesion of PVC
particles. Moreover, if the PVC particles are located between two
Ag nanoplates, they can be subject to a ‘hot spot’ effect, in which
the localized electromagnetic field is significantly enhanced,
thus increasing the PIERS signal.®®

We further confirmed the presence of PVC on the Ag NFs
substrate by XPS analysis (Fig. 2d). The XPS spectrum of the Cl
2p of the Ag-TiO, sample loaded with PVC reveals the presence
of PVC particles on the substrate. In addition to the CI 2p peak,
other peaks associated with the Ag-TiO, substrate, such as Ag
3d, C 1s, O 1s, and Ti 2p, were also observed, similar to our
previous work.”” Significantly, the result shows that the chem-
ical presence of PVC on the Ag NFs was consistent with what we
observed during SEM analysis.

3.3 PIERS mechanism

In our study, we detected and monitored the degradation of
PVC-MNPs via PIERS under continuous UV irradiation after
substrate pre-irradiation. The continuous irradiation of our

(c) No Ag Flakes - PVC

Ag Flakes - PVC

Between  On the flakes
the flakes

Intenstty (a.u)

Binding energy (eV)
Fig.2 SEMimage of PVC-MNPs loaded on Ag-TiO, thin film at (a) low
magnification and (b) high magnification. (c) Schematic depiction of
the interaction of PVC-MNPs with Ag NFs, and (d) XPS analysis of
pristine Ag—TiO, and Ag—TiO; loaded with PVC-MNPs with insets of Cl
2p.
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Fig. 3 Schematic of (a) SERS detection of PVC-MNPs on Ag-TiO,
platform and (b) PIERS detection and degradation monitoring of PVC-
MNPs on Ag-TiO, platform. For each PIERS signal acquisition during
Raman analysis, laser (A = 532 nm with 40 mW of power) was on for
only 30 s and for degradation monitoring of PVC-MNPs, PIERS signals
were acquired at cumulative time intervals of 10 min, 20 min, and
30 min of UV on.

SERS-sensitive Ag-TiO, substrate with UV allowed us to detect
PVC-MNPs on one hand and, on the other hand, monitor the
degradation taking place in the PVC during Raman analysis
(Fig. 3).

We believe that, in addition to the creation of V defects in
the Ag-TiO, semiconductor substrate, continuous UV excitation
generates charge carriers for immediate interaction with Ag NFs
and PVC NPs.* Consequently, continuous UV irradiation can
also increase the PIERS relaxation time and ensure a steady
electron transfer from TiO, to Ag NFs, hence increasing the
electron density of the Ag NFs.***” Additionally, continuous UV
irradiation can cause adsorbed PVC molecules on the Ag NFs to
undergo some photochemical modifications and promote the
formation of reactive polyene species with a backbone of alter-
nating single (C-C) and double (C=C) bonds.*® These reactive
species are formed in PVC as a result of the dehydrochlorination
taking place in PVC under the influence of UV irradiation.*® As
a result, any chemical transformations or intermediates
generated by the UV-activated TiO, are immediately subjected
to laser-induced Raman excitation, making the detection and
degradation monitoring of PVC-MNPs possible.

3.4 SERS and PIERS detection of micro- and nano-sized PVC
plastics

Fig. 4 shows the SERS and PIERS signals of the different PVC-
MNPs analyzed in this study. The peak around 600-700 cm
and 850-900 cm ™" is attributed to the stretching vibrations of
C~Cl bonds, the peak around 1200-1300 cm ™" is assigned to
C-H in-plane bending vibrations, while the peak around 2750~
3100 cm " is associated with the asymmetric CH, stretching
vibrations.** Comparing the intensities of the SERS and PIERS
spectra, it is clear that remarkable enhancement of Raman
signals can be achieved with PIERS via UV excitation. In
comparison with Raman signals, both SERS and PIERS exhibi-
ted a significant enhancement in Raman signal, as shown in
Fig. S5 and S6 (SI). Given the weak Raman signal from both
Raman and SERS, we assumed that induced V, effects were
present after exposing the substrate to UV, resulting in the
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Fig.4 Comparison of Raman signal intensity of SERS and PIERS in the
detection of (a) 20 nm PVC, (b) 200 nm PVC, (c) 450 nm PVC, and (d) 5
um PVC, with different y-axis scales.

observed enhancement in PIERS compared to SERS.>* For the
PIERS spectra of the different PVC particles, we observed that as
the size of the PVC plastic reduces, the PIERS signal undergoes
a continuous enhancement, with a significant increase in the
Raman intensity of the 20 nm PVC plastic in the order of ~2.6 x
10>-fold enhancement over conventional SERS (peak around
600-700 cm ™). The respective enhancement factors (EFs) for
the different sizes of PVC particles are presented in
Table S1(a-d).

The observed size-dependent enhancement trend in the
PIERS signals over SERS can be explained by the spatial rela-
tionship between the Ag NF-TiO, substrate and the laser spot,
as well as the ability of the particles to interact with plasmonic
hotspots. The lateral diameter of the laser spot in our Raman
setup was calculated to be ~1.18 um (using 1.224/NA).** This
spot size fully encompasses the smaller PVC particles (20 nm),
allowing efficient excitation and interaction with the enhanced
near-field regions on the substrate. In contrast, larger particles
(5 um) significantly exceed the spot size, resulting in partial
illumination, where only a fraction of the particle is excited.
This reduces the effective scattering volume and overall signal
intensity. Previous reports,* have demonstrated that nano-
plastics outside the center of the laser spot generate notably
weaker signals due to limited excitation, emphasizing how
particle positioning relative to the laser spot can affect spectral
output. In addition, smaller PVC particles possess a higher
surface-area-to-volume ratio, which enables more extensive
interaction with the plasmonic hotspots generated by the Ag
NFs on TiO,. These particles can more readily nestle within the
nanoscale enhancement zones, leading to stronger field
confinement and signal amplification. In contrast, larger
particles are less likely to conform to or reside within these
nanoscale hotspots due to geometric constraints, which limit
their enhancement efficiency. These two effects explain why the
PIERS enhancement relative to SERS is much stronger for
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nanoscale PVC particles (20 nm), while this difference becomes
less pronounced for microscale particles (5 pm), which suffer
from reduced hotspot compatibility and incomplete excitation
coverage. In addition, Fig. S8 illustrates consistent PIERS
signals recorded from different positions across the Ag-TiO,
substrate loaded with 20 nm PVC-MNPs. The uniformity in
signal intensities across multiple regions highlights the repro-
ducibility of the enhancement and the spatial homogeneity of
hotspot distribution on our substrate.

Alongside comparing our PIERS-based methodology with
conventional SERS, we further evaluated the impact of contin-
uous UV irradiation during Raman acquisition, which consti-
tutes the principal difference in our technique in relation to the
conventional PIERS. While conventional PIERS configurations
typically involve only UV pre-treatment of the plasmonic-
photocatalyst surface, our results demonstrate that maintain-
ing continuous UV exposure throughout spectral acquisition
significantly enhances the intensity of characteristic PVC bands.
As shown in Fig. S9 (SI), the PIERS spectra obtained under
continuous UV exhibit stronger signal intensity across key
vibrational modes of PVC, compared to the spectrum from
conventional PIERS using the same Ag NF-TiO, substrate. This
enhancement we attributed to the sustained generation of
photogenerated charge carriers and the dynamic plasmon-
photocatalytic interactions under continuous UV irradiation.>*
This likely amplified the molecular interactions and signal
acquisition during measurement. Taken together, the improved
signal intensity highlights the advantages of integrating
continuous UV within our PIERS detection scheme. In addition,
we compared our PIERS-based approach against recent tech-
niques used for the detection of MNPs, including PIERS, SERS,
fluorescence staining, and NEMS-FTIR spectroscopy. As
summarized in Table S2 (SI), our method is promising in terms
of the detection limit of PVC (20 nm), in situ operation, and cost-
effectiveness, in addition to the simplicity of the Ag NF-TiO,
platform fabrication. Also, due to the surface-immobilized
configuration of the Ag NF-TiO, substrate, our photocatalyst
platform offers the potential for long-term degradation reus-
ability compared with conventional single-use SERS substrates.

Furthermore, in addition to detecting the main peaks of PVC
via our approach, we also observed the degradation products of
PVC, specifically polyenes, around 1100-1110 cm™ ' and 1475-
1480 cm ™" (Fig. 4). We believe that our highly active and ultra-
sensitive photocatalytic Ag-TiO, substrate facilitated the rapid
detection of these degradation products under continuous UV
exposure.

3.5 PIERS monitoring of micro- and nano-sized PVC plastic
degradation

Using PIERS, we monitored the molecular structure and
chemical changes in PVC-MNPs exposed to continuous UV
irradiation for 10 minutes. Fig. 5a-d shows the PIERS-based
monitoring of the degradation of PVC particles of different
sizes on the photocatalytic Ag-TiO, substrate. As the PVC-MNPs
undergo photo-degradation, we observed some changes in the
fingerprint of the PVC plastics in the range 600-1800 cm™ " and
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high wave number range of 2750-3100 cm ™. In principle, the
different transformations and changes occurring in the
different PVC particles under continuous UV irradiation can be
associated with changes in peak intensities, broadening of
peaks, formation of new peaks, or disappearance of the existing
peaks. More so, as the PVC-MNPs get irradiated with UV light,
different chemical reactions like chain scission, oxidation, and
dehydrochlorination can occur within the material.>® These
reactions can alter the vibrational modes of the polymer's
molecular bonds and may result in the formation of polyenes or
carbonyls within the polymer backbone. The nature and extent
of these reactions can be influenced by UV intensity, duration of
UV exposure, photocatalytic material in use, temperature,
availability of oxygen, chemical environment, mechanical
stress, additives, stabilizers, surface area, and particle size.***’

Interestingly, from Fig. 5a-d, we observed a significant
decrease in peak intensity of the C-Cl stretching vibration peak
of PVC in the range 600-700 cm™ " and CH, stretching vibration
in the range 2750-3100 cm ™" after continuous UV exposure for
10 min. For instance, for PVC particles in the 20 nm range, the
decrease in Raman intensity of the C-Cl stretching vibration
peak is about 99.8% while for particles in the 5 um range, it is
99.7%. The observed decrease in the Raman intensity of the
600-700 cm ™~ C-Cl stretching vibration peak range indicates
the dehydrochlorination process in the PVC polymer back-
bone.*® Structural changes in the PVC polymer backbone were
also visible as revealed by the broadening of the peak around
800-900 cm ™' which corresponds to C-Cl wagging vibrations.**
A reduction in the 1400-1500 cm ™" peaks associated with C=C
stretching vibrations was also significant. The breaking of the
C-C bond further complements the degradation in the PVC.
Though we expected that as the dehydrochlorination process is
taking place in the PVC-MNPs, the peaks of the earlier detected
polyenes in the region of 1100-1110 cm ™" and 1475-1480 cm ™',
which are characteristic of C-C stretching vibration and C=C
stretching vibration,* respectively, would become more
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Fig.5 PIERS monitoring of the degradation of PVC-MNPs after 10 min
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intense. This is because, as HCl is continuously eliminated from
the PVC backbone, it should facilitate the formation of high
concentrations of long-conjugated polyenes, thus enhancing
the intensity of their corresponding vibrational modes.*** On
the contrary, the intensity of these peaks further decreased as
observed in the Raman spectra upon continuous UV exposure.
Instead of the formation of long conjugated polyene sequences,
short non-conjugated polyenes (unstable polyenes) with weak
Raman signals might have been formed during the photo-
degradation process, making their detection difficult by
PIERS.”

Moreover, the absence of a distinct carbonyl (C=0) peak
may therefore reflect a low concentration of the C=0 species
below the Raman detection threshold of our system, early-stage
degradation dominated by dehydrochlorination, or potential
suppression of the Raman signal due to reduced surface
accessibility caused by MNP coverage on the substrate.*® This is
consistent with reported pathways under non-thermal, photo-
chemically driven conditions, where oxygenated species, such
as ketones or aldehydes, may form more gradually or in minor
amounts.* In addition, the unobserved C=0O species in our
PIERS spectra, can be attributed, on one hand, to the short UV
irradiation times (10-30 min) applied to the PVC-MNPs, and on
the other hand, to the presence of polyethylene glycol (PEG)
used in the synthesis of the PVC-MNPs, which is known to
moderate the extent of photooxidation. Specifically, PEG can
scavenge free radicals or alter oxygen accessibility at the
polymer-surface interface, thereby suppressing the formation of
carbonyl functionalities. Similar suppression of C=0 forma-
tion has been reported in PVC systems containing stabilizing
additives and complexes.® The behavior observed in our PIERS
spectra is consistent with this study, where additive-blended
polymers exhibited reduced oxidative degradation even under
UV exposure. However, the chain scission in the CH, stretching
vibration bond around 2750-3100 cm ™' further reaffirms that
degradation is taking place in the PVC.” In this range, we
observed some peak broadening and changes in intensities
which is indicative of the breaking of the C-H bond in the
polymer backbone.®* The observed peak broadening in this
region may be due to the local chemical environment around
hydrogen atoms due to structural changes.

Fig. S10 further reveals the PIERS spectra related to the
degradation taking place over different time durations (10, 20,
and 30 min) in the various PVC particles. Most significant is the
total elimination of the CH, stretching vibration of the PVC
backbone around 2750-3100 cm ™" after 30 min of UV exposure.
However, the apparent increase in the C-Cl stretching signal
observed around 600-700 cm ™' in Fig. S10b and S10d is
attributed to the overlapping background peak of the E, lattice
vibrational mode of anatase TiO, as shown in the normal
Raman spectra of Fig. S3 and also in the annealed Ag-TiO, NFs
(Fig. S4a). This overlap signifies further decomposition of PVC
and the subsequent exposure of the underlying substrate.
Furthermore, to demonstrate the reproducibility of the degra-
dation trend, we show in Fig. S11 the 10 min degradation trend
across 3 batches of our Ag-TiO, platform loaded with 20 nm
PVC particles.
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To further elucidate the degradation taking place in the PVC-
MNPs being detected and monitored via PIERS, we conducted
an XPS analysis. Fig. 6a shows the XPS survey scans of the Ag—
TiO, substrate without nano-PVC particles, the substrate loaded
with nano-PVC particles before degradation and after 10 min
and 30 min degradation. The XPS spectrum reveal the changes
in surface composition due to the degradation process. Fig. 6b
shows the Cl 2p binding energy region and the presence of a CI
2p peak on the surface of the Ag-TiO, substrate loaded with
20 nm before exposure to UV light. After 10 min of UV exposure,
the CI 2p peak on the substrate loaded with 20 nm PVC particles
was not visible indicating that degradation of nano- PVC
particles was taking place on the Ag-TiO, substrate. With
further exposure of the substrate to UV light for 30 min, the Cl
2p was still not visible on the surface, further confirming the
degradation of the nano- PVC particles. Fig. 6¢ and d shows the
atomic percentages of C and Cl extracted from the integration of
all elemental peaks in the XPS spectrum plotted on the C 1s
peak. Before degradation, the Ag-TiO, substrate showed ~16
at% C and ~3 at% Cl and ~7 at% C after 30 min of degradation.
The non-presence of Cl and the lower percentage of C on the
substrate after the degradation process further suggest that
dehydrochlorination and chain scission took place in the PVC
backbone. We further analyzed the degradation of other PVC
particle sizes on the Ag-TiO, substrate and observed that the Cl
2p was not visible after the degradation process in all the
samples after 30 min of UV exposure (Fig. S12).

These XPS findings were further supported by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
analysis as shown in Fig. S13. The C-Cl stretching band in the
600-700 cm ™' region shows a decrease after 10 and 30 minutes
of UV irradiation, which indicates the dehydrochlorination of
PVC. The reduction in the C-Cl vibrational mode further
supports the XPS observations, which show a decrease in the Cl
2p intensity. In addition, we observed a subtle broadening
around the 850 cm™* peak for samples loaded with 20 nm PVC
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Fig. 6 XPS analysis of (a) 20 nm PVC degradation, (b) corresponding Cl
2p peak of 20 nm PVC, (c) C 1s peak of 20 nm PVC degradation before
degradation, and (d) C 1s peak of 20 nm PVC degradation after 30 min
degradation.
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and irradiated with UV for 10 and 30 min. This may be associated
with increased molecular disorder or backbone rearrangements
within the PVC matrix, which is consistent with the early stages
of photodegradation.®” This change also supports the chemical
transformations occurring in the PVC matrix.

In addition to monitoring the PIERS signal for degradation
assessment, we examined the morphological stability of the Ag—
TiO, substrate after UV exposure (30 min). The SEM images in
Fig. S14 reveal morphological changes in the Ag nanostructures,
including rounding and partial coalescence, which are charac-
teristic of plasmon-induced reshaping. These transformations
are commonly reported for silver-based plasmonic systems
under prolonged UV irradiation and are attributed to local
heating and surface diffusion effects.®**® Despite these
morphological changes, the PIERS signal across the different
time domains analyzed (Fig. S10) can still be acquired, distinct
from the Raman spectra of the annealed Ag NF-TiO, substrate
in Fig. S4a. This demonstrates that the substrate retains its
functionality under UV exposure conditions relevant to this
study. These findings also provide valuable insights into the
dynamic behavior of the Ag NFs under UV irradiation and
suggest opportunities for further optimization in future work.
Strategies such as surface passivation of the Ag NFs may help
further enhance long-term stability for extended UV irradiation
or repeated use. Moreover, while reusability was not investi-
gated in this study, our previous work showed that a compa-
rable Ag-based 4N-in-1 hybrid substrate maintained consistent
PIERS enhancement over at least 18 cycles, using Rhodamine
6G (R6G, ~10~7 M) as a model analyte, without significant loss
of plasmonic or photocatalytic performance, further supporting
the potential for repeated use.””

3.6 Proposed degradation mechanism of micro- and nano-
sized PVC plastics

In the previous section, we have focused on the PIERS spectra of
PV-MNPs acquired under continuous UV light illumination upon
measurement. The decrease in Raman peak intensity already
occurring after 10 min of UV exposure, we attributed to dehy-
drochlorination. Furthermore, the occurrence of broadening of
peaks, we associated to structural changes due to chain scission.
While prior studies have outlined general mechanisms for
plastic degradation under photocatalysis, particularly ROS-
mediated oxidation and dehydrochlorination, these studies
have largely focused on bulk polymers or suspended catalysts.*”*
Moreover, recent advances have broadened the understanding of
the kinetic degradation of plastics, reactor designs, and the
performance of TiO,-based or heterostructured photocatalysts
for MPs removal.**** However, these studies still emphasize post-
analysis of degradation or bulk treatment setups, with limited
attention to real-time degradation tracking or sensitivity to nano-
sized particles. In contrast, our approach utilizes an Ag NF-TiO,
platform that not only catalyzes the degradation of PVC-MNPs
but also allows in situ Raman tracking of the PVC matrix
during degradation. Interestingly, we observed measurable
Raman spectral changes within 10 to 30 minutes of UV exposure,
including decreased intensities of C-Cl and C-H bonds, as well
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as the formation of conjugated polyene structures. This high-
lights our platform's capability for real-time mechanistic insight
at the nanoscale, which remains largely underexplored. More-
over, as the exact mechanism of PVC degradation under various
environments and experimental conditions is not fully under-
stood, several well-established pathways exist. Building on this,
we propose that, in the presence of Ag-TiO,, the degradation of
PVC-MNPs under continuous UV irradiation primarily occurs
through two mechanisms: photocatalytic-assisted dehydrochlo-
rination and photocatalytic-assisted chain scission. Fig. 7 shows
a schematic summary of the photocatalytic processes at the Ag-
TiO, site and the two proposed photocatalytic-assisted degrada-
tion mechanisms under continuous UV irradiation.

Based on our observations from the MNPs degradation
during PIERS analysis, we propose that both UV light and visible
light contribute to this process. First, as the Ag-TiO, substrate
loaded with PVC particles gets exposed to UV light, the TiO,
semiconductor absorbs photons and generates electron-hole
pairs, which interact with adsorbed O, and water molecules on
the TiO, surface. The electrons generated reduce the adsorbed
O, to superoxide anions (O, ) and the holes oxidize the
adsorbed water to hydroxyl radicals (OH").*® The ROS, such as
OH’, then react with the PVC-MNPs. While TiO, is the primary
driver of the degradation process, the plasmonic material,
which in our study is Ag NFs, also plays a key role by acting as
electron trapping centers, which can enhance electron transfer
and photocatalytic degradation efficiency.*

Due to the high reactivity of the OH" ROS, they can readily
attack the PVC polymer chain. This attack on the polymer chain
results in the dehydrochlorination of the C-Cl peak and chain
scission of the C-C and C-H bonds. The OH" radical weakens
the C-Cl bonds in the PVC polymer structure as hydrogen atoms
are abstracted from the PVC chain. The removal of these
hydrogen atoms from the carbon atoms adjacent to the chlorine
atoms initiates the dehydrochlorination process, causing the
loss of chlorine as HCI acid. As the C-Cl bond breaks, HCI is
released with a carbon radical left in the PVC backbone. As the
dehydrochlorination process progresses, this carbon radical
further reacts with adjacent Cl atoms, leading to more dehy-
drochlorination in the PVC polymer chain.

In addition to the dehydrochlorination, concurrently, chain
scission is also promoted by the OH" radical. As the OH" radical
interacts with the PVC polymer, fragmentation of the polymer
chain occurs, and this leads to changes in the structure of the
polymer. In our study, the observed reduction in the Raman
peaks associated with the C-C around 1400-1500 cm ™' and C-H
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Fig. 7 Proposed photocatalytic degradation mechanism of micro-
and nano-sized PVC plastics during PIERS analysis.
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bonds in the range 2750-3100 cm™ " of the PVC polymer back-
bone suggests that the PVC-MNPs polymer chains have become
shortened and are now less ordered. The dehydrochlorination
and chain scission process produces smaller fragments of the
PVC polymer and the ROS attack on the polymer chain
continues until no polymer is left on the Ag-TiO, substrate or
ceases when the photocatalyst becomes less effective. More so,
we believe that the dehydrochlorination and chain scission of
the PVC-MNPs were further accelerated by the presence of Ag
NFs on the TiO, semiconductor. The plasmonic Ag metal can
enhance the local electromagnetic field around organic pollut-
ants via surface plasmon resonance (SPR), which, in turn, can
facilitate the generation of hot electrons and ROS under UV
irradiation. These species can actively participate in breaking
bonds in the PVC chains, thereby promoting degradation. We
believe that the synergetic effect of the TiO, photocatalyst and
the SPR effect of the Ag NFs might have contributed to the
observed degradation in our study.

4. Conclusions

In conclusion, we demonstrated the use of a PIERS technique
for the detection of PVC plastics down to 20 nm size with high
sensitivity under continuous UV irradiation. This PIERS
approach allows the monitoring of the photocatalytic degrada-
tion of micro- and nano-sized PVC plastics exposed to UV light,
revealing their corresponding degradation dynamics over an
irradiation period. In addition, we showed that the nano-
structure of our ultra-sensitive flower-like Ag NF-decorated TiO,
platform played a crucial role in enhancing the interaction with
nano-sized PVC particles, as demonstrated by SEM images. The
nanostructure of Ag NF also facilitated the detection and
degradation monitoring of PVC-MNPs via PIERS under contin-
uous UV illumination. This study advances the application of
PIERS in environmental detection as well as provides valuable
insight into the degradation mechanisms of PVC-MNPs. The
findings of this study have important implications for the
development of sensitive detection methods for MNP pollutants
in the environment, enhancing environmental monitoring and
water purification strategies. Furthermore, the PIERS-based
approach used in this study may pave the way for improving
the efficiency of the PIERS technique, making it a more effective
tool for the detection and degradation monitoring of environ-
mental MNPs. Moreover, applying this PIERS-based method to
real-world environmental samples represents an important next
step, as such matrices typically contain organic matter, ions,
and other coexisting contaminants that may affect substrate
performance or interfere with spectral acquisition.
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